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Objectives: Despite having potent activity against actively replicating Mycobacterium tuberculosis, iso-
niazid has very limited activity against dormant bacilli. In order to investigate the lack of bactericidal
activity of this drug under conditions leading to mycobacterial dormancy, we studied the transcrip-
tional pattern of M. tuberculosis in different physiological states following exposure to isoniazid.

Methods: Global gene expression analysis was used to study M. tuberculosis treated with isoniazid in
dormancy models of nutrient depletion and progressive hypoxia in vitro, as well as in an in vivo
hollow fibre model of dormancy. Mycobacterial expression of the drug’s putative transcriptional signa-
ture was investigated by RT–PCR in each dormancy model, and during the early and chronic phases of
infection in the mouse aerosol model. Transcriptional responses were correlated with the bactericidal
activity of isoniazid in the respective models.

Results: A small group of genes directly relevant to the mechanism of action of isoniazid was confirmed
to constitute a transcriptional signature of the drug, as differential regulation of these genes was abro-
gated in an isoniazid-resistant, katG-deficient M. tuberculosis strain following isoniazid exposure.
Isoniazid-induced expression of this transcriptional signature was abolished in dormant bacilli which
had acquired phenotypic tolerance to isoniazid, regardless of the specific conditions responsible for
the induction of the dormancy phenotype. Quantitative RT–PCR revealed that expression of isoniazid-
regulated genes (IRGs) is dramatically altered under conditions of nutrient depletion and progressive
hypoxia in vitro. Although these IRGs are highly induced following drug exposure early in infection in
the mouse hollow fibre and aerosol models, correlating with potent bactericidal activity of the drug,
their expression levels are markedly diminished during late-stage infection in these two models,
coinciding with the greatly reduced bactericidal activity of isoniazid against these organisms.

Conclusions: The reduced susceptibility of bacilli to the bactericidal drug isoniazid, as well as lack of
expression of IRGs upon exposure to the drug, may be defining features of M. tuberculosis dormancy.
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Introduction

Isoniazid (isonicotinic acid hydrazide) has been the most widely
used drug against Mycobacterium tuberculosis since recognition
of its clinical activity in the early 1950s.1 Isoniazid has potent
bactericidal activity against M. tuberculosis grown in vitro and
in animal models of tuberculosis, as well as in humans with
active tuberculosis disease.2 However, the drug has poor steriliz-
ing activity relative to other antituberculosis agents such as
rifampicin.3 – 5 Thus, isoniazid has little or no activity against

dormant M. tuberculosis grown under conditions of nutrient star-
vation6 or progressive oxygen depletion in vitro.7 In addition,
isoniazid has reduced activity relative to rifampicin against
M. tuberculosis in an in vivo granuloma model of dormancy.8

These observations may be explained by the drug’s mechan-
ism of action. Isoniazid is a pro-drug that is activated by the
M. tuberculosis katG-encoded catalase-peroxidase enzyme.9 In its
active form, isoniazid inhibits multiple intracellular targets,10–13

but its lethal effect is exerted by inhibition of mycolic acid syn-
thesis.14,15 Mycolic acids are high molecular weight, a-alkyl,
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b-hydroxy fatty acids, which are unique outer cell wall com-
ponents of mycobacteria and other Actinomycetales.16 Together
with other lipids of the outer leaflet, mycolic acids constitute a
very hydrophobic barrier,17 and it is believed that disruption of
this barrier results in loss of cellular integrity.18 Isoniazid inter-
rupts mycolic acid synthesis by binding tightly to the
NADH-dependent enoyl acyl carrier protein reductase InhA,19 a
component of the fatty acid synthase II (FAS-II) system of
mycobacteria, which is essential for fatty acid elongation.
Recently, Vilcheze et al.20 demonstrated that a single point
mutation in inhA (S94A) was sufficient to confer 5-fold
increased resistance to isoniazid, as well as inhibition of
mycolic acid biosynthesis. Isoniazid appears to have potent
activity against actively replicating M. tuberculosis but not
against dormant organisms, perhaps because the latter are
characterized by a non-replicating persistent state, which does
not involve active cell wall synthesis. Alternatively, dormant
organisms may be exposed to a hostile microenvironment in
which the pro-drug cannot be converted to the bioactive form of
the drug because of the lack of activity of M. tuberculosis KatG
under these conditions.

Genome-wide expression analysis using microarrays provides
a powerful means to study the adaptive survival strategies
of bacteria in response to a variety of stress conditions.21

M. tuberculosis gene expression in response to isoniazid
exposure has been monitored in vitro,22 – 25 revealing induction
of several genes which encode proteins physiologically relevant
to the drug’s mode of action, as well as genes which are likely
to mediate processes associated with the toxic consequences of
the drug.25 Likewise, the transcriptome of M. tuberculosis has
been characterized in various in vitro models of dormancy,
including under conditions of nutrient starvation6 and progress-
ive oxygen depletion,26 as well as in an in vivo granuloma
model of M. tuberculosis dormancy.8

Induction of a small group of genes directly relevant to the
mechanism of action of isoniazid has been shown to be absent
in an isoniazid-resistant, katG-deficient M. tuberculosis strain
following low-dose isoniazid exposure (�1 mg/L),25 and
expression of these genes is detectable but diminished in
another katG-deficient mutant after high-dose isoniazid exposure
(10 mg/L).27 We hypothesized that relative expression of
isoniazid-regulated genes (IRGs) upon exposure to isoniazid
could be used to predict bactericidal activity of the drug in
various models of M. tuberculosis infection. Thus, we studied
the global gene expression pattern of organisms treated with iso-
niazid in dormancy models of nutrient depletion6 and progress-
ive hypoxia in vitro,7 as well in an in vivo hollow fibre model of
dormancy,8 and correlated gene expression patterns with bacteri-
cidal activity of isoniazid in these models. We also studied
mycobacterial expression of the putative isoniazid transcriptional
signature relative to isoniazid-induced killing of M. tuberculosis
during the early and chronic phases of infection in the mouse
aerosol and hollow fibre models.

Materials and methods

Strains

Wild-type M. tuberculosis H37Rv and a DkatG mutant28 [clini-
cal isolate INH34 D(furA-katG) transformed with pAP1, con-
taining intact furA and deletional interruption of katG, provided

kindly by Stewart Cole, EPFL, Lausanne, Switzerland] were
twice-passaged in mice. Cultures (25–50 mL) were grown to
log-phase [optical density at 600 nm (OD600) �0.4] within
125 mL Ehrlenmeyer flasks containing Middlebrook 7H9 broth
(Difco Laboratories) supplemented with 10% OADC (Becton–
Dickinson), 0.05% Tween and 0.1% glycerol on a shaker at
378C (shaking rate 180 rpm/min).

Progressive hypoxia model

M. tuberculosis H37Rv was grown to log-phase in Dubos
Tween-albumin broth supplemented with 500 mg/L Methylene
Blue and diluted to �104 cfu/mL as determined by OD600. A
sufficient volume of culture yielding a ratio of head space air to
medium volume (HSR) of 0.5 was transferred to individual test
tubes containing a magnetic stir bar and sealed with a rubber
stopper. The tubes were then incubated upright without shaking
at 378C and the magnetic stir bars spun at a speed sufficient to
keep the organisms suspended uniformly throughout, but not
enough to agitate the surface of the medium.7 The reduction and
decolorization of the Methylene Blue dye served as a visual
indicator that the dissolved oxygen had dropped to below
�0.06% saturation, indicating entry of bacilli into non-
replicating persistence (NRP) stage 2, in which organisms show
phenotypic tolerance to isoniazid.7 The day after dye colour
change was used as a start time for isoniazid treatment for each
biological replicate. Samples were collected at the designated
time points by puncturing the rubber stopper with a 25-gauge
needle while applying negative pressure. The lack of introduc-
tion of ambient oxygen into the hypoxia model tubes was ascer-
tained by the maintenance of the decolorized dye state following
sample collection.

Nutrient depletion model

After growth to log-phase (OD600 �0.5), the M. tuberculosis
cultures were diluted 100-fold in supplemented 7H9
Middlebrook broth, pelleted, washed twice with PBS and resus-
pended in PBS, as previously described,6 with the exception that
0.05% Tween 80 was added to prevent clumping. Cultures were
then incubated in 125 mL Ehrlenmeyer flasks (HSR . 0.5) at
378C without shaking for 96 h to allow for reduction in myco-
bacterial respiration.29 This was used as the isoniazid treatment
start time for all replicates.

Antibiotic treatment in vitro

Isoniazid (100 mL, final concentration 1 mg/L) or vehicle was
added to experimental and control samples, respectively, for
each replicate in the nutrient depletion model, the progressive
hypoxia model and exponentially growing cultures. Antibiotic
was added to the progressive hypoxia samples by means of a
25-gauge needle and did not change the colour state of the
Methylene Blue, indicating that the reduced oxygen tension had
not been compromised. Samples were taken from each model at
0 and 6 h, as well as at days 1, 2, 3, 7 and 14 after isoniazid
exposure, and plated onto 7H10 agar plates (Fisher Scientific)
for cfu determination. Separate samples were taken 6 h after iso-
niazid exposure for RNA extraction.

Mouse infection

Six-week-old female, outbred SKH1 mice, which are hairless
and immunocompetent, were used for all in vivo experiments.
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To model dormant infection, mice were infected using the
hollow fibre technique.8 Briefly, exponential-phase M. tuberculo-
sis was diluted to 105 cfu/mL as determined by OD600, encapsu-
lated into individual polyvinylidene difluoride fibres and
implanted subcutaneously into mice. Three fibres were
implanted into each mouse for global gene expression analysis
studies, whereas two fibres were implanted into each mouse for
bacterial enumeration and quantitative RT–PCR studies.

To model active infection, followed by chronic infection,
mice were infected via the aerosol technique using a Glas-Col
inhalation exposure system (Glas-Col, Terre Haute, IN, USA)
according to the manufacturer’s default settings. The nebulized
sample consisted of log-phase M. tuberculosis diluted to
�105 cfu/mL as determined by OD600, resulting in an approxi-
mate inoculum of 100 cfu/mouse lung.

Mice were maintained and procedures performed according
to the protocol approved by the Institutional Animal Care and
Use Committee at the Johns Hopkins University.

Antibiotic treatment in vivo

All mice received either isoniazid (25 mg/kg) or sham treatment
comprising distilled water by oesophageal cannula. Mice were
treated once daily for 5 of 7 days per week.

For global gene expression analysis studies, 15 hollow
fibre-infected mice were each given either isoniazid or the sham
treatment starting 14 days after implantation. Six hours after the
third dose, hollow fibre contents (total volume per group ¼
300–600 mL) were recovered, pooled and snap-frozen in liquid
nitrogen for RNA processing as described below.

For analysis of isoniazid bactericidal activity at different
stages of in vivo infection, treatment was initiated at days 1, 14
or 42 after infection for mice infected either via aerosol or by
the hollow fibre technique. For each of the three different treat-
ment groups, three mice implanted with hollow fibres (six fibres
total) and five mice infected by aerosol were sacrificed after the
third daily antibiotic dose for mycobacterial RNA extraction. In
each treatment group, three hollow fibre-infected mice and five
aerosol-infected mice were also sacrificed at days 7 and 14 after
treatment initiation. Fibre contents and homogenized mouse
lungs were plated on 7H10 plates for cfu determination, and log-
transformed cfu values were used to calculate averages and stan-
dard errors or standard deviations, respectively, for graphing
purposes.

RNA extraction and processing

In vitro samples and hollow fibre contents were centrifuged at
3000 rpm for 10 min and the bacterial pellets were resuspended
in TriZOL reagent (GIBCO/BRL). Lung samples were hom-
ogenized in TriZOL in glass homogenizers. M. tuberculosis
membranes were disrupted using 0.1 mm zirconia/silica beads in
a bead beater. M. tuberculosis RNA was recovered by centrifu-
gation, chloroform extraction and isopropyl alcohol precipi-
tation, and purified using RNeasy column (Qiagen) as
previously described.6,26 These steps were followed to extract
mycobacterial RNA from both isoniazid-treated and -untreated
samples in each particular experimental condition. A volume of
25 mL was used to extract RNA from in vitro samples and a
volume of �600 mL was used to extract RNA from hollow fibre
samples. The entire organ (�1 mL) was used for RNA extrac-
tion from mouse lung samples.

Microarray analysis

Fluorescently labelled cDNA was generated using Powerscript
(Clontech), using fluorescent dyes Cy3 and Cy5 for untreated
control and isoniazid-treated samples, respectively, in each
experimental condition. These cDNAs were competitively hybri-
dized on microarray slides containing M. tuberculosis 70-mer
oligo-nucleotides representing all open-reading frames annotated
in the H37Rv genome sequencing project,30 and fluorescence
intensity data were collected with a GenePix 4000B scanner
(Axon Instruments) with GenePix Pro 4.0 software. GenePix
result files were loaded into the R statistical language using the
limma package of bioconductor (www.bioconductor.org) for
normalization and statistical analysis. Median spot intensities
were calculated using the read.maimages function with weighted
spots set to zero and normalized using the
normalizeWithinArrays function with the non-linear printtiploess
normalizing algorithm and the normexp background correction
algorithm with a correction factor of 50. A linear model using
the lmFit function was then applied to the normalized data and a
Bayesian method for determining differential expression was
applied using the eBayes function. Normalized microarray
expression data deemed significant (P , 0.01) from M. tubercu-
losis exposed to isoniazid under the four different experimental
conditions were clustered using Hierarchical Clustering Explorer
3.31 Default settings were used to link individuals and measure
similarity between clusters.

Quantitative RT–PCR

Prior to reverse transcription, RNA (100 ng) was treated with
RNase-free DNase (Invitrogen) and subjected to 34 cycles of
PCR to ensure that all DNA had been removed, as assessed by
ethidium bromide-stained agarose gel analysis. After reverse
transcription using gene-specific primers, cDNA corresponding
to each transcript was subjected to 36 cycles of RT–PCR on the
I-Cycler for quantification. The cycle threshold value (Ct)
obtained for each gene of interest (GOI) was normalized with
that of sigA, a housekeeping gene (HKG) with constant
expression under different experimental conditions,32 in order to
obtain a normalized Ct [NCt ¼ (HKG Ct) 2 (GOI Ct)]. Levels of
sigA were constant by microarray analysis in both isoniazid-

Table 1. Primers used in this study

ORF Gene name Sense primer Antisense primer

Rv0129c fbpC aatatctgcaggtgccatcc atgtcccagccgttgtagtc

Rv0341 iniB gctagccagatcggtgtctc atagcagcgccgttcaag

Rv1592c ggctcaatggcactcttctt tgcgtctaccgttgtcatct

Rv1772 tgggttcaacaggaggtagc tatttcgaagaccggcaatc

Rv1854c ndh cttatttcggcaacgaccat cgacaacggtgaatgtcagt

Rv2244 acpM gtatcgagccgtccgagat cttgacgccgtacttgtcct

Rv2245 kasA ctaggtggagccgagaggat caagctgcagaccgatcac

Rv2428 ahpc cgttcagcaagctcaatgac atcgggaagggtaacgtttt

Rv2703 sigA ctcgacgctgaaccagacct aggtcttcgtggtcttcgtc

Rv2763c dfrA gctgaggttgtcggttcact cgacctcggtaacctcacat

Rv2846c efpA taggtttcatcccgttcgtc tgaccaggttggggaagtag

Rv3139 fadE24 agccagcgacaacgactatt ttcacatacgggacgacgta

ORF, open-reading frame.
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treated and -untreated samples at each time point and in each
model system. Fold regulation of individual genes following iso-
niazid exposure was calculated using the following formula:
2(NCts 2 NCtc), where S represents the isoniazid-treated sample
and C represents the untreated control sample in each exper-
imental condition. The gene-specific primers used for these
experiments are listed in Table 1.

Results

Isoniazid activity against in vitro models

The bactericidal activity of isoniazid against M. tuberculosis
was tested under three different conditions in vitro: (i) mid-
exponential phase growth, (ii) progressive hypoxia7 and (iii)
nutrient depletion.6 We hypothesized that isoniazid would have
the most profound bactericidal effect against actively replicating
organisms in mid-exponential phase and very limited activity
against dormant organisms under conditions of progressive
hypoxia and nutrient depletion.

As demonstrated in Figure 1a, isoniazid had significant bac-
tericidal activity against exponentially growing organisms
in vitro, resulting in a �3 log10 reduction in cfu by 48 h after
initiation of drug exposure. The rise in cfu/mL in the isoniazid-
treated group after 72 h of drug exposure may be explained by
the selection of isoniazid-resistant mutants given the relatively
high starting concentration of .106 organisms, which was
chosen intentionally for subsequent microarray experiments, but
which exceeds the spontaneous isoniazid resistance mutation
rate of M. tuberculosis in vitro.33

When the dissolved oxygen content drops below 1%, slowly
stirred M. tuberculosis grown in sealed containers with a 0.5
ratio of air to culture medium enters the microaerophilic NRP
stage 1,7 characterized by termination of DNA synthesis and
thickening of the outer cell wall. As the dissolved oxygen drops
to below �0.06% saturation, the bacilli enter NRP stage 2 and
show reduced susceptibility to standard antituberculous drugs
and increased susceptibility to the nitroimidazole drugs.7,34 In
our experiments, treatment with isoniazid or vehicle began 1 day
after decolorization of the Methylene Blue dye, indicating entry
of the organisms into NRP stage 2.7 As expected for wild-type
M. tuberculosis exposed to progressive hypoxia in vitro, the
number of cfu/mL declined gradually over time, falling by
2 log10 over 14 days after entry into NRP stage 2 (Figure 1b). In
contrast to the potent bactericidal activity of isoniazid against
mid-exponential phase organisms, isoniazid had minimal activity
against M. tuberculosis adapted to hypoxia, resulting in no
mycobacterial killing, even after 14 days of treatment. Similarly,
M. tuberculosis exposed to nutrient depletion conditions showed
significantly reduced susceptibility to isoniazid, as cfu/mL in the
drug-treated samples were within 1 log10 of those in the
untreated samples after 14 days of treatment (Figure 1c).

Isoniazid activity against M. tuberculosis in mouse

lungs and in an in vivo granuloma model

The bactericidal activity of isoniazid was tested next at different
stages of infection in the mouse aerosol model, as well as in a
mouse granuloma model of extracellular persistence. In the
latter model, organisms are encapsulated within semi-diffusible

hollow fibres, which are implanted subcutaneously in mice.
During the course of infection, there is progressive granuloma-
tous inflammation surrounding the fibres, and within this micro-
environment, the encapsulated organisms display a dormancy
phenotype characterized by stationary-state cfu counts, decreased
metabolic activity and increased susceptibility to rifampicin
compared with isoniazid.8 We hypothesized that isoniazid would
have greater bactericidal activity during exponential growth of
M. tuberculosis in mouse lungs than after the growth plateau

Figure 1. Bactericidal activity of isoniazid against M. tuberculosis under

various conditions in vitro. Prior to isoniazid treatment, organisms were grown

to mid-exponential phase (a), or were subjected to progressive hypoxia (b) or

nutrient depletion (c). In each model, shaded squares represent untreated

control samples, and open squares represent isoniazid-treated samples. Each

experiment was repeated once, yielding similar results.
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resulting from the onset of adaptive immunity, and that isoniazid
may have significant activity immediately after implantation of
hollow fibres, but reduced activity following peri-fibre granu-
loma formation and entry of the organisms into a putatively
dormant state.

Mice were infected with the same inoculum culture of
M. tuberculosis H37Rv either via aerosol or by the hollow fibre
technique,8 resulting in �50 cfu in mouse lungs and �104 cfu
in hollow fibres on day 1 after infection. Aerosol-infected and
hollow fibre-infected mice were treated with isoniazid (25 mg/kg)
daily by oesophageal cannula for a total of 14 days beginning on
days 1, 14 and 42 of infection. Control animals in each group
received daily sham gavage for a total of 14 days beginning at the
same time points.

As shown in Figure 2, isoniazid showed potent activity
against M. tuberculosis in mouse lungs when therapy was begun
on day 1 after infection, resulting in non-cultivable lungs by 14
days after onset of therapy. The bactericidal activity of isoniazid
was retained when therapy was initiated on day 14 after aerosol
infection, as the number of cfu/lung was reduced by �1.5 log10

after 14 days of therapy. In contrast, the bactericidal activity of
isoniazid was greatly diminished when antibiotic therapy was
initiated on day 42 after aerosol infection, such that there was no
statistically significant difference in lung cfu between isoniazid-
treated and -untreated mice 14 days after initiation of therapy.

Isoniazid was highly active against hollow fibre-encapsulated
organisms when therapy was initiated on day 1 after fibre
implantation, resulting in an �2 log10 reduction in cfu/fibre after
14 days of therapy (Figure 3). Isoniazid retained significant,
albeit diminished, bactericidal activity against intra-fibre bacilli
when therapy was initiated on day 14 after fibre implantation,
and its activity was further reduced when therapy was initiated
on day 42 after fibre implantation, resulting in a statistically
insignificant difference in intra-fibre cfu between isoniazid-
treated and -untreated groups 14 days after treatment initiation.
These data are consistent with earlier findings that organisms in
the in vivo granuloma model of extracellular persistence appear
to gradually enter a dormant state characterized by up-regulation
of the dosR regulation and reduced sensitivity to isoniazid.8

Global gene expression of M. tuberculosis in different

phenotypic states following exposure to isoniazid

We hypothesized that the global gene expression pattern of
dormant M. tuberculosis in response to isoniazid exposure
would differ significantly from that of exponentially growing
bacilli exposed to the drug in vitro and might provide insight
into the phenotypic tolerance to isoniazid during dormancy.

The gene expression pattern of M. tuberculosis following iso-
niazid exposure was virtually unique in each model tested, with
almost no overlap in genes significantly regulated (P , 0.01)
between the models (Figure 4). As expected, the transcriptome
of the DkatG mutant in response to isoniazid during mid-
exponential phase growth differed significantly from that of the
wild-type strain under the same conditions. Specifically, 85
genes were found to be significantly differentially regulated
(P , 0.01) in the exponentially growing DkatG mutant after
exposure to isoniazid relative to the untreated mutant. Of
these, only one gene (Rv0283) was also significantly upregulated
(P , 0.01) in isoniazid-treated, wild-type M. tuberculosis rela-
tive to untreated wild-type bacilli during log-phase growth. Of
the 261 genes significantly regulated (P , 0.01) in exponentially
growing organisms exposed to isoniazid, only 10 in the nutrient
depletion model, 2 in the progressive hypoxia model and 1 in
the hollow fibre model were coordinately regulated following
isoniazid exposure. A full list of microarray data may be found
in Table S1, available as Supplementary data at JAC Online
(http://jac.oxfordjournals.org/).

M. tuberculosis expression of IRGs following exposure

to the drug in the different models of infection

Consistent with prior work,25 when mid-exponential phase
organisms in vitro were exposed to isoniazid, we observed sig-
nificant up-regulation of several genes encoding proteins physio-
logically relevant to the drug’s mode of action, including the
genes fabD (Rv2243), acpM (Rv2244), kasA (Rv2245), kasB
(Rv2246) and accD6 (Rv2247), which encode type II fatty acid
synthase enzymes, as well as fbpC, which encodes trehalose
dimycolyl transferase. In addition, we observed significant

Figure 2. Bactericidal activity of isoniazid against M. tuberculosis in mouse

lungs at different stages of infection. Shaded bars represent untreated control

mice, and open bars represent isoniazid-treated mice.

Figure 3. Bactericidal activity of isoniazid against subcutaneously implanted,

hollow fibre-encapsulated M. tuberculosis at different stages of infection.

Shaded bars represent untreated control mice, and open bars represent isoniazid-

treated mice.
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induction of other genes whose products are likely involved in
processes associated with the toxic effects of isoniazid, includ-
ing efpA, fadE23 and ahpC. We used RT–PCR to confirm
up-regulation of these genes (Table 2), which have been charac-
terized previously as a transcriptional signature of isoniazid,
since their expression is abrogated in a katG-deficient mutant.25

Using RT–PCR, we also found increased expression of the
NADH dehydrogenase gene ndh (Rv1854c), mutations in which
have been identified in isoniazid-resistant clinical isolates.35

However, log-phase M. tuberculosis exposed to isoniazid did not
demonstrate up-regulation of dfrA (Rv2763c), which was
recently implicated as a molecular target for isoniazid.36

Next, using RT–PCR, we explored M. tuberculosis expression
of these IRGs following isoniazid exposure in the two in vitro
models of dormancy. In contrast to isoniazid-treated log-phase
organisms, hypoxia-adapted organisms exposed to isoniazid
showed no differential regulation or even slight down-regulation
of IRGs (Table 2). On the other hand, nutrient-depleted bacilli
exposed to isoniazid showed mild up-regulation of IRGs, except
for ahpC, which was not differentially regulated.

We next investigated the expression of IRGs by M. tuberculosis
at different time points in the two in vivo models of infection.
During the second week of unabated growth in mouse lungs,
M. tuberculosis exposed to isoniazid revealed significant
upregulation of IRGs, including acpM and ahpC. Similarly, when
isoniazid was given 14 days after fibre implantation, hollow
fibre-encapsulated bacilli showed significant up-regulation of
IRGs, including fbpC, acpM, ahpC and fadE24. Interestingly,
when isoniazid was initiated at 6 weeks after infection,
upregulation of IRGs in the aerosol model was abrogated almost

completely except for efpA, which was up-regulated 5.7-fold, and
only ndh was up-regulated in the hollow fibre model of dormancy.
Despite being significantly up-regulated in exponentially growing
bacilli exposed to isoniazid, the gene efpA, which encodes an
efflux pump, was not differentially regulated in hollow
fibre-encapsulated bacilli at either time point after fibre
implantation.

Expression of M. tuberculosis ndh was greatly increased in
bacilli in mouse lungs when isoniazid was initiated 2 weeks
after aerosol infection, but the gene was not differentially regu-
lated when isoniazid therapy was started at 6 weeks of infection
(Table 3). Similarly, ndh was highly up-regulated in hollow
fibre-encapsulated organisms following initiation of isoniazid at
2 weeks of infection, but its expression declined significantly
when isoniazid was started at 6 weeks after fibre implantation.
M. tuberculosis dfrA was down-regulated more than 5-fold in
bacilli in mouse lungs following isoniazid treatment at 2 weeks
of infection and was not differentially regulated following iso-
niazid therapy at 6 weeks of infection. On the other hand, dfrA
was slightly up-regulated in hollow fibre-encapsulated organisms
following initiation of isoniazid at 2 weeks of infection and was
not differentially regulated when isoniazid was started at 6
weeks after fibre implantation. RT–PCR was not successful for
particular genes, perhaps because of low levels of specific
mRNA present.

Table 3. RT–PCR of M. tuberculosis IRGs at different stages of

infection in vivo

ORF Gene

Aerosol model Hollow fibre model

2 weeks 6 weeks 2 weeks 6 weeks

Rv0129c fbpC ND 0.62 19.70 1.23

Rv1854c ndh 337.79 0.71 48.50 2.30

Rv2244 acpM 12.13 0.38 194.01 1.00

Rv2428 ahpC 477.71 ND 294.07 0.22

Rv2763c dfrA 0.16 1.15 2.14 1.15

Rv2846c efpA ND 5.66 0.66 1.23

Rv3139 fadE24 1.52 0.33 222.86 1.07

ND, no data.
Values represent fold regulation.
RNA was extracted from mice 2 or 6 weeks after M. tuberculosis infection.
Each data point represents M. tuberculosis gene expression in animals 6 h
after a single dose of isoniazid (25 mg/kg) versus that in untreated animals.

Figure 4. Graphical representation of M. tuberculosis H37Rv transcriptome following exposure to isoniazid (P , 0.01) under four different experimental

conditions: (a) hollow fibre encapsulation in vivo; (b) progressive hypoxia in vitro; (c) nutrient depletion in vitro; and (e) exponential phase growth in vitro.

(d) Global gene expression profile of log-phase DkatG mutant exposed to isoniazid. Data were clustered using Hierarchical Clustering Explorer 3. Genes

coloured red are up-regulated and those coloured green are down-regulated, whereas dark areas represent non-regulated genes.

Table 2. RT–PCR of M. tuberculosis IRGs in in vitro models

ORF Gene Log-phase

Nutrient

depletion

Progressive

hypoxia

Rv0129c fbpC 4.09 2.38 0.64

Rv1854c ndh 2.63 0.47 0.04

Rv2244 acpM 23.70 ND ND

Rv2245 kasA 39.40 5.66 0.47

Rv2428 ahpC 21.11 1.15 0.26

Rv2763c dfrA 0.23 0.42 0.05

Rv2846c efpA 16.76 2.73 0.23

Rv3139 fadE24 25.99 6.73 0.29

ND, no data.
Values represent fold regulation.
Each data point represents M. tuberculosis gene expression 6 h after isoniazid
exposure (1 mg/L) versus that of untreated cultures.
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Discussion

We have confirmed that exposure of exponentially growing
M. tuberculosis to the bactericidal drug isoniazid leads to a
characteristic mycobacterial transcriptional profile reflecting the
drug’s mechanisms of action, as well as its related toxicities.
Specifically, genes of the FAS-II operon, including acpM and
kasA, are induced after isoniazid treatment as a consequence of
the regulatory feedback mechanisms that sense the imbalance of
full-length mycolates, which are depleted, and C24–C26 satu-
rated fatty acids, which accumulate.25 Other IRGs involved in
mycolate transfer, fatty acid b-oxidation, detoxification and anti-
biotic efflux have been described previously.25

In order to gain insight into the lack of activity of isoniazid
against dormant bacilli, we explored the transcriptional profile of
M. tuberculosis in various phenotypic growth states after
exposure to isoniazid. In general, lack of IRG expression by
organisms following exposure to isoniazid correlated with lack
of drug activity. Interestingly, isoniazid retained some activity
against nutrient-depleted bacilli and induced mild up-regulation
of some IRGs, including kasA of the FAS-II operon. These find-
ings may be explained by the fact that isoniazid therapy was
initiated 96 h after nutrient depletion, although it has been
shown previously that oxygen consumption may continue to
decrease in nutrient-starved bacilli as late as 17 days after
depletion of nutrients.29 The gradual metabolic downshift of
nutrient-starved bacilli may reflect the initial availability of
intracellular nutrient stores, which may become depleted upon
prolonged nutrient starvation. Consistent with this hypothesis,
Betts et al.6 found that isoniazid 1 mg/L showed no activity
against 6-week-starved cultures of M. tuberculosis.

There are several possibilities to help explain the correlation
between phenotypic resistance to isoniazid and the lack of
upregulation of IRGs in dormant bacilli following exposure to
isoniazid. One plausible explanation is insufficient delivery of
pro-drug to the intracellular compartment of M. tuberculosis.
Penetration of the pro-drug into bacilli may be impeded by the
formation of granulomatous lesions during late-stage infection
in vivo. Contrary to this hypothesis, intra-fibre concentrations of
isoniazid appear to closely parallel serum concentrations of the
drug even after several weeks of infection in the mouse hollow
fibre model (data not shown). In addition, isoniazid appears to
penetrate host cells readily, as its antimycobacterial activity is
essentially equivalent against intracellular M. tuberculosis and
extracellular bacilli in vitro.37 On the other hand, dormant
M. tuberculosis may undergo structural or functional changes in
its cell-wall preventing the intracellular entry or accumulation of
pro-drug under certain stress conditions. Older studies using
radioactively labelled isoniazid showed that bacilli in hypoxic
conditions have reduced uptake of label, suggesting that isonia-
zid entry into M. tuberculosis involves oxygen-dependent active
transport.38 However, these findings may also be explained by
reduced KatG activity under the same conditions, since intra-
cellular accumulation of isoniazid appears to correlate with
catalase-peroxidase activity.39 Whereas KatG-dependent, isoniazid-
derived radicals may be trapped inside bacilli, pro-drug may
diffuse readily out of organisms when KatG is inactive, giving the
impression of reduced isoniazid uptake.

Since KatG-mediated isoniazid activation appears to require
oxygen,40 and metal ions such as Cu2þ and Fe2þ enhance the
activity of isoniazid,33 enzymatic activity may be impaired

under hypoxia and nutrient-depleted conditions, respectively.
Hollow fibre-encapsulated bacilli show increased expression of
the DosR regulon,8 which is also up-regulated in M. tuberculosis
exposed to hypoxic conditions in vitro,41 suggesting that oxygen
limitation may play a role in the microenvironment of the mouse
hollow fibre model. On the other hand, the physicochemical
microenvironment encountered by M. tuberculosis during
chronic infection in mouse lungs remains poorly characterized,
but does not appear to include tissue hypoxia.42,43

An alternative explanation for the dual phenomenon of phe-
notypic resistance to isoniazid and lack of induction of IRGs is
that these organisms are in a non-replicating state in which cell
turnover and de novo cell-wall synthesis are greatly diminished.
Therefore, inhibition of the mycolic acid synthesis pathway may
not lead to the imbalance of products and precursors necessary
to trigger the characteristic isoniazid-associated transcriptional
response or lead to mycobacterial cell death. Exposure of
M. tuberculosis to progressive hypoxia7 or prolonged nutrient-
starvation conditions29 appears to induce a phenotypic state
characterized by severe growth limitation and metabolic quies-
cence. Similarly, extracellular M. tuberculosis within artificial
granulomas in mice shows several features of dormant organ-
isms, including stationary-state cfu counts, reduced metabolic
activity, increased susceptibility to rifampicin rather than to
isoniazid and up-regulation of the DosR regulon.8 Although con-
troversial, there is some evidence that during chronic infection
in mouse lungs, persistent organisms may exhibit some features
of dormancy. Specifically, Munoz-Elias et al.44 showed that the
viable bacillary counts and the bacterial chromosomal equiva-
lents in the lungs of chronically infected mice do not diverge
over time, suggesting that the stable number of bacterial cfu in
the lungs during chronic infection represents a static equilibrium
between host and pathogen.

Although inhibition of DNA synthesis by isoniazid had been
observed long ago,10 only recently was a mechanism of action
for this phenomenon proposed. Argyrou et al.36 cloned and over-
expressed the M. tuberculosis gene encoding dihydrofolate
reductase (DHFR), dfrA, in M. smegmatis and demonstrated a
2-fold increase in MIC. M. tuberculosis DHFR was shown to
selectively bind and co-crystallize with an active isoniazid
metabolite, which is distinct from that which binds InhA.45 We
did not find consistent induction of dfrA after isoniazid exposure
of metabolically active, dividing organisms. Confirmation of
DHFR as a molecular target of isoniazid requires further bio-
chemical and genetic work, and mutations in dfrA have yet to
be reported among isoniazid-resistant clinical isolates of
M. tuberculosis.

As with other IRGs, we found markedly enhanced expression
of ndh following isoniazid treatment of M. tuberculosis when
organisms were in a metabolically active, replicating state, but
not when organisms were in a putatively dormant state.
Mutations in ndh were first shown in M. smegmatis to confer
resistance to isoniazid and ethionamide.46 Subsequently, ndh
mutations were detected in almost 10% of isoniazid-resistant
M. tuberculosis clinical isolates, which did not contain mutations
in katG, inhA or kasA.35 Defective NADH dehydrogenase, which
normally oxidizes NADH and transfers electrons to quinones of
the respiratory chain, could lead to an increased ratio of NADH/
NAD, which may interfere with KatG-mediated peroxidation of
the drug or displace the isoniazid/NAD adduct from the InhA
active site.46
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In conclusion, we have confirmed that a specific group of
genes directly relevant to the inhibitory and toxic effects of iso-
niazid constitutes a transcriptional signature of the drug.
Isoniazid-induced expression of this transcriptional signature is
lost in genetically susceptible, phenotypically resistant organ-
isms regardless of the particular conditions used to induce this
dormant state, suggesting a common underlying physiology.
Although we cannot exclude the possibility that there may be
different types of mycobacterial dormancy based on our results,
the reduced susceptibility of bacilli to the bactericidal drug iso-
niazid, as well as lack of expression of IRGs upon exposure to
the drug, may be defining features of M. tuberculosis dormancy.
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