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Abstract: Mycobacterium abscessus (M. abscessus) causes chronic pulmonary infections and is the most
difficult non-tuberculous mycobacteria (NTM) to treat due to its resistance to current antimicrobial
drugs, with a treatment success rate of 45.6%. Thus, novel treatment drugs are needed, of which we
identified the drug clomiphene citrate (CC), known to treat infertility in women, to exhibit inhibitory
activity against M. abscessus. To assess the potential of CC as a treatment for M. abscessus pulmonary
diseases, we measured its efficacy in vitro and established the intracellular activity of CC against
M. abscessus in human macrophages. CC significantly inhibited the growth of not only wild-type
M. abscessus strains but also clinical isolate strains and clarithromycin (CLR)-resistant strains of M.
abscessus. CC’s drug efficacy did not have cytotoxicity in the infected macrophages. Furthermore, CC
worked in anaerobic non-replicating conditions as well as in the presence of biofilm. The results of
this in vitro study on M. abscessus activity suggest the possibility of using CC to develop new drug
hypotheses for the treatment of M. abscessus infections.

Keywords: Mycobacterium abscessus; clomiphene citrate; drug repurposing; drug resistance; non-
tuberculosis mycobacteria

1. Introduction

Non-tuberculosis mycobacteria (NTM) are highly abundant in environmental niches such
as soil and water sources, often leading to high human-pathogen contact [1]. In addition,
several host factors, such as the ageing of the global population, lung diseases including
cystic fibrosis (CF) and bronchiectasis, immunosuppressive, and broad-spectrum antibiotic
therapy, contribute to the rise of NTM infections. NTM infections regularly surpass the
global incidence of new tuberculosis infections in developed countries [1].

Among all NTM, Mycobacterium avium (M. avium) and M. abscessus represent the
most frequent pathogens associated with pulmonary disease [2]. M. abscessus is a rapidly
growing NTM with great clinical significance in CF patients, as those with M. abscessus
infections have a more rapid decline in lung function. A M. abscessus infection can be
an obstacle to subsequent lung transplantation, resulting in a poor clinical outcome or
life-long persistent infection without symptoms [3–5].

M. abscessus is the most commonly isolated rapidly growing mycobacteria from lung
infections, an alarming fact given the average rate of treatment success is only 45.6% [6,7].
For patients with chronic lung disease from NTM, none of the currently available treatments
are curative nor have been effective in long-term sputum conversion [6]. Current treatment
recommendations for M. abscessus pulmonary infections include combination therapy of
two or more intravenous drugs (i.e., amikacin, tigecycline, imipenem, and cefoxitin) with
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one or two oral antimicrobials including classes of macrolides, linezolid, clofazimine, and
occasionally a quinolone-derived drug.

Prolonged multi-antimicrobial therapy is often limited by drug-induced toxicity such
as bone marrow suppression by linezolid, liver toxicity by tigecycline, development of
hypersensitivity to β-lactams, etc. Even under strict regimens, treatment failure rates
remain high with recurrent or chronic infections and grave clinical outcomes. There have
been many studies recently on experimental antibiotics with potential activity against M.
abscessus in various mechanisms and new therapeutic treatments. However, no work has
been done on the actual efficacy of those treatments against M. abscessus.

There is a surge in research into experimental antibiotics with potential activity against
M. abscessus in various mechanisms and new therapeutic treatments. However, there have
not been sufficient studies for the efficacy against M. abscessus.

New NTM drug development is extremely slow and costly compared to its demand.
Repurposing drugs previously verified for other diseases accelerate this development
process with detailed safety data while avoiding many difficulties. Clomiphene citrate
(CC), a drug known to treat infertility, has been shown to have antimicrobial activity
against Gram-positive Staphylococcus aureus, Bacillus subtilis, and Enterococcus faecium [8,9].
CC targets the cytoplasmic enzyme undecaprenyl diphosphate synthase (UppS), which
synthesizes carrier protein undecaprenyl phosphate (Und-P), the lipid responsible for
transporting a significant substrate in wall-techoic acid (WTA) synthesis [8].

However, the mechanism of CC in M. abscessus is not yet well-researched. In this
study, we report a detailed biological evaluation of CC against M. abscessus.

2. Results
2.1. CC Is Active against M. abscessus

The Clinical & Laboratory Standards Institute (CLSI) currently recommends the Mueller–
Hinton (MH) microdilution broth-based method as the gold standard for determining the
minimum inhibitory concentration (MIC) of antimicrobial agents for M. abscessus [10]. There-
fore, we obtained the MIC of CC for M. abscessus in MH broth with resazurin rather than the
7H9 broth-based method. Additionally, we analyzed the dose-response curves of the CC for
M. abscessus in MH and 7H9 broth. As shown in Figure 1A, the IC50 of CC for M. abscessus
was 4.29 ug/mL in MH broth and 17.11 ug/mL in 7H9 broth, respectively. CC exerted similar
potencies against reference strains of the M. abscessus irrespective of the type of the media MH
or Middlebrook 7H9 broth.
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Figure 1. In vitro activity of CC. (A) The activity of CC against M. abscessus cultured in 7H9 broth with 10% OADC and
cation-adjusted Mueller–Hinton medium (MH). (B) The activity of CC against M. abscessus in MH broth medium. Dose-
response curves were plotted from the REMA. RFU, relative fluorescence units. CLR was used as a reference control. (C) The
activity of CC against M. abscessus—Lux, incubated under the same condition as in panel B. RLU, relative luciferase units.
The experiments were carried out with three biological replicates and expressed as the mean ± SEM for each concentration.
This result was made from a representative experiment.

We adapted reporter-based assays that are well suited for drug discovery applications
owing to their simplicity and sensitivity compared to dye-based and absorbance-based
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assays [11]. We constructed luminescent reporter strains and then used them to determine
the MICs of CLR and CC. Foremost, in vitro activities of CC and CLR were measured by
reporter-based bioluminescence, and then the MIC data were obtained using the Resazurin
Microtiter Assay (REMA) method. We used bioluminescent M. abscessus strains to validate
our assays for drug susceptibility testing. CLR was used as a reference control. Dose-
response curves of CC in M. abscessus-LuxG13 are shown in Figure 1C, and IC50 value
is 5.358 ug/mL. Therefore, CC could be considered an effective drug candidate for M.
abscessus.

2.2. CC Is Active against Clinical Isolates of the M. abscessus and Claritromycin Resistant Mutant

Next, we determined whether CC holds this potent activity against a panel of clinical
isolates, including rough (R)- and smooth (S)- colony morphotypes. CC was equally
effective against all nine strains from the M. abscessus clinical isolates panel, with IC50
ranging from 4.44 to 6.90 ug/mL, similar to the MICs observed for the subspecies reference
strains (Figure 2). The rough morphotype tends to be much more virulent than the smooth
type and in the manner that it can resist host defense strategies [12,13]. These results
demonstrated that CC was effective in vitro against the reference strain M. abscessus (ATCC
19997) and the clinical R- and S- colony morphotype strains.
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Figure 2. The activity of CC against M. abscessus clinical isolates. Dose-response curves (DRC) were plotted from the
REMA data for isolates treated with CC. Data were expressed as the mean ± standard deviation (SD) of triplicates for each
concentration. Analysis of DRC graph and IC50 using GraphPad Prism 5.0. RFU, relative fluorescence units. This result was
made from a representative experiment.

We tested whether CC effectively inhibited the growth of drug-resistant strains that
were laboratory-generated from this study at high concentrations (100 ug/mL) of CLR,
which uses in anti-M. abscessus regimens. A laboratory-generated resistant mutant showed
high drug resistance to CLR, as shown in Figure 3 and Figure S1. Furthermore, the CLR-
resistant variant was susceptible to CC as the wild type with the same MIC range (3.35 ~
4.439 ug/mL). It was the same regardless of whether it was a CLR-resistant or a susceptible
strain. Thus, CC also works as an active inhibitory agent against CLR-resistant M. abscessus.
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Figure 3. The activity of CC against clarithromycin-resistant M. abscessus mutants. Clarithromycin-
resistant M. abscessus mutants (M. abscessus CLR-R) were tested for their ability to grow in Mueller-
Hinton medium when treated with 100 ug/mL to 0.097 ug/mL of clarithromycin (CLR) and CC.
Dose-response curves of M. abscessus CLR-R mutant (Left panel). The experiments were carried out
with three biological replicates and expressed as the mean ± SEM for each concentration. This result
was made from a representative experiment.

2.3. CC Is Susceptible to Non-Replicating and Biofilm Growing M. abscessus

We ascertained the activity of CC against non-replicating phase cultures, this phase of
which was induced by oxygen starvation. Before assessing the drugs′ effect, we confirmed
the non-replicating condition by measuring the growth curves for M. abscessus under
aerobic and anaerobic conditions (Figure S2). We compared the growth rate in each
condition and recovered aerobic conditions in the same medium. The anaerobic state had a
low growth rate, as we confirmed that the oxygen concentration had dropped to a lower
level required for growth. Decolorization was observable after 15 h of adding the oxygen
indicator dye, methylene-blue, to the anaerobic jar (Figure S2).

CLR showed increased activity against anaerobic cultured M. abscessus
(IC50 0.077.84 ug/mL) compared to the aerobic condition (IC50 0.046 ug/mL), demon-
strating a significant two-fold shift to higher IC50 values. (Figure 4). Interestingly, CC
shows the lower IC50 for anaerobic cultured M. abscessus (IC50 = 3.157 ug/mL) than aerobic
condition (IC50 = 4.592 ug/mL). Thus, CC gained some activity against anaerobic non-
replicating M. abscessus. Furthermore, CC also attained some activity against anaerobic M.
abscessus, closely related to the non-replicating environment.
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using resazurin. CLR was used as a reference control. (A) aerobic condition, M. abscessus was cultured until the mid-log
phase, taking approximately 24 h. (B) anaerobic condition, M. abscessus was undergone for seven days within an anaerobic
generating container system (BD GasPak™EZ). (C) Biofilm, M. abscessus was examined with Calgary Biofilm Device. The
experiments were carried out with three biological replicates and expressed as the mean ± SEM for each concentration.
This result was made from a representative experiment.
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Biofilm growing is an essential factor in antimicrobial resistance. Resistance to an-
tibiotics, disinfectants, and germicides by biofilm-forming microorganisms may lead to
treatment failure. Clinical experience has demonstrated that biofilms have to be physically
eradicated to resolve the infection [14]. Muñoz-Egea et al., found differences between the
MIC and MBEC in M. abscessus, specifically how MBEC of CLR increased 100,000 times
compared to MIC [14]. However, we affirmed that when M. abscessus was exposed to CLR,
the MBEC was 2000 times higher from 0.46 ug to >100 ug than the typical MIC of CLR.

As can be seen in Figure 4, CLR has excellent bactericidal activity (IC50 = 0.046 ug/mL)
in growing culture but ultimately loses its activity against biofilm-growing M. abscessus
(IC50 > 100 ug/mL). On the other side, CC still has an IC50 of 15.94 ug/mL against biofilm-
growing bacteria. Thus, it seems that it has activity against biofilm-growing M. abscessus.
Additionally, CC has enhanced action against oxygen-depleted non-replicating states of M.
abscessus (IC50 = 3.157 ug/mL). These results suggest CC is an attractive substance for all
kinds of anti-M. abscessus therapy.

2.4. CC Is Effective against Intracellular M. abscessus

It is common knowledge that pulmonary disease-causing NTM are successful facultative
intracellular pathogens that survive and persist within the host macrophages [15]. This
suggests that the research protocols searching for anti-NTM drugs should include methods to
identify effectiveness intracellularly. We referenced macrophage assays engaged in studying
the intracellular activity of the candidates against NTM [16]. We assessed the cell viability
at different concentrations for determining whether CC influences cytotoxicity or not. This
assay was assessed one day after the treatment using the Cellrix® Viability assay kit and
lactate dehydrogenase (LDH) assay kit. We presented the harmlessness of CC on the viability
of human large intestine epithelial cells (HCT-8) and THP-1 cells in Figure S3. CC did
not demonstrate cytotoxicity under particular concentrations that inhibited intracellular M.
abscessus.

The use of the dual-readout assay allowed dose-response curves for both M. abscessus
inhibition and THP-1 cells cytotoxicity determined in the same experiment [17]. Specifically,
IC50 and CC50 (cell toxicity concentration that induces 50 % cell death) can be determined.
Figure 5 shows that dual dose-response curves respond to CC, as the data obtained from the
same screening wells over time. Cell toxicity was determined using a SYTO 60 probe. Tae
sung et al. presented that clarithromycin dramatically decreased the number of intracellular
M. abscessus present at 2 days after infection at concentration of 0.1 ug/mL [18]. Treatment
with CLR successfully rescued the cells from the infection challenge and prevented bacterial
replication (data not shown). CC inhibited M. abscessus (lux) growth in dual-readout assay
with an IC50 of 2.294 ug/mL, without THP-1 cell toxicity even at the highest concentration
(Figure 5A).

Consistently with the THP-1 infection model, CC showed a similar inhibitory effect on
M. abscessus-GFP growth in THP-1, with an IC50 of 13.18 ug/mL (Figure 5B). Accordingly,
we demonstrated the ability of CC to diminish intracellular M. abscessus infections.
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for 3 h, followed by treatment with CC-indicated concentrations in fresh medium. Ratio sum intensity values were used
for all data reduction steps. (C) Images of GFP-expressing M. abscessus infected THP-1 cells on day 3 after treatment with
indicated concentrations of CC. Automated microscopy using a LionheartTM automated live-cell imager. The Gen5TM 3.05
software object feature enables the identification of cells within the imaging field. Data were expressed as the mean ± SEM
of triplication for each concentration. (Scale bar = 100 um). This result was made from a representative experiment.

3. Discussion

NTM infections are more common than tuberculosis in industrialized countries, and
cases are likely to increase globally. Talking about diseases caused by NTM, especially
involving M. abscessus, remains problematic [19,20]. It is very challenging to treat M. absces-
sus due to NTM’s resistance to most antibiotics, including macrolides, aminoglycosides,
rifamycins, tetracyclines, and β-lactams. There is no adequate regimen of proven or pre-
dictable efficacy for M. abscessus lung disease. As an alternative, usual treatments consisted
of macrolides (e.g., azithromycin or clarithromycin), aminoglycosides (e.g., amikacin), and
beta-lactams (e.g., imipenem or cefoxitin). To get particular outcomes, patients have to
be medicated for 18 to 24 months [21–23]. Unfortunately, notwithstanding combinational
regimens, the success rate ranges only from 25% to 42% [24]. It has been shown that
approximately 20% of M. abscessus isolates of pulmonary infections fail to respond to
macrolides-included therapy [25,26]. Thus, there is an urgent medical need to discover and
develop novel and more effective anti-M. abscessus drugs.

We could infer a candidate chemical, CC, that already has pharmacologic and tox-
icologic data. By such means of repurposing, existing drugs can be modified to fit a
new use and shorten the drug development timeline [27]. Moreover, CC appears to have
few reported adverse side effects [28,29]. CC is a nonsteroidal selective estrogen recep-
tor and modulator that blocks estrogen receptors stimulating ovulation in anovulatory
women [12,30]. Furthermore, CC had demonstrated efficacy against Staphylococcus aureus
and Bacillus subtilis in vitro, with a MIC of 8 ug/mL, and incubation of Bacillus subtilis
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existing CC at the same MIC changed its morphology. Above all, it is very encouraging to
report that CC is active against Mycobacterium tuberculosis H37Rv with MIC of 24.8 ug/mL,
and synergy was observed when combining with macozinone in vitro [31,32]. In this study,
we discovered the anti-mycobacterial activity of CC as a drug repurposing.

It is already known that the R morphotype tends to be much more virulent than the
S morphotype [13]. R morphotype is involved in CF airways’ chronic colonization [12].
CC is effective in vitro against both the reference strain and the clinically isolated Rough
(R) and Smooth (S) colony morphotype strains in our study. In this regard, CC has one
additional advantage in clinical significance.

One of the things that makes the treatment of M. abscessus difficult is that it shows
intrinsic resistance against CLR. It frequently happens in M. abscessus clinical isolates,
especially in R-type clinical strains. In order to find out whether CC is effective against
strains resistant to this important CLR, spontaneous CLR-resistant mutants were screened
in this study. Furthermore, these CLR-resistant mutants show high drug resistance to CLR.
According to our experimental results, as shown in Figures 2 and 3, in vitro results suggest
that CC is active to susceptible ones and induced CLR-resistant and clinical R morphotype
M. abscessus strains. Our experimental results indicate that CC has a great advantage when
used as a possible therapeutic drug for M. abscessus disease.

The ability of M. abscessus to produce biofilm represents a successful survival strategy
for these ubiquitous microorganisms forming biofilm on the airways’ surface inside the
human lung [33]. M. abscessus disease progression shares some aspects with M. tuberculosis.
As the disease evolves, this pathogen also lives inside granulomas or pulmonary nodules
characterized in anaerobic conditions [34,35]. This behavior is linked to their pathogenicity
and their increased tolerance to antimicrobials [36,37]. Generally, the drug activity is
established against aerobically growing active M. abscessus. Thus, treatment outcomes
vary when the same antibiotics are used against different phenotypes of bacilli, and they
are often ineffective. Most M. abscessus remain non-replicable in their low metabolic
state within granulomas and form biofilms in the lung airways. It is an entirely different
environment when compared to the testing of normal antibiotic activities. In this study,
we tested the activity of the CC against M. abscessus, which survived in either biofilm or
anaerobic environments as they are encountered in patients’ lung. The superiority of CC is
that it is effective even under such disadvantageous biofilm conditions.

NTM can grow and survive extra- as well as intra-cellularly, for instance, inside the
macrophages. In the context of NTM pulmonary infection, bacilli invade the mucosa and
get phagocytized by macrophages. The infected macrophage cell lines may represent
physiological conditions that mimic the real NTM disease scene while eradicating M.
abscessus. As shown in Figure 5, CC inhibits the growth of intracellular M. abscessus in
macrophage cell lines. We assume CC acts as protonophore uncouplers which disrupt the
mycobacterial membrane and inhibit cell wall biosynthesis. As a result, CC regulates the
growth of M. abscessus. Further studies for revealing the mode of actions are needed.

In conclusion, the results of this study on CC activity suggest that it may be used to
develop new drug hypotheses against M. abscessus infections.

4. Materials and Methods
4.1. Bacterial Strains and Culture Conditions

The M. abscessus strain (ATCC 19997) was grown at 37 ◦C in Middlebrook 7H9 broth
(BD, 27130) supplemented with 10% OADC (BD, 212240), 0.5% glycerol, and 0.05% Tween
80. We obtained the nine clinical strains from the Korean Collection of Type Collections. We
created strains expressing green fluorescence protein and luciferase using the M. abscessus
strain (ATCC 19997) for the intracellular activity assays. These strains were transformed
by electroporation with pMV306hsp+LuxG13 (Addgene plasmid #26161) and pTEC15
(Addgene plasmid #30174).
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M. abscessus (ATCC 19997) CLR-resistant mutants were selected on 7H11 (Sigma-
Aldrich, M0428, (St. Louis, MO, USA)) agar plates containing 25, 50, and 100 times higher
than the already known MIC value 0.1 ug/mL for CLR.

To determine the antibiotic ability against M. abscessus (ATCC 19997) in anaerobic
conditions, 5 × 106 bacteria/mL were inoculated into 5 uL of 7H9 liquid medium (BD,
271310), supplemented with 10% OADC. Bacterial cultures were placed into anaerobic jars
(BD BBLTM GasPakTM Jar; Franklin Lakes, NJ, USA). We used BD BBLTM GsaPakTM anaer-
obic indicator (methylene blue used to monitor oxygen depletion). For drug susceptibility
testing, bacteria were grown in cation-adjusted Mueller-Hinton broth (MH; Sigma-Aldrich,
90922, (St. Louis, MO, USA)).

4.2. Dose Response Curve Testing

The MICs were determined according to the CLSI guidelines [10,11]. We used the
REMA method CLSI recommended in MH with an inoculum of OD 0.001/mL in the
exponential growth phase. We treated CC in actively growing M. abscessus, M. abscessus-
pLUX G13, CLR-R mutant, and anaerobic cultured M. abscessus. The REMA assay is as
follows. CC compound was diluted two-fold in a ten-point serial dilution in 96-well plates
containing the bacilli in a total volume of 100 uL and then was incubated for three days
at 37 ◦C before the addition of 40 uL of 0.025% resazurin. After overnight incubation,
the fluorescence of resorufin (metabolite resazurin) was determined by using Synergy H1
Hybrid Multi-Mode Reader (Bio-Tek, Winooski, VT, USA). IC50 values were calculated
from the raw fluorescence data using Prism 5.0 software (GraphPad Inc., La Jolla, CA,
USA). The experiments were carried out with triplicates.

4.3. Biofilm Assays

The first biofilm assay system is the Calgary Biofilm Device employed by Bardouniotis
et al. to evaluate the cidal activity or the minimal biofilm eradication concentration (MBEC)
of biocides on Mycobacterium phlei [38,39]. We used MBEC Assay® (Innovotech, Edmonton,
AB, Canada) for measuring MBEC. The Biofilm formation was conducted as follows: first,
180 uL of 5× 107 bacterial inoculums per milliliter were distributed into a 96-well microtiter
plate. Placing the 96-peg Lid onto a 96-well plate, it was then maintained for five days
to form the biofilm on the peg. Next, 200 uL test drug solution prepared with medium
was added to each well of the 96-well plate. Then, the 96-peg Lid was placed onto a
96-well plate and the plate was incubated for four days. Surviving bacteria in biofilms were
removed from pegs by sonication in media followed by washing. Following incubation,
the remaining adherent bacteria in biofilms with or without antibiotics were quantified by
resazurin.

4.4. Intracellular Killing Assay

THP-1 cells were treated with a final concentration of 50 nM Phorbol 12-Myristate
13-Acetate (PMA; Sigma Aldrich, St. Louis, MO, USA) for 48 h. Infection with M. abscessus
harboring pTEC15 green fluorescent or luciferase was carried out at 37 ◦C in the presence
of 5% CO2 for three hours at a multiplicity of resistance (MOI) of 2:1. After extensive
washing with PBS, cells were incubated containing 50 ug/mL gentamycin for 30 min and
washed again with PBS. Then 200 uL RPMI media containing DMSO (negative control)
and 200 uL RPMI media containing the indicated concentration of CC were incubated
for 3 to 4 days. The macrophages were stained with SYTO 60 (Invitrogen, Eugene, OR,
USA) dye at a final concentration of 5 µM for 30 min at 37 ◦C, 5% CO2. Luminescence was
measured on day four by using a Synergy H1 microplate reader (Bio-Tek, Winooski, VT,
USA). Fluorescent images of live cells were captured by automated microscopy using a
Lionheart™ FX automated microscopy (Bio-Tek, Winooski, VT, USA). The Gen5TM 3.05
software object feature enables the identification of cells within the imaging field.
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4.5. Cell Viability Assay and Lactate Dehydrogenase (LDH) Cytotoxicity Assay

The cell viability and cytotoxicity of CC were evaluated in THP-1 (ATCC TIB-202)
and HCT-8 cells (ATCC CCL-244) using the WST-8 Cell Viability Assay Kit (MediFab,
Seoul, Korea) and CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, Madison,
WI, USA), respectively. The differentiated THP-1 cells were placed into a 96-well plate
(1.0 × 105 cells/well) and HCT-8 was placed into a 96-well plate (2.0 × 104 cells/well) and
incubated at 37 ◦C for 24 h. We added CC to the cells at various concentrations. For the cell
viability assay, 10 uL of reagent (10% media volume) was added to each well and incubated
for four hours. The colors were measured at 450 nm. For the LDH cytotoxicity assay, 50 uL
of LDH detection reagent was added to each well and incubated for 30 min in a dark room.
The resulting color was measured at 490 nm using Synergy H1 microplate reader. We used
cells treated with 1% TritonTM X-100 as a positive control, while DMSO-treated cells were
negative in both experiments.

4.6. Data Analysis

We processed data and constructed graphs with Prism version 7.0 (GraphPad) and
Gen5TM 3.05 software.

4.7. Ethics

All studies were approved by the Institutional Review Board of Masan National Tuber-
culosis Hospital (IRB-398837-2018-E34, approved on 14 January. 2019) and the Institutional
Biosafety Committees (MTHIBC-19-01 and MTHIBC-21-11, approved on 26 Feburary. 2019
and 15 July 2021).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222011029/s1.

Author Contributions: D.-G.L. and S.-W.R. designed the study and experiments. Y.-H.H., E.-J.P., and
J.-H.K. performed the experiments and generated the data. D.-G.L. and S.-W.R. analyzed the data
and wrote the manuscript. All authors have read and agreed to the published version of manuscript.

Funding: This research was supported by a grant of the Korea Health Technology R&D Project
through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health
& Welfare, Republic of Korea (grant number: HI20C0478).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Review Board of Masan National
Tuberculosis Hospital (IRB-398837-2018-E34, 14 January 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors have no conflict of interest to declare.

References
1. Falkinham, J.O., 3rd. Environmental sources of nontuberculous mycobacteria. Clin. Chest Med. 2015, 36, 35–41. [CrossRef]
2. Johansen, M.D.; Herrmann, J.L.; Kremer, L. Non-tuberculous mycobacteria and the rise of Mycobacterium abscessus. Nat. Rev.

Microbiol. 2020, 18, 392–407. [CrossRef] [PubMed]
3. Jonsson, B.E.; Gilljam, M.; Lindblad, A.; Ridell, M.; Wold, A.E.; Welinder-Olsson, C. Molecular epidemiology of Mycobacterium

abscessus, with focus on cystic fibrosis. J. Clin. Microbiol. 2007, 45, 1497–1504. [CrossRef] [PubMed]
4. Esther, C.R., Jr.; Esserman, D.A.; Gilligan, P.; Kerr, A.; Noone, P.G. Chronic Mycobacterium abscessus infection and lung function

decline in cystic fibrosis. J. Cyst. Fibros. 2010, 9, 117–123. [CrossRef] [PubMed]
5. Catherinot, E.; Roux, A.L.; Macheras, E.; Hubert, D.; Matmar, M.; Dannhoffer, L.; Chinet, T.; Morand, P.; Poyart, C.; Heym, B.;

et al. Acute respiratory failure involving an R variant of Mycobacterium abscessus. J. Clin. Microbiol. 2009, 47, 271–274. [CrossRef]
[PubMed]

6. Kwak, N.; Dalcolmo, M.P.; Daley, C.L.; Eather, G.; Gayoso, R.; Hasegawa, N.; Jhun, B.W.; Koh, W.J.; Namkoong, H.; Park, J.; et al.
Mycobacterium abscessus pulmonary disease: Individual patient data meta-analysis. Eur. Respir. J. 2019, 54, 1801991. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/ijms222011029/s1
https://www.mdpi.com/article/10.3390/ijms222011029/s1
http://doi.org/10.1016/j.ccm.2014.10.003
http://doi.org/10.1038/s41579-020-0331-1
http://www.ncbi.nlm.nih.gov/pubmed/32086501
http://doi.org/10.1128/JCM.02592-06
http://www.ncbi.nlm.nih.gov/pubmed/17376883
http://doi.org/10.1016/j.jcf.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20071249
http://doi.org/10.1128/JCM.01478-08
http://www.ncbi.nlm.nih.gov/pubmed/19020061
http://doi.org/10.1183/13993003.01991-2018
http://www.ncbi.nlm.nih.gov/pubmed/30880280


Int. J. Mol. Sci. 2021, 22, 11029 10 of 11

7. Kim, S.Y.; Shin, S.J.; Jeong, B.H.; Koh, W.J. Successful antibiotic treatment of pulmonary disease caused by Mycobacterium abscessus
subsp. abscessus with C-to-T mutation at position 19 in erm(41) gene: Case report. BMC Infect. Dis. 2016, 16, 207. [CrossRef]

8. Farha, M.A.; Czarny, T.L.; Myers, C.L.; Worrall, L.J.; French, S.; Conrady, D.G.; Wang, Y.; Oldfield, E.; Strynadka, N.C.; Brown, E.D.
Antagonism screen for inhibitors of bacterial cell wall biogenesis uncovers an inhibitor of undecaprenyl diphosphate synthase.
Proc. Natl. Acad. Sci. USA 2015, 112, 11048–11053. [CrossRef]

9. Torres, N.S.; Montelongo-Jauregui, D.; Abercrombie, J.J.; Srinivasan, A.; Lopez-Ribot, J.L.; Ramasubramanian, A.K.; Leung, K.P.
Antimicrobial and Antibiofilm Activity of Synergistic Combinations of a Commercially Available Small Compound Library With
Colistin Against Pseudomonas aeruginosa. Front. Microbiol. 2018, 9, 2541. [CrossRef] [PubMed]

10. Woods, G.L.; Brown-Elliott, B.A.; Conville, P.S.; Desmond, E.P.; Hall, G.S.; Lin, G.; Pfyffer, G.E.; Ridderhof, J.C.; Siddiqi, S.H.;
Wallace, R.J., Jr.; et al. Susceptibility Testing of Mycobacteria, Nocardiae, and Other Aerobic Actinomycetes. In CLSI Standards:
Guidelines for Health Care Excellence; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2011.

11. Andreu, N.; Fletcher, T.; Krishnan, N.; Wiles, S.; Robertson, B.D. Rapid measurement of antituberculosis drug activity in vitro and
in macrophages using bioluminescence. J. Antimicrob. Chemother. 2012, 67, 404–414. [CrossRef]

12. Sanguinetti, M.; Ardito, F.; Fiscarelli, E.; La Sorda, M.; D’Argenio, P.; Ricciotti, G.; Fadda, G. Fatal pulmonary infection due to
multidrug-resistant Mycobacterium abscessus in a patient with cystic fibrosis. J. Clin. Microbiol. 2001, 39, 816–819. [CrossRef]
[PubMed]

13. Byrd, T.F.; Lyons, C.R. Preliminary characterization of a Mycobacterium abscessus mutant in human and murine models of infection.
Infect. Immun. 1999, 67, 4700–4707. [CrossRef] [PubMed]

14. Munoz-Egea, M.C.; Garcia-Pedrazuela, M.; Mahillo, I.; Esteban, J. Effect of ciprofloxacin in the ultrastructure and development of
biofilms formed by rapidly growing mycobacteria. BMC Microbiol. 2015, 15, 18. [CrossRef]

15. Rose, S.J.; Neville, M.E.; Gupta, R.; Bermudez, L.E. Delivery of aerosolized liposomal amikacin as a novel approach for the
treatment of nontuberculous mycobacteria in an experimental model of pulmonary infection. PLoS ONE 2014, 9, e108703.
[CrossRef]

16. Dupont, C.; Viljoen, A.; Dubar, F.; Blaise, M.; Bernut, A.; Pawlik, A.; Bouchier, C.; Brosch, R.; Guerardel, Y.; Lelievre, J.; et al. A new
piperidinol derivative targeting mycolic acid transport in Mycobacterium abscessus. Mol. Microbiol. 2016, 101, 515–529. [CrossRef]

17. Stanley, S.A.; Barczak, A.K.; Silvis, M.R.; Luo, S.S.; Sogi, K.; Vokes, M.; Bray, M.A.; Carpenter, A.E.; Moore, C.B.; Siddiqi, N.; et al.
Identification of host-targeted small molecules that restrict intracellular Mycobacterium tuberculosis growth. PLoS Pathog. 2014, 10,
e1003946. [CrossRef] [PubMed]

18. Kim, T.S.; Choe, J.H.; Kim, Y.J.; Yang, C.S.; Kwon, H.J.; Jeong, J.; Kim, G.; Park, D.E.; Jo, E.K.; Cho, Y.L.; et al. Activity
of LCB01-0371, a Novel Oxazolidinone, against Mycobacterium abscessus. Antimicrob. Agents Chemother. 2017, 61, e02752-16.
[CrossRef]

19. Chen, J.; Zhao, L.; Mao, Y.; Ye, M.; Guo, Q.; Zhang, Y.; Xu, L.; Zhang, Z.; Li, B.; Chu, H. Clinical Efficacy and Adverse Effects of
Antibiotics Used to Treat Mycobacterium abscessus Pulmonary Disease. Front. Microbiol. 2019, 10, 1977. [CrossRef]

20. Davidson, R.M. A Closer Look at the Genomic Variation of Geographically Diverse Mycobacterium abscessus Clones That Cause
Human Infection and Disease. Front. Microbiol. 2018, 9, 2988. [CrossRef]

21. Lee, M.R.; Sheng, W.H.; Hung, C.C.; Yu, C.J.; Lee, L.N.; Hsueh, P.R. Mycobacterium abscessus Complex Infections in Humans.
Emerg. Infect. Dis. 2015, 21, 1638–1646. [CrossRef]

22. Wallace, R.J., Jr.; Brown-Elliott, B.A.; McNulty, S.; Philley, J.V.; Killingley, J.; Wilson, R.W.; York, D.S.; Shepherd, S.; Griffith, D.E.
Macrolide/Azalide therapy for nodular/bronchiectatic mycobacterium avium complex lung disease. Chest 2014, 146, 276–282.
[CrossRef] [PubMed]

23. Choi, H.; Kim, S.Y.; Kim, D.H.; Huh, H.J.; Ki, C.S.; Lee, N.Y.; Lee, S.H.; Shin, S.; Shin, S.J.; Daley, C.L.; et al. Clinical Characteristics
and Treatment Outcomes of Patients with Acquired Macrolide-Resistant Mycobacterium abscessus Lung Disease. Antimicrob. Agents
Chemother. 2017, 61, e01146-17. [CrossRef]

24. Nessar, R.; Cambau, E.; Reyrat, J.M.; Murray, A.; Gicquel, B. Mycobacterium abscessus: A new antibiotic nightmare. J. Antimicrob.
Chemother. 2012, 67, 810–818. [CrossRef] [PubMed]

25. Bastian, S.; Veziris, N.; Roux, A.L.; Brossier, F.; Gaillard, J.L.; Jarlier, V.; Cambau, E. Assessment of clarithromycin susceptibility in
strains belonging to the Mycobacterium abscessus group by erm(41) and rrl sequencing. Antimicrob. Agents Chemother. 2011, 55,
775–781. [CrossRef]

26. Hurst-Hess, K.; Rudra, P.; Ghosh, P. Mycobacterium abscessus WhiB7 Regulates a Species-Specific Repertoire of Genes To Confer
Extreme Antibiotic Resistance. Antimicrob. Agents Chemother. 2017, 61, e01347-17. [CrossRef]

27. Ashburn, T.T.; Thor, K.B. Drug repositioning: Identifying and developing new uses for existing drugs. Nat. Rev. Drug Discov 2004,
3, 673–683. [CrossRef]

28. Homburg, R. Clomiphene citrate—End of an era? A mini-review. Hum. Reprod. 2005, 20, 2043–2051. [CrossRef]
29. Practice Committee of the American Society for Reproductive Medicine. Use of clomiphene citrate in infertile women: A

committee opinion. Fertil. Steril. 2013, 100, 341–348. [CrossRef]
30. Dickey, R.P.; Holtkamp, D.E. Development, pharmacology and clinical experience with clomiphene citrate. Hum. Reprod. Update

1996, 2, 483–506. [CrossRef]

http://doi.org/10.1186/s12879-016-1554-7
http://doi.org/10.1073/pnas.1511751112
http://doi.org/10.3389/fmicb.2018.02541
http://www.ncbi.nlm.nih.gov/pubmed/30410476
http://doi.org/10.1093/jac/dkr472
http://doi.org/10.1128/JCM.39.2.816-819.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158161
http://doi.org/10.1128/IAI.67.9.4700-4707.1999
http://www.ncbi.nlm.nih.gov/pubmed/10456919
http://doi.org/10.1186/s12866-015-0359-y
http://doi.org/10.1371/journal.pone.0108703
http://doi.org/10.1111/mmi.13406
http://doi.org/10.1371/journal.ppat.1003946
http://www.ncbi.nlm.nih.gov/pubmed/24586159
http://doi.org/10.1128/AAC.02752-16
http://doi.org/10.3389/fmicb.2019.01977
http://doi.org/10.3389/fmicb.2018.02988
http://doi.org/10.3201/2109.141634
http://doi.org/10.1378/chest.13-2538
http://www.ncbi.nlm.nih.gov/pubmed/24457542
http://doi.org/10.1128/AAC.01146-17
http://doi.org/10.1093/jac/dkr578
http://www.ncbi.nlm.nih.gov/pubmed/22290346
http://doi.org/10.1128/AAC.00861-10
http://doi.org/10.1128/AAC.01347-17
http://doi.org/10.1038/nrd1468
http://doi.org/10.1093/humrep/dei042
http://doi.org/10.1016/j.fertnstert.2013.05.033
http://doi.org/10.1093/humupd/2.6.483


Int. J. Mol. Sci. 2021, 22, 11029 11 of 11

31. Lupien, A.; Vocat, A.; Foo, C.S.; Blattes, E.; Gillon, J.Y.; Makarov, V.; Cole, S.T. Optimized Background Regimen for Treatment of
Active Tuberculosis with the Next-Generation Benzothiazinone Macozinone (PBTZ169). Antimicrob. Agents Chemother. 2018, 62,
e00840-18. [CrossRef] [PubMed]

32. Feng, X.; Zhu, W.; Schurig-Briccio, L.A.; Lindert, S.; Shoen, C.; Hitchings, R.; Li, J.; Wang, Y.; Baig, N.; Zhou, T.; et al. Antiinfectives
targeting enzymes and the proton motive force. Proc. Natl. Acad. Sci. USA 2015, 112, E7073–E7082. [CrossRef]

33. Rodriguez-Sevilla, G.; Garcia-Coca, M.; Romera-Garcia, D.; Aguilera-Correa, J.J.; Mahillo-Fernandez, I.; Esteban, J.; Perez-Jorge, C.
Non-Tuberculous Mycobacteria multispecies biofilms in cystic fibrosis: Development of an in vitro Mycobacterium abscessus and
Pseudomonas aeruginosa dual species biofilm model. Int. J. Med. Microbiol. 2018, 308, 413–423. [CrossRef] [PubMed]

34. Wayne, L.G.; Hayes, L.G. An in vitro model for sequential study of shiftdown of Mycobacterium tuberculosis through two stages
of nonreplicating persistence. Infect. Immun. 1996, 64, 2062–2069. [CrossRef] [PubMed]

35. Carter, G.; Wu, M.; Drummond, D.C.; Bermudez, L.E. Characterization of biofilm formation by clinical isolates of Mycobacterium
avium. J. Med. Microbiol. 2003, 52, 747–752. [CrossRef]

36. Greendyke, R.; Byrd, T.F. Differential antibiotic susceptibility of Mycobacterium abscessus variants in biofilms and macrophages
compared to that of planktonic bacteria. Antimicrob. Agents Chemother. 2008, 52, 2019–2026. [CrossRef]

37. Ortiz-Perez, A.; Martin-de-Hijas, N.; Alonso-Rodriguez, N.; Molina-Manso, D.; Fernandez-Roblas, R.; Esteban, J. Importance of
antibiotic penetration in the antimicrobial resistance of biofilm formed by non-pigmented rapidly growing mycobacteria against
amikacin, ciprofloxacin and clarithromycin. Enferm. Infecc. Microbiol. Clin. 2011, 29, 79–84. [CrossRef] [PubMed]

38. Yam, Y.K.; Alvarez, N.; Go, M.L.; Dick, T. Extreme Drug Tolerance of Mycobacterium abscessus “Persisters”. Front. Microbiol. 2020,
11, 359. [CrossRef]

39. Bardouniotis, E.; Huddleston, W.; Ceri, H.; Olson, M.E. Characterization of biofilm growth and biocide susceptibility testing of
Mycobacterium phlei using the MBEC assay system. FEMS Microbiol. Lett. 2001, 203, 263–267. [CrossRef]

http://doi.org/10.1128/AAC.00840-18
http://www.ncbi.nlm.nih.gov/pubmed/30126954
http://doi.org/10.1073/pnas.1521988112
http://doi.org/10.1016/j.ijmm.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29555180
http://doi.org/10.1128/iai.64.6.2062-2069.1996
http://www.ncbi.nlm.nih.gov/pubmed/8675308
http://doi.org/10.1099/jmm.0.05224-0
http://doi.org/10.1128/AAC.00986-07
http://doi.org/10.1016/j.eimc.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/21333405
http://doi.org/10.3389/fmicb.2020.00359
http://doi.org/10.1016/S0378-1097(01)00364-0

	Introduction 
	Results 
	CC Is Active against M. abscessus 
	CC Is Active against Clinical Isolates of the M. abscessus and Claritromycin Resistant Mutant 
	CC Is Susceptible to Non-Replicating and Biofilm Growing M. abscessus 
	CC Is Effective against Intracellular M. abscessus 

	Discussion 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Dose Response Curve Testing 
	Biofilm Assays 
	Intracellular Killing Assay 
	Cell Viability Assay and Lactate Dehydrogenase (LDH) Cytotoxicity Assay 
	Data Analysis 
	Ethics 

	References

