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Abstract

Isoniazid (INH) was the first synthesized drug that mediated bactericidal killing of the bacteriumMycobacterium
tuberculosis, a major clinical breakthrough. To this day, INH remains a cornerstone of modern tuberculosis (TB)
chemotherapy. This review describes the serendipitous discovery of INH, its effectiveness on TB patients, and
early studies to discover its mechanisms of bacteriocidal activity. Forty years after its introduction as a TB drug,
the development of gene transfer in mycobacteria enabled the discovery of the genes encoding INH resistance,
namely, the activator (katG) and the target (inhA) of INH. Further biochemical and x-ray crystallography studies
on KatG and InhA proteins and mutants provided comprehensive understanding of INH mode of action and
resistance mechanisms. Bacterial cultures can harbor subpopulations that are genetically or phenotypically
resistant cells, the latter known as persisters. Treatment of exponentially growing cultures ofM. tuberculosiswith
INH reproducibly kills 99% to99.9%of cells in 3 days. Importantly, the surviving cells are slowly replicating or non-
replicating cells expressing a unique stress response signature: these are the persisters. These persisters can be
visualized using dual-reporter mycobacteriophages and their formation prevented using reducing compounds,
such asN-acetylcysteine or vitamin C, that enhanceM. tuberculosis' respiration. Altogether, this review portrays
a detailedmolecular analysis of INH killing and resistancemechanisms including persistence. The phenomenon
of persistence is clearly the single greatest impediment to TB control, and research aimed at understanding
persistence will provide new strategies to improve TB chemotherapy.

© 2019 Published by Elsevier Ltd.
The Continuing Global Health Problem
of Tuberculosis

Tuberculosis (TB), a disease caused by the
bacillus Mycobacterium tuberculosis, remains the
10th leading cause of death and the single greatest
cause of death from an infectious agent in the world
[1]. It is estimated that one-fourth of the world's
population is infected with M. tuberculosis [2,3], and
in 2017, there were 10 million new cases of TB, and
1.6 million people died of TB [1]. Children are the
primary victims of this disease, with one million of
becoming sick and nearly a quarter of a million
ultimately succumbing to death in 2017 [3].
TB is a curable disease that necessitates long

treatment duration with multiple drugs. Chemother-
apy for drug-susceptible TB uses the four first-line TB
drugs isoniazid (INH), rifampicin (RIF), pyrazinamide
ed by Elsevier Ltd.
(PZA), and ethambutol (EMB) for the first 2 months
of treatment followed by 4 months on INH and RIF
[4]. During this extensive treatment duration, drug
resistance might develop due to patients interrupting
their therapy prematurely, drugs of poor quality, or
incorrect drug prescriptions [3,5,6]. Drug-resistant
TB was reported in every country with documented
cases of TB [7]. In 2016, there were more than half
a million new TB cases resistant to RIF, and 82% of
these cases were also resistant to INH [7]. Treatment
of TB that is co-resistant to INH and RIF, also called
multidrug-resistant TB, is complex and requires the
use of a cocktail of drugs, with severe side effects, for
as long as 2 years [3,8,9].
On September 26, 2018, the United Nations

General Assembly declared its commitment to fight
to end the TB epidemic by 2030, citing multidrug-
resistant TB as a critical global health challenge.
Journal of Molecular Biology (2019) 431, 3450–3461
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Although government officials and health care
providers have the primary roles in fulfilling the
United Nations' goals in ending the TB pandemic,
researchers must understand and conquer the
diverse ways M. tuberculosis has developed to
escape drug action and the immune system, mech-
anisms that have allowed the organism to continue
thriving among the human population. In this article,
we will focus on the first-line TB drug INH, from its
discovery, to its mode of action, and the mechanisms
M. tuberculosis has exploited to evade INH killing.

The Origins of Chemotherapy and
Antibiotics and the Need for Multidrug
Therapies

TB has not only been the historical focal point of
microbiology but also one of the great frustrations of
antibacterial drug development. Arguably, Robert
Koch's presentation on the “Aetiology of Tuberculosis”
was the birthplace of microbiology as he clearly
established the germ theory of disease. Prior to his
studies, most thought TB was a genetic disease or a
cancer. As Koch wrote: “To prove that TBwas caused
by the invasion and multiplication of bacilli, it was
necessary to: isolate the bacilli, grow it in pure culture,
and demonstrate that transmission to an animal
caused the same morbid conditions as the original
disease” [10].† One of the attendees at that famous
lecture was Paul Ehrlich, who commented that
the lecture was the greatest lecture he had ever
heard. As an expert in dyes to stain immunological
cells, Ehrlich established a collaboration with Robert
Koch to improve staining of tubercle bacilli. Ehrlich
reasoned that, since bacteria could be stained
specifically, it should be possible to develop drugs
to specifically kill them. Thus, Ehrlich provided the first
description of chemotherapy [11–13], and his group
went on to discover salvarsan, the first drug used to
treat bacterial infection, namely, syphilis [14]. Gerhard
Domagk continued to build and screen the Ehrlich
chemical library and discovered sulfonamides [15,16]
as new drugs to treat bacterial infections.
As opposed to chemical libraries, Alexander

Fleming made the discovery that a compound from
Penicillium notatum, namely, penicillin, could kill
bacteria [17]. Penicillin, even to this day, remains
one of the greatest discoveries in infectious disease
research, yet penicillin fails to have any activity
against tubercle bacillus. In 1943, David Schatz
discovered streptomycin, a natural product that
could actually kill tubercle bacilli [18]. Unfortunately,
85% of the patients treated with streptomycin devel-
oped streptomycin-resistant TB in the first clinical
trial of streptomycin [19,20]. The addition of para-
aminosalicylic acid (PAS), discovered by Domagk
[16], could reduce the emergence of streptomycin
resistance [21,22], establishing the first multidrug
therapy [19]. We argue that the phenomenon of
persistence, the phenotype that allows M. tuberculosis
to generate drug-resistant mutants [23–25], necessi-
tates the need for such combination therapy.
The Discovery of Isoniazid: Serendipity
and Rational Drug Discovery

The word “serendipity” was first coined in 1754 by
Horace Warpole and was based on a Persian fairy
tale entitled “The Three Princes of Serendip.” In this
story, the heroes made their discoveries by accident
and sagacity [26], and serendipity accurately reflects
the way many discoveries are made in science,
with INH being a perfect example. While trying to
test whether nicotinamide, a component of niacin
(vitamin B3), could alleviate the side effects of
ionizing radiation on cancer patients, Ernest Huant
discovered that some of his cancer patients, who
were also infected with M. tuberculosis, had dra-
matically cleared their TB lesions [27]. In parallel,
French physician Vital Chorine tested nicotinamide
on M. tuberculosis–infected guinea pigs and found
high doses (1 g/kg) of nicotinamide stopped disease
progression. Nicotinamide activity was specific to
mycobacteria and was not due to its vitamin activity
[28]. The knowledge that niacin could have activity
against TB led Herbert Fox at Hoffmann–La Roche
to screen compounds that resembled the niacin
structure (Fig. 1), ultimately resulting in the discovery
of INH [29]. At the same time, two other pharmaceu-
tical groups led by Domagk at Bayer and Bernstein
at the Squibb Institute for Medical research reported
the activity of INH against M. tuberculosis [21,22,30].
Remarkably, this was the first drug in history with
superb and specific bactericidal activity in vitro and
in vivo against M. tuberculosis.
Elucidating the Mechanism of Action of
INH—Pre-Gene Transfer Technology

Although discovered in 1952, studies identifying
the specific target of INH action, that is, the mycolic
acid biosynthetic pathway, would have to wait until
the 1970s. Studies before that time concluded that
the INH mechanism of action involved inhibition of
DNA biosynthesis [31], an NAD glycohydrolase
[32–35], a pyridoxal-dependent metabolic pathway
(s) [36], cell division [37], or a membrane component
[38–46]. Winder and colleagues [47] were the first
to demonstrate that INH inhibited the biosynthesis
of mycolic acids, long-chain α-alkyl, β-hydroxy-fatty
acids that are an integral component of the myco-
bacterial cell wall. Later, Takayama and colleagues
[48] explored the mechanisms behind mycolic acid
inhibition by INH and found that INH inhibited the
biosynthesis of very long-chain saturated (NC26)



Fig. 1. Isoniazid (INH) structure and killing ofM. tuberculosis. (A) INH structure, analogs, and active form. Ethionamide,
nicotinamide, and pyrazinamide are INH analogs, and INH-NAD is the active form of INH. (B) Biphasic killing of
M. tuberculosis H37Rv by INH. H37Rv grown in Middlebrook 7H9 supplemented with OADC, glycerol, and tyloxapol was
treated once with INH (7.3 μM) at day 0. Bacteria survival was followed by taking samples at different time points and
plating for colony-forming units (CFU). Slope “a” represents the rapid killing of INH-susceptible M. tuberculosis bacilli,
slope “b” illustrates the slowing down of the bacterial killing by INH as persister cells accumulate, and slope “c” shows the
emergence of INH-resistant mutants.
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and unsaturated (NC24) fatty acids, resulting in the
accumulation of long-chain (C26) fatty acids. They
postulated that these fatty acids were the precursors
of mycolic acids and proposed that INH inhibited one
of three enzymes: (1) a desaturase, (2) a cyclopro-
panase, or (3) an enzyme involved in fatty acid
elongation [48]. The elucidation of the exact mech-
anism of INH action would have to wait until the
1990s when gene transfer, DNA sequences, and
recombinant DNA technologies became available
for M. tuberculosis.
Elucidating the Mechanism of Action of
INH—Post-Gene Transfer Technology

Knowledge of the mechanism of INH action and
resistance began with the isolation of INH-resistant
mutants, DNA sequence analysis of the genes
involved, and transfer of putative resistance alleles
to drug-susceptible strains to prove causality. While
Cohn and colleagues [49] first isolated INH-resistant
mutants in 1954 and discovered that a large sub-
set of these mutants were defective in catalase-
peroxidase functions [50–52], it was clear that
catalase peroxidase could not be the target of INH
and yet somehow conferred INH susceptibility.
Saroja and Gopinathan [53] had isolated INH-
resistant mutants in Mycobacterium smegmatis, but
the lack of a genetic map made it difficult to sort out a
putative target for INH. Following the first introduc-
tion of foreign DNA into mycobacteria using a shuttle
phasmid [54], a systematic approach was used to
isolate a mutant of M. smegmatis, named mc2155,
that was transformable with plasmids [55]. An initial
step to elucidate specific genes involved in INH
resistance made use of the INH-resistant mutant of
mc2155 named BH1, which had impaired catalase
activity [56]. Transformation of an M. tuberculosis
library into this mutant led to the isolation of an INH-
susceptible clone. Further subcloning demonstrated
that a single gene, katG, encoding a catalase
peroxidase, restored INH susceptibility, not only in
the INH-resistant M. smegmatis mutant but also in
INH-resistant M. tuberculosis clinical isolates [57].
Biochemical analysis demonstrated that KatG
cleaved the hydrazide group on INH to form an
isonicotinoyl radical, which reacts with NAD+ to form
an INH-NAD adduct (Fig. 1A) [58–60]. BH1 led to
the discovery that INH was a pro-drug activated by
KatG. Two other M. smegmatis mutants, mc2651
[61] and mc22359 [62], would be needed to decipher
the genetic target of INH.
Previous studies had demonstrated that INH-

resistant strains isolated from TB patients were
often ethionamide (ETH) resistant, although the
patients had never received ETH. Based on the
hypothesis that INH and ETH share a common
target, Banerjee and colleagues [61] isolated an
M. smegmatismutant, mc2651, that was co-resistant
to INH and ETH. A genomic library of mc2651 was
constructed and transformed into INH-susceptible
mc2155 to identify clones that gained co-resistance
to INH and ETH. Subcloning and sequence analysis
led to the identification of a single open reading
frame that conferred co-resistance to INH and ETH,
and that was consequently named inhA. DNA
sequence analysis of mc2651 inhA revealed a single
base-pair mutation resulting in the amino acid change
Ser94Ala [61]. Later, inhA was identified as encoding
an NADH-dependent enoyl-ACP reductase [63,64],
part of the fatty acid synthase type II system [65]. This
finding led to the conundrum of how the potential
inhibition of an enoyl-ACP reductase, whose role is to
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reduce Δ2-alkenoyl-ACP into saturated acyl-ACP, by
INH would result in the accumulation of long-chain
fatty acids [66] as observed by Takayama and
colleagues [48]. This dilemma was solved with the
isolation of mc22359 [62], a temperature-sensitive
M. smegmatis mutant co-resistant to INH and ETH
and carrying a mutation in inhA (Val238Phe). This
mutant demonstrated that thermal inactivation of
InhA resulted in cell lysis, inhibition of mycolic acid
biosynthesis, accumulation of long-chain fatty acids,
and cell wall morphology changes, thus replicating
the features of INH inhibition in mycobacteria ob-
served by Takayama and colleagues [48,67,68].
These discoveries allowed us to propose InhA as
the relevant target of INH. Further genetic proof came
later when the InhA Ser94Ala mutation was intro-
duced into wild-type M. tuberculosis H37Rv using a
specialized transducing phage carrying the mutation
Ser94Ala in inhA linked to a hygromycin cassette [69].
Screening for hygromycin resistance allowed the
selection of transductants that carried the mutated
inhA, and these transductantswereboth INHandETH
resistant, demonstrating that the Ser94Ala mutation
in inhA was sufficient to cause INH resistance in
M. tuberculosis. Furthermore, the activated form of
INH, that is, the INH-NAD adduct, was shown bound
to InhA by x-ray crystallography [59] and to inhibit
the enzymatic activity of InhA [70,71]. These findings
meet the criteria for identifying the drug target as the
enzyme InhA, to which the drug (INH) binds and
causes enzymatic inhibition leading to cell death.
Moreover, overexpression of inhA either via promoter
mutation [69] or by introducing inhA on a multicopy
plasmid [72] also conferred INH resistance in M.
tuberculosis, fulfilling another genetic concept of a
drug target inwhich overexpression of the target leads
to drug resistance via titration of the drug.
Although mutations in numerous genes have

been found in INH-resistant clinical isolates of
M. tuberculosis [73], only mutations in katG and
inhA have been correlated with INH resistance. The
proportion of mutations in katG and inhA varies
geographically, but it is estimated that at least 80%
of all INH-resistant clinical isolates have either the
mutatedSer315 codon of katGor the c-15 t nucleotide
substitution in the inhA promoter [73–75]. Since its
introduction as an anti-TB drug 66 years ago,
numerous targets and mechanisms of action have
been proposed for INH [76]. In our current view, INH is
a pro-drug activated by KatG to form an INH-NAD
adduct, which binds to and inhibits InhA, leading to
M. tuberculosis cell death.
The Phenomenon of Persistence

The discovery of penicillin, the first antibiotic or
drug that mediated bactericidal killing, unmasked a
previously unappreciated mechanism of drug resis-
tance described as persistence. In contrast to drug
resistance, in which bacteria acquire a genetic
alteration that allows for growth in the presence
of the antibiotic, persistence reflects the ability of
bacteria to survive the killing activity of a drug without
mutation. The phenomenon of persistence was
first described by Hobby and Meyer in 1942 [77].
The authors observed that penicillin killed 99% of
streptococci present in a culture. The rest of the
bacteria (1%) could be eliminated but were killed at a
slower rate than were the first 99%. Later, Joseph
Bigger found that penicillin often failed to sterilize
Staphylococcus pyogenes cultures due to the
survival of a small number (less than 1 per million) of
bacteria. Bigger [78] named that surviving population
“persisters.” He concluded that (1) persisters are
present in a small number in cultures; (2) persisters
are randomly distributed in bacterial cultures; (3) per-
sister formation could be induced by external stresses
(temperature shock, culture dilution, penicillin addi-
tion); (4) some staphylococci might be predestined to
become persisters; (5) persisters are in a dormant,
non-replicating phase; and (6) when the drug stress
is removed, the persisters grow normally and are
as sensitive as the parental culture to the drug. In
addition, Bigger postulated that persisters had to exist
in vivo. Based on the observation that staphylococcal
infection in patients treated with penicillin for 8 days
seemed to be cleared for a few days before re-
emerging, Bigger suggested that persisters, which
could stay dormant for long periods of time in patients,
were responsible for the re-emergence of the disease
and that multidrug treatment could prevent their
growth.
Persistence in TB was manifested when patients

were treated with the first TB drug, streptomycin.
Unfortunately, 85% of the patients treated with
streptomycin developed streptomycin-resistant
M. tuberculosis and renewed TB symptoms [20].
The addition of PAS seemed to reduce the number
of cases that developed drug-resistant organisms
but still did not eradicate M. tuberculosis in many TB
patients. It was only after INH was implemented in
the 1950s, in combination with streptomycin and
PAS, that a reproducible sterilizing chemotherapy
became available [79]. Walsh McDermott, who pio-
neered the use of INH in humans, went on to establish
a mouse infection model that reproducibly generated
persisting M. tuberculosis in M. tuberculosis-infected
mice treated with INH or a combination of PZA (an
INH analog, Fig. 1A) and INH [80]. McCune and
colleagues [80] observed that chronically infectedmice
had culturable M. tuberculosis bacilli after a 79-day
treatment only when treated with INH and not when
treated with PZA or with the combination of PZA/INH.
In the latter case, M. tuberculosis could be isolated in
about a third of these treated mice 3 months after
treatment cessation. The authors demonstrated that
surviving bacilli were fully susceptible to drugs used
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during the treatment.McDermott and his group defined
persistence as “the capacity of the tubercle bacilli to
resist sterilization in mice tissues” [81]. This definition
differs from Bigger's description of the phenomenon,
which clearly suggests that persistence is a property
of the bacterium, whereas McDermott thought persis-
tence in mice or man could reflect the inability of
the drug to get to tissues in privileged sites within
mammals.
Treatment of M. tuberculosis with INH (Fig. 1B)

in vitro follows a killing kinetics mimicking a typical
pattern of persister formation [82], with a rapid killing of
drug-susceptible M. tuberculosis cells followed by a
reduction in the killing rate. This biphasic killing of the
bacilli by INH was also observed in vivo either in INH-
treated M. tuberculosis-infected guinea pigs [83] or in
TB patients [84]. In the latter study, INH monotherapy
on TB patients resulted in a 0.722 log10 decrease
in colony-forming units (CFUs) per day during the first
2 days of treatment followed by only a 0.113 log10
CFUs/day decrease from day 2 to day 14, demon-
strating that INH activity was the greatest during the
first 2 days of treatment and then dropped drastically.
Although the authors did not postulate a reason for
this radical change in activity, others have proposed
that this change in killing rate reflects the emergence
of INH resistance [85]. In the former study [83],
INH treatment of guinea pigs resulted in a four-log
decrease in CFUs within 2 weeks followed by a two-
log decrease in CFUs in the next 4 weeks. Since no
INH-resistant mutants emerged in the INH-treated
M. tuberculosis-infected guinea pigs, the authors
concluded that the decline in INH killing was due to
the presence of phenotypically tolerant persisters.
In a notable study entitled “The death and res-

urrection of the tubercle bacillus,” Loring and col-
leagues [86] described drug-sensitiveM. tuberculosis
that was isolated from patients following chemother-
apy (INH and streptomycin) and that required pro-
longed culture times (up to 16 weeks) to grow, but
once grown, the bacteria would grow normally, infect,
and cause TB disease in animals. They concluded
“The fact that bacilli which we ordinarily regard as
being deadbecomealive again, and active, is amatter
of major interest.”
Although we do believe that persistence can have

unique phenotypes in the host, we pursued the
development of an in vitro model described below to
study M. tuberculosis persistence in the presence of
INH [87], building on the models used by Bigger,
Hobby, and colleagues for other bacteria decadesago.
Detecting INH Persister M. tuberculosis
Cells

M. tuberculosis persisters have been hard to
visualize and quantitate. They represent a very small
number of bacteria, often in a dormant or slowly
replicating state. To further amplify this hardship, an
M. tuberculosis population in a stressed or dormant
state, such as the persisters, can lose the ability to
stain acid-fast [88–90], a hallmark of M. tuberculosis
and an easy way to evaluate microscopically for the
presence of tubercle bacilli in human samples.
We developed a phage-based system to visualize

persisters, based on the transcriptomic analysis of
the INH persister cells [87]. In vitro, INH rapidly kills
99.0% to 99.9% of INH-susceptible M. tuberculosis
bacilli during the first 3 days of treatment (Fig. 1B,
slope “a”). In the second phase (slope “b”), the killing
rate decreases due to the presence of INH persisters
tolerant to INH action (Fig. 1B). The 0.1% to 1%
of surviving cells are clearly persisters as upon
regrowth they are fully INH-susceptible and will elicit
the same death kinetics in retreatment with INH.
Transcriptomic analysis of the persister cells that
accumulated at day 4 indicated that these cells were
(1) INH-susceptible, (2) non- or slowly-replicating,
and (3) adapting to stress in order to survive [87].
This data set highlighted specific genes that were
up-regulated in the persisters, and we chose
promoters of these genes to construct dual-reporter
mycobacteriophages (DRMs) to specifically visual-
ize and quantify M. tuberculosis persister cells.
These mycobacteriophages expressed both mVenus
(GFP) from the phage constitutive promoter PL(L5) and
tdTomato (RFP) whose expression was controlled
by the promoters of genes up-regulated in INH
persisters (Fig. 2A). One such DRM, Φ2DRM9, in
which the expression of tdTomato is driven by the
promoter of the chaperone gene dnaK, has been
used to visualize persisters produced during drug
treatment [87,91,92] or present in sputum samples
of TB patients [87]. Time-lapse photography of
M. tuberculosis cells infected with Φ2DRM9 on a
microfluidic chip and incubated in INH-containing
media revealed that the majority of cells initially
displayed a greenish-yellow fluorescence (Fig. 2B).
Actively dividing, DRM-infected M. tuberculosis
cells expressed GFP and RFP when subjected to a
stress such as drug treatment, nutrient starvation, or
other. However, at day 3, the yellow fluorescent
cells went dark (consistent with INH killing of actively
dividing cells), and approximately 1% of the cells
stayed fluorescently red, consistent with an INH
persister population, that is, a non- or slowly dividing
population in which the L5 phage promoter,
expressed in metabolically active cells, was turned
off, and the dnaK promoter was highly expressed [87];
see the movie http://mbio.asm.org/content/7/5/
e01023-16/DC2/embed/inline-supplementary-
material-2.avi). Flow cytometry analysis of the popu-
lations at day 3 shows the INH-treatedM. tuberculosis
culture contains a significant portion of RFP+GFP−

cells most likely representing the INH persisters
(Fig. 2C and in Ref. [87]). Our studies provide a
new tool, the DRMs, to visualize and quantitate



Fig. 2. Use of dual-reporter mycobacteriophages to monitor persister cells. (A) Representation of the dual-reporter
mycobacteriophage Φ2DRM9. mVenus (GFP) expression is driven by the constitutive PL(L5) promoter, and tdTomato
(RFP) expression is driven by the promoter of a specific gene highly expressed in the INH persister population (dnaK in
Φ2DRM9). (B) Time-lapse microscopy ofM. tuberculosis infected withΦ 2DRM9 and treated with INH (from Jain et al. [87],
with permission from the publisher). (C) Flow cytometry analysis of M. tuberculosis treated with INH (7.3 μM) for 3 days
and infected with Φ2DRM9 for 16 h. The RFP population was back-gated to show the distribution of GFP expression in
these cells.
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persister cells. As we are convinced that many
different stresses can induce persister formation,
unique DRMs might need to be generated for
visualizing other types of heterogeneous persister
populations.
Mechanisms of INH Persistence

Since persisters represent a heterogenous popu-
lation whose formation might depend on the means
used to generate this population (i.e., nutrient
starvation, hypoxia, drug treatment), deciphering
the mechanism(s) by which persisters are formed
is challenging. Mechanisms involving toxin–antitoxin
systems, stress response, SOS response, reactive
oxygen species (ROS) response, stringent response,
energy metabolism, efflux pumps, (p)ppGpp network,
quorum sensing, and biofilms have been proposed to
explain the presence of persisters and are compre-
hensively reviewed [82,93–97]. We will present a
few mechanisms relevant to the formation of INH
persisters in mycobacteria.
INH persistence can be instigated by cells that do

not respond to the killing action of INH. INH is
bactericidal only when activated by KatG; therefore,
KatG shutdown to prevent the formation of the INH-
NAD adduct might enable M. tuberculosis cells to
persist during INH treatment. Niki and colleagues
[98] demonstrated that KatG was negatively regu-
lated in mycobacteria by the histone-like protein
MDP1 (mycobacterial DNA-binding protein 1), a
regulator of gene expression involved in the myco-
bacterial growth rate [99]. MDP1 expression was
found to be higher in stationary phase, resulting in
a decrease in KatG expression. The authors
proposed that tolerance to INH could be growth-
phase dependent and mediated by increased MDP1
expression. Furthermore, Wakamoto and col-
leagues [100] demonstrated that KatG expression
consisted of stochastic pulses. Mycobacterial cells
with nonpulsing KatG levels did not activate INH
and therefore were impervious to INH killing. The
authors postulated that KatG pulsing might result
from (1) stochastic ability of KatG to be on or off,
(2) network switches that turned KatG on or off, or
(3) production of ROS, during metabolic respiration,
that triggers intermittent katG transcription.
INH persistence is impaired in cultures of M.

tuberculosis strains deleted for the sigma factors
sigE or sigB [101]. Interestingly, the sigma factor σE

regulates the transcription of relMtb [102] encoding
the GTP pyrophosphokinase involved in the synthe-
sis and degradation of the “alarmone” (p)ppGpp
(guanosine tetra- or pentaphosphate) [103,104].
(p)ppGpp is viewed as a regulator of persistence in
bacteria [105,106]. In M. tuberculosis, deletion of
relMtb results in a strain that does not produce
(p)ppGpp [107] and is unable to survive nutrient
starvation [107], anaerobic conditions [107], or in
mouse lungs during the chronic infection stage [108]
indicating that (p)ppGpp is involved inM. tuberculosis
persistence. Another member of the σE regulon is
the two-component system MprAB. Phosphorylation
of MprA by MprB using the inorganic polyphosphate
polyP activates mprAB resulting in the activation
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of sigE and ultimately relMtb, leading to (p)ppGpp
production [102]. PolyP may therefore also play a
role in persistence as a regulator of (p)ppGpp
levels in mycobacteria. PolyP is synthesized by
the polyP kinase encoded by ppk1, which is
regulated by both σB and the RNA polymerase
binding protein RbpA [109]. Wang and colleagues
[109] found that INH-tolerant cells were decreased
in an rbpA knockdown strain and in Δppk1 and
ΔsigB knockout M. smegmatis strains, and conclud-
ed that RbpA, SigB and PPK1 form a regulatory
network that controls polyP levels and INH tolerance.
In contrast, Bhaskar and colleagues [110] generated
M. smegmatis deletions in relA, the M. smegmatis
homolog of relMtb, and genes involved in polyP
synthesis (ppk1, ppk2) and degradation (ppx1ppx2)
and found that neither a decrease in (p)ppGpp levels
nor changes in polyP concentration induced INH
persistence.
Respiration is also a regulator of persistence in

M. tuberculosis [111]. Increasing M. tuberculosis
oxygen consumption either via genetic means, such
asdeletion of the succinate dehydrogenase sdh1, or by
addition of reducing agents, prevents M. tuberculosis
from entering into a persister state [111]. Sdh1 is an
enzyme found in both the TCA cycle regulating the
growth of M. tuberculosis and the electron transport
chain, which controls energy production. Deletion of
sdh1 results in a strain unable to control its respiration
or to persist in stationary phase [111]. The addition
of reducing agents to INH-treated M. tuberculosis
cultures prevents the formation of INH persisters and
results in sterilization of the cultures [92,112]. In both
instances, the inability of M. tuberculosis to enter into
a persistent phase was due to an increase in the
reduced menaquinone pool, the main electron carrier
in the respiratory chain, leading M. tuberculosis to
keep on consuming oxygen and thus to stay metabol-
ically active [92,111,112]. The concept of boosting
the bactericidal activity of a drug by increasing
respiration was also demonstrated in Escherichia coli
and Staphylococcus aureus [113]. The side effect
of increased respiration in M. tuberculosis is ROS
generation, which is bactericidal to M. tuberculosis
[92,112,114,115]. Based on the observation made
by Wakamoto and colleagues, we can postulate that
this increase in oxygen consumption keeps KatG
expressed to fight potential ROS production and
therefore allows for INH activation andM. tuberculosis
killing.
Dhar and McKinney [116] found that disruption

of the cytochrome ABC transporter cydC impaired
the ability of M. tuberculosis to enter into a
persistent state in INH-treated mice while having
no growth or survival effect in untreated mice.
Although the role of cydC in mycobacteria is still
unresolved [117], it is possible, as mentioned by
the authors, that CydC is involved in maintaining
redox homeostasis, leading us to hypothesize that
deletion or impairment of this gene might shift the
menaquinol pool balance and increase oxygen
consumption by M. tuberculosis.
Eliminating Persisters

Novel drugs to target and eliminate persisters are
the holy grail of M. tuberculosis drug discovery.
Numerous laboratories, both academic and industri-
al, have targeted persisters through high-throughput
screening of diverse libraries, a topic extensively
reviewed by Gold and Nathan [118]. These authors
emphasized the challenges facing such a task as
most screens are done in specific in vitro conditions
that may not reflect formation of persisters in TB
patients, but they also expressed optimism that
collaborations between researchers from various
backgrounds, in both academic and pharmaceuti-
cals laboratories, might improve understanding of
the physiology of persisters in humans and how to
eradicate these cells.
We recently demonstrated that INH persisters

can be eliminated from INH-treated M. tuberculosis
in vitro cultures by the addition of specific reductants
such as vitamin C [112] or N-acetylcysteine [92]
(Fig. 3A). Co-treatment of anM. tuberculosis culture
with INH and vitamin C or N-acetylcysteine resulted
in sterilization of the culture, whereas INH-resistant
mutants emerged in an M. tuberculosis culture
treated with INH alone [92,112]. Using the DRM
Φ2DRM9, which allows for the visualization and
quantification of persisters (see above), we demon-
strated that theadditionof vitaminCorN-acetylcysteine
drastically reduced the persister population (Fig. 3B
and C). As described above, these reductants in-
creaseM. tuberculosis oxygen consumption and keep
M. tuberculosis cells in a metabolically active state
in which they continue to divide, are susceptible
to INH action, and are therefore killed by INH,
preventing or eliminating the formation of INH
persisters [92]. Interestingly, Syal and colleagues
[119] demonstrated that vitamin C inhibits (p)
ppGpp synthesis in M. smegmatis, suggesting
that vitamin C can exploit different mechanisms
to prevent persister formation in mycobacteria.
Although vitamin C and N-acetylcysteine could be
used as adjunct therapy for TB as they are non-
toxic and, in the case of N-acetylcysteine, already
used in TB patients to help cope with TB drug
toxicity, the quantity required to achieve culture
sterilization in vitro (mM range) may not be appli-
cable in TB patients. Nevertheless, these findings
suggest that screening for compounds that increase
M. tuberculosis respiration could provide a new
path towardsM. tuberculosis eradication. Moreover,
DRMs may provide the means for high-throughput
screening to detect compounds that prevent per-
sister formation.



Fig. 3. Vitamin C andN-acetylcysteine enhance INH killing ofM. tuberculosis. (A) Sterilization ofM. tuberculosisH37Rv
with the combination of INH/Vitamin C or INH/N-acetylcysteine. H37Rv grown in Middlebrook 7H9 supplemented with
OADC, glycerol, and tyloxapol was treated once with INH (7.3 μM), vitamin C (VitC, 1 mM) or N-acetylcysteine (NAC,
4 mM) at day 0. Bacterial survival was monitored by taking samples at different time points and plating for colony-forming
units (CFU). (B) Flow cytometry analysis ofM. tuberculosis treated with INH, INH/VitC, or INH/NAC for 3 days and infected
with Φ2DRM9 for 16 h. The RFP population was back-gated to show the distribution of GFP expression in these cells.
(C) % RFP+GFP− population (gate is shown in panel B) representing INH persisters.
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Conclusion

The study of the mechanisms of INH action and
resistance exposed the complex role of drug
activation, target over-expression, and target bind-
ing. INH is a pro-drug that binds to and inhibits
InhA, an enzyme involved in the biosynthesis of
mycolic acids, an essential mycobacterial cell wall
constituent, leading to mycobacterial cell death.
The discovery of INH bactericidal activity against
M. tuberculosis provided a central component of
multi-drug therapy to cure M. tuberculosis-infected
individuals, yet, to this day, TB remains a significant
killer in the developing world with the potential of
giving rise to drug-resistant organisms that could
initiate untreatable epidemics. It is fair to ask why,
136 years after the discovery of M. tuberculosis, the
organism that initiated the germ theory of disease,
TB is far from being eradicated, although sterilization
chemotherapy and a vaccine exist. We believe that
the reason for this failure is the specific property of
persistence, a phenotype that M. tuberculosis has
mastered to survive killing assaults.
Louis Pasteur said “It is characteristic of science

and of progress that they continually open new fields
to our vision” [120]. The development of genetics
for M. tuberculosis has given us with new eyes to
decipher the mechanisms of INH action and resis-
tance and to understand the problem of persistence.
By studying the kinetics of INH-induced killing of
M. tuberculosis cells, one population of persistent
M. tuberculosis cells which exhibits phenotypic INH
resistance was revealed. Harnessing the knowledge
of the unique transcriptional profile of INH persisters
led to the construction of dual reporter mycobacter-
iophages to visualize these persisters. Further
analysis of the genes and biochemical pathways
involved in generating INH persister cells will provide
new clues to shortening TB chemotherapy. Re-
search efforts focused on the sterilization of the
tubercle bacillus will surely involve understanding
and eliminating the persistence phenomenon.
Declarations of Interest

None.
Acknowledgement

This work was supported by the National Institutes
of Health Grant AI26170 and U19AI111276 (USA).

Received 11 December 2018;
Received in revised form 5 February 2019;

Accepted 11 February 2019
Available online 21 February 2019

Keywords:
isoniazid;
persister;

mycobacteriophage;
mechanism

†Many textbooks refer to this statement as “Koch's
postulates,” but logic would call it a singular postulate that

the tubercle bacillus causes a disease following the
fulfillment of three conditions.

Abbreviations used:
INH, isoniazid; RIF, rifampicin; PZA, pyrazinamide; EMB,

ethambutol; PAS, para-aminosalicylic acid; ETH,
ethionamide; DRM, dual-reporter mycobacteriophage;

ROS, reactive oxygen species.



3458 Review: Isoniazid Paradigm in Mycobacterium tuberculosis
References

[1] World health Organization, Global tuberculosis Report. Exec-
utive summary2018, http://www.who.int/tb/publications/global_
report/GraphicExecutiveSummary.pdf?ua=1 2018.

[2] Centers for Disease Control and Prevention, Data and
Statistics, https://www.cdc.gov/tb/statistics/default.htm 2017.

[3] World Health Organization, Tuberculosis, https://www.who.
int/news-room/fact-sheets/detail/tuberculosis 2018.

[4] C.S. Dela Cruz, P.G. Lyons, S. Pasnick, T. Weinstock, P.
Nahid, K.C. Wilson, et al., Treatment of drug-susceptible
tuberculosis, Ann. Am. Thorac. Soc. 13 (2016) 2060–2063.

[5] A. Finlay, J. Lancaster, T.H. Holtz, K. Weyer, A. Miranda, M.
van der Walt, Patient- and provider-level risk factors associ-
ated with default from tuberculosis treatment, South Africa,
2002: a case–control study, BMC Public Health 12 (2012) 56.

[6] S.B. Gorityala, U.V. Mateti, V. Konuru, S. Martha, Assess-
ment of treatment interruption among pulmonary tuberculo-
sis patients: a cross-sectional study, J. Pharm. Bioallied Sci.
7 (2015) 226–229.

[7] World health Organization, Multidrug-resistant tuberculosis
(MDR-TB). 2017 update, https://www.who.int/tb/challenges/
mdr/MDR-RR_TB_factsheet_2017.pdf 2018.

[8] T. Torun, G. Gungor, I. Ozmen, Y. Bolukbasi, E. Maden, B.
Bicakci, et al., Side effects associated with the treatment of
multidrug-resistant tuberculosis, Int. J. Tuberc. Lung Dis. 9
(2005) 1373–1377.

[9] T.W. Yang, H.O. Park, H.N. Jang, J.H. Yang, S.H. Kim, S.H.
Moon, et al., Side effects associated with the treatment of
multidrug-resistant tuberculosis at a tuberculosis referral
hospital in South Korea: A retrospective study, Medicine
(Baltimore) 96 (2017), e7482.

[10] R. Koch, Die Atiologie der Tuberkulose, Berliner Klinischen
Wochenschrift, 15, 1882, pp. 221–230 , English translation
http://www.asm.org/ccLibraryFiles/FILENAME/0000000228/
1882p109.pdf.

[11] P. Ehrlich, H. Sachs, Ueber den Mechanismus der
Antiamboceptorwirkung, Berliner klinische Wochenschrift
1905, pp. 557–600 , (and 609–612).

[12] Ehrlich P. Die, Aufgaben der Chemotherapie, Frankfurter
Zeitung und Handelsblatt:Zweites Morgenblatt, 1906.

[13] P. Ehrlich, Diskussion zu dem Vortrage von Arrhenius über
Serumtherapie, Z. Elektrochem. Angew. Phys. Chem. 10
(1904) 668–679.

[14] P. Ehrlich, Anwendung und Wirkung von Salvarsan, Dtsch.
Med. Wochenschr. 52 (1910) 2437–2438.

[15] G. Domagk, Ein Beitrag zur Chemotheraple der bakteriellen
Infektionen, Dtsch. Med. Wochenschr. 61 (1935) 250–253.

[16] G. Domagk, R. Behnisch, F. Mietzsch, H. Schmidt, Uber
eine neue, gegen Tuberkelbazillen in vitro wirksamr
verbindungsklasse, Naturwissenschaften 33 (1946) 315.

[17] A. Fleming, On the antibacterial action of cultures of a
Penicilliumwith special reference to their use in the isolation
of B. influenza, Br. J. Exp. Pathol. 10 (1929) 226–236.

[18] A.Schatz,E.Bugle,S.A.Waksman,Streptomycin, a substance
exhibiting antibiotic activity against gram-positive and gram-
negative bacteria, Proc. Soc. Exp. Biol. Med. 55 (1944) 66–69.

[19] J. Crofton, The MRC randomized trial of streptomycin and
its legacy: a view from the clinical front line, J. R. Soc. Med.
99 (2006) 531–534.

[20] K.H. Pfuetze, M.M. Pyle, H.C. Hinshaw, W.H. Feldman, The
first clinical trial of streptomycin in human tuberculosis, Am.
Rev. Tuberc. 71 (1955) 752–754.
[21] G. Domagk, H.A. Offe, Siefken W (Therapy of experimental
tuberculosis with neoteben), Med. Colon. 20 (1952) 517–528.

[22] G. Domagk, H.A. Offe, W. Siefken, Additional investigations
in experimental chemotherapy of tuberculosis (neoteban),
Dtsch. Med. Wochenschr. 77 (1952) 573–578.

[23] N.R. Cohen, M.A. Lobritz, J.J. Collins, Microbial persistence
and the road to drug resistance, Cell Host Microbe 13
(2013) 632–642.

[24] I. Levin-Reisman, I. Ronin, O. Gefen, I. Braniss, N. Shoresh,
N.Q. Balaban, Antibiotic tolerance facilitates the evolution of
resistance, Science 355 (2017) 826–830.

[25] J. Sebastian, S. Swaminath, R.R. Nair, K. Jakkala, A.
Pradhan, P. Ajitkumar, De novo emergence of genetically
resistant mutants of Mycobacterium tuberculosis from the
persistence phase cells formed against antituberculosis
drugs in vitro, Antimicrob. Agents Chemother. 61 (2017),
e01343-16. .

[26] S. Fatovic-Ferencic, K. Holubar, “…Theywere alwaysmaking
discoveries, by accidents and sagacity, of things they were
not in quest of…” Serendipity: a quarter of a millennium
anniversary, J. Invest. Dermatol. 121 (2003) xiii–xiv.

[27] E. Huant, Notes sur l'action de très fortes doses d'amide
nicotinique dans les lésions bacillaires, Gaz. Hop. 16 (1945)
259–260.

[28] V. Chorine, Action of nicotinamide on bacilli of the species
Mycobacterium, Comp. Rend. Acad. Sci. 220 (1945) 150–151.

[29] H.H. Fox, The chemical approach to the control of tubercu-
losis, Science 116 (1952) 129–134.

[30] J.W. Bernstein, A. Lott, B.A. Steinberg, H.L. Yale, Chemo-
therapy of experimental tuberculosis, Am. Rev. Tuberc. 65
(1952) 357–374.

[31] P.R.J. Gangadharam, F.M. Harold, W. Schaefer, Selective
inhibition of nucleic acid synthesis in Mycobacterium
tuberculosis by isoniazid, Nature 198 (1963) 712–714.

[32] W.E. Davis, M.M. Weber, Specificity of isoniazid on growth
inhibition and competition for anoxidizednicotinamideadenine
dinucleotide regulatory site on the electron transport pathway
in Mycobacterium phlei, Antimicrob. Agents Chemother. 12
(1977) 213–218.

[33] R.P. Herman, M.M. Weber, Site of action of isoniazid on the
electron transport chain and its relationship to nicotinamide
adenine dinucleotide regulation in Mycobacterium phlei,
Antimicrob. Agents Chemother. 17 (1980) 450–454.

[34] F. Winder, P. Collins, The effect of isoniazid on nicotinamide
nucleotide levels in Mycobacterium bovis, strain BCG, Am.
Rev. Respir. Dis. 97 (1968) 719–720.

[35] F.G. Winder, P. Collins, The effect of isoniazid on
nicotinamide nucleotide concentrations in tubercle bacilli.
A correction and further observations, Am. Rev. Respir. Dis.
100 (1969) 101–103.

[36] H. Pope, Antagonism of isoniazid by certain metabolites,
Am. Rev. Tuberc. 68 (1953) 938–939.

[37] W.R. Barclay, R.H. Ebert, D. Kochweser, Mode of action of
isoniazid, Am. Rev. Tuberc. 67 (1953) 490–496.

[38] P.J. Brennan, S.A. Rooney, F.G. Winder, The lipids of
Mycobacterium tuberculosis BCG: fractionation, composi-
tion, turnover and the effects of isoniazid, Ir. J. Med. Sci. 3
(1970) 371–390.

[39] T. Ebina, M. Motomiya, K. Munakata, G. Kobuya, Effect of
isoniazid on fatty acids in Mycobacterium, C. R. Seances
Soc. Biol. Fil. 155 (1961) 1176–1178.

[40] H.P. Russe, W.R. Barclay, The effect of isoniazid on lipids
of the tubercle bacillus, Am. Rev. Tuberc. 72 (1955)
713–717.



3459Review: Isoniazid Paradigm in Mycobacterium tuberculosis
[41] F. Winder, P. Brennan, The accumulation of free trehalose
by mycobacteria exposed to isoniazid, Biochim. Biophys.
Acta 90 (1964) 442–444.

[42] F.G. Winder, P. Brennan, Effect of isoniazid on lipid
metabolism in Mycobacterium tuberculosis, Biochem. J.
96 (1965) 77P.

[43] F.G. Winder, P.J. Brennan, I. McDonnell, Effects of
isoniazid on the composition of mycobacteria, with partic-
ular reference to soluble carbohydrates and related
substances, Biochem. J. 104 (1967) 385–393.

[44] F.G. Winder, S.A. Rooney, The effect of isoniazid on the
alkali-extractable polysaccharides of Mycobacterium
tuberculosis, Biochem. J. 110 (1968) 8P–9P.

[45] F.G. Winder, S.A. Rooney, Effects of isoniazid on the
triglycerides of BCG, Am. Rev. Respir. Dis. 97 (1968)
938–940.

[46] F.G. Winder, S.A. Rooney, The effects of isoniazid on
the carbohydrates of Mycobacterium tuberculosis BCG,
Biochem. J. 117 (1970) 355–368.

[47] F.G. Winder, P. Collins, S.A. Rooney, Effects of isoniazid on
mycolic acid synthesis in Mycobacterium tuberculosis and
on its cell envelope, Biochem. J. 117 (1970) 27P.

[48] K. Takayama, H.K. Schnoes, E.L. Armstrong, R.W. Boyle,
Site of inhibitory action of isoniazid in the synthesis of
mycolic acids in Mycobacterium tuberculosis, J. Lipid Res.
16 (1975) 308–317.

[49] M.L. Cohn, U. Oda, C. Kovitz, G. Middlebrook, Studies on
isoniazid and tubercle bacilli. I. The isolation of isoniazid-
resistant mutants in vitro, Am. Rev. Tuberc. 70 (1954)
465–475.

[50] M.L. Cohn, C. Kovitz, U. Oda, G. Middlebrook, Studies on
isoniazid and tubercle bacilli. II. The growth requirements,
catalase activities, and pathogenic properties of isoniazid-
resistant mutants, Am. Rev. Tuberc. 70 (1954) 641–664.

[51] G. Middlebrook, Isoniazid resistance and catalase activity of
tubercle bacilli, Am. Rev. Tuberc. 69 (1954) 471–472.

[52] G.Middlebrook,M.L.Cohn,W.B.Schaefer,Studieson isoniazid
and tubercle bacilli. III. The isolation, drug-susceptibility, and
catalase-testing of tubercle bacilli from isoniazid-treated
patients, Am. Rev. Tuberc. 70 (1954) 852–872.

[53] D. Saroja, K.P. Gopinathan, Transduction of isoniazid
susceptibility-resistance and streptomycin resistance in
mycobacteria, Antimicrob. Agents Chemother. 4 (1973)
643–645.

[54] W.R. Jacobs Jr., M. Tuckman, B.R. Bloom, Introduction of
foreign DNA into mycobacteria using a shuttle phasmid,
Nature 327 (1987) 532–535.

[55] S.B. Snapper, R.E. Melton, S. Mustafa, T. Kieser, W.R.
Jacobs Jr., Isolation and characterization of efficient plasmid
transformation mutants of Mycobacterium smegmatis, Mol.
Microbiol. 4 (1990) 1911–1919.

[56] Y. Zhang, B. Heym, B. Allen, D. Young, S. Cole, The
catalase-peroxidase gene and isoniazid resistance of
Mycobacterium tuberculosis, Nature. 358 (1992)
591–593.

[57] Y. Zhang, T. Garbe, D. Young, Transformation with katG
restores isoniazid-sensitivity inMycobacterium tuberculosis
isolates resistant to a range of drug concentrations, Mol.
Microbiol. 8 (1993) 521–524.

[58] K. Johnsson, P.G.Schultz,Mechanistic studies of the oxidation
of isoniazid by the catalase peroxidase from Mycobacterium
tuberculosis, J. Am. Chem. Soc. 116 (1994) 7425–7426.

[59] D.A. Rozwarski, G.A. Grant, D.H. Barton, W.R. Jacobs Jr.,
J.C. Sacchettini, Modification of the NADH of the isoniazid
target (InhA) from Mycobacterium tuberculosis, Science
279 (1998) 98–102.

[60] M. Wilming, K. Johnsson, Spontaneous formation of the
bioactive form of the tuberculosis drug isoniazid, Angew.
Chem. Int. Ed. Engl. 38 (1999) 2588–2590.

[61] A. Banerjee, E. Dubnau, A. Quemard, V. Balasubramanian,
K.S. Um, T. Wilson, et al., inhA, a gene encoding a target for
isoniazid and ethionamide in Mycobacterium tuberculosis,
Science 263 (1994) 227–230.

[62] C. Vilcheze, H.R. Morbidoni, T.R. Weisbrod, H. Iwamoto, M.
Kuo, J.C. Sacchettini, et al., Inactivation of the inhA-encoded
fatty acid synthase II (FASII) enoyl-acyl carrier protein reductase
induces accumulation of the FASI end products and cell lysis of
Mycobacteriumsmegmatis, J.Bacteriol. 182 (2000)4059–4067.

[63] A. Dessen, A. Quemard, J.S. Blanchard, W.R. Jacobs Jr.,
J.C. Sacchettini, Crystal structure and function of the
isoniazid target of Mycobacterium tuberculosis, Science
267 (1995) 1638–1641.

[64] A. Quemard, J.C. Sacchettini, A. Dessen, C. Vilcheze, R.
Bittman, W.R. Jacobs Jr., et al., Enzymatic characterization
of the target for isoniazid in Mycobacterium tuberculosis,
Biochemistry 34 (1995) 8235–8241.

[65] H. Marrakchi, G. Laneelle, A. Quemard, InhA, a target of the
antituberculous drug isoniazid, is involved in a mycobacte-
rial fatty acid elongation system, FAS-II, Microbiology 146
(Pt 2) (2000) 289–296.

[66] K. Mdluli, R.A. Slayden, Y. Zhu, S. Ramaswamy, X. Pan, D.
Mead, et al., Inhibition of a Mycobacterium tuberculosis
beta-ketoacyl ACP synthase by isoniazid, Science 280
(1998) 1607–1610.

[67] K. Takayama, L. Wang, H.L. David, Effect of isoniazid on the
in vivo mycolic acid synthesis, cell growth, and viability of
Mycobacterium tuberculosis, Antimicrob. Agents Chemother.
2 (1972) 29–235.

[68] K. Takayama, L. Wang, R.S. Merkal, Scanning electron
microscopyof theH37Rastrain ofMycobacterium tuberculosis
exposed to isoniazid, Antimicrob. Agents Chemother. 4 (1973)
62–65.

[69] C. Vilcheze, F. Wang, M. Arai, M.H. Hazbon, R. Colangeli, L.
Kremer, et al., Transfer of a point mutation inMycobacterium
tuberculosis inhA resolves the target of isoniazid, Nat. Med.
12 (2006) 1027–1029.

[70] M. Nguyen, A. Quemard, S. Broussy, J. Bernadou, B.
Meunier, Mn(III) pyrophosphate as an efficient tool for
studying themode of action of isoniazid on the InhA protein of
Mycobacterium tuberculosis, Antimicrob. Agents Chemother.
46 (2002) 2137–2144.

[71] R. Rawat, A. Whitty, P.J. Tonge, The isoniazid–NAD adduct is
a slow, tight-binding inhibitor of InhA, the Mycobacterium
tuberculosis enoyl reductase: adduct affinity and drug resis-
tance,Proc.Natl. Acad. Sci. U. S. A. 100 (2003) 13881–13886.

[72] M.H. Larsen, C. Vilcheze, L. Kremer, G.S. Besra, L.
Parsons, M. Salfinger, et al., Overexpression of inhA,
but not kasA, confers resistance to isoniazid and ethion-
amide in Mycobacterium smegmatis, M. bovis BCG and
M. tuberculosis, Mol. Microbiol. 46 (2002) 453–466.

[73] C. Vilcheze, W.R. Jacobs Jr., Resistance to isoniazid and
ethionamide in Mycobacterium tuberculosis: genes, muta-
tions, and causalities, Microbiol. Spectr. 2 (2014) (MGM2–
0014-2013).

[74] A.S. Pym, P. Domenech, N. Honore, J. Song, V. Deretic, S.T.
Cole, Regulation of catalase-peroxidase (KatG) expression,
isoniazid sensitivity and virulence by furA of Mycobacterium
tuberculosis, Mol. Microbiol. 40 (2001) 879–889.



3460 Review: Isoniazid Paradigm in Mycobacterium tuberculosis
[75] M. Seifert, D. Catanzaro, A. Catanzaro, T.C. Rodwell,
Genetic mutations associated with isoniazid resistance in
Mycobacterium tuberculosis: a systematic review, PLoS
One 10 (2015), e0119628.

[76] C. Vilcheze, W.R. Jacobs Jr., The mechanism of isoniazid
killing: clarity through the scope of genetics, Annu. Rev.
Microbiol. 61 (2007) 35–50.

[77] G. Hobby, K.C. Meyer, Observations on the mechanism of
action of penicillin, Proc. Soc. Exp. Biol. Med. 50 (1942)
281–285.

[78] J.W. Bigger, Treatment of staphylococcal infections with
penicillin, Lancet 244 (1944) 497–500.

[79] Medical Research Council, Various combinations of isoni-
azid with streptomycin or with P.A.S. in the treatment of
pulmonary tuberculosis; seventh report to the Medical
Research Council by their Tuberculosis Chemotherapy
Trials Committee, Br. Med. J. 1 (1955) 435–445.

[80] R.M. McCune Jr., W. McDermott, R. Tompsett, The fate of
Mycobacterium tuberculosis in mouse tissues as deter-
mined by the microbial enumeration technique. II. The
conversion of tuberculous infection to the latent state by
the administration of pyrazinamide and a companion drug,
J. Exp. Med. 104 (1956) 763–802.

[81] R.M.McCune, F.M. Feldmann, H.P. Lambert, W. McDermott,
Microbial persistence. I. The capacity of tubercle bacilli to
survive sterilization inmouse tissues, J. Exp.Med. 123 (1966)
445–468.

[82] B. Van den Bergh, M. Fauvart, J. Michiels, Formation,
physiology, ecology, evolution and clinical importance of
bacterial persisters, FEMSMicrobiol. Rev. 41 (2017) 219–251.

[83] Z. Ahmad, L.G. Klinkenberg, M.L. Pinn, M.M. Fraig, C.A.
Peloquin, W.R. Bishai, et al., Biphasic kill curve of isoniazid
reveals the presence of drug-tolerant, not drug-resistant,
Mycobacterium tuberculosis in the Guinea pig, J. Infect. Dis.
200 (2009) 1136–1143.

[84] A. Jindani, V.R. Aber, E.A. Edwards, D.A. Mitchison, The
early bactericidal activity of drugs in patients with pulmonary
tuberculosis, Am. Rev. Respir. Dis. 121 (1980) 939–949.

[85] T. Gumbo, A. Louie, W. Liu, P.G. Ambrose, S.M. Bhavnani,
D. Brown, et al., Isoniazid's bactericidal activity ceases
because of the emergence of resistance, not depletion
of Mycobacterium tuberculosis in the log phase of growth,
J. Infect. Dis. 195 (2007) 194–201.

[86] W.W. Loring, I. Melvin, H.M. Vandiviere, H.S. Willis, The
death and resurrection of the tubercle bacillus, Trans. Am.
Clin. Climatol. Assoc. 67 (1955-1956) 132–138.

[87] P. Jain, B.C. Weinrick, E.J. Kalivoda, H. Yang, V. Munsamy,
C. Vilcheze, et al., Dual-reporter mycobacteriophages
(Phi2DRMs) reveal preexisting Mycobacterium tuberculosis
persistent cells in human sputum, MBio 7 (2016), e01023-16.

[88] C. Deb, C.M. Lee, V.S. Dubey, J. Daniel, B. Abomoelak,
T.D. Sirakova, et al., A novel in vitro multiple-stress
dormancy model forMycobacterium tuberculosis generates
a lipid-loaded, drug-tolerant, dormant pathogen, PLoS One
4 (2009), e6077.

[89] G.J. Ryan, D.R. Hoff, E.R. Driver, M.I. Voskuil, M.
Gonzalez-Juarrero, R.J. Basaraba, et al., Multiple M.
tuberculosis phenotypes in mouse and guinea pig lung
tissue revealed by a dual-staining approach, PLoS One 5
(2010), e11108.

[90] P. Seiler, T. Ulrichs, S. Bandermann, L. Pradl, S. Jorg, V.
Krenn, et al., Cell-wall alterations as an attribute of
Mycobacterium tuberculosis in latent infection, J. Infect.
Dis. 188 (2003) 1326–1331.
[91] C. Vilcheze, J. Copeland, T.L. Keiser, T. Weisbrod, J.
Washington, P. Jain, et al., Rational design of biosafety level
2-approved, multidrug-resistant strains of Mycobacterium
tuberculosis through nutrient auxotrophy, MBio 9 (2018),
e00938–18.

[92] C. Vilcheze, T. Hartman, B. Weinrick, P. Jain, T.R. Weisbrod,
L.W. Leung, et al., Enhanced respiration prevents drug
tolerance and drug resistance inMycobacterium tuberculosis,
Proc. Natl. Acad. Sci. U. S. A. 114 (2017) 4495–4500.

[93] S. Ehrt, D. Schnappinger, K.Y. Rhee, Metabolic principles of
persistence and pathogenicity in Mycobacterium tuberculosis,
Nat. Rev. Microbiol. 16 (2018) 496–507.

[94] M.S. Islam, J.P.Richards, A.K.Ojha, Targeting drug tolerance
in mycobacteria: a perspective from mycobacterial biofilms,
Expert Rev. Anti-Infect. Ther. 10 (2012) 1055–1066.

[95] K. Lewis, Persister cells, Annu. Rev. Microbiol. 64 (2010)
357–372.

[96] R. Trastoy, T. Manso, L. Fernandez-Garcia, L. Blasco, A.
Ambroa, M.L. Perez Del Molino, et al., Mechanisms of
bacterial tolerance and persistence in the gastrointestinal
and respiratory environments, Clin. Microbiol. Rev. 31
(2018), e00023-18.

[97] Y. Zhang, W.W. Yew, M.R. Barer, Targeting persisters for
tuberculosis control, Antimicrob. Agents Chemother. 56
(2012) 2223–2230.

[98] M. Niki, Y. Tateishi, Y. Ozeki, T. Kirikae, A. Lewin, Y. Inoue,
et al., A novel mechanism of growth phase-dependent
tolerance to isoniazid in mycobacteria, J. Biol. Chem. 287
(2012) 27743–27752.

[99] A. Lewin, D. Baus, E. Kamal, F. Bon, R. Kunisch, S.
Maurischat, et al., The mycobacterial DNA-binding protein 1
(MDP1) from Mycobacterium bovis BCG influences various
growth characteristics, BMC Microbiol. 8 (2008) 91.

[100] Y.Wakamoto, N. Dhar, R. Chait, K. Schneider, F. Signorino-
Gelo, S. Leibler, et al., Dynamic persistence of antibiotic-
stressed mycobacteria, Science 339 (2013) 91–95.

[101] D. Pisu, R. Provvedi, D.M. Espinosa, J.B. Payan, F. Boldrin,
G. Palu, et al., The alternative sigma factors SigE and
SigB are involved in tolerance and persistence to antitu-
bercular drugs, Antimicrob. Agents Chemother. 61 (2017),
e01596-17.

[102] K. Sureka, S. Dey, P. Datta, A.K. Singh, A. Dasgupta, S.
Rodrigue, et al., Polyphosphate kinase is involved in stress-
induced mprAB-sigE-rel signalling in mycobacteria, Mol.
Microbiol. 65 (2007) 261–276.

[103] A. Avarbock, D. Avarbock, J.S. Teh, M. Buckstein, Z.M.
Wang, H. Rubin, Functional regulation of the opposing (p)
ppGpp synthetase/hydrolase activities of RelMtb from
Mycobacterium tuberculosis, Biochemistry 44 (2005)
9913–9923.

[104] D. Avarbock, J. Salem, L.S. Li, Z.M. Wang, H. Rubin,
Cloning and characterization of a bifunctional RelA/SpoT
homologue from Mycobacterium tuberculosis, Gene 233
(1999) 261–269.

[105] A.O. Gaca, C. Colomer-Winter, J.A. Lemos, Many means to
a common end: the intricacies of (p)ppGpp metabolism and
its control of bacterial homeostasis, J. Bacteriol. 197 (2015)
1146–1156.

[106] E. Maisonneuve, K. Gerdes, Molecular mechanisms under-
lying bacterial persisters, Cell 157 (2014) 539–548.

[107] T.P.Primm,S.J.Andersen,V.Mizrahi,D. Avarbock,H.Rubin,
C.E. Barry 3rd., The stringent response of Mycobacterium
tuberculosis is required for long-term survival, J. Bacteriol.
182 (2000) 4889–4898.



3461Review: Isoniazid Paradigm in Mycobacterium tuberculosis
[108] J.L. Dahl, C.N. Kraus, H.I. Boshoff, B. Doan, K. Foley, D.
Avarbock, et al., The role of RelMtb-mediated adaptation to
stationary phase in long-term persistence ofMycobacterium
tuberculosis in mice, Proc. Natl. Acad. Sci. U. S. A. 100
(2003) 10026–10031.

[109] Z. Wang, B.M. Cumming, C. Mao, Y. Zhu, P. Lu, A.J.C.
Steyn, et al., RbpA and sigma(B) association regulates
polyphosphate levels to modulate mycobacterial isoniazid-
tolerance, Mol. Microbiol. 108 (2018) 627–640.

[110] A. Bhaskar, C. DePiano, E.Gelman, J.D.McKinney, N. Dhar,
Elucidating the role of (p)ppGpp in mycobacterial persistence
against antibiotics, IUBMB Life 70 (2018) 836–844.

[111] T. Hartman, B. Weinrick, C. Vilcheze, M. Berney, J.
Tufariello, G.M. Cook, et al., Succinate dehydrogenase is
the regulator of respiration in Mycobacterium tuberculosis,
PLoS Pathog. 10 (2014), e1004510.

[112] C. Vilcheze, T. Hartman, B. Weinrick, W.R. Jacobs Jr.,
Mycobacterium tuberculosis is extraordinarily sensitive
to killing by a vitamin C-induced Fenton reaction, Nat.
Commun. 4 (2013) 1881.

[113] M.A. Lobritz, P. Belenky, C.B. Porter, A. Gutierrez, J.H.
Yang, E.G. Schwarz, et al., Antibiotic efficacy is linked to
bacterial cellular respiration, Proc. Natl. Acad. Sci. U. S. A.
112 (2015) 8173–8180.
[114] S.S. Grant, B.B. Kaufmann, N.S. Chand, N. Haseley, D.T.
Hung, Eradication of bacterial persisters with antibiotic-
generated hydroxyl radicals, Proc. Natl. Acad. Sci. U. S. A.
109 (2012) 12147–12152.

[115] S. Tiwari, A.J. van Tonder, C. Vilcheze, V. Mendes, S.E.
Thomas, A. Malek, et al., Arginine-deprivation-induced
oxidative damage sterilizes Mycobacterium tuberculosis,
Proc. Natl. Acad. Sci. U. S. A. 115 (2018) 9779–9784.

[116] N. Dhar, J.D. McKinney, Mycobacterium tuberculosis
persistence mutants identified by screening in isoniazid-
treated mice, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
12275–12280.

[117] G.M. Cook, K. Hards, C. Vilcheze, T. Hartman, M. Berney,
Energetics of respiration and oxidative phosphorylation in
mycobacteria,Microbiol. Spectr. 2 (2014) (MGM2–0015-2013).

[118] B. Gold, C. Nathan, Targeting phenotypically tolerant
Mycobacterium tuberculosis, Microbiol. Spectr. 5 (2017)
(TBTB2–0031-2016).

[119] K. Syal, N. Bhardwaj, D. Chatterji, Vitamin C targets (p)
ppGpp synthesis leading to stalling of long-term survival
and biofilm formation in Mycobacterium smegmatis, FEMS
Microbiol. Lett. 364 (2017) (pii: fnw282).

[120] R.J. Dubos, Louis Pasteur: Free Lance of Science, Little,
Brown and Company, Boston, 1950.


