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ABSTRACT Accumulating evidence suggests that the bactericidal activity of some
antibiotics may not be directly initiated by target inhibition. The activity of isoniazid
(INH), a key first-line bactericidal antituberculosis drug currently known to inhibit
mycolic acid synthesis, becomes extremely poor under stress conditions, such as
hypoxia and starvation. This suggests that the target inhibition may not fully explain
the bactericidal activity of the drug. Here, we report that INH rapidly increased My-
cobacterium bovis BCG cellular ATP levels and enhanced oxygen consumption. The
INH-triggered ATP increase and bactericidal activity were strongly compromised
by Q203 and bedaquiline, which inhibit mycobacterial cytochrome bc, and F_F,
ATP synthase, respectively. Moreover, the antioxidant N-acetylcysteine (NAC) but not
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) abrogated the INH-triggered
ATP increase and killing. These results reveal a link between the energetic (ATP) per-
turbation and INH'’s killing. Furthermore, the INH-induced energetic perturbation and
killing were also abrogated by chemical inhibition of NADH dehydrogenases (NDHs)
and succinate dehydrogenases (SDHs), linking INH's bactericidal activity further to
the electron transport chain (ETC) perturbation. This notion was also supported by
the observation that INH dissipated mycobacterial membrane potential. Importantly,
inhibition of cytochrome bd oxidase significantly reduced cell recovery during INH
challenge in a culture settling model, suggesting that the respiratory reprogramming
to the cytochrome bd oxidase contributes to the escape of INH killing. This study
implicates mycobacterial ETC perturbation through NDHs, SDHs, cytochrome bc,,
and F_F, ATP synthase in INH’s bactericidal activity and pinpoints the participation
of the cytochrome bd oxidase in protection against this drug under stress condi-
tions.

KEYWORDS Mycobacterium tuberculosis, Q203, bedaquiline, electron transport chain,
isoniazid, persistence

uberculosis (TB) still represents a severe health threat today, causing in 2016 an

estimated 10.4 million cases with morbidity globally (1). TB treatment depends
largely on a 6-month chemotherapy regimen, i.e., 2 months of isoniazid (INH), rifampin
(RIF), pyrazinamide (PZA), and ethambutol (EMB) and 4 months of INH and RIF (2, 3).
However, rapid emergence of drug-resistant TB, such as multidrug-resistant (MDR)
strains resistant to both INH and RIF, challenges the TB chemotherapy and calls for
development of novel drugs and regimens. A better knowledge of the bactericidal
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mechanisms of currently available anti-TB drugs would be beneficial to develop better
synergistic drug combinations.

INH is a prodrug requiring the mycobacterial catalase-peroxidase (KatG) to form the
active INH-NAD adduct. This adduct is known to bind and inhibit the mycobacterial
fatty acid synthase Il (FAS-l) component enoyl-acyl carrier protein reductase (InhA),
which is required for the synthesis of mycolic acids, the core mycobacterial cell wall
components (4). Indeed, INH exposure leads to rapid loss of mycolic acids, alteration of
cell morphology, and cell death (5, 6). Similar to INH, the second-line drug ethionamide
(ETH) is also a prodrug that is activated by the monooxygenase (EthA) to form an
ETH-NAD adduct inhibiting InhA (7-9). In agreement with their mode of action,
resistance mechanisms are associated with mutations in genes such as inhA (INH and
ETH coresistance), katG (INH resistance), and ethA (ETH resistance) (8, 10, 11).

The mycobacterial electron transport chain (ETC) is the focus of current anti-TB
research attention, providing new targets for several promising anti-TB agents, includ-
ing Q203, bedaquiline, and clofazimine (1). Q203 and bedaquiline inhibit cytochrome
bc, and F_F, ATP synthase, respectively (12-14). Although both Q203 and bedaquiline
decrease ATP production in mycobacteria, only bedaquiline exhibits potent bactericidal
activity (15-17). The failure of Q203 to kill the bacilli results from the presence of an
alternative cytochrome bd oxidase, allowing mycobacteria to reroute electron flow
under cytochrome bc,/aas inhibition (15, 16). In addition to these branching terminal
oxidases, flexibility of the mycobacterial ETC is also demonstrated by the utilization of
various dehydrogenases that initiate the ETC, such as proton-pumping type | NADH
dehydrogenase (NDH-I), non-proton-pumping NDH-II, and succinate dehydrogenases
(SDHs) (18). The relative contributions of these dehydrogenases to a functional ETC in
mycobacteria, although not fully understood, could be related to the cell growth status
and the available carbon/energy sources (18).

Interestingly, Shoeb et al. observed increased reactive oxygen species (ROS) pro-
duction in INH-treated mycobacterial cell extracts (19, 20). Moreover, overexpression of
the alkyl hydroperoxide reductase C protein (AhpC) conferred INH resistance (21).
Conversely, disruption of the superoxide dismutase A (SodA) enhanced INH suscepti-
bility (22). These observations seem to establish a link between INH’s killing and ROS.
We presumed that if INH induces ROS, it should also affect the mycobacterial ETC,
which is the primary source of ROS (23). Interestingly, mycobacterial mutants with the
cytochrome bd assembly disrupted are more susceptible to INH in mice (24). Therefore,
it is likely that INH could impact the mycobacterial ETC.

To test this hypothesis, we measured mycobacterial energetics (ATP), oxygen con-
sumption, ROS production, and membrane potential following treatment with several
antimycobacterial agents, including INH. We further assessed the effect of ETC inhibi-
tors (Q203, bedaquiline, and various dehydrogenase inhibitors) and antioxidants (e.g.,
N-acetylcysteine [NAC]) on the INH-induced energetic perturbation and killing to
elucidate INH's bactericidal mechanism. These studies provide evidence that INH
bactericidal activity involves mycobacterial ETC perturbation.

RESULTS

INH increases mycobacterial ATP rapidly. We first measured the amount of ATP
as an indicator of ETC status. Surprisingly, Mycobacterium bovis BCG treated with the
MIC of INH (0.1 ug/ml) (25) showed significantly enhanced ATP levels after 24 h of
treatment (Fig. 1A). The ATP increase caused by INH was unexpectedly rapid, occurring
already after 1.5 h treatment (Fig. 1B). Since the amount of extracellular ATP exhibited
no substantial change, unlike that of total or intracellular ATP (Fig. 1C), we ruled out
that the observed ATP increase caused by INH was an artificial effect resulting from cell
lysis. Importantly, the level of ATP increase was both time dependent (Fig. 1B) and
proportional to the drug’'s concentration (Fig. 1D), suggesting that the energetic
enhancement might be associated with INH's killing mechanism.

Like INH, ETH also elicited a similar ATP response (Fig. 1A), implying that the
inhibition of mycolic acid synthesis may be related to the ATP increase. It is important
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FIG 1 INH and ethionamide enhance cellular ATP. (A) M. bovis BCG cultures in DTA medium were treated with the MICs of various
drugs for 24 h before ATP determination. #, P < 0.0001 relative to the no-drug control. (B) ATP kinetics after INH treatment at indicated
time points. #, P < 0.0001 relative to the corresponding no-drug control. (C) Bacterial cultures were treated with increasing
concentrations of INH for 24 h before measuring extracellular (in the culture filtrate) and intracellular ATP. **, ***, and #, P < 0.01, P <
0.001, and P < 0.0001, respectively, relative to the no-drug control. (D) ATP was determined after INH exposure for 24 h and
normalized by viability. (E) Bacterial ATP was determined after sonication. ***, P < 0.001. (F) Cells were grown in DTA medium (with
or without glucose) and treated with INH for 7 h prior to ATP measurement. Numbers indicate fold increase of ATP. #, P < 0.0001
relative to the no-drug control. These experiments were performed 2 or 3 times (each in triplicate). Representative data are shown.
The error bars indicate standard deviations. RLU, relative light units.

to note that the INH- and ETH-induced ATP enhancement is not a common mycobac-
terial response to antibiotic stress, since clofazimine and rifampin failed to induce a
similar phenotype (Fig. 1A). Interestingly, Shetty and Dick reported, using the same ATP
measurement protocol as in this study, an ATP surge for M. bovis BCG treated not only
with INH but also with other cell wall inhibitors (e.g., ethambutol, which inhibits
arabinogalactan synthesis) (26). This raised the question whether the observed ATP
increase could be the result of a cell wall damage-associated artifact (i.e., a damaged
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FIG 2 INH enhances oxygen consumption. (A and B) M. bovis BCG cultures were treated with 0.4 ug/ml
INH (A) or 0.2 ng/ml rifampin (B), and oxygen consumption was indicated by decolorization of methylene
blue (3 pwg/ml). (C) Bacterial cultures were treated with 0.4 ug/ml INH (with or without 10 nM Q203), and
the oxygen consumption was indicated by methylene blue. Experiments were performed at least 3 times.
Representative pictures are shown.

cell wall may allow better ATP detection by the commonly applied ATP measurement
protocol using the BacTiter-Glo reagent). To clarify this, we compared ATP levels before
and after sonication. Sonication was found to significantly elevate the ATP readings
(data not shown). In addition to sonication, tetrahydrolipstatin (THL), a drug previously
shown to compromise mycobacterial cell wall intactness by reducing phthiocerol
dimycocerosate levels (27), also increased the ATP reading, which was abrogated after
sonication (see Fig. S1 in the supplemental material). Given these observations, we
reassessed the INH-induced ATP change after sonication. We observed that in contrast
to THL, INH still elicited a significant ATP increase (Fig. 1E). The enhanced ATP levels in
the presence of INH thus cannot be explained simply by increased cell wall permea-
bility.

Enhanced oxygen consumption caused by INH. Since INH also triggered the ATP
level increase in the absence of glycolytic carbon sources (Fig. 1F), we reasoned that the
ATP response depends on the mycobacterial ETC but not on glycolysis, which directly
generates ATP via two substrate-level phosphorylation reactions (i.e., the conversion of
1,3-bisphosphoglycerate to 3-phosphoglycerate and the conversion of phosphoenol-
pyruvate to pyruvate [28]). To investigate whether ETC activity was enhanced by INH,
we monitored oxygen consumption following INH treatment using methylene blue
(15). It is noteworthy that some headspace air was deliberately kept in the glass tube
to allow for better drug action. As shown in Fig. 2A, cells treated with INH consumed
oxygen significantly faster than those subjected to mock treatment, although INH
caused substantial loss of cell viability after 40 h (data not shown). In stark contrast, the
oxygen consumption during rifampin treatment was greatly retarded (Fig. 2B), consis-
tent with the cell death (>200-fold less viability relative to the no-drug control at 40 h)
and failure of this drug to elevate the ATP (Fig. 1). To further confirm the results
obtained with methylene blue, the oxygen consumption was also monitored by cyclic
voltammetry using a three-electrode system (see Materials and Methods). The reduc-
tion of oxygen at the gold electrode generated a large wave with a peak potential
(Ep) at —300 mV versus Ag/AgCl, 3 M KCI (see Fig. S2A, curve 1, in the supplemental
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material). The intensity of this peak, as indicated by the height of the double-arrowed
line in Fig. S2A, reflected the maximal quantity of dissolved oxygen that can be reduced
at the electrode surface under the tested conditions. This peak disappeared following
bubbling of the medium with nitrogen (data not shown). After incubation with bacteria
for 5 h, the height of the oxygen peak was reduced by ~50% (Fig. S2A, curve 2). In the
presence of INH, a greater decrease (~60%) of the oxygen peak was observed (Fig. S2A,
curve 3). In contrast, the oxygen peak was reduced by only ~40% in the presence of
rifampin (Fig. S2A, curve 4). In addition, we noted that the oxygen peak for the
INH-treated culture was increased after culture reoxygenation by opening the tube and
shaking (Fig. S2B), again supporting the specificity of the peak for oxygen. Using this
assay, we also tested whether ethambutol could enhance mycobacterial oxygen con-
sumption. We observed that unlike INH, ethambutol did not augment mycobacterial
oxygen consumption (data not shown), suggesting that the ATP increase induced by
this drug (26) developed through a mechanism different from that by INH.

Studies have demonstrated crucial roles for ROS in antibiotic-induced bacterial
death (29, 30). The enhanced oxygen consumption, together with ROS generation by
INH-treated mycobacterial extracts (19), led us to determine if INH could enhance ROS
production in live bacilli. To this end, 2,7-dichlorofluorescin diacetate was used as an
ROS probe (31). We measured ROS both before (5 h of treatment) and after (24 h of
treatment) INH'’s killing was observed (see Fig. S3A in the supplemental material). As a
positive control, clofazimine (16 wg/ml) was also included in this assay. Consistent with
previous findings (32), clofazimine induced mycobacterial ROS generation at both time
points (Fig. S3B). Treatment with INH failed to increase the fluorescence at both time
points (Fig. S3B). However, since the culture viability after 24 h of INH treatment was
already decreased by >1 log (Fig. S3A), the normalized data showed an elevated ROS
level at this time point (Fig. S3C).

Q203 and bedaquiline compromise INH-mediated ATP increase and killing. To
confirm that the INH-induced ATP increase indeed resulted from enhancement of ETC
activity, we combined INH with the two mycobacterial ETC-targeting drugs Q203 and
bedaquiline, which inhibit cytochrome bc, and F_F, ATP synthase, respectively (12-14).
As expected, addition of either drug alone resulted in an ATP decrease (Fig. 3A), as
reported earlier (15). Interestingly, coadministration of Q203 or bedaquiline significantly
compromised the INH-induced ATP enhancement (Fig. 3A), suggesting that the ATP
response was dependent on cytochrome bc, and F_F, ATP synthase.

As expected, INH provoked a concentration-dependent killing (Fig. 3B and C). More
strikingly, the drug’s bactericidal activity was significantly abolished by Q203 or be-
daquiline (Fig. 3B to E), demonstrating strong antagonistic activities of these ETC-
targeting drugs against INH. These results also suggest that INH’s bactericidal activity
is largely dependent on a functional cytochrome bc,/aa; branch and F_F, ATP synthase.
We further assessed the impact of the combination of Q203 and INH on Mycobacterium
tuberculosis H37Rv. In agreement with the results obtained with M. bovis BCG, Q203
significantly improved bacterial survival after INH exposure (Fig. 3F). Taken together,
these results strongly demonstrate that INH’s bactericidal activity is linked to the
enhancement of the ATP level, which is dependent on a functional cytochrome bc,/aa,
branch and F_F, ATP synthase. We also observed that Q203 but not bedaquiline
significantly attenuated the bactericidal activity of both rifampin and moxifloxacin (see
Fig. S4 in the supplemental material).

To assess whether the inhibition of ATP increase by the drug combinations corre-
lated with a decreased oxygen consumption rate, we monitored oxygen consumption
after treatment with the combination of INH plus Q203. As shown in Fig. 2C, the
addition of Q203 efficiently reversed the INH-induced oxygen consumption enhance-
ment, suggesting that the INH-induced ETC perturbation is inhibited by Q203.

Proteomic analysis. In order to gain insight into metabolic changes associated with
INH's bactericidal activity and Q203-mediated inhibitory effect, we performed pro-
teomic analysis of M. bovis BCG challenged with INH and/or Q203 for 7 h, an incubation
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FIG 3 Q203 and bedaquiline abrogate the INH-triggered ATP increase and killing. (A) Normalized ATP levels for
M. bovis BCG treated with INH, Q203, or bedaquiline (BDQ). *** and #, P < 0.001 and P < 0.0001, respectively.
(B and C) Viability of bacteria determined after 1 (B) and 2 (C) days of treatment with various drugs. *, P < 0.05
relative to the INH group; ***, P < 0.001, relative to viability before treatment for the INH group or to the INH
group for the drug combination. ND, not detectable under our plating strategy (<10* CFU/ml). (D and E) Drug
kill kinetics following treatment with 0.4 ug/ml INH combined with 10 nM Q203 (D) or 0.25 ug/ml bedaquiline
(BDQ) (E). ND, not detectable (<10* CFU/ml). (F) M. tuberculosis H37Rv was treated with 0.4 ug/ml INH and/or
10 nM Q203 for 2 days and viability determined. **, P < 0.01 relative to viability before treatment; #, P < 0.0001
relative to INH group. These experiments were performed 2 or 3 times (each in triplicate). Representative data
are shown. The error bars indicate standard deviations.

sufficient to trigger an enhanced ATP production without significantly decreasing
viability (Fig. 1B and S3A).

Relative to the no-drug control, 17 proteins were overexpressed and 22 downregu-
lated in the INH-challenged M. bovis BCG (see Table S1 in the supplemental material).
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In good agreement with earlier findings (33, 34), INH enhanced the expression of
proteins involved in fatty acid beta-oxidation (e.g., two acyl coenzyme A [acyl-CoAl
dehydrogenases, FadE23 and FadE24) and mycolic acid synthesis (e.g., acetyl/
propionyl-CoA carboxylase [beta subunit] AccD6 and beta-ketoacyl-acyl carrier protein
[ACP] synthases KasA and -B), indicative of potential rescuing mechanisms under INH
stress.

Strikingly, INH altered the expression of 5 membrane proteins (with 8.9% of total
protein hits showing a significant change), indicating that this drug could potentially
alter mycobacterial membrane function. Interestingly, INH also triggered a 21-fold
overexpression of the Rv0097 protein, a putative taurine catabolism dioxygenase
encoded within the operon rv0096-rv0101, which was previously shown to participate
in INH’s killing in mice (24). This overexpression could reflect a mycobacterial stress
signature and/or a potential killing mechanism of INH. In addition, decreased expres-
sion of EphE (a possible epoxide hydrolase) was noted after INH treatment, suggesting
that this drug may attenuate the mycobacterial oxidative defense.

The proteomic profile of mycobacteria treated with the Q203/INH combination was
compared with the INH-induced proteomic profile (see Table S2 in the supplemental
material). A total of 36 and 22 proteins were upregulated and downregulated, respec-
tively, in the Q203/INH-cotreated bacilli. Proteins involved in the synthesis of phthio-
cerol dimycocerosate (PDIM)/phenolic glycolipid (PGL) (e.g., PpsA and FadD26) and
mycolic acid (e.g., AccD6 and KasB) were decreased by the cotreatment. Notably,
expression of the Rv0097 protein was decreased by 21-fold in cotreated bacilli, sug-
gesting that Q203 fully abrogates the INH-induced Rv0097 overexpression. Moreover,
the downregulation of the membrane protein Rv2203 by INH was also abolished by the
addition of Q203. Furthermore, the oxidative stress response regulatory protein OxyS
and several stress tolerance proteins (e.g., the iron-regulated universal stress protein
TB15.3, the metallothionein MymT, and the bacterioferritin BfrB) were uniformly more
abundant in the Q203/INH-cotreated bacilli, indicating that the addition of Q203
enhanced mycobacterial stress tolerance. In addition, we noted increased expression of
a putative drug efflux transporter (Rv1410c) in the cotreated bacilli. The possibly
enhanced stress tolerance and drug efflux caused by the addition of Q203 may facilitate
the development of mycobacterial drug tolerance. Interestingly, the Q203/INH cotreat-
ment upregulated the expression of the Rv3319 protein (SdhB). This protein is a
component of mycobacterial SDH2, which may preferentially function as a fumarate
reductase instead of an SDH (18). In addition, the Q203/INH-cotreated bacilli also
showed enhanced expression of the phosphoenolpyruvate carboxykinase (PckA) cata-
lyzing the interconversion of phosphoenolpyruvate and oxaloacetate (35). Therefore,
the reductive tricarboxylic acid cycle depending on PckA and Rv3319 might be acti-
vated in the Q203/INH-cotreated bacilli. We also observed an enhanced expression of
multiple proteins involved in glutamate metabolism, including L-lysine-epsilon amino-
transferase (Lat), glutamate decarboxylase (GadB), and folylpolyglutamate synthase
(FolC), in the cotreated bacilli. These metabolic changes, although less related to the
current study, may suggest some pathways essential for mycobacterial survival under
treatment with Q203 or Q203 plus INH.

NAC abrogates INH-triggered ATP increase and bactericidal activity. The for-
going results strongly demonstrate that killing by INH involves disruption of the
mycobacterial ETC, including energetic perturbation. Although the importance of ROS
in antibiotic-induced bacterial death has been documented (29, 30), INH's bactericidal
activity was less likely to be initiated by ROS, as no ROS was induced at early points of
drug exposure (Fig. S3). However, ROS may still increase the drug’s effect at later points.
To test whether ROS was involved in INH's killing, we combined INH with two
commonly used antioxidants NAC and 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPOL) (16, 32). The effect of these antioxidants on mycobacterial ATP was also
determined given the link between energetic perturbation and INH killing. We noted
that NAC by itself downregulated ATP levels, and its addition abrogated the INH-
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FIG 4 NAC but not TEMPOL abolishes the INH-induced ATP increase and killing. (A) M. bovis BCG was treated with
0.4 ug/ml INH (with or without 5 mM NAC) for 24 h prior to ATP measurement. #, P < 0.0001 relative to the no-drug
control. (B) Viability was determined after exposure to INH (with or without NAC) for 2 days. **, P < 0.01 relative
to the INH group. (C) BCG was treated with 0.4 ug/ml INH (with or without 5 mM TEMPOL) for 24 h prior to ATP
measurement. #, P < 0.0001 relative to the no-drug control. (D) Viability was determined after exposure to INH
(with or without TEMPOL) for 2 days. These experiments were performed 3 times (each in triplicate). Representative
data are shown. The error bars indicate standard deviations.

induced ATP increase (Fig. 4A). Interestingly, Vilcheze et al. recently observed that
addition of cysteine to INH-treated M. tuberculosis enhanced the expression of the
dormancy regulon (36). The nonreplicating “dormant” mycobacteria are known to
produce smaller amounts of ATP (37). Furthermore, NAC significantly improved myco-
bacterial survival after INH exposure (Fig. 4B). In sharp contrast, TEMPOL, another
ROS-scavenging agent (16, 38), failed to downregulate ATP by itself and did not inhibit
the INH-induced ATP increase (Fig. 4C). Accordingly, it conferred no discernible pro-
tection against the INH-mediated killing (Fig. 4D). Taken together, these results not only
further support the notion that INH’s bactericidal activity involves energetic perturba-
tion but also argue against a major role for ROS in INH-induced killing under the tested
conditions.

Chemical inhibition of NDHs and SDHs protects mycobacteria from killing by
INH. The foregoing results strongly demonstrate that INH perturbs the mycobacterial
ETC. One possibility is that in the presence of INH, excessive electrons are fed into the
ETC via NDHs and SDHs (18). Indeed, under INH stress, bacilli tend to oxidize fatty acids,
as suggested by our proteomic and previous transcriptomic data (33). This could lead
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drugs for 24 h before ATP determination. R and T, rotenone and thioridazine, respectively. The concentrations of drugs were used as
indicated. *, **, and ***, P < 0.05, P < 0.01, and P < 0.001, respectively, relative to the INH group; #, P < 0.0001 relative to the no-drug
control. (C) BCG was challenged with 0.4 wg/ml INH (with or without 200 uM 3-NP, 100 uM rotenone, and 10 ug/ml thioridazine) for
2 days and viability determined. *, P < 0.05; ** and ***, P < 0.001 and P < 0.001, respectively (relative to the INH group). These
experiments were performed 3 times (each in triplicate). Representative data are shown. The error bars indicate standard deviations.

to overproduction of reducing equivalents (e.g, NADH) and succinates from beta-
oxidation, the glyoxylate shunt, and the methylcitrate cycle (39-41), promoting en-
hanced ETC activity (Fig. 5A). In addition to the beta-oxidation, INH treatment markedly
enhanced the expression of the Rv0097 protein (Table S1), a putative taurine dioxyge-
nase catalyzing the production of succinate (Fig. 5A) (42).

To test this hypothesis, we examined the effects of rotenone (an NDH-I inhibitor
[37]), thioridazine (an NDH-II inhibitor [37, 43]), and 3-nitropropionic acid (3-NP) (an
SDH inhibitor [44]) (Fig. 5A) on the INH-triggered ATP increase and killing. A previous
metabolomic analysis showing accumulation of succinate and depletion of down-
stream tricarboxylic acid cycle metabolites (e.g., fumarate and malate) indicated that
3-NP inhibits mycobacterial SDH (44). Initially, we tested lower inhibitor concentrations
based on their MIC values determined in our laboratory and previous studies, i.e.,
50 uM rotenone (MIC of >126 uM), 5 ng/ml thioridazine (MIC of 10 wg/ml), and 100 uM
3-NP (44, 45). We noted that the inhibitors, administered either alone or in combina-
tions, failed to kill the bacilli over 2 days of treatment (data not shown). Moreover, their
treatment did not rescue the bacilli from INH killing, except that the 3-NP/rotenone/
thioridazine triple combination improved bacterial survival by approximately 2.8-fold
and 33.2-fold following 1 and 2 days of INH exposure, respectively (data not shown; see
Fig. S5 in the supplemental material).

We next tested higher concentration of these inhibitors. We noted that 200 uM
3-NP, like 100 uM, elevated ATP production and failed to inhibit the INH-induced ATP
increase and killing (Fig. 5B and C and data not shown). Similarly, 100 wM rotenone or
10 wg/ml thioridazine caused no or only slight inhibition of the INH-induced ATP
increase, respectively (Fig. 5B). Accordingly, they conferred no discernible protection
against INH’s killing (Fig. 5C). Coadministration of the two NDH inhibitors elicited a
stronger inhibition of the ATP increase and slightly but significantly improved bacterial
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survival under INH treatment (Fig. 5B and C). Notably, the triple combination of these
dehydrogenase inhibitors greatly compromised the INH-induced ATP increase and
killing (>100-fold) (Fig. 5B and C). It is noteworthy that the triple combination of
inhibitors in the absence of INH induced only a negligible decrease (<1 log) in viability
under the tested conditions (Fig. 5C). These results further corroborate that the INH
bactericidal effect is linked to the ETC perturbation, which is dependent on functional
ETC-initiating NDH-I, NDH-II, and SDHs.

INH dissipates mycobacterial membrane potential. The enhancement of oxygen
consumption and the dependency on NDHs, SDHs, the cytochrome bc,/aa; complex,
and F_F, ATP synthase strongly suggested that INH enhanced mycobacterial ETC
activity. We were therefore also interested in how this drug could impact the mem-
brane potential, which is a key factor in mycobacterial energetics (37). The membrane
potential was measured using 3,3-diethyloxacarbocyanine iodide [DiOC,(3)] (16, 44).
We initially speculated that the INH-induced ETC enhancement could elevate the
membrane potential, leading to increased ATP generation.

To validate the membrane potential assay, we used valinomycin as a positive control
(37). In our assay, valinomycin treatment for 30 min did not affect mycobacterial
membrane potential (data not shown). Unexpectedly, INH exposure moderately de-
creased the membrane potential, a phenomenon also observed by another group (46).
More interestingly, the membrane potential dissipation was observed after 2 h but not
30 min of drug treatment (Fig. 6A and B), reflecting the time-dependent ATP enhance-
ment (Fig. 1B). At 2 h, the INH-induced membrane potential change was not signifi-
cantly different from that induced by valinomycin (Fig. 6B). We further assessed if Q203
or bedaquiline could abrogate the INH-induced membrane potential dissipation. Inter-
estingly, only bedaquiline, and not Q203, restored the membrane potential (Fig. 6B and
Q). In contrast to bedaquiline, Q203 by itself reduced the membrane potential (Fig. 6A
to Q).

Inhibition of cytochrome bd oxidase reduces cell recovery under INH chal-
lenge. Since chemical inhibition of cytochrome bc, protected against INH's killing (Fig.
3), we reasoned that the activation of the cytochrome bd branch prevented INH killing
(Fig. 7A). To test this hypothesis, the cytochrome bd inhibitor aurachin D was used (Fig.
7A) (47, 48). We noted that this inhibitor was not bactericidal to M. bovis BCG (data not
shown), as reported for M. tuberculosis (47). In particular, the drug-exposed cultures
were maintained without agitation during the experiment to allow some cells to settle
(cells settling to the bottom of the tubes were expected to be poorly aerated [49] and,
consequently, likely to activate the cytochrome bd branch [50]). Since INH'’s killing was
most prominent after 2 days under our conditions (Fig. 3), we measured the culture
viability after 4 and 7 days. As expected, the recovered viability after INH exposure was
significantly reduced when aurachin D was simultaneously added (Fig. 7B). We also
noted that all the randomly picked colonies recovered from the INH/aurachin
D-cotreated cultures could grow in the presence of 0.2 ug/ml INH, suggesting that they
were all INH-resistant mutants. In sharp contrast, only between 20% and 73% of
colonies recovered from the INH-treated cultures, depending on the experiment, could
grow. The failure of some colonies to grow in the presence of the relatively low
concentration of INH suggested that they were not resistant mutants but instead
survived INH's challenge by settling and cytochrome bd activation (Fig. 7A). Therefore,
these results further support that INH's killing depends on the cytochrome bc,/aas
branch and suggest a role for cytochrome bd oxidase in the mycobacterial escape of
INH killing (Fig. 7A).

DISCUSSION

The mechanism of action of INH is known to be linked to inhibition of the FAS-II
component InhA, impeding mycolic acid production (4, 10). Indeed, the INH-treated
bacilli lost their ability to produce mycolic acids (5), accumulated FAS-I end product
(Cy6:0), @and underwent cell lysis (6). However, under stress conditions, such as low
aeration (51), nutrition limitation (52), and acid stress (53), the bacilli become unsus-
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FIG 6 INH dissipates mycobacterial membrane potential in an F F, ATP synthase-dependent manner. (A and B) M. bovis
BCG was treated with INH and/or Q203 for 30 min (A) and 2 h (B) before measuring membrane potential using DIOC,(3).
**and ***, P < 0.01 and P < 0.001, respectively, relative to the no-drug control. The membrane potential was indicated
by the ratio of red to green fluorescence. (C) Membrane potential determined in BCG treated with INH and/or bedaquiline
for 2 h. **, P < 0.01 relative to the no-drug control. These experiments were performed 3 times (each in triplicate).

Representative data are shown. The error bars indicate standard deviations.

ceptible to INH killing. Here, we report a previously underestimated killing mechanism
of INH involving mycobacterial ETC perturbation, as demonstrated by the increased
ATP and oxygen consumption. The INH-induced ATP surge was reported during the
preparation of this article (26).

The INH-triggered increase in ATP may be explained in several ways, e.g., reduced
consumption, enhanced production, or both. It is well known that lipid synthesis
consumes a large amount of ATP. Every two-carbon elongation of a precursor lipid
requires the consumption of one molecule of ATP (consumed at the conversion of
acetyl-CoA to malonyl-CoA) (54). Therefore, the INH-induced mycolic acid synthesis
inhibition (4, 10) is expected to reduce the ATP consumption. The contribution of
reduced consumption to the observed ATP increase, although not investigated in this
study, is supported by the finding that even in the presence of an F_F, ATP synthase
inhibitor or ETC-inhibiting dehydrogenase inhibitors, INH still induced a slight ATP
increase (Fig. 3A and Fig. 5B). In addition to reduced consumption, the enhanced ATP
production through oxidative phosphorylation should also play a pivotal role given that
the oxygen consumption was markedly enhanced by INH. This notion is further
supported by the observation that chemical inhibition of the ETC at various sites largely
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FIG 7 Cytochrome bd oxidase inhibition reduces cell recovery in a culture settling model. (A) Depen-
dence of INH's bactericidal activity on the cytochrome bc,/aa; supercomplex and escape of INH killing
through the activation of cytochrome bd oxidase under stresses such as low aeration. (B) M. bovis BCG
(107 CFU/ml) was treated with 0.4 ug/ml INH (with or without 18 wg/ml aurachin D). The cultures were
maintained without agitation to allow for cell settling until viability determination at the indicated time
points. *and **, P < 0.05 and P < 0.01, respectively. These experiments were performed 3 times (each
in triplicate). Results from one representative experiment are shown. The error bars indicate standard
deviations.

compromised the ATP increase and killing activity. INH challenge led to a decrease in
FAS-I-derived C,¢,, fatty acids (6) and enhanced the expression of proteins involved in
fatty acid beta-oxidation, suggesting that the bacilli tend to oxidize fatty acids under
INH stress. In addition, INH-treated mycobacteria also showed an important overex-
pression of a putative taurine dioxygenase (Rv0097) catalyzing the production of
succinate (42). These changes may result in enhanced production of reducing equiv-
alents (e.g.,, NADH) and succinate feeding the ETC (Fig. 5A), leading to augmented
oxygen consumption and ATP production.

It was recently shown that a group of mycobacterial cell wall assembly inhibitors,
including INH and ethambutol, all increased the ATP level (26), thereby linking the ATP
increase to a general cell envelope stress response. However, we showed here that the
phthiocerol dimycocerosate (an important mycobacterial cell wall component)-
depleting THL (27) failed to increase the ATP level, thus ruling out the general cell
envelope stress response as the mechanism for the INH-induced ATP increase. Further-
more, unlike INH, ethambutol did not enhance oxygen consumption (data not shown).
Hence, we reason that only INH and not ethambutol can enhance mycobacterial ETC to
elevate ATP production.

Interestingly, we also noted membrane potential dissipation after INH treatment, a
phenotype observed previously by another group (46). The INH-induced membrane
potential change was restored by bedaquiline, an F_F, ATP synthase proton pump
inhibitor (13), suggesting that a functional F_F, ATP synthase is required for this
phenotype. We hypothesize that INH may boost the proton inflow through the proton
pump of the F_F, ATP synthase, leading to the observed membrane potential dissipa-
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tion and contributing to enhanced ATP production. It can be further speculated that
the ETC enhancement may be employed by the bacilli to compensate for the loss of
membrane potential by pumping protons across the membrane, which may further
exacerbate the ATP surge. However, a recent study demonstrated that bedaquiline can
also function as an H*/K* exchanger and is able to move K* to generate membrane
potential (55). Therefore, bedaquiline can restore membrane potential through its
ionophoric activity but not through F_F, ATP synthase inhibition. Differentiation be-
tween these possibilities warrants further investigation. On the other hand, the mem-
brane potential dissipation itself may not be the direct cause of bacterial death, since
Q203 or INH plus Q203 also decreased membrane potential in our study. Q203 inhibits
the proton-pumping cytochrome bc,/aa; supercomplex (12, 15). It was shown earlier
that this drug did not affect mycobacterial membrane potential in M. tuberculosis (16).
This discrepancy may be explained by the use of a different mycobacterial species, a
much smaller drug concentration, and a distinct experimental technique in our assay.

The enhanced ATP levels could be linked to INH’s killing because drugs that
abrogate the ATP response, including Q203, bedaquiline, NAC, and dehydrogenase
inhibitors, substantially attenuated the INH’s bactericidal effect. The loss of INH's
activity in the presence of ETC inhibitors also pinpoints the requirement of ETC-
initiating dehydrogenases, the cytochrome bc,/aa; branch, and F_F, ATP synthase for
INH’s bactericidal activity. This notion is supported by the finding that a defective NADH
dehydrogenase conferred INH resistance in M. bovis BCG (56). Since bedaquiline was
shown to transiently activate the mycobacterial dormancy regulon (17), one might
argue that the bedaquiline-induced loss of INH activity is the result of the nonrepli-
cating “dormant” state. In addition to INH, nonreplicating mycobacteria are also
tolerant to other anti-TB drugs such as rifampin and moxifloxacin (37, 51). As bedaqui-
line failed to prevent rifampin or moxifloxacin killing (see Fig. S4 in the supplemental
material), it is less likely that bedaquiline induces a nonreplicating “dormant” state. On
the other hand, although Q203 also compromised killing by rifampin and moxifloxacin
(Fig. S4), it did not seem to activate the dormancy regulon as suggested by our
proteomic data (Sheng Zeng et al, unpublished results). Therefore, we believe that
Q203 and bedaquiline exert their protection by inhibiting the INH-induced ATP increase
but not by triggering a nonreplicating “dormant” state. In addition, an enhanced
NADH/NAD ratio can also compromise INH’s activity (56). Given that the cellular
NADH/NAD ratio is not significantly altered in the initial 2 days of Q203 or bedaquiline
exposure (16), redox alteration does not seem to contribute to the antagonistic effect
of Q203 and bedaquiline observed at 1 and 2 days of treatment. However, another
study observed an elevated NADH/NAD ratio after 24 h of treatment with bedaquiline
(17), suggesting that the effect of bedaquiline may partially result from the redox
alteration in addition to the inhibition of energetic alteration.

This study also unveils that activation of the alternative cytochrome bd oxidase
protects from INH killing (Fig. 7A). Exposure to Q203 results in ETC reprogramming to
cytochrome bd oxidase (12, 15, 16). Similar respiratory reprogramming can be triggered
by other stresses, e.g., hypoxia and bedaquiline treatment, all of which can attenuate
INH killing as Q203 does (50, 51, 57). Several studies have investigated the link between
INH susceptibility and the cytochrome bd oxidase. Moosa et al. observed that an M.
tuberculosis cytochrome bd mutant was not more sensitive to growth inhibition by INH
under normal culture conditions (58). In contrast, disruption of cydC, which is required
for cytochrome bd oxidase assembly, significantly enhanced INH’s killing in mice (24).
We reason that unlike under normal culture conditions, host-derived stresses can lead
to the activation of the cytochrome bd oxidase and the consequent escape from INH
killing (Fig. 7A) (57). That is, the role of the cytochrome bd oxidase is important mainly
under stress conditions. Given that the expression of the cytochrome bd oxidase is
regulated by low aeration (59), we tested directly the role of the cytochrome bd oxidase
using the inhibitor aurachin D (47) in a settling culture model (49). Interestingly,
inhibition of cytochrome bd oxidase (47) significantly reduced cell recovery during INH
challenge. This result not only further supports an important role for cytochrome bd
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oxidase in the protection against INH killing but also demonstrates the potential value
of cytochrome bd oxidase inhibitors for future studies. Based on these results, the
previously observed induction of cytochrome bd oxidase by INH (50) possibly reflects
a mycobacterial rescuing response to counteract the drug’s killing.

A major concern of this study is the use of chemical inhibitors which may have
unknown off-target effects. For instance, the above-mentioned effect conferred by
aurachin D may be explained by unrecognized effects other than the cytochrome bd
oxidase inhibition. Similar experiments with mycobacterial cytochrome bd oxidase
mutants should be beneficial in distinguishing between these possibilities. However,
we argue that the consistent results obtained with multiple chemicals targeting
different sites of the ETC (i.e.,, dehydrogenases, cytochrome bc,, cytochrome bd, and
F.F, ATP synthase) can largely minimize the influence of the possible off-target effects
given that one drug’s off-target effect should be unique from that of another. In
addition to the use of chemical inhibitors, Vilcheze et al. showed recently that the
addition of cysteine or NAC potentiated INH's efficacy by preventing the generation of
persisters and drug-resistant populations (36). This potentiating effect was more evi-
dent after 7 days of drug treatment. In our study, we focused only on early points (i.e.,
1 and 2 days) during INH treatment. Therefore, the protection of NAC against INH's
killing we observed here is not contradictory to the previous finding (36). In fact, the
early protecting role of NAC can be explained not only by its inhibition of ATP increase
(Fig. 4A) but also by the observation that addition of cysteine to INH-treated M.
tuberculosis induced DosR regulon expression (36). Interestingly, the cysteine or NAC is
proposed to potentiate INH’s killing by enhancing oxygen consumption (36), which
supports our finding that INH’s killing involves ETC perturbation.

Although Q203 was not the focus of our study, we believe it is important to point
out that this bacteriostatic drug significantly compromised the bactericidal activity of
rifampin and moxifloxacin, in addition to INH. A previous study with Escherichia coli and
Staphylococcus aureus pinpointed that many bacteriostatic antibiotics decreased bac-
terial oxygen consumption, whereas bactericidal antibiotics accelerated oxygen con-
sumption (60). More importantly, the bacteriostatic antibiotic-triggered respiration
inhibition significantly attenuated the killing by bactericidal drugs (60). Our finding with
Q203 and INH seems to fit this notion. As a bacteriostatic drug, Q203 was found to
greatly inhibit the INH-induced oxygen consumption. However, unlike INH, rifampin did
not seem to enhance the oxygen consumption rate. Therefore, the protection conferred
by Q203 may also derive from mechanisms unrelated to respiration, such as cyto-
chrome bd oxidase activation (16, 50). Regardless of the mechanism, it seems that Q203,
unlike bedaquiline, confers a general drug tolerance phenotype. Drug tolerance is
characterized by an increase in the minimum duration for killing (MDK) for 99% of
bacterial population (MDKgg) (61). Thus, to ascertain whether Q203 induces drug
tolerance, further assays are required to measure the effect of Q203 on MDK,, for INH,
rifampin, and moxifloxacin.

In summary, this study links INH's killing mechanism to mycobacterial ETC pertur-
bation. INH's bactericidal activity is largely dependent on ETC-initiating dehydroge-
nases, the cytochrome bc,/aa; supercomplex, and F_F, ATP synthase. Conversely, the
activation of cytochrome bd oxidase protects from INH's killing. This in vitro study also
suggests that cytochrome bd inhibitors (e.g., aurachin D) potentiate INH’s killing,
whereas Q203, bedaquiline, and possibly other ETC inhibitors can inhibit the activity of
INH and potentially also ethionamide. These drug interactions should be further
investigated in vivo.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The Mycobacterium bovis BCG wild-type (WT) strain (62)
and M. tuberculosis H37Rv were maintained in Dubos medium supplemented with 10% (vol/vol) Dubos
medium albumin (DTA medium). The DTA medium contains 0.75% glucose and 0.02% Tween 80 as
carbon and energy sources. In some experiments, modified DTA medium without glucose was used.

ATP determination. Bacterial ATP was determined using the BacTiter-Glo microbial cell viability
assay kit (Promega). Briefly, 20 ul of M. bovis BCG was mixed with an equal volume of BacTiter-Glo
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reagent for 5min in the dark. Luminescence was recorded using the Lumat LB 9507 instrument
(Berthold). In some experiments, bacterial cultures were passed through a 0.2-um filter and ATP in the
culture filtrates was measured. To quantify intracellular ATP, bacteria were pelleted and resuspended in
fresh DTA medium before ATP assessment. To facilitate cell lysis prior to ATP measurement, the bacterial
culture was repeatedly sonicated using a Bioruptor UCD-200. The sonicated cultures were plated for
determining viability to check the efficiency of sonication.

Viability determination. Mycobacterial cultures were grown in DTA medium to log phase and
diluted to an optical density at 600 nm (ODy,,) of 0.1 (approximately 107 CFU/ml) prior to drug treatment.
The viability before and after drug exposure was measured by plating dilutions on 7H11 agar. To
minimize any carryover effect, the cultures were diluted at least 100-fold, and only 10 ul of the dilutions
was plated on agar plates (i.e., the limit of detection of 104 CFU/ml).

Oxygen consumption assay. M. bovis BCG were diluted to 107 CFU/ml and dispensed into glass
tubes with screw caps. The same volume of headspace air was kept in the tubes. INH, rifampin,
ethambutol, and Q203 were added to final concentrations of 0.4 png/ml, 0.2 ug/ml, 4 ug/ml, and 10 nM,
respectively. Methylene blue (3 ng/ml) was used as an oxygen indicator (15). Tightly capped tubes were
incubated with shaking for 30 and 40 h. At 40 h, the tubes were also opened for viability measurement.

In addition, cyclic voltammetry was applied to monitor the amount of dissolved oxygen. The
potential changed from +100 mV to —600 mV and was subsequently reversed to the initial potential at
a scan rate of 50 mV/s. A gold disk (3-mm diameter) served the working electrode, Ag/AgCl-3 M KCl as
the reference electrode, and a platinum wire as the auxiliary electrode. Tightly capped tubes (with or
without drugs) were incubated with shaking for 5 h. The tubes were then opened, and the three
electrodes were immediately dipped in the culture for cyclic voltammetry assay. The experiments were
performed 3 times.

ROS determination. Cells were loaded with 10 uM 2,7-dichlorofluorescin diacetate (Sigma) for 2 h
and then treated with INH or clofazimine for 5 and 24 h before ROS determination. The treated culture
was transferred to a black-wall, flat, and clear-bottom 96-well plate to record fluorescence (excitation at
485 nm [20-nm filter] and emission at 530 nm [20-nm filter]) (31). ROS data were normalized by viability
after 24 h of drug treatment.

Membrane potential measurement. Mycobacterial cultures were treated with 10 ug/ml valinomy-
cin, 0.4 png/ml INH, 10 nM Q203, or 0.25 ug/ml bedaquiline for 30 min and 2 h and then incubated with
3,3'-diethyloxacarbocyanine iodide [DiOC,(3)] (15 wM). The culture was washed and resuspended in fresh
DTA medium. As described previously (37, 44), green fluorescence and red fluorescence were recorded
at 488nm/530 nm and 488 nm/610 nm, respectively. Since a larger membrane potential results in
stronger shift from green to red fluorescence, membrane potentials were indicated as the ratio of red to
green fluorescence.

Proteomic analysis. M. bovis BCG was treated with 0.4 ug/ml INH (with or without 10 nM Q203) for
7 h and harvested for proteomic analysis. Protein extraction was described previously (63), and the
detailed proteomic procedure can be found in the supplemental material. Protein hits with a P value of
<0.05 and a fold change of <0.8 or >1.2 were further analyzed. Protein function classifications were
based on Mycobrowser (https://mycobrowser.epfl.ch/), the NCBI Conserved Domains search tool (https://
www.ncbi.nIm.nih.gov/Structure/cdd/wrpsb.cgi), and UniProt (https://www.uniprot.org/).

Drug treatment in a settling culture model. M. bovis BCG grown in DTA medium was diluted to
an ODyg,, of 0.1 (approximately 107 CFU ml~") and treated with 0.4 pg/ml INH (with or without 18 ug/ml
aurachin D [47]). The tubes were maintained without agitation to allow for settling, and the viability was
determined after 4 and 7 days of treatment. Subsequently, 20 randomly picked colonies recovered from
the drug-treated cultures were subgrown in DTA medium with 0.2 ug/ml INH. Growth was visually
checked for 10 days.

Statistical analysis. Graph preparation and statistics were performed using GraphPad Prism 6.0. The
unpaired t test was used to analyze statistical significance. A P value of <0.05 was considered statistically
significant. *, **, *** and # indicate P values of <0.05, <0.01, <0.001, and <0.0001, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.01841-18.

SUPPLEMENTAL FILE 1, PDF file, 0.6 MB.
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