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Abstract

The global prevalence of pulmonary infections caused by non-tuberculous Mycobacteria
(NTM), particularly the Mycobacterium avium complex (MAC), is increasing. Since NTM
are ubiquitous in moist environments and resistant to standard disinfectants, this study
evaluated the efficacy of chlorous acid water (CAW) against them. CAW demonstrated su-
perior sanitizing effects compared to sodium hypochlorite (NaClO), efficiently inactivating
NTM at 100 mg/L free available chlorine even in the presence of organic matter, where
1000 mg/L NaClO failed. Instead, subcellular fractionation and protein analysis revealed
that CAW penetrates the cell to induce extensive aggregation of internal functional proteins,
leading to the rapid collapse of membrane potential and ATP production. Furthermore,
CAW exhibited significantly lower cytotoxicity toward human lung-derived A549 cells
than NaClO. These results indicate that CAW inactivates NTM effectively by targeting
internal protein stability and the respiratory chain, offering a potent and safer disinfection
strategy for clinical and domestic environments.

Keywords: chlorous acid water; sodium hypochlorite; bactericidal mechanism; Mycobacterium
avium complex; DNA damage; membrane potential

1. Introduction
In recent years, while the incidence of tuberculosis has been decreasing [1], the inci-

dence of non-tuberculous mycobacteria (NTM) infections has been increasing [2]. Among
the NTM, pulmonary infections by Mycobacterium avium complex (MAC) bacteria show the
highest incidence and are becoming a serious concern for public health [3–6]. The main
causative agents of pulmonary NTM infection are M. avium and M. intracellulare [7]. The
prevalence of MAC isolated from pulmonary NTM infections shows a unique geographical
distribution in Japan. M. avium is primarily isolated from pulmonary NTM infections
in eastern Japan, whereas M. intracellulare is found in western Japan [7,8]. Pulmonary
infections caused by M. intracellulare have a higher clinical morbidity than those caused
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by M. avium [9,10]. Pulmonary MAC infection is difficult to treat with antibiotics, and
it requires long-term therapy (at least 1 year to achieve sputum culture negativity) with
combinations of antibiotics, which include antituberculosis agents and macrolides [11].
Microbiological recurrence due to MAC reinfection is often observed even after successful
clinical treatment [12,13].

NTM including MAC are widely distributed in the natural environment [14], and
they are particularly abundant in moist or wet environments such as tap water and bath-
rooms [15]. Therefore, hygienic management of moist or wet environments is required to
reduce exposure to NTM. Microbiological surveillance in the households of 49 pulmonary
MAC disease outpatients and 43 healthy volunteers in Japan reported that MAC was
isolated mainly from bathrooms and not from kitchen tap water, wash basins, and other
sites [16]. In addition, the incidence of MAC was significantly higher in the bathrooms of
patients than in those of healthy volunteers [14].

The rapid detection and eradication of pathogenic microorganisms from infection
sources is essential to preventing infectious diseases. However, effective methods for
eradicating NTM remain to be established. NTM shows relatively high resistance to
chlorine-based disinfectants [17], and of the NTM species, MAC is the most tolerant to
disinfectant [18]. Effective sanitizing methods for bathrooms, which are rich in biological
substances of human origin and biofilm materials, are needed.

Recently, a chlorite (HClO2)-based disinfectant, chlorous acid water (CAW), has been
approved as a Category II disinfectant in Japan. CAW has greater bactericidal effects under
organic-matter-rich conditions when compared to sodium hypochlorite (NaClO), which is
a representative chlorine-based disinfectant [19]. Therefore, CAW is a suitable disinfectant
for environments contaminated by biological substances, which include food processing
equipment and hospital environments that are contaminated by human excretions.

The aims of this study were to examine whether CAW has a sufficient bactericidal effect
against M. intracellulare and to elucidate the bactericidal mechanism of this disinfectant
against mycobacteria.

2. Results
2.1. Bactericidal Effects of CAW and NaClO on NTM

We examined the bactericidal effects of chlorous acid water (CAW), phosphate-
buffered CAW (PB-CAW), and sodium hypochlorite (NaClO) on Mycobacterium intracellulare
NBRC 112750. PB-CAW (pH 7–8) is produced by adjusting the pH of CAW (pH 5–6) with
phosphate buffer (pH 7.4). As shown in Figure 1A, CAW and PB-CAW containing >5 mg/L
free available chlorine (FAC) efficiently inactivated M. intracellulare within 1 min of treat-
ment (>4.0 log10 reduction in CFU/mL) in the absence of organic-matter load. The log10

reduction in viable M. intracellulare by NaClO was <1.0 even with 200 mg/L. When bovine
serum albumin (BSA) was added to the reaction (0.5% final concentration), the sanitizing
effect of all the test reagents was reduced (Figure 1B). To achieve effective killing (defined
as a >4.0 log10 reduction in CFU/mL) within 1 min, >100 mg/L was required for both CAW
and PB-CAW. On the other hand, NaClO reduced the concentration of viable cells only by
around 1.0 log10 CFU/mL even at 1000 mg/L in the presence of 0.5% BSA.

Bactericidal tests for other mycobacterial species (Table S1) were conducted under the
same conditions employed for M. intracellulare. Although species-dependent differences in
the sensitivity to test sanitizers were observed, CAW showed bactericidal effects on all the
tested mycobacteria similar to the effect on M. intracellulare. A 1 min treatment with CAW
containing >50 mg/L and >100 mg/L achieved efficient killing under organic-matter-free
and 0.5% BSA-loading conditions, respectively (Figure 2A,B). M. intracellulare and M. avium
were more resistant to NaClO than the other mycobacteria tested (Figures 1A and 2A).
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Figure 1. Reduction in viable M. intracellulare cells after 1 min of treatment with CAW, PB-CAW or
NaClO. The bactericidal effect of each reagent was evaluated under organic-matter-free conditions
(A) or in the presence of 0.5% BSA (B). The residual viable cell numbers/mL is shown on a logarithmic
scale on the y axis. The data are expressed as means ± standard errors from three independent
repeats. The differences in the log10 residual viable cell number/mL in M. intracellulare by the test
disinfectants were statistically examined at each FAC by one-way ANOVA followed by Tukey’s test.
Asterisks indicate statistically significant differences (* p < 0.05). FAC, free available chlorine; BSA,
bovine serum albumin.

Figure 2. The reduction in viable mycobacterial strains other than M. intracellulare after a 1 min
treatment with CAW or NaClO. The bactericidal effect of each reagent was evaluated in the absence
of organic matter (A) or in the presence of 0.5% BSA (B). The numbers below the x axis indicate
the FAC concentration in the reaction mixture. The residual viable cell numbers/mL is shown on
a logarithmic scale on the y axis. The data are expressed as means ± standard errors from three
independent repeats. The differences among the strains were statistically examined at each treatment
condition by one-way ANOVA followed by Tukey’s test. Asterisks indicate statistically significant
differences (* p < 0.05). FAC, free available chlorine; BSA, bovine serum albumin.
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2.2. Effects of CAW and NaClO on the Morphology of Mycobacteria

To elucidate the bactericidal mechanisms of CAW and NaClO, M. intracellulare NBRC
112750 was treated with each agent at a FAC concentration of 200 mg/L for 30 min, and
the subsequent bacterial surface structure was observed by scanning electron microscopy
(SEM). After this treatment, the bacterial count of M. intracellulare was below the detection
limit (1.08 log10 CFU/mL), indicating that it was completely inactivated by CAW, whereas
no significant decrease in viability was observed in the sterile-water- and NaClO-treated
groups. As shown in Figure 3, an extracellular matrix, which is a structure contributing
to biofilm formation, was clearly observed around the M. intracellulare cells in the sterile
water group. Although NaClO treatment eliminated the extracellular matrix, no change in
cell morphology was observed in this group. Likewise, CAW treatment did not alter the M.
intracellulare cell morphology, but the extracellular matrix shrank and agglutinated around
the cells. These results suggest that the bactericidal effect of CAW may not be due to direct
damage to the bacterial surface.

Figure 3. Scanning electron microscope images of M. intracellulare cells after 30 min of treatment
with each agent. The upper and lower panels are images observed at 3000× and 9000× magnifica-
tions, respectively. The white scale bars in the upper and lower panels correspond to 10 µm and
2 µm, respectively.

2.3. Effects of CAW, PB-CAW and NaClO on Mycobacterial Genomic DNA

We evaluated the degradation of mycobacterial DNA after treatment with CAW or
NaClO. M. intracellulare NBRC 112750 was exposed to each reagent at a FAC concentration
of 200 mg/L for 30 min, followed by neutralization with 1 M sodium thiosulfate. As shown
in Figure 4A, pulsed-field gel electrophoresis (PFGE) revealed that CAW treatment induced
genomic DNA degradation in mycobacterial DNA, whereas NaClO treatment did not. To
examine the direct action of CAW on DNA, we treated the purified genomic DNA from M.
intracellulare NBRC 112750 with CAW, PB-CAW or NaClO under the same conditions. The
results were contradictory to the PFGE analysis, in which CAW and PB-CAW did not break
down the DNA, whereas NaClO did cause DNA degradation (Figure 4B). These results
indicated that M. intracellulare DNA degradation did not result from the direct action of
CAW, but from stress responses induced by the reagent.

Notably, the migration of the genomic DNA in the agarose gel was delayed by CAW
treatment (200 mg/L, 30 min), while the PB-CAW (buffered around neutral pH with
phosphate buffer) showed no effect (Figure 4B). S1 nuclease, which digests single-stranded
DNA, largely degraded the genomic DNA after exposure to CAW (pH 5–6, unbuffered),
which was not the case with the PB-CAW (Figure S1), indicating that CAW affects the
hydrogen bonding pattern within double-strand DNA.
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Figure 4. Degradation of genomic DNA from M. intracellulare after 30 min of treatment with the test
reagents. (A) PFGE images of the genomic DNA from M. intracellulare after treatment with 200 mg/L
each of NaClO or CAW for 30 min. The position of intact chromosomal DNA is shown by a red
square. ML, lambda ladder marker; MY, yeast chromosome marker. (B) Agarose gel electrophoresis
of the purified M. intracellulare genomic DNA with CAW, PB-CAW or NaClO for 1 min. M, 1 kb DNA
ladder marker.

To determine whether DNA degradation is responsible for the bacterial killing by
CAW, we extracted DNA from M. intracellulare NBRC 112750 and treated the DNA with
each disinfectant at the FAC levels used in the bactericidal tests (5, 10, 25, 50, 100, and
200 mg/L) for 1 min. None of the disinfectants affected the genomic DNA (Figure S2).
These results indicate that DNA degradation is not the direct bactericidal mechanism for
CAW and PB-CAW.

2.4. Effect of CAW, PB-CAW and NaClO on Membrane Potential

We measured the membrane potential of M. intracellulare NBRC 112750 treated with
each disinfectant by using the BacLight™ Bacterial Membrane Potential kit. The kit em-
ploys the fluorescent dye DiOC2(3), which permeates cells and normally exhibits green
fluorescence. In cells with intact membrane potential, the dye polymerizes within the
membrane and exhibits red fluorescence. By calculating the ratio of these fluorescence
intensities (red/green ratio), it is possible to evaluate changes in membrane potential. A
decoupling reagent, carbonylcyanide m-chlorophenyl-hydrazone (CCCP) and sterilized
distilled water were used as positive and negative controls, respectively.

Treatment with CAW and PB-CAW at >10 mg/L significantly reduced the membrane
potential (Figure 5A) and the survival rate (Figure 5B) of M. intracellulare cells, while
significant reductions in the membrane potential and survival rate were only observed at
>50 mg/L after NaClO treatment. No significant reduction relative to the negative control
was observed when M. intracellulare cells were inoculated with pre-neutralized reagents.
These results indicate that CAW and PB-CAW disrupt the membrane potential in a similar
manner, but at lower FAC, to NaClO (Figure 6).
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Figure 5. Effect of CAW, PB-CAW and NaClO on the membrane potential in M. intracellulare. (A) Ratio
of red to green fluorescence after treatment with each reagent at varying FAC (mg/L) indicated
below the x-axis (gray bars). Fluorescence from M. intracellulare cells that were inoculated into the
pre-neutralized reagent with 1 M sodium thiosulfate was also measured to calculate the survival
ratio (white bars). The difference in fluorescence ratios between treatments with pre-neutralized
and non-neutralized disinfectants was statistically examined within the respective conditions using
two-sample t-tests. Asterisks indicate statistically significant differences (* p < 0.05). (B) Survival
rates after treatment with each reagent, which were calculated from the fluorescence ratios shown in
panel A. The numbers below the x-axis indicate the FAC (mg/L) in the test solution. The data are
expressed as means ± standard errors from three independent repeats. FAC, free available chlorine;
CCCP, carbonyl cyanide m-chlorophenyl hydrazone; BL, blank (sterilized distilled water).

Figure 6. Correlation between the number of surviving M. intracellulare cells and the membrane
potential after treatment with CAW, PB-CAW or NaClO. The FAC (mg/L) used is indicated below the
x-axis. Bars and lines indicate the surviving cell number/mL on a logarithmic scale (log10) and the
membrane potential inferred from the red/green fluorescence ratio. For each FAC (mg/L) used for
treatment, a one-way ANOVA followed by Dunnett’s test was employed to examine the differences
in the fluorescence ratios after treatment with NaClO or PB-CAW versus CAW treatment. Asterisks
indicate statistically significant differences (* p < 0.05). FAC, free available chlorine.

2.5. Alterations in Intracellular ATP Levels After Treatment with CAW, PB-CAW and NaClO

To verify the membrane potential disruption by CAW or PB-CAW, we periodically
measured ATP production using the BacTiter-Glo reagent and the GloMax Navigator
system for a period of seven days after the treatment (Figure 7). After 24 h of treatment,
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ATP synthesis did not recover in any of the treated M. intracellulare cultures. However, after
7 days, ATP levels in the culture that was treated with NaClO at 5 to 50 mg/L recovered ATP
production at levels equivalent to, or higher than, those of the control (25 and 50 mg/L).
On the other hand, in the M. intracellulare cultures treated with CAW or PB-CAW, ATP
production did not recover until 4 days after treatment. Recovery of ATP production was
observed in the cells treated with CAW or PB-CAW at low FAC (5, 10, or 25 mg/L), but the
level was lower than that of the control. The cells treated with CAW and the PB-CAW at
50 mg/L did not recover ATP production at all. These results indicate that CAW and the
PB-CAW cause irreversible damage to the respiratory chain.

Figure 7. Recovery of ATP production in M. intracellulare after bactericidal treatment. The FAC
concentration (mg/L) used is indicated below the x-axis. The data are expressed as means ± standard
errors from three independent repeats. The control indicates the group that was not treated with any
of the disinfectants. The time-dependent differences in the luminescence intensities were examined
within each treatment condition (type of disinfectant and FAC) by a one-way ANOVA followed by
Dunnett’s test (vs. 0 h). Asterisks indicate statistically significant differences (* p < 0.05).

2.6. Reactive Oxygen Species (ROS) Generation After Treatment with Each Sanitizer

Based on the results described above, we speculated that CAW and the PB-CAW
caused severe damage to M. intracellulare membrane proteins, leading to dysfunction
of the respiratory chain, loss of membrane potential and impairment of ATP synthesis.
NADH dehydrogenase, which is a well-known constituent of the respiratory chain, is
a major contributor to intracellular ROS production during redox reactions. Therefore,
we measured intracellular ROS production in M. intracellulare after contact with the test
reagents. We used hydrogen peroxide (H2O2) as a positive control to induce intracellular
ROS production. H2O2 induced intracellular ROS production in a concentration-dependent
manner (Figure 8A). In contrast, 25 mg/L and 50 mg/L CAW or PB-CAW decreased the
intracellular ROS level (Figure 8B,C). On the other hand, 25 mg/L and 50 mg/L NaClO
did not alter the intracellular ROS level (Figure 8D). At low FAC (5 mg/L and 10 mg/L),
all reagents increased the intracellular ROS level, but a steeper curve was observed for
NaClO than for CAW or the PB-CAW: the ratios of the last/initial fluorescence values
were 6.4, 4.0, 1.4, and 1.4 for H2O2 (1 mM), NaClO (5 mg/L), CAW (5 mg/L) and PB-CAW
(5 mg/L), respectively.
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Figure 8. ROS production in M. intracellulare after treatment with bactericidal reagents. Fluorescence
intensity was monitored every 1 min after M. intracellulare labeled with DCFA was exposed to each
reagent: (A) H2O2 (1 and 10 mM), dH2O, or blank; (B) NaClO; (C) CAW; and (D) PB-CAW at
concentrations of 5, 10, 25, and 50 mg/L.

2.7. Impact of CAW on Bacterial Subcellular Protein Distribution and Aggregation Patterns

To elucidate the molecular targets of CAW, we performed subcellular fractionation and
protein analysis of M. intracellulare treated with CAW or NaClO (Figure 9). Quantitative
analysis of the protein distribution revealed that CAW treatment maintained protein levels
in the cell wall (CW), cytosolic (CS), and membrane (M) fractions at levels comparable
to those of the untreated control. In stark contrast, NaClO treatment led to a massive
increase in protein mass within the CW fraction, with a concomitant decrease in the CS
and M fractions. This suggests that the intense reaction of NaClO with the cell surface
causes extensive cross-linking and the formation of large cellular aggregates, which likely
reduced the extraction efficiency of internal proteins by trapping them within the insoluble
CW debris. This result reinforces the conclusion that NaClO reacts predominantly and
destructively with the cell surface, leading to gross structural collapse.

In contrast to NaClO, CAW-treated samples maintained total protein quantity across
all fractions, yet SDS-PAGE demonstrated a dramatic shift in the qualitative protein profiles.
In the CS and M fractions, distinct protein bands observed in the control group disappeared
and were replaced by high-molecular-weight smears. This provides direct evidence that
CAW penetrates the cell wall to reach internal compartments, where it induces the ox-
idative denaturation and physical aggregation of functional proteins without causing the
immediate surface-level entrapment seen with NaClO. Furthermore, Gram staining of the
CW fraction supported this, showing irregular clusters of cellular debris in NaClO-treated
samples, while CAW-treated samples remained similar to the control. These findings indi-
cate that while NaClO’s action is hindered by surface-level aggregation, CAW efficiently
targets internal functional proteins, ultimately triggering the loss of membrane potential
and ATP production.
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Figure 9. Impact of CAW and NaClO on subcellular protein distribution and aggregation in M.
intracellulare. (A) Quantitative analysis of protein distribution in subcellular fractions. The protein
concentration (µg/mL) in the cell wall (CW), cytosolic (CS), and membrane (M) fractions was
determined by BCA assay after 1 min of treatment with sterile water (Control), 25 mg/L of CAW, or
1000 mg/L of NaClO. Data are presented as the mean of independent experiments. Note the massive
increase in protein mass in the CW fraction of NaClO-treated cells, likely due to the entrapment of
intracellular components within surface-level aggregates. (B) SDS-PAGE analysis of protein profiles.
Proteins from each fraction (CW, CS, and M) were separated by SDS-PAGE and visualized by silver
staining. The disappearance of distinct protein bands and the appearance of high-molecular-weight
smears in CAW-treated CS and M fractions provide direct evidence of extensive protein denaturation
and aggregation. (C) Morphological observation of the CW fraction. Gram staining (Favor G kit)
was performed on the isolated CW fractions. While CAW-treated samples maintained a distribution
pattern similar to the Control, NaClO treatment resulted in the formation of large, irregular clusters
of cellular debris, indicating gross structural collapse and surface-level protein cross-linking. The
white scale bars correspond to 10 µm. FAC, free available chlorine; CW, cell wall fraction; CS,
cytosolic fraction; M, membrane fraction; SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel
electrophoresis; BCA, bicinchoninic acid.

2.8. Cytotoxicity of CAW on Human Lung-Derived A549 Cells

To evaluate the safety profile of CAW, cytotoxicity assays were performed using
the human lung-derived A549 cell line as a model for alveolar epithelial cells. As illus-
trated in Figure 10, A549 cells treated with CAW or PB-CAW at concentrations ranging
from 5 to 100 mg/L exhibited high survival rates, with viability maintained between 56.4%
and 90.3%. Even at 100 mg/L, the cell viability remained above 50%. Conversely, treat-
ment with 1000 mg/L NaClO resulted in marked cytotoxicity, reducing the survival rate
to 26.6%. These findings indicate that CAW possesses a lower toxicological risk to lung-
derived cells compared to the high-concentration NaClO typically required for effective
mycobacterial disinfection.
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https://doi.org/10.3390/ijms27104570


Int. J. Mol. Sci. 2026, 27, 4570 10 of 19

Figure 10. Cytotoxicity of CAW, PB-CAW, and NaClO on A549 cells. The viability of A549 human
lung carcinoma cells (a model for alveolar epithelial cells) was assessed using the trypan blue
exclusion method after 1 min of treatment with each disinfectant at the indicated FAC concentra-
tions (mg/L). Bars represent the survival rate (%), and the red line indicates the total cell count
(log10 cells/mL). Data are expressed as means ± standard errors from three independent repeats.
FAC, free available chlorine.

3. Discussion
Chlorite (HClO2)-based sanitizers, which include acidified sodium chlorite (ASC) and

PB-CAW, are used for the sanitation of food and food processing facilities [20,21]. PB-CAW
has recently been approved as a category 2 drug in Japan. The microbicidal activity of
CAW against a wide spectrum of microorganisms, including M. tuberculosis [22], has been
reported. These studies commonly reported that CAW showed microbicidal effects superior
to those of NaClO under organic-matter-rich conditions. Furthermore, recent independent
evaluation in clinical and biological settings has confirmed the high disinfection efficacy of
CAW and deemed it a superior alternative to traditional sanitizers [23].

The incidence of pulmonary disease caused by MAC has been increasing in several
countries where the incidence of tuberculosis is decreasing [1,2]. Moist and wet environ-
ments in households such as bathroom and kitchen sinks and water supply systems are
reservoirs for NTM [15]. These environments are rich in organic matter derived from
humans and from food ingredients, leading to biofilm and/or slime formation. Under these
conditions, it is likely to be difficult to eliminate NTM using simple sanitation approaches.
Therefore, we aimed to examine the microbicidal effect of CAW on NTM.

As in the previous study, we observed that CAW showed superior killing of NTM
compared with NaClO at the same FAC level. Notably, MAC including M. avium and M.
intracellulare showed higher resistance to NaClO than other NTM such as M. fortuitum and
M. abscessus (Figure 2A). This indicates that chlorine levels in tap water are insufficient to
inactivate NTM in water supply systems.

Even under organic matter loading conditions, CAW at >100 mg/L achieved a >4 log10

reduction in viable cells of all the tested NTM strains within 1 min of treatment, in contrast to
NaClO, which did not achieve this level of reduction even at 1000 mg/L. The chloroperoxyl
radical (ClOO˙) is a main active component of CAW [24]. This novel radical species can
be detected by electron spin resonance without spin trap reagents, indicating that it is a
long-lived radical. In addition, Goda et al. reported that CAW showed selective reactivity
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toward amino acids, reacting only with cysteine and histidine among the 15 amino acids
tested [19]. These findings indicate that the tolerance of CAW to organic matter can be
attributed to the long-lived chloroperoxyl radical and its selective reactivity. However, the
microbicidal mechanisms of CAW have not been fully elucidated.

We first investigated whether the bactericidal mechanism of CAW was due to oxidative
DNA damage. DNA purified from M. intracellulare was exposed to each of the FAC
reagents at a concentration of 200 mg/L for 30 min. Contrary to the PFGE results, NaClO
degraded the DNA band, whereas CAW and the CAW formulation did not reduce its
intensity. However, CAW treatment resulted in an upward shift in the band. The shift in
the DNA band observed after CAW treatment may suggest dissociation of double-stranded
DNA (Figure 4B). This is likely due to disruption of hydrogen bonds between strands in
double-stranded DNA, as predicted by experiments using S1 nuclease, which degrades
single-stranded DNA (Figure S2). Furthermore, DNA was extracted after a 1 min contact
time, during which CAW and the CAW formulation exerted efficient bactericidal activity.
Although 200 mg/L NaClO reduced the intensity of the DNA band, DNA extracted from
M. intracellulare remained unchanged after treatment with either reagent at 200 mg/L for
1 min (Figure S1).

Since there was no correlation between the DNA degradation and bactericidal effect
of CAW, we concluded that DNA damage is not a primary bactericidal mechanism of CAW.
Gupta et al. reported that exonucleases are induced in Escherichia coli cells by oxidative
stress [25]. In the case of M. intracellulare, the DNA degradation shown in the PFGE analysis
seemed to be a secondary phenomenon due to lethal oxidative stress induced by CAW.
Transcriptome analysis will be needed to fully explain how physiological changes in NTM
are induced by CAW. On the other hand, NaClO degraded purified DNA, but not DNA
inside M. intracellulare cells, indicating that it is difficult for NaClO to penetrate the lipid-
rich cell walls of mycobacteria. It was noteworthy that PB-CAW, which consists of CAW
in phosphate buffer around neutral pH, did not degrade the DNA, but rather seemed to
stabilize the DNA. This idea is based on the agarose gel image in which the smearing of
DNA decreased after treatment with the PB-CAW (Figure S1). The reason for this effect
is unknown, but the negative charges of the phosphate ion electrostatically interact with
divalent cations such as Mg2+, which is a cofactor enhancing DNase activity. The pH
adjustment of CAW with phosphate buffer may decrease the genotoxic effects of CAW or
other oxidative sanitizers.

Hatanaka et al. reported that CAW agglutinated membrane proteins without affecting
the genomic DNA, indicating that protein degeneration is a major bactericidal mecha-
nism [26]. Accordingly, we measured the membrane potential, and the results showed
that the membrane potential declines in a manner that correlates well with the bactericidal
effects of CAW and PB-CAW on NTM. The reduction in membrane potential by CAW
was attributed to the deterioration of respiratory chain function. CAW and PB-CAW were
considered to cause irreversible degeneration of membrane proteins since ATP synthesis
did not recover after treatment with CAW or PB-CAW at 50 mg/L, even seven days after
treatment. On the other hand, M. intracellulare treated with NaClO recovered ATP synthesis,
including higher ATP production than the control when the cells were treated with NaClO
at 25 mg/L and 50 mg/L, indicating a compensatory response to increased energy demand
for recovery from cellular damage.

Our subcellular fractionation and protein analysis (Figure 9) provided crucial insights
into the distinct modes of action between CAW and NaClO. While NaClO treatment re-
sulted in a disproportionate accumulation of proteins in the cell wall (CW) fraction, this
likely reflects a rapid, destructive reaction at the cell surface that leads to gross structural
collapse and the entrapment of intracellular components within insoluble debris. This
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“surface-level quenching” of NaClO explains why it requires significantly higher concen-
trations to achieve complete inactivation of NTM. In contrast, CAW maintained a normal
distribution of protein mass across all fractions while inducing extensive high-molecular-
weight smearing in the cytosolic and membrane (M) fractions (Figure 9B). This indicates
that CAW effectively penetrates the robust mycobacterial cell wall to reach internal targets.
The resulting massive aggregation of functional proteins—including those involved in the
respiratory chain—is the direct cause of the irreversible collapse of membrane potential
and the cessation of ATP production observed in this study.

NADH dehydrogenase, which is a large, multi-subunit enzyme forming part of the
respiratory chain, is a major contributor to intracellular ROS [27]. We confirmed the
reduction in ROS generation after treatment with CAW or PB-CAW, correlating with the
reduction in membrane potential after treatment with these sanitizers (Figure 5). This
irreversible loss of membrane potential and subsequent cessation of ATP production align
with recent proteomic and biochemical findings in Mycobacterium species. Specifically,
intense oxidative stress has been shown to directly target iron-sulfur clusters within internal
respiratory enzymes, leading to a complete disruption of oxidative phosphorylation and
metabolic collapse [28,29]. As mentioned above, CAW has been reported to preferentially
react with cysteine and histidine. These amino acid residues are essential for the structures
of protein complexes responsible for electron transfer in the respiratory chain, which
contain cofactors such as heme and iron-sulfur clusters [30–32], supporting our conclusion
that the bactericidal mechanism of CAW and PB-CAW on NTM involves membrane protein
degeneration, especially the components of the respiratory chain.

While a systematic pH-dependency study was not the primary focus of this research,
the consistent bactericidal efficacy observed between CAW (pH 5.0–6.0) and PB-CAW (pH
7.0–8.0) is noteworthy. In conventional NaClO solutions, the antimicrobial activity is known
to be highly pH-dependent; as the pH increases toward neutral or alkaline conditions,
the potent hypochlorous acid (HOCl) dissociates into the hypochlorite ion (OCl−), which
possesses significantly lower membrane permeability. In contrast, our results showed that
CAW and PB-CAW maintained high efficacy regardless of the pH difference between them.
This may be attributed to the continuous generation of chloroperoxyl radicals (ClOO˙)
within the solution. Unlike OCl−, these radical species are thought to maintain high
permeability across the mycobacterial cell membrane independently of the environmental
pH. The sustained presence of such reactive intermediates ensures that CAW can bypass
the pH-dependent limitations of traditional chlorine-based disinfectants, allowing it to
target internal functional proteins effectively even under neutralized clinical conditions.

Furthermore, the practical advantage of CAW is underscored by its superior safety
profile. Although CAW induces potent protein aggregation in NTM, it exhibited sig-
nificantly lower cytotoxicity toward human lung-derived A549 cells compared to the
high-concentration NaClO typically required for mycobacterial disinfection (Figure 10).
At 100 mg/L—the concentration sufficient for NTM eradication—CAW maintained over
50% cell viability, whereas 1000 mg/L NaClO caused severe cellular damage. This balance
between high microbicidal efficacy through internal penetration and low overall toxicity
makes CAW a promising candidate for environmental sanitation in clinical and domestic
settings where NTM exposure is a concern.

A limitation of this study is that the results are obtained from in vitro analysis. While
this study focused on planktonic cells, it is important to consider that NTM are notorious
for forming robust biofilms in clinical and domestic plumbing systems, which signifi-
cantly enhances their tolerance to chemical disinfectants. Given that historical reports
have documented the emergence of glutaraldehyde-resistant NTM strains [33,34], the po-
tential for resistance to any novel disinfectant must be carefully managed. Our findings
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demonstrate that CAW maintains its potent microbicidal efficacy even in the presence of
high organic loads (Figure 1), suggesting its ability to bypass physical barriers. Further-
more, while our findings strongly suggest that CAW targets critical components of the
respiratory chain, future proteomic studies—including mass spectrometry-based redox
proteomics—are planned to identify the specific cysteine or histidine residues targeted by
CAW-induced oxidation. Such analyses will provide a high-resolution understanding of
how this protein aggregation triggers irreversible inactivation.

To mitigate the risk of resistance and ensure the eradication of biofilm-embedded NTM,
it is recommended that CAW be used at sufficiently high concentrations (e.g., 100 mg/L) in
practical settings. Future studies focusing on established NTM biofilms and the long-term
impact of CAW exposure on microbial resistance will be essential to further validate its
clinical utility.

Therefore, the unique oxidative mechanism of CAW, characterized by its high cellular
penetration and subsequent induction of global protein aggregation, provides a promising
strategic advantage for overcoming the inherent resistance and environmental persistence
of NTM.

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

The NTM strains used in this study are listed in Table S1. For all the strains, glycerol
stocks stored at −80 ◦C were streaked onto Middlebrook 7H10 agar (Becton, Dickinson
and Company, BD, Franklin Lakes, NJ, USA) and incubated at 37 ◦C for one week. The
resulting colonies were picked and suspended in Middlebrook 7H9 liquid medium (Sigma-
Aldrich), then cultured at 37 ◦C with shaking (130 rpm) for two weeks until sufficient
growth was obtained.

4.2. Disinfectants

Chlorous acid water (CAW) and PB-CAW were obtained from Sankei Co., Ltd. (Osaka,
Japan). Sodium hypochlorite (NaClO) was purchased from Oyalox Co. Ltd. (Tokyo, Japan).
Free available chlorine (FAC) levels were measured by the method employing N,N-diethyl-
p-phenylenediamine (DPD) according to the standard protocols. FAC levels are expressed in
mg/L in this study. The FAC levels of the CAW stock solution and the prepared CAW were
2302 mg/L and 228 mg/L, with a pH of 4.22 and 6.18, respectively. We strictly controlled
the experimental concentrations by diluting this stock solution with sterile distilled water.
DPD was obtained from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).

4.3. Bactericidal Assays

Mycobacterial cultures (5.0 mL) were centrifuged (14,000× g, 4 ◦C, 5 min) and resus-
pended in 1.0 mL of saline solution with 0.05% Tween 20. Optical densities at 600 nm
(OD600) of the individual cell suspensions were adjusted to 1.0 with saline/0.05% Tween 20.
For the assays with organic-matter-free conditions, 0.9 mL of each of the disinfectants was
mixed with 0.1 mL of bacterial suspension. In the case of organic-matter-load conditions,
0.1 mL of the bacterial inoculum, which was prepared by equally mixing 7.5% bovine
serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) and the bacterial suspension
(OD600 = 1.0), was added to 0.9 mL of each of the disinfectants. The treatment time at
25 ◦C was 1 min for both conditions. After treatment, 0.2 mL of 1 M sodium thiosul-
fate solution (FUJIFILM Wako Pure Chemical Co.) was immediately added to neutral-
ize residual chlorine. After neutralization, 10-fold serial dilutions were prepared with
saline/0.05% Tween 20. Appropriate dilutions (0.1 mL) were spread on Middlebrook 7H10
agar medium, and the plates were incubated at 37 ◦C for 4 weeks for M. intracellulare and
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1 week for other mycobacteria tested. The number of surviving bacteria was measured by
counting the colonies formed on the plates. As a control, the viability of the bacteria in
pre-neutralized disinfectants was monitored using standard plating methods.

4.4. Scanning Electron Microscopy

M. intracellulare NBRC 112750 cells, which were treated with distilled water and
200 mg/L each of CAW or NaClO, were fixed overnight with 2% glutaraldehyde in ca-
codylate buffer (pH 7.4) at 4 ◦C. For scanning electron microscopy (SEM), each cell sam-
ple was dehydrated with a series of acetone solutions ranging in 10% increments from
50% (v/v) ethanol in distilled water to absolute acetone. All samples were dried to the
critical point using a critical point dryer HCP-2 (Hitachi High-Technologies Corpora-
tion, Tokyo, Japan), coated with gold, and examined by SEM (Hitachi S-800; Hitachi
High-Technologies Corporation).

4.5. Pulsed-Field Gel Electrophoresis (PFGE)

PFGE of M. intracellulare NBRC 112750 was conducted to assess the chromosomal
degradation after treatment with CAW or NaClO according to the method described by
Samir et al. [35]. In brief, M. intracellulare NBRC 112750 cells were collected by centrifugation
(14,000× g, 5 min, 4 ◦C) from the reaction mixture after 30 min of treatment with saline,
CAW or NaClO following neutralization. The pellet was washed with 500 µL of TE buffer
(10 mM Tris-HCl, 1 mM EDTA, pH 8.0) and then resuspended in 200 µL of TE buffer.
The sample plug molds, which were prepared with 200 µL of the cell suspension, were
immersed in 4 mg/L lysozyme solution (Sigma Aldrich) and treated at 37 ◦C for 48 h
(lysozyme solution was exchanged every 24 h). Subsequently, they were immersed in 0.5 M
EDTA (Dojindo, Kumamoto, Japan) solution containing 2 mg/L proteinase K (FUJIFILM
Wako Pure Chemical Co.) and 1% lauroyl sarcosine sodium (Nacalai Tesque, Kyoto, Japan),
and the samples were statically incubated at 55 ◦C for 7 days (the solution was exchanged
on the 5th day). The plugs were washed four times with TE buffer (each wash lasting
1 h). The obtained sample plugs containing DNA fragments were analyzed by pulsed-field
gel electrophoresis (PFGE) using a CHEF-DR2 (Bio-Rad Laboratories, Hercules, CA, USA)
under the following conditions: running buffer, 1× Tris-borate EDTA; running temperature,
14 ◦C; running time, 48 h; voltage gradient, 6 V/cm; switching time: 5 s to 35 s for 48 h.

4.6. DNA Extraction

After M. intracellulare NBRC 112750 cells were collected from the cultures by centrifu-
gation (14,000× g, 5 min, 4 ◦C), pellets were suspended in 0.9 mL of TE buffer (pH 8.0)
containing 4 µg/mL lysozyme and incubated at 37 ◦C for 1 h. Subsequently, 50 µL of
5.8 mg/mL achromopeptidase (FUJIFILM Wako Pure Chemical Co.) was added, and the
reaction mixture was incubated at 37 ◦C for 1 h. Then, 110 µL of 20 µg/mL proteinase K was
added, and the mixture was further incubated at 55 ◦C for 1 to 1.5 h. Next, 120 µL of 10%
sodium dodecyl sulfate (FUJIFILM Wako Pure Chemical Co.) was added and incubated at
55 ◦C for 1 h. The DNA was extracted using phenol/chloroform/isoamyl alcohol (25:24:1,
Nippon Gene, Toyama, Japan) followed by ethanol precipitation at −80 ◦C overnight. The
extracted DNA was dissolved in TE buffer (pH 8.0) and stored at −20 ◦C until use.

4.7. Digestion of Single-Stranded DNA

To evaluate the amount of single-stranded DNA produced by treatment with CAW
or NaClO, extracted bacterial DNAs were digested with S1 nuclease (Takara Bio, Kusatsu,
Japan). The digested DNAs were electrophoresed in 0.8% Agarose S (Nippon Gene), and
DNA fragmentation was evaluated using ethidium bromide (Thermo Fisher Scientifi Inc.,
Waltham, MA, USA) staining of the gels.
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4.8. Measurement of Membrane Potential

After bactericidal assays were performed (treatment time 1 min) as described above,
M. intracellulare NBRC 112750 cells were collected by centrifugation (14,000× g, 4 ◦C, 5 min),
suspended in 1 mL of Middlebrook 7H9 medium supplemented with ADC (0.2% (w/v)
dextrose, 0.2% (v/v) glycerol and 0.5% bovine serum albumin) and incubated at 37 ◦C
for 30 min. As a control, we heated an M. intracellulare NBRC 112750 cell suspension
at 100 ◦C for 10 min and filtered the suspension through a 40 µm cell strainer (Corning
Inc., Corning, NY, USA). We also prepared carbonyl cyanide m-chlorophenyl hydrazone
(CCCP)-treated M. intracellulare NBRC 112750 cells as a control. Membrane potentials of the
M. intracellulare NBRC 112750 cells after each treatment were measured using BacLight™
Bacterial Membrane Potential Kit (Fisher Thermo Scientific, Inc.) according to a previous
report [36]. Green and red fluorescence were measured using a flow cytometer (Merck
Millipore, Burlington, MA, USA), and the changes in membrane potential were evaluated
based on the ratio of red fluorescence to green fluorescence of the stained cells.

4.9. Measurement of ATP

ATP levels in M. intracellulare NBRC 112750 cultures were measured according to
the method reported by Yuroff et al. [37]. Cell suspensions of M. intracellulare NBRC
112750 were adjusted to an OD600 of 1.0 with saline/0.5% Tween 20. Next, 0.1 mL of
the cell suspension was mixed with 0.9 mL of the test reagent (H2O, CAW, PB-CAW or
NaClO) and incubated at room temperature for 1 min. Subsequently, residual chlorine
was neutralized with 0.2 mL of 1 M sodium thiosulfate. The treated cells were collected
by centrifugation (14,000× g, 4 ◦C, 5 min) and resuspended in 1 mL of Middlebrook 7H9
medium supplemented with ADC. The cell suspension was diluted 10-fold with the same
medium and cultured at 37 ◦C for pre-scheduled intervals. The culture (0.5 mL) was
periodically sampled and frozen at −80 ◦C for 30 min. The samples were then thawed
at room temperature to lyse the cells, and 50 µL of each cell lysate was dispensed into
a 96-well plate. Sterilized distilled water (dH2O) and 50 µL of BacTiter-Glo™ reagent
(Promega, Madison, WI, USA) were added and statically reacted at room temperature for
5 min. The luminescence intensity was measured using a GloMax® Navigator System
(Promega). The obtained luminescence values were evaluated as an indicator of surviving
bacterial cells based on the amount of ATP.

4.10. ROS Measurement

The reactive oxygen species (ROS) that were generated in M. intracellulare NBRC
112750 after treatment with CAW or NaClO were measured using the OxiSelect™ Intra-
cellular ROS Assay Kit (Cell Biolabs Inc., San Diego, CA, USA) according to the man-
ufacturer’s instructions. In brief, M. intracellulare NBRC 112750 cell suspensions were
adjusted to an OD600 of 2.0 with Middlebrook 7H9 medium supplemented with ADC,
then centrifuged (14,000× g at 4 ◦C, 5 min) and resuspended in 200 µL of a 1× solution
of dichlorofluorescein-diacetate (DCFH-DA) (Thermo Fisher Scientific, Inc.). After the
reaction mixture was incubated at 37 ◦C for 1 h in the dark, the cells were collected by
centrifugation (14,000× g, 4 ◦C, 5 min) and resuspended in 2 mL of 1× PBS (pH 7.4). Then,
100 µL of each test reagent (CAW or NaClO) was dispensed into a 96-well plate and mixed
with the same volume of the bacterial suspension. Hydrogen peroxide (1 mM and 10 mM)
was used as a positive control. Immediately after mixing, changes in fluorescence intensity
due to oxidative stress were recorded at 1 min intervals for 1 h. Fluorescence was monitored
at an excitation wavelength of 480 nm and an emission wavelength of 530 nm using a
fluorometer (Corona Electric Co., Ltd., Hitachinaka, Japan).
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4.11. Subcellular Fractionation and Protein Extraction for Target Identification

To investigate the impact of disinfectants on bacterial constituent proteins and to
identify the specific targets of CAW, M. intracellulare cells were subjected to subcellular
fractionation. The bacterial suspension (OD600 = 8.0) was treated with CAW, NaClO, or
sterile water for 1 min, followed by immediate neutralization with 1 M sodium thiosulfate.
The harvested cells were washed with PBS and resuspended in a protease inhibitor cocktail
to prevent proteolytic degradation during processing. The suspension was then subjected
to mechanical disruption via sonication (30 min, 30 s ON/OFF cycles). To isolate and
define the target compartments, the lysate was centrifuged at 20,000× g for 20 min at 4 ◦C.
The resulting pellet, containing insoluble cell wall components and associated proteins,
was collected as the cell wall (CW) fraction. To evaluate morphological changes, the
isolated CW fraction was Gram-stained using the Favor G kit (Nissui Pharmaceutical Co.,
Ltd., Tokyo, Japan) and observed under a light microscope. The supernatant was further
processed by ultracentrifugation at 150,000× g for 90 min at 4 ◦C. The final supernatant,
containing soluble intracellular proteins, was collected as the cytosol (CS) fraction, while
the resulting pellet, representing the cytoplasmic membrane components, was designated
as the M fraction.

4.12. SDS-PAGE and Silver Staining for Protein Profile Analysis

To visually assess the effects of CAW on bacterial proteins and identify potential targets,
SDS-PAGE was performed on the isolated fractions. First, the protein concentration of each
subcellular fraction (CW, CS, and M) was quantified using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, Inc.). Each fraction was then mixed at a 1:1 (v/v) ratio with a
sample buffer consisting of 95 µL of 2× SDS loading buffer and 5 µL of 2-mercaptoethanol
(Sigma-Aldrich). To ensure complete protein denaturation, the mixtures were heated at
100 ◦C for 5 min, followed by cooling to room temperature and brief centrifugation. A
5 µL aliquot of each denatured sample was loaded onto a Mini-PROTEAN TGX Gel (Bio-
Rad Laboratories), and electrophoresis was conducted at a constant voltage of 200 V for
30 min using a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad Laboratories)
powered by a PowerPac Universal Power Supply (Bio-Rad Laboratories). Following
electrophoresis, the gels were silver stained using the SilverQuest Silver Staining Kit
(Invitrogen, Thermo Fisher Scientific, Inc.) according to the manufacturer’s Fast protocol
for visual observation of protein bands and potential smearing patterns, which served as
indicators of protein aggregation.

4.13. Cytotoxicity Assay Using Human Lung-Derived A549 Cells

To evaluate the safety of CAW for environmental applications, cytotoxicity assays were
performed using the A549 human lung carcinoma cell line (a model for Type II alveolar
epithelial cells). A549 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37 ◦C
in a humidified atmosphere containing 5% CO2. For the cytotoxicity test, the cells were
seeded into 24-well plates and grown to subconfluence. The culture medium was removed,
and the cells were washed once with phosphate-buffered saline (PBS). The cells were then
treated with 500 µL of CAW or PB-CAW at varying FAC concentrations (5, 10, 25, 50, and
100 mg/L) for 1 min at room temperature. Sterile water and 1000 mg/L NaClO were
used as negative and positive cytotoxic controls, respectively. Immediately following the
1 min treatment, the solutions were removed, and the cells were washed with PBS and
then detached using a trypsin-EDTA solution. Cell viability and total cell counts were
determined using the trypan blue exclusion method. Briefly, the cell suspension was mixed
with an equal volume of 0.4% trypan blue solution, and the number of viable (unstained)
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and dead (blue-stained) cells was counted using a hemocytometer (C-Chip; NanoEnTek
Inc., Seoul, Republic of Korea). The survival rate (%) was calculated as the percentage of
viable cells relative to the total cell count, and all experiments were performed in triplicate
to calculate the mean ± standard error.

4.14. Statistical Analysis

All statistical analyses were performed using R software (version 4.4.2). A p-value
of <0.05 was considered to be statistically significant unless otherwise noted. Primary
statistical analyses were conducted using a one-way analysis of variance (ANOVA) followed
by Tukey’s test or Dunnett’s test. For the membrane potential assays, comparisons of the
fluorescence ratios were performed using two-sample t-tests.

5. Conclusions
CAW was effective in killing NTM even under conditions that are rich in organic

matter. This superior efficacy is driven by a unique mechanism: CAW penetrates the
mycobacterial cell wall to induce extensive aggregation of internal functional proteins,
leading to the rapid collapse of membrane potential and ATP depletion. Furthermore,
CAW exhibits lower genotoxicity and significantly lower cytotoxicity toward human lung
cells compared to NaClO. Consequently, CAW and PB-CAW are highly effective and safer
sanitizers that can decrease the NTM load in wet environments, thereby reducing the risk
of NTM exposure and lung disease in susceptible individuals.
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CAW Chlorous acid water
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