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Abstract
Under limited micronutrients condition, Mycobacterium tuberculosis (MTB) has to struggle for acquisition of the limited 
micronutrients available in the host. One such crucial micronutrient that MTB requires for the growth and sustenance is 
iron. The present study aimed to sequester the iron supply of MTB to control drug resistance in MTB. We found that iron 
restriction renders hypersensitivity to multidrug-resistant MTB strains against first-line anti-TB drugs. To decipher the effect 
of iron restriction on possible mechanisms of chemosensitization and altered cellular circuitry governing drug resistance 
and virulence of MTB, we explored MTB cellular architecture. We could identify non-intact cell envelope, tampered MTB 
morphology and diminished mycolic acid under iron restricted MDR-MTB cells. Deeper exploration unraveled altered lipi-
dome profile observed through conventional TLC and advanced mass spectrometry-based LC–ESI–MS techniques. Lipidome 
analysis not only depicted profound alterations of various lipid classes which are crucial for pathogenecity but also exposed 
leads such as indispensability of iron to sustain metabolic, genotoxic and oxidative stresses. Furthermore, iron deprivation 
led to inhibited biofilm formation and capacity of MTB to adhere buccal epithelial cells. Lastly, we demonstrated enhanced 
survival of Mycobacterium-infected Caenorhabditis elegans model under iron limitation. The present study offers evidence 
and proposes alteration of lipidome profile and affected virulence traits upon iron chelation. Taken together, iron deprivation 
could be a potential strategy to rescue MDR and enhance the effectiveness of existing anti-TB drugs.
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Introduction

Tuberculosis (TB) is a deadly disease caused by Mycobac-
terium tuberculosis (MTB) that affects 10.4 million of the 
global population annually (WHO 2018). The develop-
ment of multidrug-resistant tuberculosis (MDR-TB) and 
extensively drug-resistant tuberculosis (XDR-TB) is an 
important public health concern for the treatment of TB 
infections. Under such circumstances, it is unavoidable 
to explore novel ideas that can be used either alone or in 
combination with current drug treatments. Targeting nutri-
ent utilization of MTB is an efficiently adopted strategy 
that has been used nowadays (Vilchèze et al. 2013). Iron 
is one of the most significant elements required by almost 
all organism including humans. An estimated 30% of all 
enzymes need metal ions as cofactor and iron is crucial for 
such cellular events as the Kreb cycle, DNA biosynthesis, 
oxidative stress defense, and various metabolic processes 
(Klein and Lewinson 2011).

Iron is required for the growth and endurance of most 
bacterial pathogens. There are substantial body of the lit-
erature indicating the significance of iron in the growth 
and pathogenesis of MTB. Previous work by Kochan et al. 
(1969) revealed that MTB can grow in serum only when a 
sufficient amount of iron is present. Adding iron increases 
both intra- and extra-cellular in-vitro mycobacterial growth 
(Serafín-López et al. 2004). Moreover, it has been suggested 
that iron burden contributes to TB susceptibility in Africa 
(Gangaidzo et al. 2001), and rectification of iron burden in 
mice abolishes this outcome (Schaible et al. 2002). Iron, 
whose availability is tightly regulated in the host due to its 
transition nature, makes its availability limited for both the 
host and invading pathogen like MTB (Hameed et al. 2015). 
The disturbance of MTB iron metabolism has negative con-
sequences on virulence in vitro and in vivo (Schaible et al. 
2002). The mechanisms of iron acquisition in MTB have 
been reviewed to comprehend the potential iron-dependent 
candidates that are significant to establish infection (Hameed 
et al. 2015; Pandey et al. 2014). For instance, peptides have 
been designed that interfere with the iron-dependent regula-
tor (IdeR) and thereby MTB growth (Salimizand et al. 2017). 
Role of iron deprivation in the persistence of MTB in human 
granuloma has revealed several vulnerabilities that can be 
exploited for anti-TB therapy (Kurthkoti et al. 2017). Lipi-
domics technology has enabled to identify relation between 
phospholipid homeostasis, virulence, and iron acquisition 
(Madigan et  al. 2015). Pyrazolopyrimidinone and ATP 
exhibit antimycobacterial action only by interfering with 
iron acquisition (Tantano et al. 2015; Dragset et al. 2015). 
Thus, the significance of iron in mycobacteria is emerging 
and well established as apparent from a wide range of recent 
studies.

We formerly hypothesized the mechanisms in Myco-
bacterium smegmatis, whereby the antimycobacterial effi-
ciency of known first-line anti-TB drugs (isoniazid, etham-
butol, rifampicin and streptomycin) was enhanced under 
iron deprivation (Pal et al. 2015). To validate our hypothe-
sis in the context of pathogenic MTB and to understand the 
influence of iron availability in MDR-TB clinical strains, 
we now report deeper insights. The study uncovers addi-
tional mechanisms which are governed by iron availability 
and are necessary to sustain virulence. Furthermore, we 
demonstrated the enhanced survival of nematode model 
infected with iron-deprived Mycobacterium marinum, a 
commonly used model for MTB due to its fast growth rate 
and ease of use (Shiloh et al. 2010).

Materials and methods

All media chemicals Middlebrook 7H9 broth, Middle-
brook 7H10 agar, albumin/dextrose/catalase (ADC), oleic 
acid/albumin/dextrose/catalase (OADC) supplements 
were purchased from BD Biosciences (USA). Tween-
80, Nitrocefin, Ethambutol (EMB), Isonizid (INH), 2′,7′ 
dichlorofluorescin diacetate (DCFDA) 4′,6-diamidino-
2-phenylindole (DAPI), Calcoflourwhite (CFW), Vanillin 
 (C8H8O3) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 2,2, bipyridyl (2,2,-BP), ethidium bromide 
(EtBr), streptomycin (STP), dinitrophenol (2,4 DNP), 
rifampicin (RIF), and propidium iodide (PI) were pur-
chased from Himedia (Mumbai, India). Dimethyl sulfox-
ide (DMSO), potassium chloride (KCl), sodium chloride 
(NaCl), di-sodium hydrogen orthophosphate  (Na2HPO4), 
potassium di-hydrogen orthophosphate  (KH2PO4), sodium 
dodecyl sulphate (SDS), glycerol, D-glucose, chloroform 
 (CHCl3), methanol  (CH3OH), n-hexane  (C6H14), diethyl 
ether ((C2H5)2O) sulphuric acid  (H2SO4), and iodine (I), 
were obtained from Fischer Scientific.

Bacterial strains and culture conditions

For drug susceptibility assays, all mono-resistant (RIF and 
EMB) and MDR isolates of MTB used in this study were 
derived from All India Institute of Medical Sciences and 
Vallabhbhai Patel Chest Institute, New Delhi, respectively. 
MTB cells were grown in Middlebrook 7H9 (BD Bio-
sciences) broth supplemented with 0.05% tween-80, 10% 
ADC and 0.2% glycerol in 100 mL flasks (Schott Duran) 
and incubated at 37 °C till 12–14 days or till the exponen-
tial phase reaches. Stock cultures of log-phase cells were 
maintained in 30% glycerol and stored at − 80 °C.
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Establishment of iron‑deprived condition

To establish a suitable iron-restricted condition, MTB cells 
were exposed to 2,2,-BP (well-known specific iron chelator) 
as previously described by Pal et al. (2018a, b, c). Subinhibi-
tory concentration of 2,2,-BP, defined as the concentration 
sufficient to chelate iron without causing appreciable growth 
defect, was further evident from reduced ferroxidase activity 
(Fig. S1) and downregulation of ideR transcript (Fig. S2). 
Thus, for subsequent biochemical and phenotypic studies on 
MTB under iron restriction, we used 2,2,-BP at its subinhibi-
tory concentration of 40 µg  mL− 1.

Minimum inhibitory concentration

Minimum inhibitory concentration (MIC) was done as 
described previously (Pal et al. 2018a, b, c) by REMA (resa-
zurin microtiter assay) plate method. Briefly, 100 µL of Mid-
dlebrook 7H9 broth supplemented with OADC enrichment 
0.5% (v/v) glycerol 0.05% (v/v) Tween 80 was placed at each 
well of the 96 wells plate following with the addition of the 
drug with the remaining media and then subsequently it was 
serially diluted 1:2. 100µL of cell suspension (equivalent to 
the McFarland standard 0.5) was added to each well of the 
plate (Cui et al. 2013). Plates were incubated at 37 °C for 7 
days. After 7 days of incubation, 30 µL of resazurin salt was 
added to each well, incubated for another 2 days at 37 °C and 
assessed for the color development. A change from blue to 
red indicates reduction of resazurin and, therefore, bacterial 
growth. The MIC was defined as the lowest drug concentra-
tion that prevented this color change.

RT‑PCR

RNA was extracted from the control and iron-deprived (2,2,-
BP) MTB cells by standard TRIzol protocol with few modi-
fications (Pal et al. 2018a, b, c). Briefly, 500 µL of TRI rea-
gent (trizol) was added to MTB cells and sonicated. Reverse 
transcriptase (RT) PCR was done as described in the Rever-
tAid H Minus kit (Invitrogen) (Pal et al. 2018a, b, c). 5 µg 
isolated RNA was DNase treated at 37 °C for 30 min and 
reaction was terminated by adding 1 µL of 25 mM EDTA 
and incubated at 65 °C for 60 min. RNA was subsequently 
primed with oligo (dT)18 for cDNA synthesis at 42 °C for 
60 min. Reverse transcription reaction was terminated by 
heating at 70 °C for 5 min. The synthesized cDNA prod-
uct (2 µL) was directly used for PCR amplification (50 µL) 
using gene-specific forward and reverse primers (Table S1). 
The amplified products were gel electrophoresed and the 
densities of bands (for genes of interest) were measured 

and quantified by normalizing to that of the constitutively 
expressed 16S.

PI influx assay

PI influx assay was performed as described elsewhere (Hans 
et al. 2017). Briefly, control and iron-deprived (2,2,-BP) 
MTB cells were grown at 37 °C till it reaches the expo-
nential phase in Middlebrook 7H9 broth supplemented with 
10% ADC. The cells were harvested by centrifugation at 
10,000 rpm and suspended in PBS to 0.5 optical density 
(O.D.) units at 600 nm. 50 µg PI was added in 1 mL bacterial 
suspension and kept at room temperature for 15 min in the 
dark. 10 µL bacterial suspension was transferred to a glass 
slide, covered with cover-slip and examined under fluores-
cence microscope at 100×.

Scanning electron microscopy (SEM)

MTB cells grown in Middlebrook 7H9 broth in the absence 
(control) and presence of 2,2-BP (40  µg  mL− 1) were 
observed using SEM (JEOL JEM-1011). The cells of 0.1 
O.D600 were seeded to the media and were incubated for 24 h 
at 37 °C. Sample preparation and analysis were done using 
the method as described elsewhere (Pal et al. 2015). Briefly, 
cells were harvested in phosphate-buffered saline (PBS) 
fixed with 2.5% glutaraldehyde in 0.1% phosphate buffer 
for 1 h at room temperature (20 °C), washed with 0.1M 
phosphate buffer (pH 7.2), and postfixed with 1% OsO4 in 
0.1Mphosphate buffer for 1 h. Cells were then dehydrated 
through ethanol, dried and coated with gold, and observed 
at magnification of 15000×.

Extraction of total cell lipids

MTB control and 2,2-BP-treated cells at exponential phase 
were used for lipid extraction by modified Folch method 
(Pal et al. 2017, 2018a, b, c). Extracted lipids were then 
resolved by TLC using aluminum-backed silica gel plates 
(silica gel 60 F254; Merck). The lipid extract obtained from 
control and 2,2-BP-treated cells was loaded on TLC plate at 
a distance of 2 cm upward from the plate end. Chloroform/
methanol/water (65:25:4; v/v/v) was used for developing the 
plates. Developed chromatogram was dried at room tempera-
ture for 2 min and then exposed to iodine fumes generated 
by iodine crystal balls placed in glass chamber to visualize 
the lipids.

Extraction of apolar lipids

MTB apolar lipids were extracted as described previously 
(Chauhan et al. 2013). Briefly, 50 mL of cultures, grown in 
7H9 supplemented with ADC, were harvested at an  A600nm 
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of 1.0. Apolar lipids were extracted by adding 2 mL of meth-
anolic solution of 0.3% sodium chloride and 1 ml of petro-
leum ether (60–80 °C) to the cell pellet. The cell suspension 
was mixed end-over-end for 30 min followed by centrifuga-
tion at 2500 rpm for 10 min. The upper layer consisting of 
apolar lipids was collected in a separate vial and 1 mL of 
petroleum ether was added to the lower layer, vortexes and 
mixed end-over-end for 15 min. The cell suspension was 
again centrifuged to recollect the upper layer. The upper 
layers comprising apolar lipids were pooled and dried at 
60 °C. To resolve fatty acid, free mycolic acid and DG 2-D 
TLC were performed in chloroform:methanol (96:4 v/v) 
for 1st dimension and toluene:acetone (80:20 v/v) for 2nd 
dimension. For TG, extracted lipid was resolved in petro-
leum ether:diethyl ether (90:10 v/v) (Chauhan et al. 2013).

Ultra performance liquid 
chromatography‑electrospray ionization mass 
spectrometry (UPLC‑ESI‑MS)

The samples were analyzed by LC–MS (Waters, ACQ-
TQD#QBP 1152), a triple quadrupole tandem mass spec-
trometer in polarity switching mode as described elsewhere 
(Pal et al. 2017). Analysis of the mass spectral data was 
performed using a standalone software MS-LAMP, in which 
‘Mtb LipidDB’ (http://www.mrl.colos tate.edu; Sartain et al. 
2011; Sabareesh and Singh 2013) and the database of Lipid 
Metabolites and Pathways Strategy Consortium (LIPID 
MAPS; http://www.lipid maps.org) are integrated (Sartain 
et al. 2011). Data acquired in both positive and negative 
ESI mode only were considered for interpretation by ‘Mtb 
LipidDB’ of MS-LAMP, whereby the m/z values of the 
peaks in the mass spectra were assigned to singly proto-
nated ion, i.e., [M–H]− only and by setting the mass window 
range for the search to 1.0. (Pal et al. 2017, 2018a, b, c) The 
same set of observed m/z values (that were interpreted by 
MS-LAMP) was analyzed using MycoMass database (Layre 
et al. 2011; Pal et al. 2018a, b, c) as well.

Lipase assay

MTB cells were grown in Middlebrook 7H9 broth in the 
absence (control) and presence of 2,2-BP (40 µg  mL− 1). 
Whole cell protein was extracted (Lanigan et al. 2004) and 
protein concentration (2.5 mg  mL− 1) was determined by 
Lowry method as previously described (Lowry et al. 1951). 
Lipase activity was performed by measuring the amount of 
p-nitrophenol (p-NP) released from p-NP ester substrate 
with varying lengths of fatty acids. The total lipase activity 
was assayed using protein extract of MTB. The standard 
lipase activity assays were performed in 100 µL reaction 
system consisting of a final concentration of 0.5 mM p-NP 
esters substrate in buffer (pH 8.0) of 80 mM  H3BO3, 80 mM 

 H3PO4, 300 mM NaCl, 0.3% Triton X-100 and 20% glyc-
erol. The reaction mixture of purified protein was incubated 
at 37 °C for 40 min and the release of p-nitrophenol was 
determined spectrophotometrically (VSI-501) at 405 nm (Pal 
et al. 2016). Cell extract-free sample as negative control was 
used in the experiment.

Isocitrate lyase (ICL) and malate synthase (MS) 
enzymatic activity

Whole cell protein extraction and determination were car-
ried as described elsewhere (Lanigan et al. 2004; Lowry 
et al. 1951). Bacterial cells were grown in Middlebrook 
7H9 broth in the absence (control) and presence of 2,2-BP 
(iron restriction) at concentration (40 µg  mL− 1). The 2 mL 
reaction volume (cell extract) consisted of 25 mM imida-
zole (solvent water, pH 6.8), 5 mM  MgCl2 (solvent water), 
1 mM EDTA (solvent water pH8), 4 mM phenylhydrazine 
HCl (solvent DMSO), 1 mM DL-isocitric acid (substrate), 
and cell-free extract. The reaction was started right after the 
addition of substrate. Glyoxylate phenylhydrazone forma-
tion was spectrophotometrically assessed at 324 nm after 
incubation at 30 °C for 30 min to determine the ICL activity 
in the reaction for the subsequent inhibition study. Similar 
reactions without substrate were prepared in parallel to serve 
as the blank (Höner Zu Bentrup et al. 1999). MS activity was 
determined by a coupled 4,4′-dithiodipyridine (DTP) assay 
at 412 nm. Reactions were carried out in 50 mM HEPES, pH 
7.5 containing 15 mM  MgCl2 and 200 µM DTP, substrates 
AcCoA and glyoxylate, to a final volume of 1 mL. All assays 
were performed at 25 °C and 1.5 nM MS was added to initi-
ate the reaction (Christine et al. 2011).

Biofilm formation

MTB biofilm formation was estimated as described previ-
ously (Pal et al. 2016) on 12-well polystyrene plates. MTB 
cells were grown in Middlebrook 7H9 broth in the absence 
(control) and presence of 2,2-BP (40 µg  mL− 1) till the  OD600 
∼ 1.0. For quantitative assay of biofilm, 200 µl of 95% etha-
nol was added to each crystal violet-stained well and plates 
were incubated for 10 min at room temperature. Contents 
of each well were mixed by pipetting and then 125 µL of 
the crystal violet/ethanol solution was transferred from 
each well to a separate well of an optically clear flat bot-
tom 12-well plate and optical densities (OD) were measured 
at 600 nm using spectrophotometer. Inhibition of biofilm 
was calculated as percentage reduction in growth. For bio-
masss estimation, mycobacterial biofilms were formed on 
coverslip in Middlebrook 7H9 broth and incubated for 28 
days at 37 °C in 12 well plate. The cover-slip was rinsed 

http://www.mrl.colostate.edu
http://www.lipidmaps.org
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with distilled water and the dry weight was measured of the 
matured biofilm (Hans et al. 2017).

MTB cell adherence

Epithelial cells were obtained by soft scraping of cheek 
mucous membrane with sterile cotton swabs from mouth 
cavity of the author who voluntarily agreed to donate. The 
cells were washed 2–3 times in PBS and the pellets were 
then resuspended in PBS to give approximately (0.5  OD600) 
by using spectrophotometer. Bacterial cells were grown 
in Middlebrook 7H9 broth under iron deprivation (40 µg 
 mL− 1) and incubated overnight at 37 °C. The culture was 
adjusted to give an approximately  OD650 of 0.5, washed 
twice in PBS, centrifuged for 10 min at 10,000 rpm and 
resuspended in PBS. The test was performed by taking equal 
volumes of buccal epithelial cells  (OD600 of 0.5) and bacte-
rial suspensions that were mixed and incubated under shak-
ing (120 rpm) at 37 °C for 2–3 h. After incubation, 2–3µL of 
carbol fuchsin dye to stain Mycobacterium cells and crystal 
violet to stain epithelial cell was added to each tube and the 
mixture was gently shaken. 10 µL of the stained suspension 
was transferred to a glass slide, covered with cover slip and 
examined under light microscope at 40×. A total of 50 epi-
thelial cells were counted and the mean percentage of adher-
ence was calculated using the number of bacteria added per 
50 cells as denominator. Cells were scored as adherent when 
attached to at least 40% of the epithelial cells, while non-
adherent when attached to less than 10% of the examined 
epithelial cells (Pal et al. 2016).

Measurement of intracellular ROS generation

MTB cells grown in Middlebrook 7H9 broth in the absence 
(control) and presence of 2,2-BP (40 µg  mL− 1) were seeded 
at a starting  OD600 of 0.1. Cultures were then grown with 
shaking at 37 °C for 14 days and then 10 µM DCFDA was 
added. Bacteria continued to grow for another 30 min with 
shaking at 37 °C, after which cells were washed and both 
the  OD600 and fluorescence (excitation wavelength, 488 nm, 
slit 5 nm; emission wavelength 540 nm, slit 10 nm) were 
measured every 15 min (readings at 2 h after the addition 
of DCFH-DA are reported) (Howell et al. 2017).  H2O2 was 
used as a positive control and an antioxidant ascorbic acid 
(AA) as a negative control. To quantify ROS generation, 
iodonitrotetrazolium chloride (INT) assay was performed as 
described previously (Hans et al. 2017). Briefly, Mycobacte-
rium cells grown in Middlebrook 7H9 broth in the absence 
(control) and presence of 2,2-BP (40 µg  mL− 1 in MTB) were 
seeded at a starting  OD600 of 0.1. Cultures were then grown 
with shaking at 37 °C till the exponential phase reached, 
after which cells were washed twice with PBS buffer and 
0.5 mL of 0.2% INT dye was added in each set of cells. 

All the tubes were kept at ambient temperature for 2–3h to 
check the color change in the tubes. INT dye is pale yellow 
in color, but ROS generation changes the color from pale 
yellow to dark pink color which was measured spectrophoto-
metrically within 40 min in UV–Vis double beam spectro-
photometer (VSI-501) at 490 nm.

DAPI staining

MTB cells were grown in Middlebrook 7H9 broth in the 
absence (control) and presence of 2,2-BP (40 µg  mL− 1) 
cells and were permeabilized by exposure to toluene (2%) 
for 10 min prior to staining of DNA. The MTB cells were 
washed, resuspended in phosphate-buffered saline (PBS; 
10 mM sodium phosphate, pH 7.4, 150 mM NaCl, 15 mM 
KCl), and stained with DAPI (2 mg  mL− 1) for 15 min at 
room temperature. The samples were examined under fluo-
rescent microscope 40× (Coslab) (Hans et al. 2017).

Flow cytometry

The effect of iron deprivation on MTB cell apoptosis-like 
event was studied as described elsewhere (Sharma et al. 
2009) with few modifications. Briefly, 0.1  OD600 of MTB 
cells grown in middlebrook 7H9 broth in the absence (con-
trol) and presence of 2,2-BP (40 µg  mL− 1) was allowed to 
grow till the  OD600 reaches 1.0. The cells were then har-
vested and fixed in 1 mL of 70% ethanol. Wash cells again in 
PBS and fixed with 4% paraformaldehyde. Fixed cells were 
stained using Annexin-V kit (sigma) and cell apoptosis-like 
event and necrosis were then analyzed using Fluorescence 
Activated Cell Sorter (FACS) (BD LSR-II). 20,000 events 
were counted and fluorescence intensity was compared 
between the control and iron-deprived cells and analyzed 
with BD FACS Diva 6.1.3 software.

Extraction of prenol lipids

Cells were harvested from the culture and extracted with 
10 mL of ethanol at 70 °C for 30 min. Pellet the cellular 
debris by centrifugation at 2500 rpm for 15 min. Remove 
the organic extract and air dry. Resuspend the residue 
by the addition of 12 mL of chloroform:methanol (2:1) 
and partition by the addition of 3 mL water. Final ratio is 
chloroform:methanol:water 8:4:3. Remove the organic phase 
that contains the glycolipids. Evaporate to dryness and sub-
ject residue to 1 mL of 0.1 M NaOH in ethanol for 45 min at 
37 °C and the partition step is repeated as described above. 
The organic extract contains the polyprenol-based glycolip-
ids and can be visualized by thin-layer chromatography 
using solvent: (60/30/6) CHCl3/CH3OH/H2O (Slayden 
et al. 2001).
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Maintenance and survival of Caenorhabditis elegans

Nematodes were grown on NGM plate at 20 °C and main-
tained on E. coli OP50. Approximately, 30 C. elegans 
L4 or young adult hermaphrodites were transferred from 
a lawn of E.coli OP50 to the BHI medium containing 
2,2,-BP. Worms were considered dead when they did 
not respond to touch with a platinum wire pick and was 
scored on daily basis. Each experimental condition was 
tested in triplicate. Nematode survival was plotted with 
the Kaplan–Meier method using MS-excel software. For 
the C. elegans co-infection liquid assay, methodology 
with few modifications was used (Brenner 1974; Hae-Eun 
et al. 2017). Alternatively, for infection, specific numbers 
of CFU of M. marinium treated with 2,2-BP bacteria from 
an overnight culture were directly inoculated into the liq-
uid medium for feeding or to infect the nematodes for 7 
days plates were incubated at 25 °C, animals were scored 
as live or dead on a daily basis and images were taken on 
the 7th day of infection at 10× magnification equipped 
with Coslab camera (Galbadage et al. 2016).

Statistical analysis

All experiments were performed in triplicates (n = 3). The 
results are reported as mean ± standard deviation (SD) 
and analyzed using Student t test wherein only p < 0.05 
was considered as statistically significant.

Ethics approval

The study was approved by the Research Ethics Commit-
tee of the Amity University Haryana (reference no.AUH/
EC/RP/2016/05).

Results and discussion

Iron restriction confers hypersensitivity 
to drug‑resistant MTB

The present study was performed to elucidate the role of iron 
deprivation in combating drug resistance of MTB. To con-
firm the iron-deprived condition, we performed ferroxidase 
assay to measure the amount of non-oxidized ferrous iron 
present in the reaction mixture. MTB contains an iron stor-
age protein known as BfrB that exhibits ferroxidase activ-
ity, where ferroxidase regulates iron by oxidizing Fe(II+) 
to Fe(III+) ions, to prevent the excessive accumulation of 
iron in MTB, thereby correlating with the iron levels. We 
found reduced ferroxidase activity of MTB in the presence 
of an iron chelator 2,2,-BP (Fig. S1). IdeR is an iron regu-
latory gene that principally works as a negative regulator 
under low iron conditions and inhibits the synthesis iron 
acquisition-associated genes, but works as a positive regu-
lator for the iron storage genes bfrA and bfrB. We found 
downregulation of ideR gene confirming iron deprivation 
(Fig. S2). Next, we sought to examine if limiting iron would 
have any effect on drug susceptibility of sensitive and drug-
resistant MTB strains against known anti-TB drugs. For this, 
first we tested the drug susceptibility in  H37Rv strain and 
enhanced susceptibility was observed under iron depriva-
tion (Table 1). Similarly, two mono-drug-resistant MTB 
strains (R1 and R2) were tested for EMB and RIF sensitiv-
ity. We observed that upon iron deprivation both the drug-
resistant strains became hypersensitive to the same drugs, 
where the MIC falls from > 4 µg  mL− 1 (EMBR) and > 8 µg 
 mL− 1 (RIFR) to < 0.5 µg  mL− 1, respectively (Table 1). These 
results prompted us to explore the effect of iron deprivation 
on MDR MTB strains. Interestingly, we observed that iron 
deprivation confers hypersensitivity to all the three tested 
MDR strains (Table 1). We further explored the reasons of 
hypersensitivity and found that most of the genes responsible 

Table 1  MIC values for the first-line anti-TB drugs in different MTB strains under iron deprivation

Values defined above were derived from the MIC obtained by REMA method. Concentration of 2,2,-BP used 40 µg  mL− 1, respectively. “−2,2,-
BP” indicates the absence of iron-deprived condition, whereas “+2,2,-BP” indicates the presence of iron-deprived condition
RIF rifampicin, INH isoniazid, EMB ethambutol, STP streptomycin, MIC minimum inhibitory concentration, H37Rv laboratory strain, R1 
monoresistant to EMB, R2 monoresistant to RIF, MDR1, MDR2, MDR3 are multidrug resistance strains

Anti-TB H37Rv R1 R2 MDR1 MDR2 MDR3

−2,2,-BP +2,2,-BP −2,2,-BP +2,2,-BP −2,2,-BP +2,2,-BP −2,2,-BP +2,2,-BP −2,2,-BP +2,2,-BP −2,2,-BP +2,2,-BP

MIC Conc. (µg  mL− 1)
 RIF 0.0156 0.003 N/T – > 8 0.5 0.5 0.03125 8 0.156 8 0.125
 EMB 2.0 0.5 > 4 0.5 N/T – 1 0.0625 4 0.5 4 0.125
 INH 0.031 0.0078 N/T – N/T – 2 0.0078 4 0.5 0.5 0.125
 STP 0.25 0.0625 N/T – N/T – 0.0625 0.0078 0.0625 0.0078 0.125 0.0625



3 Biotech (2019) 9:122 

1 3

Page 7 of 19 122

for resistant phenotype in MTB, viz. rpsL, rpo, embB, katG 
and inhA were differentially regulated under iron deprivation 
as revealed by RT-PCR (Fig. S2). katG is a significant gene 
which is required for catalase–peroxidase activity and sur-
vival of MTB inside macrophages. In fact deletion of katG 
is responsible for INH drug resistance and overexpression 
of inhA gene confers increased INH resistance (Christine 
et al. 2010). Another crucial component of cell wall, ara-
binan encoded by the gene embB which is responsible for 
the resistance to EMB drug, is overexpressed in resistant 
MTB (Betzaida et al. 2015). Similarly, RIF and STP target 
β-subunit of RNA polymerase encoded by rpoB gene and 
30S ribosomal protein encoded by gene rpsL, respectively, 
the overexpression of which makes MTB resistant to RIF 
and STP drugs (Telenti et al. 1993; Meier et al. 1996). Thus, 
the differential regulation of genes known to be responsi-
ble for drug resistance had good correlation with observed 
hypersensitivities of drug-resistant MTB strains. This sug-
gested that iron plays a key role not only in MTB pathogen-
esis but drug resistance as well the mechanisms for which 
needed to be elucidated.

Iron deprivation leads to loss in MTB membrane 
integrity

Subsequently, we used one of the MDR MTB strains to gain 
further mechanistic insights into iron limitation-induced 
chemosensitization of anti-TB drugs. First, we examined 

the cell membrane more closely. Fluorescence-based PI 
influx assay was performed, where PI can only enter and 
fluoresce when the cell membrane is injured. We observed 
fluorescence only in iron-deprived cells in contrast to the 
control cells (Fig. 1a). Additionally, using an uncoupler of 
ATP production, 2,4 DNP, we further assessed whether the 
observed membrane disruption is energy dependent or not. 
We found that in the presence of DNP (20 µg  mL− 1), there 
was no fluorescence in the cell even under iron depriva-
tion, confirming that the membrane disruption phenom-
enon is energy dependent (Fig. 1a). Non-intact membrane 
was also validated by nitrocefin hydrolysis, which depicts 
altered membrane permeability. It was observed that the rate 
of nitrocefin hydrolysis was greater under iron deprivation 
indicating enhanced membrane permeability (Fig. S3). Iron-
dependent membrane perturbations were further confirmed 
by electron microscopy to analyze any morphological vari-
ation in size and shape of MTB cell envelope. We observed 
that the cells grown without any drug (control) or in the 
presence of anti-TB drugs (INH, EMB, RIF and STP) with 
subinhibitory concentrations (7.81 ng  mL− 1, 62.5 ng  mL− 1, 
31.25 ng  mL− 1 and 7.81 µg  mL− 1, respectively) depicted 
normal morphology (Fig. 1b). On the contrary, the same 
cells showed roughness and a distorted morphology of the 
cell envelope under iron-sequestered condition. Further-
more, the cells were elongated, having disrupted cytoplasm 
homogeneity and showed cytoplasm shrinkage (Fig. 1b). 
These observations were significant from the point of view 
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Fig. 1  Effect of iron deprivation on membrane integrity and composi-
tion. a Fluorescence microscopy showing effect of energy depletion 
on PI uptake (red signal) in the absence (Control) and presence of 
2,2,-BP (40 µg  mL− 1) and DNP (ATP inhibitor) at ×100 magnifica-
tion. Scale bar depicts 25 µm. b SEM images for MTB cells grown 
in the presence of drugs EMB, INH, RIF and STP with subinhibi-
tory concentrations (0.00781 µg  mL− 1, 0.0625 µg  mL− 1, 0.03125 µg 

 mL− 1 and 0.00781  µg  mL− 1) alone showing smooth and filamenta-
tion of cell envelope. SEM images for MTB cells grown in the pres-
ence of drugs (EMB, INH, RIF and STP) with subinhibitory concen-
trations (0.00781 µg  mL− 1, 0.0625 µg  mL− 1, 0.03125 µg  mL− 1 and 
0.00781  µg  mL− 1) along with 2,2,-BP (40  µg  mL− 1) showing tam-
pered morphology
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that the same drugs which were ineffective against MDR-
TB strains at particular concentrations became effective 
under iron deprivation. Consistent with these observations, 
we could detect downregulation in bglS gene as revealed by 
RT-PCR (Fig. S2). bglS gene encodes β-glucosidase enzyme 
which is found in cell membrane fraction of MTB and pos-
sibly has a role in the degradation of non-reducing sugars 
(Ross et al. 1994). Additionally, we could observe enhanced 
membrane permeability under iron deprivation (Fig. S3). All 
these results reinforce the hypothesis that iron restriction 
causes alterations in membrane homeostasis of MTB.

Iron restriction leads to alteration in lipid profile

Further, we examined whether the observed alteration in 
membrane homeostasis in MTB due to iron restriction 
also leads to any lipid alterations. We performed TLC of 
cellular lipids under iron restriction and the chromato-
gram in control displayed various lipids classes at their 
respective positions contrary to the lipids under iron 

restriction which were not detected at similar positions 
(Fig. 2a). Similarly, 2D TLC also validated our result 
that iron restriction leads to lipid alterations (Fig. 2b). 
To further analyze the link between iron deprivation and 
lipid alteration in MTB, we performed mass spectrometric 
based lipidome analysis that enabled us to gain signifi-
cant insights into mechanisms involved in development 
of lipid derived drug resistance. The data originated 
presents a global demonstration of varied lipids classi-
fied in MTB, facilitating a differential analysis of MTB 
lipid profiling in normal and iron restriction conditions. 
The representing mass spectra of untreated (Control) 
and 2,2,-BP treated samples are shown in Fig. S4 and 
m/z corresponding to different chromatograms obtained 
from control and 2,2,-BP-treated samples are shown 
in Supplementary Material (Excel sheets 1 and 2). As 
observed in chromatogram, a total of 300 m/z values were 
found in control and 264 m/z in 2,2,-BP-treated cells, of 
which 61 m/z were found to be commonly shared by both 
depicted in the Venn diagram (Fig. S5). The observed m/z 
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Fig. 2  Lipid alteration under iron restriction. a Thin-layer chromato-
gram (TLC) showing alteration in total lipid profile under iron dep-
rivation. b 2-D TLC of MTB (Control on left side) and 2,2,-BP (on 
right side) in presence of solvents as described in materials and meth-
ods. Arrows depict spots not detected under iron restriction. c Venn 
diagram showing the number of m/z values which were common and 
unique in MS-LAMP and heat map showing total lipid composition 
of major classes (FA, GL, GPL, PK, PR, SCL and others) in control 

and 2,2,-BP (treated) cells. Color bar depicts increasing number of 
lipid abundance from yellow to blue. d Venn diagram showing the 
number of m/z values which were common and unique in MycoMass 
and heat map showing total lipid composition of major classes (FA, 
GL, GPL, PK, PR, SCL and others) in control and 2,2,-BP (treated) 
cells. Color bar depicts increasing number of lipid abundance from 
yellow to blue
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values obtained from mass spectra were analyzed through 
MS-LAMP software where we found that out of 300 m/z 
values, 87 m/z existed in control and out of 264  m/z, 
93 m/z existed in 2,2,-BP-treated cell lipids; and 9 m/z 
was commonly shared in both conditions (Fig. 2c). The 
number of lipids which corresponded to these existing 
87 and 93 m/z values of control and 2,2,-BP was found 
to be 137 and 174, respectively (as shown in Fig. 2c heat 
map). Additionally, we validated the above results with 
another database, i.e., MycoMass reported by Layre et al. 
(2011), which contains 5399 molecules which is almost 
double the number as described by Sartain et al. (2011). 
Mycomass database revealed that out of 300 m/z values, 
170 m/z existed in control and out of 264 m/z, 195 m/z 
existed in 2,2,-BP treated cell lipids, of which 52 m/z 
were commonly shared in both the conditions, depicted 
in the Venn diagram (Fig. 2d). Similarly, the number of 
lipids which corresponded to the 170 and 195 m/z values 
of control and 2,2,-BP was 224 and 252, respectively (as 
shown in Fig. 2d heat map).

Iron restriction leads to increased metabolic flux 
towards FA and TG synthesis

To check the effect of iron deprivation on major classes of 
lipids, we first monitored the FA subclasses more closely. 
FA, in general, was found to be elevated but pathogenic 
lipids, in particular, were differentially expressed. For 
instance, alpha MAs was increased while methoxy and keto 
MAs were decreased under iron deprivation. We further ana-
lyzed the mass spectrometry data through MS-LAMP and 
identified 25 and 29 unique m/z signals in control and 2,2,-
BP, respectively, which belonged to FA subclasses. Besides 
these, 8 m/z signals were found to be commonly shared by 
both control and 2,2,-BP shown in Venn-diagram (Fig. 3a). 
These 25 and 29 m/z signals obtained from MS-LAMP for 
control and 2,2,-BP along with commonly found 8 m/z val-
ues corresponded to 38 and 49 lipid molecules of FA class 
shown by bar graph (Fig. 3a). The obtained results were also 
confirmed by TLC of MAME and FAME lipids which were 
found to be most affected under iron deprivation (Fig. 3b). 

Fig. 3  Change in FA composition under iron deprivation. a Bar graph 
depicts number of lipid moieties identified from m/z values observed 
by Venn diagram at WR 1.0 through MS-LAMP. Inset (Venn dia-
gram) showing the number of m/z values which were common and 
unique at WR 1.0. b TLC of MAME and FAME lipids of control and 

2,2,-BP-treated cells. c RT-PCR showing transcript levels of kasA, 
fabH, fas, accD5, fadD28, mas, tgs2 different intermediates involved 
in FA synthesis and its methylated–branched lipids. Bar graph depicts 
the quantitation (density expressed as intensity/mm2) of transcript 
normalized with 16S constitutively expressed gene
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Additionally RT-PCR of genes reveals an overexpression of 
fas, mas, accD5 genes and downregulation of fabH, fadD28 
and kasA genes (Fig. 3c) to reinforce that FA is increased 
and MA is decreased under iron deprivation. Another sub-
class of FA which was prominently elevated was phenolic 
glycolipid (PGL-tb) chiefly linked with the cell wall. PGL-
tb producing strains (clinical isolate HN878) cause low-
ered productivity of various immunological factors such 
as tumor necrosis factor alpha (TNF-α) and interleukin-12 
(IL-12) in human monocytes (Manca et al. 2004). Further 
Sinsimer et al. (2008) investigated the function of PGL-tb 
of MTB infection in the host immune response and found 
that PGL-tb progressively modulates the early response of 
host cytokine.

Next, we analyzed glycerolipids (GL), which is another 
major lipid class. The data analysis was done through MS-
LAMP using the same criteria as stated above. We detected 
33 and 42 unique m/z signals in control and 2,2,-BP which 
belonged to GL subclasses, respectively. Besides these, 
5 m/z signals were found to be commonly shared by both 
control and 2,2,-BP shown in Venn diagram (Fig. 4a). These 
33 and 42 m/z signals gained from MS-LAMP of control and 

2,2,-BP along with 5 m/z found in common corresponded 
to 39 and 53 lipid molecules of GL class shown by bar 
graph (Fig. 4a). It was also found that lipids belonging to 
the GL (DG and TG) were enhanced under iron depriva-
tion. To confirm these results, we performed 1-D and 2-D 
TLC and found that the levels of DG and TG were indeed 
elevated under iron deprivation (Fig. 4b). Further, we exam-
ined lipase activity as there is a direct link of membrane 
permeability and lipase activity (Pal et al. 2016). Lipase 
enzymes are responsible for changes in the lipid fraction of 
the glycolipids membrane structure, resulting in changes in 
membrane permeability. Consistent with this fact, we found 
enhanced lipase activity under iron deprivation (Fig. 4c). 
Lipases in MTB play a crucial role in pathogenicity and, 
thus, are considered to be a virulence factor (Pal et al. 2016). 
These lipases hydrolyze and release fatty acid, which is pro-
vided as energy source under stress conditions (Pal et al. 
2016). MTB use triacylglycerides (TG) as a major storage 
lipid. Interestingly, inside macrophages MTB accumulates 
TG using FAs secreted from host TG and this approach is 
vital for obtaining a dormancy characteristic (Paul et al. 
2013). Remarkably, TG accumulates in MTB as they cease 
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Fig. 4  Changes in GL composition under iron deprivation. a Bar 
graph depicts number of lipid moieties identified from m/z values 
observed by Venn diagram at WR 1.0 through MS-LAMP. Inset 
(Venn diagram) showing the number of m/z values which were com-
mon and unique at WR 1.0. b Upper panel shows TLC of apolar 
lipids TG and PDIM extracted from control and 2,2,-BP cells. Lower 

panel shows 2D TLC of apolar lipids extracted from control and 
2,2,-BP-treated cells. c Lipase activity depicted as bar graph in the 
absence (control) and presence of 2,2,-BP. Mean of O.D405 ± SD of 
three independent sets of experiments is depicted on Y-axis and *p 
value < 0.05
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growth in response to stress. Gene needed for the synthesis 
of TG (tgs2) was also upregulated (Fig. S2) which was con-
sistent with the results shown by Bacon et al. (2007) where 
iron deprivation causes elevation in TG levels. Deb et al. 
(2006) demonstrated that under hypoxic condition which 
mimics iron deprivation, MTB accumulates TG.

Iron deprivation inhibits glyoxylate cycle

Iron deprivation is known to elicit changes in central carbon 
metabolism where the cell prioritizes the metabolic pathways 
in such a manner that iron-dependent pathways are downreg-
ulated while iron-independent pathways are activated (Gil 
et al. 2013). Metabolic flexibility under stress conditions is 
one of the crucial attribute for pathogen survival. One such 
metabolic pathway that is prevalent in invading pathogens, 

including MTB, is glyoxylate cycle, as it involves a bypass 
step preventing carbon loss when low carbon sources are 
prevailing in hostile niche. Thus, functional GC is required 
by MTB for its persistence, maintenance and virulence, and 
the two key enzymes of this pathway ICL and MS represent 
an attractive target for anti-TB therapy. Increased metabolic 
flux towards FA synthesis as observed above prompted us 
to study GC under low carbon conditions such as citrate, 
acetate or ethanol. ICL1 and MS are two key enzymes of GC 
required to cope metabolic stress during infection. As a posi-
tive control, we also used a serine threonine kinase mutant 
(ΔPknG) responsible for nutrient utilization and also known 
to govern virulence and metabolism in MTB (Rieck et al. 
2017). We explored that iron deprivation confers hypersen-
sitivity under tested low carbon utilizing conditions such as 
citrate and ethanol and phenocopied serine threonine protein 
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Fig. 5  Effect of iron deprivation on metabolic stress (a). Effect of low 
carbon sources (0.2% of ethanol and 0.2% of sodium citrate) on MTB 
growth in iron-deprived condition and ΔPknG mutant. Mean O.D600 
of three independent sets of experiments is depicted on Y-axis. b ICL 
activity depicted as bar graph. Mean of absorbance O.D324 ± SD of 

three independent sets of experiments is depicted on Y-axis and *p 
value < 0.05. c MS activity is depicted as graph. Mean of absorbance 
O.D412 ± SD of three independent sets of experiments is depicted on 
Y-axis
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kinase G (ΔPknG) mutant (Fig. 5a). Biochemical assays fur-
ther revealed reduced ICL1 and MS activities under iron 
deprivation (Fig. 5b, c). Subsequent validation by RT-PCR 
indicated that only the icl1 expression but not ms was con-
siderably reduced under iron deprivation (Fig. S2). Thus, our 
observations indicate that iron is indispensible to cope with 
metabolic stress during MTB infection.

Iron deprivation inhibits biofilm formation and cell 
adherence

MAs are uniquely present in MTB and play critical roles in 
the biofilm formation (Ojha et al. 2008) which is another 
virulence marker which resist bacteria to anti-TB drugs 
(Trivedi et al. 2016). Biofilm formation under iron depriva-
tion was studied by both qualitative and quantitative meth-
ods. CV and CFW staining for qualitative analysis showed 
that biofilm formation was inhibited under iron-deprived 
condition in contrast to control (Fig. 6a). For quantitation 
of biofilms, metabolic activity of CV stained MTB cells 
was spectrophotometrically measured. It was observed that 

metabolic activity in iron-deprived biofilms was consider-
ably less in comparison to control cells (Fig. 6b). We also 
quantified the dry weight of biofilm biomass and found that 
the biomass was also significantly decreased under iron 
deprivation (Fig. 6b). These results were also consistent 
with the fact that RT-PCR showed downregulation of pks-1 
gene under iron deprivation (Fig. S2). Recent studies have 
shown that free MAs, keto MAs and polyketide synthase 1 
(PKS-1) (Pang et al. 2012) are some of the factors which 
are crucial in the formation of the MTB biofilms. Since the 
present study reveals alteration in lipid profile under iron 
deprivation, it is only fitting to further study the intricate 
lipid alterations in response to iron deprivation.

Inhibited biofilm formation under iron deprivation also 
prompted us to study the adherence of MTB on human 
buccal epithelial cells as this is known to be a critical step 
prior to biofilm formation. Interestingly, we found that iron 
deprivation resulted in the inhibition of the adherence of 
MTB cells on epithelial cells as compared to control cells 
(Fig.  6c). To our expectation, the control cells showed 
mean percent adherence of 59.34% in comparison to the 
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Fig. 6  Effect of iron deprivation on MTB biofilm formation. a Bio-
film formation depicted by CV staining (upper panel) and CFW stain-
ing (lower panel), respectively. b Biofilm biomass (dry weight) and 
metabolic activity are depicted by bar graph. Mean of biomass in 
mg ± SD and percentage inhibition, respectively, of three independent 
sets of experiments is depicted on Y-axis and *p value < 0.05. c Left 

panel showing Control (untreated) cells appeared adhered (depicted 
by arrow) to human buccal epithelial cells while iron-deprived cells 
(2,2,-BP) are not adhered to the epithelial cells (magnification ×40). 
Right panel showing mean percentage adherence of MTB cells 
depicted as bar graph showing O.D600 ± SD of three independent sets 
of experiments on Y-axis and *p value < 0.05
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iron-deprived cells which only showed mean percent adher-
ence of 20.34% (Fig. 6c) Together, iron deprivation inhibits 
potential virulence traits of MTB resulting in the inhibition 
of biofilm formation and cell adherence.

GPL profiling reveals oxidative and genotoxic 
vulnerability under iron deprivation

Next, we also analyzed another major class i.e., GPL. While 
analyzing with MS-LAMP, 34 and 44 unique m/z signals in 
control and 2,2,-BP were detected which belonged to GPL 
subclasses, respectively. Besides these, only 1 m/z signal 
was found to be commonly shared by both control and 2,2,-
BP shown in Venn diagram (Fig. 7a). These 34 and 44 m/z 
signals gained from MS-LAMP of control and 2,2,-BP along 
with 1 m/z found in common corresponded to 52 and 68 lipid 
molecules of GPL category shown by bar graph (Fig. 7a). 
It was also found that almost all the lipid subclasses of GPL 
were enhanced in iron deprivation (2,2,-BP) as compared 
to control. Furthermore, TLC revealed that except PE, all 
the subclasses of GPL were elevated (Fig. 7b). Concomi-
tant with these findings, we could also observe an increased 

expression of psd and pimA genes and downregulation of 
pssA and pimE genes (Fig. 7c). PI is a crucial phospholipid 
in MTB and needed for the synthesis of PIMs, which are 
the substrates for substantial LMs/LAMs encoded by the 
gene PgsA (Rv2612c) (Paul et al. 2013) and are required for 
viability. PIs are further modified by conjugation with glu-
cose residues. The sequential outcomes are PIMs, LMs, and 
LAMs that are key components of mycobacterial cell wall. 
Previous study revealed that substantial amounts of PI/PIMs 
were recognized in the outer membrane. The significance of 
PIMs is still unclear but high ranking PIMs (PIM1 < PIM2 < 
PIM3 < PIM4 < PIM5 < PIM6) may be involved in nurturing 
of membrane integrity. Similarly, our results correlate with 
the above fact that iron deprivation inhibits the higher rank-
ing PIMs (PIM4 and PIM5) as compared to (PIM1, PIM2, 
PIM3) (Fig. 7a, b).

Iron deprivation leads to enhanced generation 
of reactive oxygen species

Lipids are the most considerable target of oxidative dam-
age. Nambi et al. (2015) showed that membrane-associated 

Fig. 7  Changes in GPL composition under iron deprivation. a Bar 
graph depicts number of lipid moieties identified from m/z values 
observed by Venn diagram at WR 1.0 through MS-LAMP. Inset 
(Venn diagram) showing the number of m/z values which were com-
mon and unique at WR 1.0. b TLC showing alteration in GPL profile 

under iron deprivation. c RT-PCR showing transcript levels of pssA, 
psd, pimA, and pimE different intermediates involved in GPL (PS and 
PIM) synthesis. Bar graph depicts the quantitation (density expressed 
as Intensity/mm2) of transcript normalized with 16S constitutively 
expressed gene
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oxidoreductase complex (MRC), a thiol-deficient mutant 
(DMsSseA, DMsDoxX, DMtSseA, and DMtDoxX), in 
MTB produces more lipid peroxidation as compared to 
control implying the role of phospholipid synthetic genes in 
the oxidative stress system (Nambi et al. 2015). Hence, we 
investigated the link between supra-physiologic elevations 
in the levels of reactive oxygen species (ROS) coupled to 
an iron-starvation response, which in turn could foster the 
eventual cell death. One of the antimycobacterial responses 
of RIF, which is triggered after target binding, is ROS gen-
eration (Piccaro et al. 2014).We determined intracellular 
ROS generation through membrane-permeating fluorescent 
dye 2′,7′-dichlorofluorescin diacetate (DCFDA), which 
fluoresces upon interacting with ROS. We observed that in 
comparison to the RIF-treated cells, more fluorescence was 
observed when similar treated cells were deprived of iron 
(Fig. 8a). Interestingly, the ROS generation could be reverted 
by the addition of AA (ascorbic acid), a known antioxidant 
(Fig. 8a). This result was further validated by quantification 
of ROS generation using INT dye described in methods. As 
expected, we observed enhanced pink color solution under 
iron deprivation along with RIF which confirms the ROS 
generation (Fig. 8b). We could also detect downregulation 

in oxyS gene, an oxidative stress-regulated protein which 
corroborates with our findings (Fig. S2).

Enhanced ROS generation observed in this study is neces-
sitated to study the DNA damage response under iron depri-
vation. MTB cells were stained with DAPI (4′,6-Diamidine- 
2′-phenylindole dihydrochloride) which is a popular nuclear 
counter stain that preferentially stains A + T region of the 
damaged dsDNA. Our results depicted that under iron dep-
rivation, blue color fluorescence was observed in contrast to 
untreated cells (control) where we observed no fluorescence 
(Fig. 8c). recA responsible for DNA excision repair was also 
downregulated (Fig. S2). recA gene is crucial for the repair 
mechanism of damaged DNA and it was already elucidated 
that deletion in the recA gene makes mycobacteria suscep-
tible to DNA damage (Papavinasasundaram et al. 1998). 
We further determined whether ROS generation under iron 
deprivation leads to apoptosis-like cell death in MTB cells 
(Bayles 2014). FACS analysis indicates that apoptosis-like 
event was pronounced in iron-deprived cells as compared to 
the control cells (Fig. S6).

Control H2O2 Ascorbic acid 2,2, BP RIF+ 2,2,BP

Fl
uo

re
sc

en
ce

B
ri

gh
t

RIF

25µM

25µM 25µM 25µM 25µM 25µM25µM

25µM 25µM 25µM 25µM25µM

(A) (B)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Control H2O2 Ascorbic Acid RIF 2,2,BP RIF + 2,2,BP

A
b

so
rb

an
ce

 4
90

n
m

H2O2

* *

Control 2,2, BP

(C) 

C
on

tr
ol

 
2,

2,
 B

P

FluorescentBright 

25µM

25µM 25µM

25µM

(D) 

Fig. 8  Effect of iron deprivation on oxidative stress. a Estimation of 
ROS generation with DCFDA observed by fluorescence microscope 
at ×100 magnification. Scale bar depicts 25 µm. b ROS quantification 
under iron restriction with INT dye. Mean of absorbance O.D490 ± SD 
of three independent sets of experiments is depicted on Y-axis and 

*p value < 0.05. c Fluorescence microscopy of DAPI staining for the 
detection of DNA damage in the presence of 2,2,-BP at ×100 mag-
nification. Scale bar depicts 25  µm. d Flow cytometry of control 
and 2,2,-BP (40 µg  mL− 1)-treated MTB cells depicting necrosis and 
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Iron deprivation leads to accumulation of PR and PK 
sub‑species

Subtle changes were also noted when minor lipid classes 
like PR, PK and SCL were studied under iron deprivation. 
We found that more number of lipid molecules of PR and 
PK categories were present under iron deprivation (2,2,-
BP) as compared to control (Fig. 9a). Pol-P (Poly-Prenol) is 
required for bacterial growth and cell wall components’ bio-
synthesis and is needed for the viability of MTB (Crick et al. 
2000). Our lipidomic data were supported by earlier study 
(Bacon et al. 2007) where gene required for the PR (idsBB) 
and PK (ppsC, ppsD and pks2) syntheses was upregulated 
under iron limitation. However, for SCL we could not detect 
any clear trend as represented by heat map (Fig. 9a). Fur-
thermore, TLC displayed more prenols in iron deprivation 
as revealed by their denser cone-shaped spots (Fig. 9b). We 
could also detect upregulation in pds (Prenyl diphosphate 
synthases) gene which is required for the synthesis of pre-
nols (Fig. S2).

Iron restriction inhibited the virulence of M. 
marinum in C. elegans

C. elegans lacks both an adaptive immune system and some 
crucial features of the mammalian innate immune response 
which includes Toll-like receptor (TLR) adaptor protein 
MYD88 or NF-κB. Additionally, homolog of TLR in C. 
elegans does not exhibit a key role in activating the innate 
immune response either directly or indirectly as a receptor 
for pathogen-associated molecular pattern (PAMP) mol-
ecules. Moreover, also it does not synthesize homolog of 
cytokines. This obviously limits its relevance for the under-
standing of human immunity (Pukkila-Worley and Ausubel 
2012). Despite of the absence of these immune responses 
nematode produce an immune response that use some evo-
lutionarily perpetuating signaling pathways which includes, 
β-catenin, p38 mitogen-activated protein kinase (MAPK) 
and FOXO transcription factors, altogether function paral-
lelly to activate at least partly overlay sets of effectors genes. 
With these factors, now it can be argued that nematodes 
offer an admirable opportunity to recognize TLR-independ-
ent and NF-κB-independent characters of the metazoan 
innate immune response that may be not easy to recognize 
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nol under iron deprivation
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in vertebrate models (Pukkila-Worley and Ausubel 2012). 
On the other hand, its relative simplicity and the extensive 
range of available experimental methods facilitate its use 
in biology. The major molecular mechanisms involved in 
the epidermal innate immune response in C. elegans have 
been identified. As in humans, they involve the upregula-
tion of AMP expression and wound healing, governed by 
a combination of highly conserved and nematode-specific 
pathways. A common theme that has emerged is the impor-
tance of damage recognition as a trigger for the induction 
of defense genes.

To evaluate the consequences of iron deficiency in MTB, 
the colonization of C. elegans, an established infection 
model for mycobacteria (Galbadage et al. 2016), was tested. 
Antimycobacterial effects of iron restriction were validated 
in C. elegans nematode model infected with M. marinum. 
Firstly, we examined the toxicity of 2,2,-BP (iron restric-
tion) by treating worms with same concentration (40 µg 
 mL− 1) of 2,2,-BP that was used in the present study for 6 
days in the absence of M. marinum infection. 2,2,-BP at this 

concentration did not affect nematode viability (Fig. 10a), 
suggesting that iron restriction does not have toxic effect on 
the nematode. Further, microscopic observations of infected 
nematodes revealed that untreated M. marinum caused death 
in C. elegans. However, worm survival was increased when 
infected with M. marinum grown under iron-deprived con-
dition (40 µg  mL− 1 of 2,2,-BP) (Fig. 10b). In C. elegans, 
we found significant decreased viability when infected with 
non-treated controls (Fig. 10b), whereas treated M. mari-
num infection increased the nematode survival. In agreement 
with this finding, we hypothesized that both pharmacologi-
cal and genetic inhibition of iron are effective for nematode 
survival.

Conclusion

The increasing appreciation that metals do have impact on 
microbial resistance and virulence is gaining prominence. 
The present lipidomics approach adopted in this study 
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Fig. 10  M. marinum infected nematode model of C. elegans under 
iron deprivation. a The toxicity of 2,2,-BP was studied on non-
infected nematodes by determining survival rates after 7 days 
depicted by Kaplan–Meier graph. b Left panel depicting Kaplan–
Meier survival graph of C. elegans on exposure of infected nema-
todes under iron deprivation (2,2,-BP). Right panel depicts micro-

scopic images showing survival (upper image; magnification ×10) 
and persistence (lower image; magnification ×40) by carbol fuchsin 
stain of M. marinum infected nematodes under iron deprivation (2,2,-
BP). Worm survival was determined based on the movement. At 
least, three independent experiments were conducted
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unveils susceptible iron-dependent mechanisms in MTB 
which can be exploited for the design of new anti-TB thera-
pies (Fig. 11). Sequestering Fe supply as a treatment option 
should be carefully evaluated considering the fact that the 
host also needs iron and there is iron overload in phago-
somes. In fact, this is one of the suggested mechanisms that 
macrophages employ to kill intracellular pathogens. There-
fore, although it may be important for extracellular bacteria 
in necrotic granulomas, the response to Fe depletion should 
be further scrutinized for intracellular bacteria. Thus, dis-
secting the mechanisms that regulate cellular circuitry gov-
erning drug resistance and other crucial virulence attributes 
although holds great promise for elucidating new anti-TB 
therapeutic strategies requires further clinical validation.
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