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N-acetyl-cysteine exhibits potent
anti-mycobacterial activity in addition
to its known anti-oxidative functions
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Abstract

Background: Mycobacterium tuberculosis infection is thought to induce oxidative stress. N-acetyl-cysteine (NAC)
is widely used in patients with chronic pulmonary diseases including tuberculosis due to its mucolytic and
anti-oxidant activities. Here, we tested whether NAC exerts a direct antibiotic activity against mycobacteria.

Methods: Oxidative stress status in plasma was compared between pulmonary TB (PTB) patients and those
with latent M. tuberculosis infection (LTBI) or healthy uninfected individuals. Lipid peroxidation, DNA oxidation
and cell death, as well as accumulation of reactive oxygen species (ROS) were measured in cultures of primary human
monocyte-derived macrophages infected with M. tuberculosis and treated or not with NAC. M. tuberculosis,
M. avium and M. bovis BCG cultures were also exposed to different doses of NAC with or without medium
pH adjustment to control for acidity. The anti-mycobacterial effect of NAC was assessed in M. tuberculosis
infected human THP-1 cells and bone marrow-derived macrophages from mice lacking a fully functional
NADPH oxidase system. The capacity of NAC to control M. tuberculosis infection was further tested in vivo
in a mouse (C57BL/6) model.

Results: PTB patients exhibited elevated levels of oxidation products and a reduction of anti-oxidants compared
with LTBI cases or uninfected controls. NAC treatment in M. tuberculosis-infected human macrophages resulted
in a decrease of oxidative stress and cell death evoked by mycobacteria. Importantly, we observed a dose-dependent
reduction in metabolic activity and in vitro growth of NAC treated M. tuberculosis, M. avium and M. bovis
BCG. Furthermore, anti-mycobacterial activity in infected macrophages was shown to be independent of
the effects of NAC on the host NADPH oxidase system in vitro. Short-term NAC treatment of M. tuberculosis
infected mice in vivo resulted in a significant reduction of mycobacterial loads in the lungs.

Conclusions: NAC exhibits potent anti-mycobacterial effects and may limit M. tuberculosis infection and
disease both through suppression of the host oxidative response and through direct antimicrobial activity.

Keywords: Tuberculosis, N-acetyl cysteine, Antimicrobial activity, Therapy

* Correspondence: bruno.andrade@bahia.fiocruz.br
1Immunobiology Section, Laboratory of Parasitic Diseases, National Institute
of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD
20892, USA
3Laboratório Integrado de Microbiologia e Imunorregulação (LIMI), Instituto
Gonçalo Moniz, Fundação Oswaldo Cruz (FIOCRUZ), Salvador 40296-710,
Bahia, Brazil
Full list of author information is available at the end of the article

© The Author(s). 2016 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Amaral et al. BMC Microbiology  (2016) 16:251 
DOI 10.1186/s12866-016-0872-7

http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-016-0872-7&domain=pdf
mailto:bruno.andrade@bahia.fiocruz.br
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
N-acetyl-cysteine (NAC) is included in the World Health
Organization’s list of essential medicines; a list that details
the most relevant medications needed for a basic health
system [1]. Acetyl-cysteine is a derivative of cysteine in
which an acetyl group is attached to nitrogen. Due to its
disulfide reducing activity, NAC is used as a mucolytic
agent to promote expectoration [2]. NAC is commonly
prescribed as an adjunct therapy in patients with a wide
range of respiratory diseases characterized by formation
of thick mucus, such as cystic fibrosis [2–4]. At high
doses, NAC results in significantly improved small airway
function and decreased exacerbation frequency in patients
with stable chronic obstructive pulmonary disease (COPD)
[3, 4]. NAC’s mucolytic activity is also the basis of its
use in liquefying sputum samples for the microscopic
detection of acid-fast bacilli (AFB) in suspected pulmonary
tuberculosis (TB) patients [5]. Furthermore, in both ex-
perimental animal models and clinical studies, NAC dis-
plays a protective effect on acute liver injury induced by
anti-TB drugs in acetaminophen-dependent or independ-
ent conditions [6–11]. In patients with type 2 diabetes,
NAC holds promise in primary prevention of cardiovas-
cular complications and systemic inflammation [12–14].
In addition to the above clinical applications, NAC

has been employed as a potent anti-oxidant in several
experimental models of infection and cancer in vitro
and in vivo [15–20]. In these settings, NAC serves as a
pro-drug to L-cysteine, which is a precursor to the bio-
logic antioxidant glutathione. This anti-oxidant property
of NAC is associated with strong anti-inflammatory
effects, which have been suggested to inhibit the activation
of nuclear factor-κB (NF-κB) with subsequent inhibition
of cytokine synthesis [2, 21, 22]. In a mammalian model
of Mycobacterium tuberculosis infection, NAC has been
shown to diminish TB-driven lung pathology and inflam-
matory status, as well as to reduce mycobacterial infection
loads in the lung [23]. These effects were attributed to the
drug’s anti-oxidant properties and immune regulatory
activities. Whether NAC limits M. tuberculosis infection
in this situation through a direct microbicidal effect on M.
tuberculosis was not addressed. Indeed, NAC has been
shown to exhibit anti-microbial activity against a number
of bacterial pathogens including Pseudomonas aeruginosa,
Staphylococcus aureus, Helicobacter pylori, Klebsiella
pneumoniae and Enterobacter cloacae [17, 24–26].
In this study, we demonstrate that NAC directly impairs

the growth of several species of mycobacteria in vitro
independent of its inhibitory effects on the host NADPH
oxidase system. This anti-mycobacterial effect was also
observed in an experimental model in vivo. Thus, NAC
may limit M. tuberculosis infection and disease both
through suppression of the host oxidative response and
through direct antimicrobial activity. This dual host and

pathogen directed function makes the drug an interesting
candidate for use as adjunct therapy for tuberculosis.

Methods
Clinical study
Cryopreserved heparinized plasma samples were collected
from 30 subjects with active pulmonary TB (20 males;
median age 32 years, interquartile range [IQR]: 18–47), 20
individuals with LTBI (10 males; median age 31 years,
IQR: 22–46) and 20 healthy controls (8 males; median age
20 years, IQR: 19–38). The study groups were similar with
regard to age (p = 0.248) and gender (p = 0.162). Subjects
were recruited between May and November 2012 at the
Hospital Especializado Octávio Mangabeira, Salvador,
Brazil, as part of a biomarker study [27]. Tuberculosis
diagnosis included positive AFB in sputum smears and
positive M. tuberculosis sputum cultures. Three sputum
samples per subject were examined by fluorescence
microscopy, processed by the modified Petroff ’s method
and cultured on Lowenstein-Jensen medium. LTBI diag-
nosis was performed in contacts of active TB cases who
agreed to participate in the study. Diagnosis was based on
tuberculin skin test (TST) positivity (≥10 mm in diam-
eter), absence of chest radiography abnormalities or pul-
monary symptoms and negative sputum cultures. Healthy
control subjects (health care professionals and medical
students from the Hospital Especializado Octávio Manga-
beira who agreed to participate) were asymptomatic with
normal chest radiograph and negative sputum cultures
and TST induration (<5 mm in diameter). At the time of
enrollment, all individuals were HIV negative (all patients
were actively screened), BCG-vaccinated and had no
record of prior TB disease or of anti-TB treatment.

Mice
C57BL/6 mice, male, 6–8 weeks old (n = 20), were
purchased from Taconic Farms (Hudson, NY). The
gp91Phox−/− mice, male, 6–8 weeks old (n = 10), geneti-
cally backcrossed in the C57BL/6 background were a kind
gift from Dr. Sharon Jackson (NIMHD, NIH). These mice
do not exhibit a fully functional NADPH oxidase system
[28, 29]. All mice were maintained in micro-isolator cages
under controlled temperature and humidity. They were
fed ad libitum at NIAID animal facilities.

Bacteria
The H37Rv M. tuberculosis (ATCC), Beijing 1471 hyper-
virulent M. tuberculosis [30], Mycobacterium avium
SmT 2151 and Mycobacterium bovis BCG, strains were
used. Mycobacteria from a single colony-forming unit
(CFU) were suspended in Middlebrook 7H9 medium
(Difco, BD Biosciences, USA) that was supplemented
with 10 % albumin-dextrose-catalase (ADC; Difco) and
0.05 % Tween 80 (Sigma-Aldrich, USA), cultivated and
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then frozen at −80 °C in aliquots of 108 bacilli/mL. Prior
to performing the experiments, the aliquots were thawed
and diluted in complete 7H9 medium. To avoid bacterial
clumps, the samples were sonicated for 30 s and homog-
enized. The bacilli were quantified by spectrophotometry
at 600 nm. In some experiments, the pH in Middlebrook
7H9 medium was adjusted in acidic conditions (pH 5.8)
and neutral conditions (pH 6.8–7.4) as indicated in
the figures.

Cell cultures
CD14+ column-purified human elutriated monocytes
were obtained from peripheral blood of healthy donors
at the NIH blood bank. Macrophages were generated by
culturing monocytes in the presence of RPMI media
containing 10 % human AB serum and M-CSF 50 ηg/
mL (Prepotech, Rocky Hill, NJ) for 7 days, with fresh
media with growth factor being added every 48 h as
previously described [31]. For infection assays, cells were
plated at the concentration of 106 cells/well in 24-well
plates in phenol and serum free media (Opti-MEM; Life
Technologies, Carlsbad, CA).
The human monocyte-like cell line (ATCC) THP-1

was differentiated into mature macrophages by treatment
with phorbol ester (PMA; Sigma Aldrich, USA). Briefly,
THP-1 cells were cultured in RPMI medium (Gibco;
1 mM sodium pyruvate, 2 mM glutamine) supplemented
with 10 % fetal calf serum at 37 °C in 5 % CO2. For the
experiments, THP-1 cells were seeded on 96-well plate at
105 cells/well in the presence of PMA (40 ηmol/L) for
24 h to induce macrophage differentiation [32, 33]. Cells
were washed and incubated for additional 24 h in fresh
medium without PMA until their use in experiments.
After infection with mycobacteria, the macrophage cultures
were washed to remove extracellular bacteria and then
cells were cultured in phenol and serum free media
(Opti-MEM).
To obtain mouse bone marrow derived macrophages

(BMDM), bone marrow cells were cultivated in 30 % L929
cell-conditioned medium for 7 days as previously de-
scribed [34]. An additional 10 ml of L929 cell-conditioned
medium were added after 4 days of incubation. BMDMs
were detached with cold PBS and seeded in 96-well plates
at 105 cells/well, containing serum and phenol free media
at 37 °C in 5 % CO2.
In experiments testing the effects of NAC on myco-

bacterial infection in vitro, cells (BMDM or THP-1
macrophages) were infected with H37Rv, M. avium or
M. bovis BCG at MOI of 10 for 3 h, washed and then
cultivated for 5 days. Bacterial uptake was evaluated
at different time points by measuring CFU in the infected
BMDM cultures following treatment with 0.05 % saponin
(Sigma-Aldrich, USA) for 10 min [30].

Mycobacterial quantification
Bacterial numbers were determined by serial dilution of
bacterial cultures and cell lysates in Middlebrook 7H11
medium (Difco) supplemented with 10 % oleic acid/
albumin/dextrose/catalase (OADC; Difco). CFU numbers
were determined after 3 weeks of incubation at 37 °C
in 5 % CO2.

Determination of mycobacterial metabolic activity
Metabolic activity of bacilli was evaluated using a tetra-
zole salt assay in a 96-well plate as described previously
[35]. Briefly, bacteria were pipetted in a 96-well plate at
106 CFU/well (50 μL), and NAC (50 μL) diluted in
Middlebrook 7H9 added at the indicated concentrations.
Plates were then incubated at 37 °C in 5 % CO2 for 5 days
of indicated time points. After this period, tetrazolium
salt (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazole)
at 5 mg/mL (final concentration) was added to the cul-
tures for 3 h. Next, 100 μL of lysis buffer (20% w/v SDS/
50% DMF – dimethylformamide in distilled water) was
added and the cultures were incubated overnight at 37 °C
in 5 % CO2. Bacterial cultures treated with rifampin
(1 μg/mL; Sigma-Aldrich) were used as a positive control
for growth inhibition. Middlebrook 7H9 alone was used
as a negative control. The samples were read using a
spectrophotometer at 570 nm.

Chromatographic and immunological assays
Total oxidant status was assessed using an enzymatic
assay kit from Rel Assay Diagnostics (Gaziantep, Turkey)
following the manufacturer’s protocol. The results are
expressed in terms of micro molar hydrogen peroxide
equivalent per liter (μmol H2O2 Equiv./L). Total antio-
xidant status was measured using the Antioxidant Assay
kit from Cayman Chemical (Ann Harbor, MI). In this
assay, the capacity of the antioxidants to prevent ABTS
(2,2′-azino-di-[3-ethylbenzthiazoline sulphonate]) oxida-
tion is compared with that of Trolox, a water-soluble
tocopherol analogue, and is quantified as molar Trolox
equivalents. Lipid peroxidation in plasma and culture
supernatants was quantified using an assay kit from
Cayman Chemical, which measures the formation of mal-
ondialdehyde (MDA). DNA/RNA oxidation was measured
in culture supernatants using an immunoassay from
Cayman Chemical that detects all three oxidized guanine
species: 8-hydroxy-2′-deoxyguanosine from DNA, 8-hy
droxyguanosine from RNA, and 8-hydroxyguanine from
either DNA or RNA. Results from this assay were shown
as concentration of 8-OH-DG. Cell death was estimated
by quantification of lactate dehydrogenase (LDH) in
culture supernatants using a kit from Cayman Chemical
following the manufacturer’s protocol. Cell death was
plotted as percentage of cell death compared with positive
control (H2O2). Intracellular production of ROS in primary
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human macrophages was assessed by staining cells with the
oxidative fluorescent dye probe, dihydroethidium (DHE)
5 mM (Invitrogen/Molecular Probes, Grand Island, NY)
for 30 min at 37 °C in 5 % CO2 and then analyzed using a
flow cytometer. The cells used for the ROS measurement
assay were previously detached from the culture plates
using trypsin 0.25 %, washed and resuspended in phenol
and serum free medium. Results were plotted as histo-
grams where the mean fluorescence intensity (MFI) was
compared between the experimental groups.

In vivo experiments
Mice were anesthetized using ketamine (Vetbrands,
Brazil; 100 mg/kg) and xylazine (Vetbrands; 15 mg/kg),
diluted in sterile saline and administrated intraperito-
neally. Mice were infected with H37Rv M. tuberculosis
strain (approx. 3 × 104 bacilli) inoculated intratracheally
as described previously [30]. Mice were given NAC
(400 mg/kg) by gavage daily for 6 days. The dose of
NAC used was based on studies reported previously,
which describe the effect of NAC treatment during
chronic Mtb infection in vivo, as well as in other experi-
mental models [23, 36–38]. On day 7 of infection, mice
were euthanized using CO2 exposure chamber, followed
by cervical dislocation, before lungs were harvested. For
CFU counting, lungs were homogenized in 1 mL of cold
PBS using a cell strainer (100 μm; Corning, USA) and
plated in Middelbrook 7H11 medium (Difco) agar plate.

Statistical analysis
The median values with interquartile ranges were used
as measures of central tendency. For in vitro experi-
ments, bars represent mean and standard errors. The
Mann-Whitney test (for two groups) or Kruskal-Wallis
with Dunn’s multiple comparisons or linear trend
post-hoc tests (for more than two groups) were used to
compare continuous variables. Differences observed in the
experimental studies were assessed using Student’s t-test
(for comparisons between two groups) or One-Way
ANOVA with Tuckey post-test. A p-value of <0.05 was
considered statistically significant.

Results and discussion
NAC inhibits oxidative stress, lipid peroxidation, DNA
oxidation and cell death in M. tuberculosis-infected
human macrophages
Previous studies in active TB patients point to an asso-
ciation of this disease with excessive oxidative stress
by demonstrating decreased systemic concentrations of
antioxidants and enhanced spontaneous generation of free
radicals compared to individuals without TB [27, 39]. The
measurement of total oxidant status, total antioxidant
status and lipid peroxidation offers a reliable way to verify
that there is an imbalance between the production of free

radicals and the ability of the body to detoxify their effects
through neutralization by antioxidants. This imbalance of
oxidative stress status results in irreversible cell damage,
leading to many pathophysiological conditions [40–44].
To characterize the oxidative stress status during TB
infection we measured total oxidant status, total antio-
xidant status and lipid peroxidation in the plasma of
pulmonary TB (PTB) patients and those with latent
M. tuberculosis infection (LTBI) or healthy uninfected
individuals. Lipid peroxidation, DNA oxidation and cell
death, as well as accumulation of reactive oxygen species
(ROS) were also assessed in cultures of primary human
monocyte-derived macrophages infected with M. tubercu-
losis and treated or not with NAC.
Interestingly, PTB patients exhibited substantial eleva-

tion of total oxidation status (Fig. 1a) and lipid pero-
xidation (Fig. 1b) in the plasma while simultaneously
displaying a significant reduction in soluble antioxidants
(Fig. 1c) compared to LTBI cases or uninfected controls
(Fig. 1a-c). Following M. tuberculosis infection in vitro,
human monocyte-derived macrophages displayed aug-
mented lipid peroxidation (Fig. 1d), DNA oxidation
(Fig. 1e) and cell death induction (Fig. 1f ), which were
accompanied by a dramatic accumulation of intracellular
ROS (Fig. 1g). In our experiments we found that treat-
ment of M. tuberculosis-infected macrophage cultures
with NAC (10 mM) significantly decreased ROS accu-
mulation, lipid peroxidation and DNA oxidation, while
restoring cell viability (Fig. 1d-g). Together these findings
support the concepts that TB is associated with excessive
oxidative stress and death in infected macrophages and
show that this response can be successfully reduced by
treatment with NAC.

NAC limits mycobacterial extracellular growth
independent of pH
A growing body of evidence suggests that NAC can
affect bacterial viability inside of eukaryotic host cells
[45]. To test this concept with mycobacteria we infected
THP-1 cells (to reduce variability between blood donors)
with M. tuberculosis, M. avium or M. bovis BCG bacilli
(MOI of 10) for 3 h, replaced the media, and added
NAC (10 mM) to half of the cultures. Intracellular
bacterial growth was then assessed 5 days later by lysing
the cells and measuring CFU. We observed a marked
reduction in bacterial loads for each of the mycobacterial
species in the NAC-treated cultures demonstrating the
ability of the drug to limit mycobacterial growth within
THP-1 cells (Fig. 2a). Although minor bacterial growth
occurred in presence of NAC it was clearly inhibited when
it was compared to control (untreated cells).
High concentrations of NAC have been shown to

directly inhibit extracellular growth of a number of bacte-
rial species [24, 25, 46]. Indeed, NAC inhibits biofilm
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formation of a variety of medically important gram-posi-
tive and gram-negative bacteria, e.g. P. aeruginosa, K.
pneumoniae, S. epidermidis, S. aureus and Escherichia
coli [25, 26, 46–48]. Interestingly, NAC does not inhibit
growth of methicillin-sensitive and resistant S. aureus
strains at 49 mM (8 mg/mL) [49], suggesting that bacterial
species may diverge in susceptibility to the effects of this
drug. Here, we tested whether NAC could affect the
growth of different strains of mycobacteria in cell free cul-
ture broth. Bacterial metabolic activity and CFU numbers

were reduced in a dose dependent manner at day 5 follo-
wing treatment with NAC (Fig. 2b and c). Moreover, a
hypervirulent M. tuberculosis Beijing strain (Beijing 1471)
[30, 50] was also highly susceptible to NAC treatment
(Additional file 1: Figure S1). Next, we performed a kinetic
experiment in which M. tuberculosis was cultured in the
presence or absence of NAC in a wide range of concentra-
tions for different days and bacterial growth was assessed
by CFU counts. We observed a striking >2log10 reduction
in CFU counts in cultures treated with NAC 10 mM

Fig. 1 NAC reverts M. tuberculosis-induced oxidative stress. Cryopreserved heparinized plasma samples collected from active pulmonary
TB (PTB; n = 30), latent TB individuals (LTBI; n = 20) and healthy controls (HC; n = 20) from Salvador Brazil were used in these studies.
Total oxidant status (a), lipid peroxidation (b) and total antioxidant status (c) were measured as described in Methods. d-f Primary
human monocyte-derived macrophages were infected with H37Rv M. tuberculosis at MOI of 5 and treated or not with NAC (10 mM).
Lipid peroxidation (d), DNA oxidation (e) and cell death (f) were assessed at indicated time points post-infection (p.i.) as described in
Methods. g Intracellular production of ROS in primary human macrophages infected with H37Rv M. tuberculosis at different MOI was
measured by flow cytometry. ROS production was also verified in infected-macrophages after NAC treatment (10 mM). Results were
plotted as histograms where the mean fluorescence intensity (MFI) was compared between the experimental groups. In a-c lines represent
median values. In d-g data represent means ± SEM of triplicate samples from a minimum of six donors. In a-f data were analyzed using
Kruskal-Wallis test with Dunn’s multiple comparisons post-test. In g MOI titration data were compared using Kruskal-Wallis test with
non-parametric linear trend post-test. The effect of NAC treatment was analyzed using the Mann-Whitney U test. The data shown are
representative of three independent experiments. (*p <0.05; **p <0.01, ***p < 0.001)
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(Fig. 3a) at 5 days and mycobacterial sterilization in the
cultures after 7 days of treatment. These findings demon-
strate that NAC exhibits a potent anti-mycobacterial effect
while dampening infection-induced oxidative stress, pro-
moting increased survival of infected cells.
In our experimental conditions, we observed that the

pH of cellular or mycobacterial growth media dropped
in the presence of NAC (from 6.8 to 5.8) at 10 mM. We
tested whether the doses of NAC used to demonstrate
inhibition of mycobacterial growth in vitro maybe toxic
for human cells. Uninfected human macrophage-like
THP-1 cells were cultured for 24 h in the presence of
different concentrations of NAC in media with or
without pH adjustment (pH = 7.4 in adjusted conditions
and pH = 5.8 in unadjusted conditions). Cell viability was
assessed by flow cytometry (using frequency of cells
staining positive for UV live/dead). We observed that

NAC did not affect THP-1 cell viability at 10 mM,
but exhibited significant pH dependent cytotoxicity at
higher concentrations such as 100 mM (Additional file 2:
Figure S2A).
A low pH of medium can potentially limit the growth

of some bacteria in vitro [51]. However, mycobacterial
species have been reported to grow under acidic condi-
tions in complex media [52]. To test whether the modifi-
cation of cell culture pH by addition of NAC could
explain the changes in mycobacterial growth observed
here, we cultivated mycobacterial strains in media with
either acidic pH (pH = 5.8) or neutral pH (pH ~7.4).
Importantly, the pH adjustment of the treated mycobac-
terial cultures only partially reduced the capacity of NAC
to inhibit the metabolic activity of the bacilli and the
bacteria growth (Additional file 2: Figure S2B and C). Of
note, acidification of bacterial medium, to a pH similar to

Fig. 2 NAC restrains mycobacterial growth within THP-1 macrophages and exhibits a direct anti-mycobacterial effect on extracellular bacteria
in vitro. a Human-THP-1 macrophages were infected with M. tuberculosis, M. avium or M. bovis strains at an MOI of 10 for 3 h. Extracellular
bacteria were removed by washing. Cells were then cultivated for 5 days in the presence of NAC at 10 mM. CFU counts were assessed as
described in Methods. b and c Mycobacteria strains were grown in Middlebrook 7H9 supplemented with OADC in 96-well plates. Metabolic
activity measurements (b) and CFU counts (c) were performed as described in Methods. Significant differences were observed for the
indicated experimental conditions compared to untreated cultures (*p < 0.05; **p < 0.01, ***p < 0.001). The data represent the means ± SEM
of triplicate samples. The data shown are representative of three independent experiments
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what is observed during NAC treatment, did not
affect M. tuberculosis growth (Fig. 3b). These results
argue that NAC has direct antimicrobial activity that
compromises mycobacterial growth independent of
acidification of culture pH.

NAC promotes reduction of bacterial burden in infected
mice
We further examined whether NAC exhibits anti-myco-
bacterial activity in vivo. C57BL/6 mice were intratra-
cheally infected with M. tuberculosis (~3 × 104 forms) and
then treated with NAC (400 mg/kg daily) via gavage start-
ing on day 1 of infection, and continuing for 6 days
(Fig. 4a). Bacterial burden was measured on day 7 post-
infection to evaluate any potential early bactericidal activ-
ity (EBA) in vivo. Interestingly, short-term NAC treatment
of mice infected with H37Rv M. tuberculosis in vivo re-
sulted in a significant reduction of mycobacterial loads in
the lungs compared to those of untreated animals (Fig. 4b),
suggesting that NAC is able to limit mycobacterial growth
in vivo. In agreement with these findings, a recent study

revealed that oral treatment of M. tuberculosis-infected
guinea pigs with NAC for up to 60 days post-infection re-
duces both bacterial burden and extra-pulmonary disease
severity [23]. Nevertheless, the effects of NAC in that study
were attributed solely to its antioxidant capacity whereas
we observed an additional direct anti-mycobacterial effect
of NAC treatment. Whether the same dual effects of NAC
treatment would be observed in NAC treated TB patient
remains to be investigated.

The antimicrobial activity of NAC against mycobacteria is
not dependent on the host NADPH oxidase system
NAC is a known antioxidant and is commonly used as a
ROS scavenger in diverse scenarios [2]. NADPH oxidase
is a major source of intracellular ROS in eukaryotic cells
[28, 29]. To determine whether NAC acts independently
of NADPH-derived ROS inside macrophages we infected
gp91Phox−/− deficient mouse macrophages, which lack
the main NADPH subunit and thus lack NADPH acti-
vity [29], with M. tuberculosis in the presence or absence
of non-host cell cytotoxic doses of the compound
(10 mM). We observed that treatment with NAC inhibited
bacteria proliferation in both wild type and gp91Phox−/−

macrophages (Fig. 5a and b, respectively), indicating that
the antimicrobial activity of NAC is not dependent on a
fully functional host NADPH oxidase system.

Fig. 3 NAC limits mycobacterial proliferation by acting as an
anti-mycobacterial compound. Mycobacterium tuberculosis was
grown in Middlebrook 7H9 supplemented with OADC as
described in Methods. a Kinetic of mycobacteria growth during
7 days in the presence of NAC at indicated concentrations was
verified using CFU counts. b Mycobacterial growth was evaluated
at different pH as described in Methods. Fold increase of bacterial
growth was calculated as the ratio of CFU number counted on
days 0 and 5. Significant differences were observed for the indicated
experimental conditions (***p < 0.001). The data represent the means
± SEM of triplicate samples. The data shown are representative of at
least three independent experiments

Fig. 4 Short-term NAC treatment results in a significant reduction
of mycobacterial loads in the lungs from mice infected with
M. tuberculosis. a C57BL/6 mice were intratracheally infected
with ~ 3 × 104 bacilli of H37Rv strain. Mice were treated or not
with NAC (400 mg/kg) by gavage daily for 6 days. b On day 7
p.i., animals were euthanized and lungs were harvested. CFU/g
values in lungs were determined as described in Methods. Data
represent individual values and means ± SEM from a total of 5
animals per group. Data from two independent experiments are
shown. Significant differences were observed for the indicated
groups (**p < 0.01)
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NAC is a precursor of both the amino acid L-cysteine
and of reduced glutathione (GSH) [2]. In a previous
study of HIV-infected patients, in vitro NAC treatment
led to increased levels of GSH inside macrophages and
subsequent infection of these macrophages with M.
tuberculosis resulted in reduction of intracellular bacterial
counts [53]. Once produced, GSH has been described to
limit bacterial growth directly through a mechanism
dependent on the mycobacterial enzyme gamma-glutamyl
transpeptidase [54]. This enzyme cleaves GSH and S-
nitrosoglutathione to form the dipeptide cysteinylglycine
(Cys-Gly), which is transported to the interior of the
bacterial cell by the multicomponent ABC transporter
dipeptide permease [54, 55]. In addition, a mutant M.
tuberculosis strain lacking expression of gamma-glutamyl
transpeptidase has been shown to grow normally in the
presence of GSH [54]. Therefore, one possibility on how
NAC is involved in anti-mycobacterial effects of patho-
genic mycobacteria is that NAC may exert a bactericidal
effect on mycobacteria through the generation of GSH
and in turn Cys-Gly. Additional studies using mycobac-
teria deficient in gamma-glutamyl transpeptidase could be
used to test this hypothesis.

Conclusions
The observation that NAC exerts anti-mycobacterial
activity in vivo has previously been interpreted as resul-
ting solely from the anti-oxidant properties of the com-
pound. In light of our discovery of a direct antimicrobial
function of NAC against different mycobacterial strains,
this conclusion should be reassessed. Our finding that
NAC possesses dual modes of action suggests that NAC
warrants re-examination as a therapeutic treatment of
mycobacterial infection. Shorter anti-TB treatment is
needed in view of the high rate of drug toxicity, cost and

complexity of the current 6-month daily regimen [56].
Accordingly, clinical trials of this potential adjunct anti-
TB therapy would provide a good prospect for reducing
the current long-term treatment against TB.

Additional files

Additional file 1: Figure S1. NAC inhibits the growth of hypervirulent
Beijing strain in vitro. Beijing 1471M. tuberculosis strain was grown in
Middlebrook 7H9 supplemented with OADC with or without NAC
(10 mM). CFU counts were performed as described in Methods.
Significant differences were observed for the indicated experimental
conditions compared to untreated cultures. The data represent the
means ± SEM from two independent experiments. (**p < 0.01). (TIF 48 kb)

Additional file 2: Figure S2. NAC inhibits mycobacterial growth in
vitro independent of pH. (A) Uninfected THP-1 cells were incubated
with different concentrations of NAC at varying pH (acidic pH (pH 5.8)
or neutral pH (pH ~7.4)). Cellular viability was assessed using live/dead
staining and analyzed by flow cytometry (B and C). Mycobacteria
strains grown in Middlebrook 7H9 supplemented with OADC were
exposed to different concentrations of NAC at the indicated pH.
Metabolic activity measurement (B) and CFU counts (C) were performed
as described in Methods. Significant differences were observed for the
indicated experimental conditions compared to untreated cultures
(**p < 0.01, ***p < 0.001). The data represent the means ± SEM of triplicate
samples. The data shown are representative of at least two independent
experiments. (TIF 1382 kb)

Abbreviations
ABTS: 2,2′-azino-di-[3-ethylbenzthiazoline sulphonate]; AFB: Acid-fast bacilli;
BMDM: Bone marrow derived macrophages; CFU: Colony-forming units;
COPD: Chronic obstructive pulmonary disease; Cys-Gly: Cysteinylglycine;
DHE: Dihydroethidium; EBA: Early bactericidal activity; GSH: Glutathione;
IQR: Interquartile range; LDH: Lactate dehydrogenase; LTBI: Latent M.
tuberculosis infection; MDA: Malondialdehyde; MFI: Mean fluorescence
intensity; NAC: N-acetyl-cysteine; NF-κB: Nuclear factor-κB; PTB: Pulmonary TB;
ROS: Reactive oxygen species; TB: Tuberculosis; TST: Tuberculin skin test

Acknowledgments
We are grateful to Melissa Schechter (Sackler School of Medicine, Tel Aviv
University, Israel) for critical review of the manuscript. We also thank Deborah
Surman (NIAID, NIH) and Sandra D. Oland (NIAID, NIH) for excellent technical
support.

Funding
This work was supported by the Intramural Research Program of the
National Institute of Allergy and Infectious Diseases, National Institutes
of Health and by the Fundação de Amparo à Pesquisa do Estado de
São Paulo-FAPESP grant 2010/51150-4, 2013/07298-5 and 2015/19126-0.
The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Authors’ contributions
Conceived and designed the experiments: EPA BBA. Performed the
experiments: EPA BBA DLC. Analyzed the data: EPA BBA. Contributed
reagents/materials/analysis tools: EPA ELC MSR JMM MCS MRDL TB AS
BBA. Wrote the paper: EPA BBA. All authors read and approved the final
manuscript.

Competing interests
The authors declare that they have no competing interests.

Ethics approval and consent to participate
All clinical investigations were conducted according to the principles
expressed in the Declaration of Helsinki. Written informed consent was
obtained from all participants or their legally responsible guardians before
enrolling into the study. The clinical study was approved by the Ethical
Committee of the Centro de Pesquisas Gonçalo Moniz, Fundação

Fig. 5 Anti-mycobacterial property of NAC occurs independently
of the host NADPH oxidase system. BMDMs generated from
a C57BL/6 and b gp91Phox−/− mice were infected with M. tuberculosis
and intracellular growth of the bacteria was assessed as described in
Methods. The data represent the means ± SEM of triplicate samples.
Significant differences were observed for the indicated groups
(*p < 0.05). The data shown are representative of at least two
independent experiments

Amaral et al. BMC Microbiology  (2016) 16:251 Page 8 of 10

dx.doi.org/10.1186/s12866-016-0872-7
dx.doi.org/10.1186/s12866-016-0872-7


Oswaldo Cruz (FIOCRUZ) (protocol number: 003.0.225.000-11).
All animal studies were approved by the National Institutes of Health
(NIH) Institutional Animal Care and Use Committee (IACUC) and the
experiments were carried out in accordance with the approved guidelines.

Author details
1Immunobiology Section, Laboratory of Parasitic Diseases, National Institute
of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD
20892, USA. 2Department of Immunology, Laboratory of Immunology of
Infectious Diseases, Institute of Biomedical Science, University of São Paulo,
São Paulo 05508-900, Brazil. 3Laboratório Integrado de Microbiologia e
Imunorregulação (LIMI), Instituto Gonçalo Moniz, Fundação Oswaldo Cruz
(FIOCRUZ), Salvador 40296-710, Bahia, Brazil. 4Instituto de Ciências da Saúde
(ICS), Universidade Federal da Bahia, Salvador 40110-100, Brazil.
5Departament of Internal Medicine, School of Medicine and Public Health,
Salvador 41150-100, Brazil. 6Programa de Controle da Tuberculose, Hospital
Especializado Octávio Mangabeira, Salvador 40320-350, Brazil. 7Departamento
de Ensino e Pós-Graduação, Fundação de Medicina Tropical Dr. Heitor Vieira
Dourado, Manaus, Brazil. 8Programa de Pós-Graduação em Medicina Tropical,
Universidade do Estado do Amazonas, Manaus, Brazil. 9Multinational
Organization Network Sponsoring Translational and Epidemiological
Research (MONSTER) Initiative, Fundação José Silveira, Salvador 45204-040,
Brazil. 10Curso de Medicina, Faculdade de Tecnologia e Ciências, Salvador
41741-590, Brazil.

Received: 23 February 2016 Accepted: 26 October 2016

References
1. WHO. Model list of essential medicines. Geneva: World Health Organization;

2013.
2. Sadowska AM. N-Acetylcysteine mucolysis in the management of chronic

obstructive pulmonary disease. Ther Adv Respir Dis. 2012;6(3):127–35.
3. Tse HN, Raiteri L, Wong KY, Yee KS, Ng LY, Wai KY, Loo CK, Chan MH. High-

dose N-acetylcysteine in stable COPD: the 1-year, double-blind, randomized,
placebo-controlled HIACE study. Chest. 2013;144(1):106–18.

4. Tirouvanziam R, Conrad CK, Bottiglieri T, Herzenberg LA, Moss RB,
Herzenberg LA. High-dose oral N-acetylcysteine, a glutathione prodrug,
modulates inflammation in cystic fibrosis. Proc Natl Acad Sci U S A.
2006;103(12):4628–33.

5. Buijtels PC, Petit PL. Comparison of NaOH-N-acetyl cysteine and sulfuric acid
decontamination methods for recovery of mycobacteria from clinical
specimens. J Microbiol Methods. 2005;62(1):83–8.

6. Attri S, Rana SV, Vaiphie K, Katyal R, Sodhi CP, Kanwar S, Singh K. Protective
effect of N-acetylcysteine in isoniazid induced hepatic injury in growing
rats. Indian J Exp Biol. 2001;39(5):436–40.

7. Baniasadi S, Eftekhari P, Tabarsi P, Fahimi F, Raoufy MR, Masjedi MR, Velayati
AA. Protective effect of N-acetylcysteine on antituberculosis drug-induced
hepatotoxicity. Eur J Gastroenterol Hepatol. 2010;22(10):1235–8.

8. Harrison PM, Wendon JA, Gimson AE, Alexander GJ, Williams R.
Improvement by acetylcysteine of hemodynamics and oxygen transport in
fulminant hepatic failure. N Engl J Med. 1991;324(26):1852–7.

9. Singh S, Hynan LS, Lee WM, Acute Liver Failure Study G. Improvements in
hepatic serological biomarkers are associated with clinical benefit of
intravenous N-acetylcysteine in early stage non-acetaminophen acute liver
failure. Dig Dis Sci. 2013;58(5):1397–402.

10. Lee WM, Hynan LS, Rossaro L, Fontana RJ, Stravitz RT, Larson AM,
Davern 2nd TJ, Murray NG, McCashland T, Reisch JS, et al. Intravenous
N-acetylcysteine improves transplant-free survival in early stage
non-acetaminophen acute liver failure. Gastroenterology.
2009;137(3):856–64. 864 e851.

11. Rumack BH. Acetaminophen overdose in young children. Treatment and
effects of alcohol and other additional ingestants in 417 cases. Am J Dis
Child. 1984;138(5):428–33.

12. Treweeke AT, Winterburn TJ, Mackenzie I, Barrett F, Barr C, Rushworth GF,
Dransfield I, MacRury SM, Megson IL. N-Acetylcysteine inhibits platelet-monocyte
conjugation in patients with type 2 diabetes with depleted intraplatelet
glutathione: a randomised controlled trial. Diabetologia. 2012;55(11):2920–8.

13. Jeremias A, Soodini G, Gelfand E, Xu Y, Stanton RC, Horton ES, Cohen DJ.
Effects of N-acetyl-cysteine on endothelial function and inflammation in
patients with type 2 diabetes mellitus. Heart Int. 2009;4(1):e7.

14. Lasram MM, Dhouib IB, Annabi A, El Fazaa S, Gharbi N. A review on the
possible molecular mechanism of action of N-acetylcysteine against
insulin resistance and type-2 diabetes development. Clin Biochem.
2015;48(16–17):1200–8.

15. Amini A, Masoumi-Moghaddam S, Ehteda A, Morris DL. Bromelain and
N-acetylcysteine inhibit proliferation and survival of gastrointestinal
cancer cells in vitro: significance of combination therapy. J Exp Clin
Cancer Res. 2014;33:92.

16. Mansour MR, Reed C, Eisenberg AR, Tseng JC, Twizere JC, Daakour S,
Yoda A, Rodig SJ, Tal N, Shochat C, et al. Targeting oncogenic interleukin-7
receptor signalling with N-acetylcysteine in T cell acute lymphoblastic
leukaemia. Br J Haematology. 2015;168(2):230–8.

17. Tran CD, Kritas S, Campbell MA, Huynh HQ, Lee SS, Butler RN. Novel
combination therapy for the eradication of Helicobacter pylori infection
in a mouse model. Scand J Gastroenterol. 2010;45(12):1424–30.

18. de Lima Aires A, de Azevedo Albuquerque MC, Silva RA, Schirato GV,
de Pontes Filho NT, de Araujo SB, Souza VM, Costa VM, Malagueno E.
Immunohistopathological changes in murine Schistosomiasis mansoni under
the influence of N-acetyl-L-cysteine. Parasitol Res. 2012;111(4):1569–78.

19. Blasi F, Page C, Rossolini GM, Pallecchi L, Matera MG, Rogliani P, Cazzola M.
The effect of N-acetylcysteine on biofilms: Implications for the treatment of
respiratory tract infections. Respir Med. 2016;117:190–7.

20. Moon JH, Choi YS, Lee HW, Heo JS, Chang SW, Lee JY. Antibacterial effects of
N-acetylcysteine against endodontic pathogens. J Microbiol. 2016;54(4):322–9.

21. Venketaraman V, Millman A, Salman M, Swaminathan S, Goetz M,
Lardizabal A, David H, Connell ND. Glutathione levels and immune
responses in tuberculosis patients. Microb Pathog. 2008;44(3):255–61.

22. Lu Y, Qin W, Shen T, Dou L, Man Y, Wang S, Xiao C, Li J. The antioxidant
N-acetylcysteine promotes atherosclerotic plaque stabilization through
suppression of RAGE, MMPs and NF-kappaB in ApoE-deficient mice.
J Atheroscler Thromb. 2011;18(11):998–1008.

23. Palanisamy GS, Kirk NM, Ackart DF, Shanley CA, Orme IM, Basaraba RJ.
Evidence for oxidative stress and defective antioxidant response in guinea
pigs with tuberculosis. PLoS One. 2011;6(10):e26254.

24. Parry MF, Neu HC. Effect of N-acetylcysteine on antibiotic activity and
bacterial growth in vitro. J Clin Microbiol. 1977;5(1):58–61.

25. Quah SY, Wu S, Lui JN, Sum CP, Tan KS. N-acetylcysteine inhibits growth
and eradicates biofilm of Enterococcus faecalis. J Endod. 2012;38(1):81–5.

26. Pinna A, Sechi LA, Zanetti S, Carta F. Detection of virulence factors in a
corneal isolate of Klebsiella pneumoniae. Ophthalmology. 2005;112(5):883–7.

27. Andrade BB, Pavan Kumar N, Amaral EP, Riteau N, Mayer-Barber KD, Tosh
KW, Maier N, Conceicao EL, Kubler A, Sridhar R, et al. Heme oxygenase-1
regulation of matrix metalloproteinase-1 expression underlies distinct
disease profiles in tuberculosis. J Immunol. 2015;195(6):2763–73.

28. Choi SH, Aid S, Kim HW, Jackson SH, Bosetti F. Inhibition of NADPH oxidase
promotes alternative and anti-inflammatory microglial activation during
neuroinflammation. J Neurochem. 2012;120(2):292–301.

29. Gao XP, Standiford TJ, Rahman A, Newstead M, Holland SM, Dinauer MC,
Liu QH, Malik AB. Role of NADPH oxidase in the mechanism of lung
neutrophil sequestration and microvessel injury induced by Gram-negative
sepsis: studies in p47phox−/− and gp91phox−/− mice. J Immunol.
2002;168(8):3974–82.

30. Amaral EP, Ribeiro SC, Lanes VR, Almeida FM, de Andrade MR, Bomfim CC,
Salles EM, Bortoluci KR, Coutinho-Silva R, Hirata MH, et al. Pulmonary
infection with hypervirulent mycobacteria reveals a crucial role for
the P2X7 receptor in aggressive forms of tuberculosis. PLoS Pathog.
2014;10(7):e1004188.

31. Mayer-Barber KD, Andrade BB, Barber DL, Hieny S, Feng CG, Caspar P,
Oland S, Gordon S, Sher A. Innate and adaptive interferons suppress
IL-1alpha and IL-1beta production by distinct pulmonary myeloid subsets
during Mycobacterium tuberculosis infection. Immunity. 2011;35(6):1023–34.

32. Negash AA, Ramos HJ, Crochet N, Lau DT, Doehle B, Papic N, Delker DA, Jo
J, Bertoletti A, Hagedorn CH, et al. IL-1beta production through the NLRP3
inflammasome by hepatic macrophages links hepatitis C virus infection
with liver inflammation and disease. PLoS Pathog. 2013;9(4):e1003330.

33. Fontan P, Aris V, Ghanny S, Soteropoulos P, Smith I. Global transcriptional
profile of Mycobacterium tuberculosis during THP-1 human macrophage
infection. Infect Immun. 2008;76(2):717–25.

34. Shenderov K, Riteau N, Yip R, Mayer-Barber KD, Oland S, Hieny S, Fitzgerald
P, Oberst A, Dillon CP, Green DR, et al. Cutting edge: Endoplasmic reticulum
stress licenses macrophages to produce mature IL-1beta in response to

Amaral et al. BMC Microbiology  (2016) 16:251 Page 9 of 10



TLR4 stimulation through a caspase-8- and TRIF-dependent pathway.
J Immunol. 2014;192(5):2029–33.

35. Gomez-Flores R, Gupta S, Tamez-Guerra R, Mehta RT. Determination of MICs
for Mycobacterium avium-M. intracellulare complex in liquid medium by a
colorimetric method. J Clin Microbiol. 1995;33(7):1842–6.

36. Al-Ali AK, Al-Mustafa ZH, Qaw FS, Fayz M. Paracetamol-induced hepatotoxicity:
lack of enhancement of the hepatoprotective effect of N-acetylcysteine by
sodium sulphate. Inflammopharmacology. 1998;6(3):235–41.

37. Dickey DT, Wu YJ, Muldoon LL, Neuwelt EA. Protection against
cisplatin-induced toxicities by N-acetylcysteine and sodium thiosulfate as
assessed at the molecular, cellular, and in vivo levels. J Pharmacol Exp Ther.
2005;314(3):1052–8.

38. Gurbuz N, Ozkul A, Burgaz S. Effects of vitamin C and N-acetylcysteine
against cyclophosphamide-induced genotoxicity in exfoliated bladder cells
of mice in vivo. J BUON. 2009;14(4):647–52.

39. Madebo T, Lindtjorn B, Aukrust P, Berge RK. Circulating antioxidants and
lipid peroxidation products in untreated tuberculosis patients in Ethiopia.
Am J Clin Nutr. 2003;78(1):117–22.

40. Fridovich I. Fundamental aspects of reactive oxygen species, or what’s the
matter with oxygen? Ann N Y Acad Sci. 1999;893:13–8.

41. Fang YZ, Yang S, Wu G. Free radicals, antioxidants, and nutrition. Nutrition.
2002;18(10):872–9.

42. Uttara B, Singh AV, Zamboni P, Mahajan RT. Oxidative stress and
neurodegenerative diseases: a review of upstream and downstream
antioxidant therapeutic options. Curr Neuropharmacol. 2009;7(1):65–74.

43. Novak EA, Mollen KP. Mitochondrial dysfunction in inflammatory bowel
disease. Front Cell Dev Biol. 2015;3:62.

44. Li S, Tan HY, Wang N, Zhang ZJ, Lao L, Wong CW, Feng Y. The role of
oxidative stress and antioxidants in liver diseases. Int J Mol Sci.
2015;16(11):26087–124.

45. Morris D, Guerra C, Khurasany M, Guilford F, Saviola B, Huang Y,
Venketaraman V. Glutathione supplementation improves macrophage
functions in HIV. J Interferon Cytokine Res. 2013;33(5):270–9.

46. Silveira LF, Baca P, Arias-Moliz MT, Rodriguez-Archilla A, Ferrer-Luque CM.
Antimicrobial activity of alexidine alone and associated with
N-acetylcysteine against Enterococcus faecalis biofilm. Int J Oral Sci.
2013;5(3):146–9.

47. Perez-Giraldo C, Rodriguez-Benito A, Moran FJ, Hurtado C, Blanco MT,
Gomez-Garcia AC. Influence of N-acetylcysteine on the formation of
biofilm by Staphylococcus epidermidis. J Antimicrob Chemother.
1997;39(5):643–6.

48. Olofsson AC, Hermansson M, Elwing H. N-acetyl-L-cysteine affects growth,
extracellular polysaccharide production, and bacterial biofilm formation on
solid surfaces. Appl Environ Microbiol. 2003;69(8):4814–22.

49. Aslam S, Darouiche RO. Role of antibiofilm-antimicrobial agents in
controlling device-related infections. Int J Artif Organs. 2011;34(9):752–8.

50. Ribeiro SC, Gomes LL, Amaral EP, Andrade MR, Almeida FM, Rezende AL,
Lanes VR, Carvalho EC, Suffys PN, Mokrousov I, et al. Mycobacterium
tuberculosis strains of the modern sublineage of the Beijing family are more
likely to display increased virulence than strains of the ancient sublineage.
J Clin Microbiol. 2014;52(7):2615–24.

51. Piddington DL, Kashkouli A, Buchmeier NA. Growth of Mycobacterium
tuberculosis in a defined medium is very restricted by acid pH and Mg(2+)
levels. Infect Immun. 2000;68(8):4518–22.

52. Portaels F, Pattyn SR. Growth of mycobacteria in relation to the pH of the
medium. Ann Microbiol (Paris). 1982;133(2):213–21.

53. Venketaraman V, Rodgers T, Linares R, Reilly N, Swaminathan S, Hom D,
Millman AC, Wallis R, Connell ND. Glutathione and growth inhibition of
Mycobacterium tuberculosis in healthy and HIV infected subjects.
AIDS Res Ther. 2006;3:5.

54. Dayaram YK, Talaue MT, Connell ND, Venketaraman V. Characterization of a
glutathione metabolic mutant of Mycobacterium tuberculosis and its
resistance to glutathione and nitrosoglutathione. J Bacteriol.
2006;188(4):1364–72.

55. Green RM, Seth A, Connell ND. A peptide permease mutant of
Mycobacterium bovis BCG resistant to the toxic peptides glutathione
and S-nitrosoglutathione. Infect Immun. 2000;68(2):429–36.

56. Horsburgh Jr CR, Barry 3rd CE, Lange C. Treatment of tuberculosis.
N Engl J Med. 2015;373(22):2149–60.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Amaral et al. BMC Microbiology  (2016) 16:251 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Clinical study
	Mice
	Bacteria
	Cell cultures
	Mycobacterial quantification
	Determination of mycobacterial metabolic activity
	Chromatographic and immunological assays
	In vivo experiments
	Statistical analysis

	Results and discussion
	NAC inhibits oxidative stress, lipid peroxidation, DNA oxidation and cell death in M. tuberculosis-infected �human macrophages
	NAC limits mycobacterial extracellular growth independent of pH
	NAC promotes reduction of bacterial burden in infected mice
	The antimicrobial activity of NAC against mycobacteria is not dependent on the host NADPH oxidase system

	Conclusions
	Additional files
	show [abbrev]
	Acknowledgments
	Funding
	Authors’ contributions
	Competing interests
	Ethics approval and consent to participate
	Author details
	References

