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Mycobacterium avium complex is a causative organism for refractory diseases. In this study, we examined
the effects of N-acetyl-cysteine on M. avium infection in vitro and in vivo. N-acetyl-cysteine treatment
suppressed the growth of M. avium in A549 cells in a concentration-dependent manner. This effect was
related to the induction of the antibacterial peptide human b-defensin-2. In a mouse model, N-acetylcysteine treatment signiﬁcantly reduced the number of bacteria in the lungs and induced murine bdefensin-3. In interleukin-17-deﬁcient mice, the effects of N-acetyl-cysteine disappeared, indicating that
these mechanisms may be mediated by interleukin-17. Moreover, an additional reduction in bacterial
load was observed in mice administered N-acetyl-cysteine in combination with clarithromycin. Our
ﬁndings demonstrate the potent antimycobacterial effects of N-acetyl-cysteine against M. avium by
inducing antimicrobial peptide, suggesting that N-acetyl-cysteine may have applications as an alternative to classical treatment regimens.
© 2020 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Mycobacterium avium complex (MAC) is a frequent cause of
pulmonary nontuberculous mycobacteria disease in Japan, accounting for nearly 90% of cases, with M. avium disease accounting
for the majority. In recent studies, the estimated prevalence of
pulmonary MAC has increased, exceeding the prevalence of
tuberculosis for the ﬁrst time in 2015 [1]. The prognosis of
clarithromycin-resistant cases found to be very poor, comparable to
that of multidrug-resistant tuberculosis [2]. To cope with this increase in, or intractability of, pulmonary MAC disease, several immunomodulators have been studied in combination with existing
antibacterial drug treatments. For example, based on the interactions between macrophages and intracellular pathogens,
nonsteroidal anti-inﬂammatory drugs have been reported to
induce the ability of MAC-infected macrophages to produce tumour
necrosis factor (TNF)-a, while suppressing their ability to produce
interleukin (IL)-10. However, these effects remain unable to
signiﬁcantly reduce mycobacterial loads [3].

* Corresponding author. Toho University, 5-21-16 Omorinishi, Ota-ku, Tokyo, 1438540, Japan. Fax: þ81 3 5493-5415.
E-mail address: chiaki.kajiwara@med.toho-u.ac.jp (C. Kajiwara).

N-acetyl-cysteine (NAC), which is widely used as an expectorant
in clinical medicine, has been reported to exert antibacterial effects
against Mycobacterium tuberculosis, shortening the treatment
period [4,5]. Furthermore, several basic research studies have
demonstrated the potential antimycobacterial effects of NAC [6e8].
However, the speciﬁc bactericidal mechanisms or direct effectors
have not yet been elucidated. Amaral et al. reported that the antimycobacterial effects of NAC were independent of the host NADPH
oxidase system, suggesting that, in addition to its antioxidant effects, NAC may also have immunomodulatory properties [6].
Antibacterial peptides are components of the innate immune
system that confer nonspeciﬁc protection against various pathogens, serving as a ﬁrst line of defence. For instance, b-defensins are
expressed predominantly in epithelial tissues, such as the airways
and skin. To date, six b-defensins (HBD-1e6) have been identiﬁed
in humans [9,10]. Among which, HBD-2 is a cationic antimicrobial
peptide that exhibits a wide range of antimicrobial activities against
viruses, bacteria, and fungi [11]. Its gene expression has been
identiﬁed in various human epithelial tissues, including the lungs
and trachea. Additionally, Toll-like receptors and IL-17 receptors,
which are essential for the innate immune response, transmit signals to the nucleus via adapter molecules upon recognising their
ligands, and subsequently activate transcription factors (e.g.,
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nuclear factor-kB) to induce the transcription of various genes and
translation of the associated proteins [12]. In M. tuberculosis
infection, HBD-2 has been shown to control bacterial growth and
exhibit chemotactic activity [13]. However, no studies have examined whether NAC induces HBD-2 production or whether NAC has
antimycobacterial effects on M. avium.
In this study, we examined the effects of NAC on the intracellular
growth of M. avium, including clarithromycin-resistant strains, to
provide insights into the establishment of novel therapies for
treating M. avium infection.

107 A549 cells, with or without infection (M. avium MOI ¼ 10), and
NAC treatment were cultivated in cell culture ﬂasks for ﬁve days.
Then, the culture supernatant was collected and ﬁltered. Cells were
also collected, lysed in lysis buffer (50 mM TriseHCl, 150 mM NaCl,
0.1% Triton X-100) and ﬁltered. Each sample was added to M. avium
(103 CFU/well) prepared in 96-well plates (10 ml each). After 24 h,
bacterial cell numbers were examined. Clinical isolates of M. avium
strains were used from the strain stock of Toho University.
Clarithromycin-resistant strains used in our assay had minimum
inhibitory concentrations (MICs) of greater than 64 mg/ml (CLSI
M24-A2).

1. Material and methods
1.4. RNA isolation and gene expression analysis
1.1. Animals
Speciﬁc pathogen-free female BALB/c mice were purchased
from Charles River Laboratories (Kanagawa, Japan). IL-17Aknockout mice on a BALB/c genetic background were previously
established at the Institute of Medical Science, University of Tokyo
[14]. Mice were maintained under speciﬁc pathogen-free conditions within the animal care facility at the Laboratory Animal
Research Center of Toho University School of Medicine until 8e9
weeks of age. Animal and pathogen protocols were approved by the
Institutional Care and Use Committee (approval numbers 19-52386 and 19-52-101).
1.2. M. avium inoculation and determination of bacterial numbers
JCM 15430 M. avium subsp. hominissuis strain (RIKEN BioResource Research Center) was used for the pneumonia model.
Animals were anaesthetised intramuscularly with ketamine
(50 mg/kg body weight) and xylazine (10 mg/kg) and were infected
with 106 CFU/mouse intranasally [15]. Mice were administered NAC
(400 mg/kg) [6], clarithromycin (100 mg/kg) [16], or both by gavage
daily for six days from the day of infection. To quantify bacterial
numbers, on day 7 of infection, the lungs were harvested and
homogenised with a homogeniser (IKA Japan K.K., Osaka, Japan) in
1 ml saline. Portions of homogenates (10 ml) were inoculated onto
Middlebrook 7H10 (Difco, NJ, USA) agar plates supplemented with
10% oleic acid/albumin/dextrose/catalase (OADC; Difco) after serial
1:10 dilution in saline. CFU numbers were determined after two
weeks of incubation at 37  C in 5% CO2.
1.3. In vitro M. avium infection
A549 human lung epithelial cells, MH-S mouse alveolar macrophages, and RAW 264.7 mouse macrophages were originally
obtained from the American Type Culture Collection (Manassas, VA,
USA). The cells were seeded at 105 cells/well in 24-well tissue
culture plates (BD Falcon) overnight with complete RPMI medium
(5% fetal bovine serum, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 2-mercaptoethanol) at 37  C in 5% CO2. The
cells were then infected at a multiplicity of infection (MOI) of 10
and incubated for 1 h after attachment by centrifuging. At the end
of the infection period, non-phagocytosed and nonadherent bacteria were removed by washing three times with fresh medium.
M. avium-infected cells were treated with various concentrations of
NAC (Wako Pure Chemical) and subsequently incubated at 37  C in
5% CO2. At the indicated time points, culture supernatants were
collected, and the infected cells were lysed for counting of viable
bacterial numbers, as previously described [17]. In some experiments, recombinant HBD-2 (Novus Biologicals USA, Centennial, CO,
USA) 5 mg/ml anti-HBD-2 antibodies (Abcam, Cambridge, UK) or
recombinant human IL-17A (R&D, Minnesota, USA) were used. In
assessment of the function of culture supernatants and cell lysates,

Total RNA was isolated from mouse lungs or cell lines using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer0 s instructions. For quantitative polymerase chain reaction
(qPCR) analysis, 1 mg total RNA was reverse transcribed using a HighCapacity cDNA Reverse Transcription kit (Applied Biosystems, Foster
City, CA, USA). Data analysis utilising the SYBR green real-time reverse
transcription (RT)-PCR technique was performed on an ABI Prism
7000 sequence detector system (Applied Biosystems). The following
PCR primers were used: b2M (human), 50 -GAGGCTATCCAGCGTACTCCA-30
(forward)
and
50 -CGGCAGGCATACTCATCTTTT-30
(reverse); HBD-1, 50 -ATGAGAACTTCCTACCTTCTGCT-30 (forward) and
50 -TCTGTAACAGGTGCCTTGAATTT-30 (reverse); HBD-2, 50 -CCAGCCATCAGCCATGAGGGT-30 (forward) and 50 -GGAGCCTTTCTGAATCCGCA-30
(reverse); HBD-3, 50 -TCCAGGTCATGGAGGAATCAT-30 (forward) and 50 CGAGCACTTGCCGATCTGT-30 (reverse); IL-17A (human), 50 -TCCCACGAAATCCAGGATGC-30 (forward) and 50 -GGATGTTCAGGTTGACCATCAC-30 (reverse); TNF-a (human), 50 - CCTCTCTCTAATCAGCCCTCTG - 30
(forward) and 50 - GAGGACCTGGAGTAGATGAG - 30 (reverse); IFN-g
(human), 50 TCGGTAACTGACTTGAATGTCCA - 30 (forward) and 50 TCGCTTCCCTGTTTTAGCTGC - 30 (reverse); IL-1b (human) 50 ATGATGGCTTATTACAGTGGCAA - 30 (forward) and 50 - ATGATGGCTTATTACAGTGGCAA
30 (reverse);
b-actin,
50 -AGA
0
GGGAAATCGTGCGTGAC-3
(forward)
and
50 -CAATAGTGATGACCTGGCCGT-30 (reverse); mouse b-defensin (Mbd)-1, 50 AGGTGTTGGCATTCTCACAAG-30 (forward) and 50 -GCTTATCTGGTTACAGGTTCC-30 (reverse); Mbd2, 50 -TATGCTGCCTCCTTTTCTCA-30 (forward) and 50 -GACCTTCCATGTGCTTCCTTC-30 (reverse); Mbd3, 50 GTCCCACCTGCAGCTTTTAGC-30 (forward) and 50 -AGGAAAGGAACTCCACAACTGC-30 (reverse); Mbd4, 50 -GCAGCCTTTACCCAAATTATC-30
(forward) and 50 -ACAATTGCCAATCTGTCGAA-30 (reverse); Tnfa, 50 GCCTCCCTCTCATCAGTTCT30
(forward)
and
50
CACTTGGTGGTTTGCTACGA - 30 (reverse); Ifng, 50 - GGATATCTGGAGGAACTGGCAA- 30 (forward) and 50 - TGATGGCCTGATTGTCTTTCAA30
(reverse);
Il1b,
50
CAACCAACAAGTGATATTCTCCATG - 30 (forward) and 50 - GATCCACACTCTCCAGCTGCA - 30 (reverse). Relative fold changes in transcript
levels were calculated with the 2-DDCT (where CT is threshold cycle)
method [18] using the housekeeping gene b-actin or b2M as a reference standard for the amount loaded and the quality of the cDNA.
1.5. Western blotting
A total of 3  107 A-549 cells were plated and infected at an MOI
of 10. At day 5 of incubation, cellular protein lysates were obtained
using 1 ml of lysis buffer containing a complete protease inhibitor
mixture tablet (Roche, Basel, Switzerland). The cell lysates were
incubated for 15 min on ice and centrifuged at 12,000  g and 4  C
for 20 min. Supernatants were collected and mixed with
4  sample buffer (4% SDS, 4% 2-ME, 20% glycerol, and 125 mM
TriseHCl). The proteins were subjected to electrophoresis on a
10e20% SDS-polyacrylamide gel (Wako Pure Chemical), transferred
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to a polyvinylidene diﬂuoride membrane, and blocked with 3%
skim milk dissolved in TBS buffer (10 mM TriseHCl, 135 mM NaCl)
with 0.05% Tween 20. The membrane was blotted with rabbit antibeta 2 defensin/BD-2 antibody (Abcam). Anti-GAPDH (Cell Signalling Technology) was used as an internal control. HRP-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch) was used as secondary Ab, and detection was conducted using a chemiluminescent
reaction (Amersham Imager 600; GE Healthcare).

1.6. Statistical analysis
Median values with interquartile ranges were used as measures
of central tendency. Bars represented means and standard errors.
Statistical analyses were performed using GraphPad Prism 8 software (GraphPad, La Jolla, CA, USA). Student0 s t tests were used for
comparisons between two groups. Analysis of variance, followed by
Tukey multiple-comparison tests, was performed for comparisons
between more than two groups. Results with p values of less than
0.05 were considered statistically signiﬁcant.

2. Results
2.1. NAC inhibits intracellular growth of M. avium
To assess the effects of NAC on host cells, we ﬁrst examined
whether NAC could inhibit the mycobacterial growth of M. avium
in vitro. A549, MH-S, and RAW cells were infected with M. avium
(MOI ¼ 10). We observed a signiﬁcant dose-dependent reduction in
mycobacterial load in A549 cells treated with NAC for ﬁve days
(Fig. 1A). Next, we examined the time-dependent effects of NAC on
A549, RAW, and MH-S cells. Although a signiﬁcant time-dependent
reduction was not observed, signiﬁcant suppression of M. avium
growth by NAC was evident on day 3 of infection in both A549 and
MH-S cells (Fig. 1B and C). Meanwhile, in RAW cells, although a
similar tendency was observed, the result was not signiﬁcant
(Fig. 1D).
Under our experimental conditions, we observed that the pH of
cellular or mycobacterial growth medium decreased from 7.9 to 6.3
in the presence of 10 mM NAC. The growth of Mycobacterium has
been reported to be affected by a decrease in the pH [19]. Therefore,
to examine this effect, we cultivated mycobacterial strains in medium with either acidic pH (pH ¼ 6.3) or neutral pH (pH ¼ 7.9).
Importantly, acidic pH itself did not inhibit bacteria growth
(Fig. S1), indicating that the antimycobacterial effects of NAC were
independent of the culture environment pH.

2.2. Host cells are essential for reducing mycobacterial load
Although NAC has been reported to have direct antimycobacterial effects on M. tuberculosis, the speciﬁc mechanisms
are unclear [6]. Therefore, we investigated whether NAC also has
direct antimycobacterial effects on M. avium. When NAC was added
to complete RPMI medium (Fig. S2A), or 7H9 broth (Fig. S2B),
without host cells and the bacteria were cultured, the growth
inhibitory effects on M. avium were completely abolished, indicating that to achieve this antimycobacterial effect of NAC, host
cells were essential.
Host cells have been shown to suppress the intracellular
proliferation of M. avium through apoptosis [20]. Therefore, we
next examined whether NAC treatment induced apoptosis in
M. avium-infected cells. Our results showed no induction of
apoptosis (Fig. S3).

3

2.3. NAC treatment increases HBD2 and Mbd3 mRNA levels
Considering that the host cells appeared to respond to NAC
treatment and enhanced certain immune responses, resulting in a
reduction in intracellular pathogens, we examined several factors,
primarily inﬂammatory cytokines, including interferon-g (IFN-g),
TNF-a, and IL-1b, which are important antimycobacterial factors, by
qRT-PCR. However, their expression levels remained unchanged
(Fig. S4). Previous studies have reported that b-defensins including
HBD-2 are induced in A549 cells upon mycobacterial infection
[13,21]. Indeed, the observed effects were more evident in A549
lung epithelial cells, therefore we hypothesised that antimicrobial
peptides may be the effectors acting against M. avium. We, therefore, evaluated HBD and MBD expression by qRT-PCR in the presence or absence of NAC. In particular, HBD-2 and its murine
homolog Mbd-3 were upregulated in infected A549 cells (Fig. 2A)
and MH-S cells (Fig. 2B), respectively, upon administration of NAC.
Alternatively, in RAW cells, which did not exhibit a signiﬁcant
decrease in mycobacterial load following NAC treatment, induction
of Mbd3 was not detectable (data not shown). These data demonstrate that the induction of antimicrobial peptides, rather than Th1
cytokines, may serve as a mechanism for NAC-induced growth inhibition of M. avium in A549 and MH-S cells.
2.4. NAC induces HBD-2 production in M. avium-infected
A549 cells
We hypothesised that if HBD-2 secretion is induced by NAC
treatment, the culture supernatant containing this peptide would
have bactericidal effects. Therefore, we cultivated 107 A549 cells/
well, with or without infection, and NAC treatment in cell culture
ﬂasks for ﬁve days. Subsequently, the culture supernatant, which
may have contained HBD, was collected, ﬁltered, and added to
M. avium. After 24 h, bacterial cell numbers were examined.
However, in contrast to our expectations, when the culture supernatant derived from NAC-treated infected cells was added, no
decrease in bacterial cell numbers was observed (Fig. S5). In addition to being secreted extracellularly, HBD-2 can be stored in the
cytoplasm and released into the phagosome to kill phagocytic
M. tuberculosis [13]. Therefore, we prepared cells under the above
conditions, discarded culture supernatants, ﬁltered cell lysates, and
evaluated bactericidal effects using these cell lysates. Cell lysates
from M. avium-infected plus NAC-treated cells signiﬁcantly reduced
mycobacterial load (Fig. 3A). Moreover, release of HBD-2 into the
cell lysates was analysed by Western blot analysis, which showed
substantial release of HBD-2 in M. avium-infected and NAC-treated
A549 cells (Fig. 3B). Taken together, these results support our hypothesis that a cell-derived antimicrobial peptide has direct effects
on reducing the mycobacterial load of M. avium.
Next, to determine whether HBD-2 functioned as a direct factor for the observed induction of antimycobacterial effects, we
added anti-HBD-2 antibodies to NAC-treated infected cells to
block HBD-2 function. The results showed that blockade of HBD-2
abolished the effect of NAC on mycobacterial loads (Fig. 3C).
Cumulatively, these ﬁndings indicate that NAC promotes HBD-2
production within A549 cells and suppresses intracellular
bacteria.
2.5. HBD-2 exerts antimicrobial effects on M. avium
The relationship between HBD-2 and mycobacterial infection
has been described previously. For example, Rivas-Santiago et al.
demonstrated that HBD2 mRNA is induced in A549 cells after
infection with M. tuberculosis at various MOIs [13,22]. Similarly,
the antimycobacterial effects of HBD-2 on mycobacteria [23]
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Fig. 1. Effects of N-acetylcysteine on Mycobacterium avium infection in different cell lines. (A) A549 cells were infected with M. avium for 1 h at a multiplicity of infection (MOI) of 10
and treated with different concentrations of NAC. After ﬁve days, cells were collected, and CFU were enumerated. (B) M. avium-infected A549 cells were treated with 10 mM NAC.
After ﬁve days, cells were collected, and CFU were enumerated at the indicated time points. (C) MH-S cells were infected, and CFU were enumerated at the indicated time points (D)
RAW 264.7 cells were infected, and CFU were enumerated at the indicated time points. Bars indicate means ± standard errors (n ¼ 3 per group). Results were conﬁrmed by three
independent experiments. *p < 0.05; ****p < 0.001. Control, no treatment; NAC, N-acetyl-cysteine treatment.

Fig. 2. N-acetylcysteine treatment increases HBD2 and Mbd3 mRNA expression. mRNA levels of HBDs and MBDs M. avium-infected A549 and MH-S cells in the presence or absence
of 10 mM NAC on day 5 post infection. Data are expressed as fold increase. Bars indicate means ± standard errors (n ¼ 3 per group). Results were conﬁrmed by three independent
experiments. *p < 0.05; **p < 0.01. Control, no treatment; NAC, N-acetyl-cysteine treatment.
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Fig. 3. Anti-Mycobacterium avium activity of HBD2 protein in A549 cells. (A) Cell lysates from ﬁve days of culture were added to 103 of M. avium in 7H9 broth. After 24 h, CFUs were
enumerated. (B) Western blot analysis of cell lysates. (C) Anti-HBD2 antibody (5 mg/ml) was added to M. avium-infected A549 cells in combination with 10 mM NAC treatment. After
ﬁve days of incubation, CFUs were enumerated. M. avium was incubated with 20, 100, 500, or 2500 pg/ml recombinant HBD-2 for ﬁve days in (D) 7H9 broth or (E) complete RPMI
medium, and CFUs were enumerated. All bars indicate means ± standard errors (n ¼ 3 per group). Results were conﬁrmed by three independent experiments. *p < 0.05; **p < 0.01;
***p < 0.005; ****p < 0.001. Control, no treatment; NAC, N-acetyl-cysteine treatment; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Isotype ctrl, isotype control antibody
treatment; Anti-HBD-2 antibody, anti-human beta defensin-2 antibody treatment.
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have been investigated in M. tuberculosis but not in M. avium.
Therefore, to evaluate the bactericidal effects of HBD-2 on
M. avium in vitro, M. avium was incubated with 20, 100, 500, or
2500 pg/ml recombinant HBD-2 for ﬁve days in 7H9 broth and
in complete medium. Recombinant HBD-2 efﬁciently inhibited
the replication of M. avium in a concentration-dependent
manner (Fig. 3D and E).
2.6. NAC treatment reduces mycobacterial loads in the lungs of
mice infected with M. avium
To assess the effects of NAC in vivo, we employed a mouse model
of M. avium infection. Female BALB/c mice were infected intranasally with 106 CFU M. avium and were then treated with NAC
(400 mg/kg) by gavage daily for six days beginning on the day of
infection. We also evaluated the efﬁcacy of clarithromycin alone or
in combination with NAC. On day 7 of infection, lungs were harvested, and bacterial numbers, as well as antimicrobial peptide
expression were examined. NAC treatment signiﬁcantly reduced
mycobacterial load in the lungs of M. avium-infected mice (Fig. 4A).
In the clarithromycin monotherapy group, bacterial numbers were
also reduced in the lungs, as expected. Furthermore, in the combination treatment group with NAC, an additional effect was
observed. Consistent with these results, compared with the control,
Mbd3 mRNA expression was signiﬁcantly increased in the NACtreated group, supporting our in vitro experimental data (Fig. 4B).
Moreover, Mbd3 mRNA levels were increased in the clarithromycin
alone group, and a signiﬁcant increase was observed when both
clarithromycin and NAC were used, suggesting an additive effect.
2.7. NAC promotes host IL-17A signalling to enhance Mbd-3
induction
Several pathways mediate the expression of mammalian
defensins, including IL-17-dependent and -independent signalling
pathways [12]. Therefore, to elucidate the upstream signalling
molecules involved in modulating Mbd3 mRNA expression, we ﬁrst
examined the expression of Il17a mRNA. In the NAC-treated group,
Il17a mRNA expression was signiﬁcantly increased (Fig. 5A). To
conﬁrm the involvement of IL-17 in the effects of NAC, we performed experiments using IL-17A-knockout mice under the same
conditions as wild-type mice. As expected, no reduction in

mycobacterial load (Fig. 5B), or signiﬁcant increase in Mbd3 mRNA
expression, was observed (Fig. 5C). Next, to ensure that IL-17A is
responsible for inducing HBD-2 in our system, we treated
A549 cells with recombinant human IL-17A, which led to induction
of HBD2 mRNA expression and reduction of mycobacterial load
(Fig. 5D and E). These results suggest that IL-17A signalling may be
involved in mediating the effects of NAC on HBD-3 expression
in vivo.
2.8. NAC exerts antimycobacterial effects against clarithromycinresistant strains
Due to the heavy burden of clarithromycin-resistant M. avium in
the clinical setting, we next explored the efﬁcacy of NAC against
these bacteria. A549 cells were infected with four clinical isolates,
including two clarithromycin-resistant strains, and subsequently
treated with NAC. Importantly, regardless of clarithromycin susceptibility, NAC exerted antimycobacterial effects against all four
strains (Fig. 6). Overall, this data demonstrates that NAC-mediated
MBD-3 induction reduces lung bacterial burdens in mice with
M. avium infection and may be effective against drug-resistant
mycobacteria.
3. Discussion
In this study, we demonstrated the antimycobacterial roles of
NAC in M. avium infection in vitro and in vivo. Speciﬁcally, we
examined the effects of NAC in lung epithelial cells and macrophages and demonstrated that the antimycobacterial activity of
NAC involves induction of HBD-2 by NAC.
Many studies have evaluated M. tuberculosis host defence; most
of the identiﬁed mechanisms can also be applied to M. avium as
both organisms are mycobacteria. However, these organisms differ
in the initial response induced by the host, as demonstrated by
different routes of transmission to humans. Although
M. tuberculosis efﬁciently reaches deep into the alveoli and invades
alveolar macrophages, M. avium invades host macrophages and
airway epithelial cells, i.e., the frontline of the host defence system
[24,25]. Ciliary movement of airway epithelial cells is an important
host defence system for MAC elimination [26e28]. Furthermore,
considering the intractability of pulmonary M. avium disease and
its frequent recurrence due to re-infection [29], strengthening this

Fig. 4. N-acetylcysteine treatment reduces mycobacterial load in the lungs of mice infected with Mycobacterium avium. (A) Mice were infected intranasally with 106 CFU M. avium
and were treated with NAC (400 mg/kg), clarithromycin (100 mg/kg), or both by gavage daily for six days beginning on the day of infection. On day 7, CFUs in the lungs were
enumerated. Bars indicate means ± standard deviations from seven animals per group. *p < 0.05 compared with all other groups. (B) mRNA levels of Mbd3 were measured at the
same timepoint. #p < 0.05 compared with the control group using Student’s t tests. Results were conﬁrmed by two independent experiments. *p < 0.05; **p < 0.01.
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Fig. 5. N-acetylcysteine treatment induces MBD-3 secretion via IL-17A signalling. (A) mRNA levels of Il17a in the lungs of wild-type mice were measured on day 7 of M. avium
infection and treatment. Data are expressed as fold increases. (B) IL-17A-knockout mice were infected and treated with NAC. On day 7, CFUs in the lungs were enumerated. (C)
mRNA levels of Mbd3 were measured at the same timepoint. (D) Recombinant IL-17A (1, 10 ng/ml) was added to M. avium-infected A549 cells. After ﬁve days of incubation, mRNA
levels of HBD2 were determined. (E) CFUs were measured at the same timepoint. Data are expressed as fold increase. Bars indicate means ± standard errors from seven animals per
group. Results were conﬁrmed by two independent experiments. *p < 0.05; **p < 0.01; ***p < 0.005; n.s., not signiﬁcant.

airway epithelial frontline could be a reasonable approach for
ﬁghting this disease.
HBDs are widely expressed in epithelial tissues and leukocytes,
and their expression is constitutive and/or inducible, depending
on the site of expression. Among HBDs, induction of HBD-2 requires stimulation by bacterial infection, or inﬂammatory cytokines, suggesting that it may be an important factor in airway
infectious diseases. In fact, mycobacterial infection is known to
induce HBD-2 secretion. Rivas et al. demonstrated that HBD-2 is
induced in A549 cells upon M. tuberculosis infection [13]. In
nontuberculous mycobacteria, Matsuyama et al. showed that
primary human bronchial epithelial cells infected with M. avium
show higher HBD2 mRNA expression than naive cells [28]. However, these studies did not elucidate the effects of this change in
expression.
In this study, HBD-2 exhibited bactericidal effects against
M. avium; this mechanism may be related to disruption of bacilli, as
previously reported for various microorganisms, including
M. tuberculosis [11,13]. This nonspeciﬁc bactericidal effect is

beneﬁcial for the treatment of drug-resistant strains. Indeed, in our
study, we observed a signiﬁcant reduction in the mycobacterial
loads of clarithromycin-resistant strains.
In addition to mucolytic effects, NAC also exhibits various other
functions, including antioxidant properties, modulation of bioﬁlm
formulation [30,31], and immunomodulatory effects [4]. In our
study, induction of HBD-2 production in host cells was observed,
supporting the immunomodulatory roles of NAC. Accordingly, we
observed no reduction in mycobacterial load or signiﬁcant Mbd3
mRNA expression in IL-17A-knockout mice. IL-17 signalling regulates HBD-2 expression and may be a target of NAC. Moreover,
M. avium infection in human lung epithelial cells induces the
expression of downstream targets within the IL-17 signalling
pathway, although no expression of IL-17 itself was detected in the
host cells [28]. Indeed, in our in vitro model, which also did not
show signiﬁcant changes in IL-17 expression upon infection or NAC
treatment, HBD-2 expression was increased (data not shown).
Additional studies are required to elucidate the complex molecular
mechanisms involved in these effects.
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Fig. 6. Effects of N-acetylcysteine on Mycobacterium avium infection in four clinically isolated strains. A549 cells were infected with four different strains of clinically isolated
M. avium and treated with 10 mM NAC. CFUs were then enumerated. Bars indicate means ± standard errors (n ¼ 3 per group). Results were conﬁrmed by three independent
experiments. *p < 0.05; **p < 0.01; ****p < 0.001. Control, no treatment; NAC, N-acetyl-cysteine treatment; CAM-R, clarithromycin-resistant (MIC > 64 mg/ml).

In vivo, we observed an additional reduction in the mycobacterial load when NAC was combined with clarithromycin, a key
drug used to treat M. avium infection. These ﬁndings suggest that
the use of NAC with clarithromycin may have favourable effects in
the clinical setting. Indeed, Manniello et al. reported that coespray
dried powders of clarithromycin and NAC exhibited good physicochemical, technological, and aerodynamic properties [32], suggesting a promising administration route for this combined
treatment.
In summary, our results demonstrate that NAC induced antimycobacterial effects in the host and may limit M. avium infection.
In addition, NAC and clarithromycin exhibited additive effects in
reduction of mycobacterial loads. Considering that NAC has been
used among patients with chronic pulmonary diseases as an expectorant, it may also be readily applied to treat pulmonary
M. avium infection. These results indicate that NAC may be an
additional option for treating patients with M. avium infection in
combination
with
classical
drug
regimens
containing
clarithromycin.
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