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Tuberculosis (TB), caused by the bacillus M. tuberculosis, is one of the deadliest
infectious illnesses of our day, along with HIV and malaria.Chemotherapy, the
cornerstone of TB control efforts, is jeopardized by the advent of M. tuberculosis
strains resistant to many, if not all, of the existing medications.Isoniazid (INH),
rifampicin (RIF), pyrazinamide, and ethambutol are used to treat drug-susceptible
TB for two months, followed by four months of INH and RIF, but chemotherapy
with potentially harmful side effects is sometimes needed to treat multidrug-
resistant (MDR) TB for up to two years. Chemotherapy might be greatly
shortened by drugs that kill M. tuberculosis more quickly while simultaneously
limiting the emergence of drug resistance.Regardless of their intended target,
bactericidal medicines commonly kill pathogenic bacteria (gram-negative and
gram-positive) by producing hydroxyl radicals via the Fenton
reaction.Researchers have concentrated on vitamins with bactericidal
properties to address the rising cases globally and have discovered that these
vitamins are effective when given along with first-line drugs. The presence of
elevated iron content, reactive oxygen species (ROS) generation, and DNA
damage all contributed to VC's sterilizing action on M. tb in vitro. Moreover, it
has a pleiotropic effect on a variety of biological processes such as detoxification,
protein folding — chaperons, cell wall processes, information pathways,
regulatory, virulence, metabolism etc.In this review report, the authors
extensively discussed the effects of VC on M. tb., such as the generation of
free radicals and bactericidal mechanisms with existing treatments, and their
further drug development based on ROS production.
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1 Introduction

M. tb. a microorganism that causes TB, poses a serious threat to
the public’s health. Dr. Robert Koch found the bacteria on April 3,
1882, and later gave it the name Mycobacterium tuberculosis
(Natarajan et al., 2020). The disease is transferred through
coughing when a person with TB sneezes into the air, as depicted
in Figure 1. Although the lungs are often afflicted, pulmonary
tuberculosis can potentially affect other organs (extrapulmonary
TB). Men are more prone than women to get the illness, with about
90% of men developing it as adults. According to the World Health
Organization (2020c), 1.4 million TB patients died in 2019 and 10
million new cases were reported each year (https://www.who.int/
publications-detail-redirect/9789240013131). The COVID-19
pandemic was predicted to increase the percentage of TB deaths
in 2020, and to raise the worldwide disease burden by 20% during
the next five years (Alene et al., 20205 Glaziou, 2020; Hogan et al.,
2020). Four antibiotics—isoniazid, rifampicin, ethambutol, and
pyrazinamide are typically used daily for two months to treat
drug-susceptible TB, followed by two antibiotics—isoniazid and
rifampicin—for an additional four months. Another trend is the rise
of patients with drug-resistant TB who requires second-line
therapies and more intensive care. WHO reported that (https://
www.who.int/publications-detail-redirect/9789240013131), 4.6% of
all TB cases in 2019 were multidrug- and rifampicin-resistant. The
pathogen’s intricate hydrophobic cell barrier, one of its most crucial
defensive mechanisms, prevents many therapies from entering the
body (Sarathy et al,, 2012). Medicines that may reach their targets
may lose their effectiveness as a result of target-altering mutations
(e.g., isoniazid resistance caused by katG mutations; Vilchéze and
Jacobs, 2014) or mutations that impede prodrug activation (e.g.,
rifampicin resistance caused by rpoB mutations; Zaw et al., 2018).

The death rate from TB is relatively high in the absence of
treatment. Prior to the invention of drug treatments, studies and

10.3389/fcimb.2023.1152269

observations of the TB disease without medication revealed that
approximately 70% of those with positive sputum smear,
pulmonary TB, and 20% of those with positive culture (but
negative smear), pulmonary TB, faced death within 10 years of
their diagnosis, respectively (Tiemersma et al., 2011).

In the 1940s, the first effective pharmacological therapies were
produced. The most recent WHO guidelines (https://www.who.int/
publications-detail-redirect/9789240007048) recommend a 6-
month regimen of ethambutol (EMB), rifampicin (RIF),
pyrazinamide (PZA), and isoniazid (INH): all four medications
for the first two months, followed by RIF and INH for the remaining
four months. They also include novel recommendations that drug-
susceptible pulmonary TB in people aged 12 and adults be treated
with a four-month course of rifapentine (RFP), INH, PZA, and
moxifloxacin (MXF), and that non-severe TB in children and
adolescents aged 3 months to 16 years be treated with a four-
month course of these drugs (two months of PZA, RIF, INH
sometimes also EMB, followed by two months of RIF and INH).
The WHO’s 194 Member States consistently report therapy success
rates of at least 85 percent for persons completing the 6-
month protocol.

It is more difficult to treat RIF-resistant tuberculosis (RR-TB)
and multidrug-resistant tuberculosis (MDR-TB), which is defined
by resistance to both INH and RIF (10). RR-TB treatment success
rates normally range from 50% to 75% nationally, while the
worldwide average has recently increased and reached 60% in the
most current patient group for which statistics are available.
Therapy for extreme drug-resistant tuberculosis (XDR-TB), which
involves resistance to at least one fluoroquinolone plus bedaquiline
or linezolid, is significantly more challenging and typically results in
poor success rates.

Chemotherapy may be significantly reduced if there were drugs
that eliminated TB more quickly. Bactericidal medications
frequently kill Escherichia coli cells by causing the Fenton
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FIGURE 1

(A) Overview of M. tb. pathogenesis and (B) modes of development of resistivity models.
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reaction, which produces very reactive hydroxyl radicals. Vitamin
C, a compound that is known to cause the Fenton reaction, has the
potential to sterilize M. tb. cultures, both drug-susceptible and drug-
resistant cultures. While Mycobacterium tuberculosis is very
vulnerable to it, VC is frequently resistant to both gram-positive
and gram-negative pathogens. In addition to having a pleiotropic
influence on a number of biological processes, VC’s capacity to kill
M. tb. bacteria depends on elevated ferrous ion concentrations and
ROS generation (Vilcheze et al,, 2013).

It has been demonstrated that nanotechnology techniques offer
improved intracellular Fenton reaction-based oxidative stress and
Ferroptosis treatment, as well as increased vitamin C cell transport.
As a result, it is now possible to use vitamin C’s pro-oxidant
properties at a concentration that is physiologically appropriate
(Pal and Jana, 2022).

In this review article, we address the potential advantages of
incorporating VC into a TB therapy regimen and make the case that
creating medications with high oxidative bursts might be very
beneficial in the fight against the disease.

2 Medication available for treatment
of Mycobacterium tuberculosis: - first
and second-line drug

Anti-TB drugs are presently classified into four groups: Group 1
includes first-line drugs or oral antibiotics such as INH, RIF,
ethionamide (ETH), and PZA; group 2 includes second-line
injectable medications such as amikacin, kanamycin, and
capreomycin with streptomycin (which is recognized as first-line
but is also an injectable); group 3 includes fluoroquinolones; and
group 4 includes second-line bacteriostatic medications such as
ethionamide/prothionamide (Table 1) (Caminero and Scardigli,
2015). The European Respiratory Society (ERS) and the United
States National Tuberculosis Controllers Association (NTCA) have
endorsed a guideline for the management of medication-sensitive
tuberculosis (TB) developed jointly by the American Thoracic
Society (ATS), the Infectious Disease Society of America (IDSA),
and the United States Centers for Disease Control and Prevention
(US-CDC) (ERS). According to this recommendation, EMB, PZA,
RIF, and INH for 2 months, followed by 4 months of RIF and INH,
is the optimum regimen for treating persons with TB infection by
bacteria that are not drug-resistant. If medication susceptibility data
is available and the isolate is susceptible to both INH and RIF, EMB
may be stopped (Nahid et al., 2016).

3 Development of drug resistant tb
3.1 Restriction of access to target
3.1.1 Impermeability of cell wall
The envelope of a mycobacterial cell is generally composed of

three components: 1) Peptidoglycan (PG) 2) Arabinaglycan (AG) 3)
Mycolic acids with long chains (Alderwick et al., 2015; Daffe, 20155
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Jankute et al., 2015). The permeability based on the cell wall barrier
protects the bacteria from harmful environments and helps the
bacterium to develop resistance to a variety of medications. Hence,
if these components are damaged, it may impair the function of the
cell wall and increase the susceptibility of some anti-mycobacterial
drugs (Jackson et al, 2013). The enzymes involved in cell wall
integrity play an important role in the development of drug
resistance in Mycobacterium cells (Jackson et al., 2013; Xu et al,
2014). Peptidoglycan production is aided by the genes glmU, murA,
murX, ponAl/A2, Ldt, whereas glmU, rmlC are involved in linker
unit biosynthesis, accD6 and ag85 are involved in mycolic acid
biosynthesis, and alr and ddl are involved in alanine metabolism.
PonA1/A2 aids in cell wall formation, rmlC in arabinogalacton
synthesis, and pksl12 in phthiocerol dimycocerosates production
(Nasiri et al, 2017). Mur A and Mur B biosynthetic enzymes are
responsible for generating UDP- MurNAc, a crucial step in the
biosynthesis of PG (Alderwick et al,, 2015). A well-known MurA
inhibitor is fosfomycin, a naturally occurring broad-spectrum
antibiotic (Alderwick et al., 2015; Moraes et al., 2015). It
particularly inhibits MurA by forming a covalent adduct with a
cysteine residue in the active site (Moraes et al.,, 2015). M. tb., on the
other hand, is naturally resistant to fosfomycin because its
homologous cysteine residue is converted into aspartic acid
(Alderwick et al., 2015). When the wild-type aspartate residue in
the MurA active site is altered to cysteine, M. tb. produces an
enzyme that is susceptible to fosfomycin (Castaiieda-Garcia
et al,, 2013).

Most often, B-lactam antibiotics inhibit the crucial D, D-
transpeptidase action of normal penicillin-binding proteins
(PBPs). These enzymes cross-link glycan chains by forming 43
peptide bonds between residues in the fourth and third positions of
stem peptides (Gupta et al, 2010). L, D transpeptidases (Ldt)
(Gupta et al,, 2010; Schoonmaker et al., 2014; Basta et al., 2015;
Kieser et al., 2015), a second family of transpeptidases important for
resistance to -lactam antibiotics such as amoxicillin and
carbapenems, have also been found in M. tb. (Gupta et al., 2010;
Alderwick et al,, 2015). M. tb. contains five Ldts enzymes (LdtMt1
to LdtMt5) that form the unusual 33 linkages between opposing
stem peptides in PG. M. tb. strain that was discovered to be lacking
in both 1dtMt1 and 1dtMt2 was shown to be more sensitive to the
medicines amoxicillin and vancomycin, a glycopeptide
(Schoonmaker et al., 2014). Moreover, two proteins, PonAl and
PonA2, are penicillin-binding proteins with dual roles that
contribute in the production and maintenance of cell wall
components (Jankute et al., 2015). The minimum inhibitory
concentration (MIC) of B-lactams for ponAl mutant M. tb. was
the same as for wild-type M. tb.; however, ponA2 mutant cells were
four to eight times more susceptible to -lactams. Moreover, any
alterations to the proteins and enzymes essential for maintaining
the cell wall’s integrity may enhance sensitivity to particular drugs
(De Gouw et al., 2014; Farhat et al., 2013).

3.1.2 Dormancy and latency
Latency refers to an infection that is asymptomatic yet still
present. Dormancy is characterized by no replication and minimal
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TABLE 1 Groups of drugs, molecular structure and route of drug administration in the human body.

Drug stage Name of anti- Structure of drug molecule Drug-dose Reference
tuberculosis drug administration
First line Drugs Cycloserine O Oral (Shete et al., 2019)
HN .NH>
\
Isoniazid H Oral or Im, Iv
O -
NH>
N7
Ethambutol OH Oral
H
H
HO
Rifampicin Oral or Iv
Pyrazinamide Oral
Second line Drugs Capreomycin Im or Iv
Ethionamide Oral
HO H
[
H—(|3—C—N\
H H
Amikacin/kanamycin Im or Iv

(Continued)
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TABLE 1 Continued

Drug stage Name of anti- Structure of drug molecule Drug-dose Reference
tuberculosis drug administration
Streptomycin Im or Iv
Anti-TB drugs with less data available High-dose isoniazid Oral or Iv (23)
on safety and effectiveness O N (Somoskovi and
Salfinger, 2014)
~N
NH>
N7
Para-amino salicylic acid o) Oral or Iv
OH
HoN OH
Clavulanate H Oral or Iv
=0 OH
/l/:—Nr @
o
7 —~0OH
0]
Levofloxacin Oral or Iv
Imipenem-—cilastatin Iv
OH
o
Moxifloxacin Oral or Iv

(Continued)
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TABLE 1 Continued

10.3389/fcimb.2023.1152269

Drug stage Name of anti- Structure of drug molecule Drug-dose Reference
tuberculosis drug administration
o O
Meropenem HiC_, CHj; Iv
H N
Bedaquiline Br Oral
Delamanid O Oral
FF
YSORE
° °
\©\o/ a9 N’g
A,N\/)_ b
Linezolid OCN o Oral or Iv
i: ‘NJ\O O,
F \_& N
N
H
Clofazimine Cl Oral
HaC.__CHs
N J\l/ cl
QXL
N N
H

or no metabolic activity. A fraction of latent cells may be required
for latency and persistence even in the face of host defense and
pharmacological therapy. Persisters are bacteria that survive
treatment while being genetically susceptible to antibiotics
(Figures 2, 3) (Gomez and McKinney, 2004; Chao and
Rubin, 2010).

Phenotypic drug resistance is a phenomenon that occurs when
M. tb. enters a dormant state during latent infection, which is
characterized by a suspension of the majority of its metabolism and
boosts the bacteria’s tolerance to antibiotics that are toxic to
reproducing bacilli (Gomez and McKinney, 2004; Gengenbacher
and Kaufmann, 2012). Instead of chromosomal resistance
mutations, this type of pharmacological tolerance is related to
lower metabolic activity or decreased cell division (Garton et al,
2008). The discovery that dormant M. tb., a slowly growing or non-
replicating bacteria, produces antibiotic target proteins or

Frontiers in Cellular and Infection Microbiology

machinery at a slower rate confirms this. Indeed, when these
bacteria entered the active growth phase again, the production of
antibiotic cellular targets was resumed, which led to their
resensitization (Smith et al, 2013). M. tb. develops in vitro
dormancy and becomes more resistant to anti-TB drugs like INH
and RIF as a result of the lack of oxygen. Conversely, the anaerobic
bactericidal action of metronidazole has little impact on cultures of
M. tb. grown in aerobic settings (Wayne and Hayes, 1996; Hu et al.,
1998). M. tb starvation was another method used to encourage the
transition from active to latent growth. The ability of M. tb to invade
during the inactive sleep phase metabolically can be considered as
an inherent drug-resistant process. This indicated lower rates of
transcription and respiration, consumption of energy, production
of fatty acids, and cell division, in addition to enhanced drug
resistance to antibiotics that target active growth processes (Betts
et al., 2002; Wu et al., 2016).
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3.1.3 Efflux pumps

Mycobacterial species are naturally resistant to most
medications due to the restricted permeability of their cell walls
(Figures 2, 3) (Brennan, 2003). In addition to increasing cell wall
permeability, active efflux mechanisms also offer resistance by
eliminating drug molecules that enter the cell. These efflux pumps
vigorously eject numerous antibiotics from the cell and are essential
for mycobacteria’s innate resistance to different medications (Nasiri
et al., 2017).

3.2 Modification of targets

Mycobacteria may develop inherent resistance to various
essential antibiotics as a result of a shift in target locations (Nasiri
et al,, 2017). For instance, the M. tb. gene mfpA causes quinolone
resistance (Hegde et al., 20055 Tao et al., 2013; Mayer and Takiff,
2020). DNA gyrase is protected from quinolone toxicity by
pentapeptide repeat proteins produced by the mfpA gene. Due to
electrostatic, size, and structural similarities between MfpA and B
form DNA, it has been proposed that MfpA interacts with DNA
gyrase through DNA mimicry (Hegde et al., 2005).
Fluoroquinolones appear to be released from their target by
MIfpA when it binds to gyrase rather than DNA. Drug resistance
might possibly originate from methylation loss (Ferber, 2005). One
possibility is the development of viomycin and capreomycin
resistance when methyltransferase is dormant. Its absence leads in
an unmethylated, treatment-resistant ribosome because this gene
makes a rRNA methyltransferase (Maus et al., 2005). GidB, a gene
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that methylates 16S rRNA, is also repressed, which causes low-level
streptomycin resistance (Verma et al, 2014). RNA polymerase
binding protein A (RbpA), which is present in M. tb. and M.
smegmatis, is a putative internal mechanism via which
mycobacterium may increase the levels of their resistance to RIF.
The RNA polymerase and this protein interact, preventing RIF
from adhering there (Dey et al., 2010).

3.3 Acquired resistance

Anti-mycobacterial drugs connect to their target sites firmly
and affinitively, preventing them from performing their normal
activities. Moreover, modifications to the binding site’s structure
that impair an antibiotic’s ability to bind effectively may result in
resistance. Mycobacterial species frequently develop drug resistance
by spontaneous mutations in chromosomal genes encoding targets,
in contrast to other microbes where drug resistance is typically
transferred horizontally by ambulant genetic components. Table 2
lists the mycobacterial drug targets and any known or anticipated
resistance mechanisms (Nasiri et al., 2017).

4 Vitamin C - mode of action on
Mycobacterium tuberculosis

Vitamins have long been recognized as important immune-
boosting nutrients. Several studies have looked into vitamins’
capacity to combat mycobacterial development. Humans are
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Downregulation of genes, playing vital role in helping bacteria to move into latent phase (post VC administration).

Frontiers in Cellular and Infection Microbiology

07 frontiersin.org


https://doi.org/10.3389/fcimb.2023.1152269
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Gaglani et al.

TABLE 2 Anti-mycobacterial drugs and mechanisms of drug resistance.

Gene

Cellular
target

Mode of action

Experimental

MIC (pg/ml)

Drug
resistance-
mutation

10.3389/fcimb.2023.1152269
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7H10) G-37-T, G-10- 2015; Almeida da Silva et al., 2011;
M. kansasii (32) A Kasperbauer and De Groote, 2015)
G-14-T SNPs
M. marinum
(32)
RGM (64)
Cycloserine cycA L-alanine To inhibit the synthesis of Mycobacterium Gly-122-Ser (Almeida da Silva et al., 2011;Caceres et al.,
Ald dehydrogenase, peptidoglycan tuberculosis (5-10 - 1997; Garcia Pelayo et al., 2009; Chen et al.,
Ddl Alanine in BACTEC) G-10-T SNP 2012; Gu et al., 2016
Alr racemase,
D-Alanine-D-

alanine ligase,
D-serine/L- and
D-alanine/
glycine/D-
cycloserine
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TABLE 2 Continued
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Cellular Mode of action Experimental Drug References
target MIC (ug/ml)  resistance-
mutation
proton
symporter
Ethionamide Ndh Mycolic acids To inhibit the synthesis of Mycobacterium Arg-13-Cys, (Morlock et al., 2003; Boonaiam et al., 2010;
ethA mycolic acid tuberculosis (5 in Val-18-Ala Brossier et al., 2011)
inhA 7HI10) Leu-397-Arg,
mshA Leu-328-Met
Ile-21-Thr/
Val, Ser-94-
Ala
Val-171-Gly,
Aal-187-Val
P-aminosalicylic ribD Dihydrofolate To inhibit synthesis of Mycobacterium G-11-A SNP (Zhang et al., 2013; Zhao et al., 2014;
acid (PAS) folC synthase, folate tuberculosis (2 in Glu-153-Aal, Almeida da Silva et al., 2011)
thyA Dihydrofolate 7HI0) Asn-73-Ser
reductases Thr-202-Ala,
Val-261-Gly
Capreomycin/ Eis 30S and 508 To inhibit the synthesis of Mycobacterium G-37-T, C-12- (Johansen et al., 2006; Georghiou et al.,
viomycin Rrs ribosome protein tuberculosis (10 in T SNPs 2012; Almeida da Silva et al., 2011)
tylA subunits 7H10) A-1401-G
SNP
G-223-T SNP
Fluoroquinolones grB DNA gyrase To inhibit DNA gyrase. Mycobacterium Asn-533-Thr (OFFICIAL, 1990; Kasperbauer and De
grA tuberculosis (2 in RGM (4) Groote, 2015; Cheng et al., 2004; Brown-
7H10) Ala-90-Val, Elliott et al., 2012; Philley and Griffith,
M. kansasii (2) Asp-94-Gly/ 2015)
Tyr

NR, not required; SNP, single nucleotide polymorphism; RGM, rapidly growing mycobacteria.

"-" Information not available.

unable to synthesis VC due to a defect in the gene that codes for the
enzyme gluconolactone oxidase, thus it must be ingested as a dietary
supplement (Combs and McClung, 2016). A mycobacterial infection
generates reactive oxygen and reactive nitrogen intermediates that
VC protects the body from (Nishikimi and Yagi, 1996). It functions as
a physiological antioxidant and aids in iron transfer and collagen
formation. It also boosts T-cell response and stimulates leukocyte
migration at the infection site (Field et al, 2002). Linus Pauling
proposed taking 1-3 g of VC every day to avoid the common cold and
flu in 1976. Many experiments have indicated that oral VC
administration is critical in the prevention and treatment of
tuberculosis. A deficiency of VC has also been connected to
tuberculosis infection (Andosca and Foley, 1948).

Several studies have found that orally administered VC has a
stronger influence in avoiding and administering M. tb. transmission
in animals and humans (Soh et al., 2017; Di Gennaro et al., 2021);
others have discovered that deficiencies in nutrition and VC
deficiency in TB patients are linked to a higher risk of acquiring
the disease as well as catastrophic consequences (Andosca and Foley,
1948; Mishra and Sarkar, 2015; Xiong et al., 2020). Several studies
have attempted, with varied degrees of success, to explain how M. tb.
interacts with VC. Interesting results were discovered in a study
examining the synergistic effects of VC when combined with
rifampicin and isoniazid. Both drug-resistant strains and the wild-
type H37Rv strain displayed reduced colony-forming units when
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grown with VC plus rifampicin at an inadequate MIC. When VC and
isoniazid were tested combined, CFU in both wild type and drug-
resistant bacteria were decreased. Isoniazid and VC synergy, on the
other hand, had less of an effect on resistant strains as compared to
H37Rv wild type (Khameneh et al., 2016).

When oxygen is available, the Fenton and Haber-Weiss process
converts ferric ions to ferrous ions, which create superoxide,
hydrogen peroxide, and hydroxyl radicals (Vilcheze et al., 2013;
Khameneh et al., 2016). These radical moieties then damage M. tb.
DNA and lipids, preventing the organism’s development. VC is also
predicted to reduce guanosine 5 diphosphate 3’ diphosphate
(ppGpp), a molecule known to be involved in the regulation of
M. tb. growth and stress response.

In order to sterilized drug-sensitive and treatment-resistant M.
th. cell cultures, Vilchéze et al. claim that VC causes the Fenton
reaction (Syal et al,, 2017). Researchers discovered that the capacity
of VC to kill M. tb. cells are caused by a rise in ferrous ion
concentration, which results in DNA damage, ROS production,
lipid changes, and redox imbalance (Volchegorskii et al., 2007; Syal
et al., 2017). The sterilizing effects of VC were more prominent in
tuberculosis strains lacking mycothiol (Newton et al., 2011;
Metaferia et al, 2007). Yet, the rate of M. tb. cell death may be
accelerated when a mycothiol inhibitor is combined with VC or
another pro-oxidant agent (Newton et al., 2011; Syal et al., 2017).
VC also has an impact on lipid synthesis. The scientists discovered
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that M. tb. cells treated with VC generated two free 2-hydroxylated
long-chain fatty acids (Syal et al,, 2017). The study’s findings were
contrasted with those of Kondo e Kanai (Di Gennaro et al., 2019),
who demonstrated that 2-hydroxylated fatty acids were much more
harmful to mycobacteria than similar levels of saturated fatty acids.
Vicheze et al. suggest that the buildup of these lipids may contribute
to TB bactericidal events. The drop in phospholipid content seen in
M. tb. treated with VC may also have an impact on the survival of the
organism (Syal et al., 2017). Guanosine 50 -diphosphate 30
-diphosphate (ppGpp), a substance known to be crucial in M. tb.
growth control and stress response, is likewise anticipated to decrease
in response to VC (Sikri et al., 2018; Vynnycky et al., 2000). The VC
enhances the activity of Pyrazinamide (PZA), a crucial first-line TB
treatment because of its ability to sterilise non-metabolizing or
steadily metabolising continuously growing bacilli that are resistant
to other medications, by addressing latent bacteria and suppressing
the growth of rifampin-tolerating and rifampin-resistant bacilli (Sikri
et al, 2018). Yet, this investigation produced a variety of results
(Taneja et al,, 2010; Albeldas et al., 2018). In the same experiment,
Vilchéze, Hartman, and colleagues found that high VC
concentrations kill drug-resistant and drug-susceptible TB cells and
prevent the spread of drug persisters. Additionally, they found that
after four weeks, M. tb. cells became inactive when a sub-lethal dosage
of VC was coupled with the first-line antitubercular drug isoniazid
(INH). No mutations that could withstand therapy were found. This
demonstrates that adding a sub-inhibitory dose of VC to an INH
treatment may also aid to prevent the formation of mutants that are
resistant to INH (Syal et al., 2017). Contrary to INH-RIF alone, VC
may enhance the therapeutic effectiveness for M. tb. in experimental
mice, increasing the rate of bacterial clearance. Another research
came to this result (Vilcheze et al,, 2018).

Sikri et al., 2015 conducted research on the pleiotropic
transcriptional activity of VC in M. tb. and found that there were
sudden up- and down-regulations of genes involved in the
bacterium’s dormancy (Figure 4). It was determined that 280 genes,
or around 14% of the whole genome, were overexpressed, and that
another 14% (283 genes) were silenced. Many categories of these
downregulated genes (DRGs) were created based on TubercuList

10.3389/fcimb.2023.1152269

functional classifications. The functional categories “virulence,”

» o« » o«

“detoxification,” “adaptability,” “lipid metabolism,” “cell wall and
processes,” and “intermediary metabolism and respiration” were
those with which DRGs were most often associated. 34 (16%) of
the 210 genes identified as contributing to “virulence, detoxification,
and adaptation” indicated in Figure 5, 21 (10%) were noticeably
upregulated, whereas3 geneswere significantly downregulated (by up
to 4.5-times) (by up to 61-fold). In one crucial area called “lipid
metabolism,” 34 genes (or 14% of the total) were upregulated by up to
41-fold and 19 genes (or 8% of the total) were downregulated by up to
3-fold. Yet, of the 736 genes linked to the activities of “cell wall and
cell processes,” only 55 (7%) were substantially downregulated when
30 genes (or 4% of the total) were exposed to VC (by up to 4-fold). 81
(or 9%) of the 889 genes on the microarray chip designated as
“intermediary metabolism and respiration” were upregulated, while
56 (or 6%) were downregulated, by up to approximately 26-fold and
approximately 4-fold, respectively (Sikri et al., 2015).

5 Generation of free radicals — M. tb.
cross-talk with fenton reaction

McCord and Fridovich mentioned the prospect that mammalian
cells may create potentially hazardous oxygen-centered free radicals
while describing the superoxide dismutase (SOD) family of proteins
(as formed by the interaction of ionising radiation with living
systems). The job of SOD is evidently to catalyse the dissociation of
the superoxide radical (O2.-) and, as a result, to eliminate this species
from the system [reaction (I)] (Burkitt and Gilbert, 1990).

205 + 2H' — H,0, + O (1)

This species’ apparent cytotoxicity may be due to interactions
with redox-active metal ions such as iron and copper, which
promote the formation of a more reactive hydroxyl radical. This
is related to the fact that 20,.- has a poor sensitivity to biological
molecules. The iron-catalyzed Haber-Weiss cycle consists of these
iron-catalyzed processes [reactions (2) and (3), where reaction (3) is
known as the Fenton reaction] (Burkitt and Gilbert, 1990).,

Downregulation of genes due to treatment of Vitamin C
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Antibiotic targeting sites (mode of action of antibiotics) and the mechanism of resistance towards them.
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FIGURE 5
The effect of VC induced Fenton reaction on the bacteria.

Fe* + 0y — Fe** + 0,

2

Fe’* + H,0, — Fe*' + OH + OH~ (3)

Amaral et al., 2019 showed that necrotic cell death during M. tb.
infection. Ferroptosis is a type of regulated necrosis induced by
accumulation of free iron and toxic lipid peroxides. They observed
that Mtb-induced macrophage necrosis is associated with reduced
levels of glutathione and glutathione peroxidase-4 (Gpx4), along
with increased free iron, mitochondrial superoxide, and lipid
peroxidation, all of which are important hallmarks of ferroptosis.
Moreover, necrotic cell death in M. tb.-infected macrophage
cultures was suppressed by ferrostatin-1 (Fer-1), a well-
characterized ferroptosis inhibitor, as well as by iron chelation.
Additional experiments in vivo revealed that pulmonary necrosis in
acutely infected mice is associated with reduced Gpx4 expression as
well as increasedlipid peroxidation and is likewise suppressed by
Fer-1 treatment. Importantly, Fer-1-treated infected animals also
exhibited marked reductions in bacterial load. Ferroptosis is
initiated by Fenton reaction-induced hydrogen peroxides, which
upon interaction with membrane lipids produce toxic lipid
peroxides. Under steady state conditions, these lipid peroxides are
rapidly reduced by Gpx4 through glutathione (GSH) oxidation.
However, when Gpx4 expression and/or activity is inhibited in the
presence of excessive iron, lipid peroxide levels become
uncontrolled and trigger necrotic cell death. Together, these
findings implicate ferroptosis as a major mechanism of necrosis
in M. tb. infection and as a target for host-directed therapy of
tuberculosis (Amaral et al., 2019).

6 Important research studies on latent
M. tb.with vitamin C

One of the most infectious diseases in the world, tuberculosis
(TB) infects millions of individuals each year and kills about 40% of

them. Due to their capacities for metabolism, pro-oxidation, anti-
inflammation, and anti-oxidation, vitamins are essential for many
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important processes. Treatment for drug-resistant tuberculosis
(TB) takes time and is difficult. Although inadequate management
of TB treatment can cause the establishment of drug resistance in
patients, shortening the length of treatment may significantly
improve TB chemotherapy and prevent the development of drug
resistance. Inhibition of M. tb. growth by VC has been
demonstrated. By scavenging oxygen from the culture medium, it
induces the dormant state in M. tb. It kills the mycobacteria by
generating reactive oxygen intermediates through iron-mediated
Fenton reactions. Many investigations have been done on VC and
its effectiveness in killing M. tb. (Patti et al., 2021).

Patti. G. et al,, investigated the importance of vitamins A, B, C,
D, and E in the prevention and treatment of M. tb. According to
World Health Organization (WHO) recommendations, pyridoxine
(Vitamin B6) should be given when TB infection is treated with
high-dose isoniazid. According to research, providing vitamin A
alone may be more effective in protecting against M. tb.
Furthermore, it was demonstrated that VC sterilizes drug-
susceptible XDR (extremely drug resistant) and MDR (multidrug
resistant) cells, as well as prevents the in vitro formation of drug-
resistant TB. In terms of oxidative equilibrium, vitamin E has
shown promise in the treatment of TB (Patti et al., 2021).

Vilcheze et al., described the efficacy of VC against M. tb. when
combination with first-line drugs rifampicin and isoniazid. A
mouse model was employed in this study to examine
subinhibitory VC doses in combination with standard first-line
medicines. Despite the fact that VC had no effect on M. tb.-infected
mice, the combination of VC and first-line drugs reduced the
bacterial load from the infected mice’s lungs faster than just first-
line therapies alone. According to the findings of the study, VC can
be used in combination with first-line drugs to treat tuberculosis
(Vilcheze et al., 2018).

Taneja et al., looked at how VC affected M. tb’s dormancy,
growth arrest, and transcriptional plasticity. Ascorbic acid was
shown to cause Dev R regulation by an extra process. Moreover,
at around 30% oxygen saturation, ascorbic acid’s oxygen scavenging
properties soon trigger Dev R regulation. The magnitude and speed
of the responses suggested early Dos T involvement as well as a
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continual Dev S-mediated response throughout bacterial adaptation
to growing hypoxia. Also, it was demonstrated that VC inhibits
bacterial growth and promotes the development of the dormancy
phenotype in M. tb. grown in THP-1 cells in axenic culture (Taneja
et al,, 2010).

According to study by Shukla et al. published in 2018, the
ascorbate (VC) enzyme M. tb. ICL (M. tb. isocitrate lyase) has the
capacity to inhibit M M. tb. with an IC50 of 2.15 mM. It is a key
enzyme during the latent stage of M. tb. No of the amount of iron in
the cell, ascorbate at a 4mM concentration stopped 97% of growth.
The inhibition produced by 3-nitropropionate, a known inhibitor
of M. tb. ICL, was also reported to be stronger in the acetate
medium than the glucose medium. These findings were
corroborated by molecular docking and MD simulation
illustrations, which established persistent ascorbate binding to M.
th. ICL and enzyme inhibition as a result. Also, it was mentioned
that include a high-vitamin diet in a person’s therapy for
tuberculosis may have some benefits (Shukla et al, 2018). Peiz
et al. studied the pharmacological implications of using VC as a
prodrug for the production of hydrogen peroxide, which kills
mycobacteria, in 2019. The effectiveness of VC against M. tb.
H37Rv and M. bovis BCG mycobacteria in macrophages was
examined as part of the study. They examined alterations in
protein expression in samples of the H37RV that had been
treated with 5mM VC and in control samples using Tandem
mass tag (TMT) based quantitative proteomic analysis and qRT-
PCR. In their study, they identified 11 genes that were upregulated
and 17 genes that were downregulated in 5mM VC-treated H37Ryv,
including rip 3, fdx A, RV1813c, mtp, LH57 00670, hspX, pfKB, Rv
1824, Rv 1813 ¢, LH57 08410, and Rv 2030c. Comparison of the
H37Rv treated with VC and the control samples. According to
qRT-PCR results, VC may express six genes (hsp, fdxD, furA, devR,
hspX, and dnaB) in BCG & H37Rv and exons of RAW 264 cells.
Seven cells treated with VC killed M. bovis BCG in vitro, and it was
shown that VC had bactericidal effects on mycobacteria by
producing pro-drug hydrogen peroxide (H202) and activating
the oxidative stress pathway (Pei et al., 2019).

According to Sirkri et al., M. tb. exhibits a wide and overlapping
pleiotropic transcriptional response to VC. Here, they
demonstrated how the pleiotropic effects of VC on various
models produced a variety of oxidative stressors. The model was
created in a lab, where researchers found that the genes in M. tb.
cultures that make up around 14% of the genome quickly regulate
after being exposed to VC. Genes related in lipid, intermediate
metabolism, and regulatory protein were upregulated, whereas
genes linked to virulence, detoxification, information flow, and
cell wall activities were downregulated. The results showed that
VC provided a range of stressful conditions that were comparable to
macrophage-like settings for axenic M. tb. cells. Moreover, VC
causes gaseous stress such as hypoxia, nitric oxide, oxidative, and
nitrosative stresses, as well as food restriction. The study found that
VC might be utilised to treat M. tb. and could prevent the
adaptation mechanisms needed for M. tb. dormancy (Sikri
et al., 2015).

According to studies by Sikri et al., VC becomes more sensitive
when administered together with the usage of anti-tuberculosis
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drugs. According to the study, network-based gene expression
analysis revealed that the VC-induced comprehensive and robust
adaptive response in M. tb., spanning around 67% of the genome,
was brought on by the VC. The bacteria that are resistant to VC
show several well-known signs of dormancy, including growth
arrest, development of viable but non-culturable cells (VBNC),
loss of acid fastness, length reduction, dissipation of reductive
stress through glyceride (TAG) accumulation, protective response
to oxidative stress, and tolerance to first-line anti-TB medications.
The research suggests that pyrazinamide and VC can be combined
to provide a strong anti-TB drug with sterilising properties. It also
eliminates dormant and reproducing bacteria in both in vitro and
intracellularly infected mice, independent of any resistance to
rifampicin and isoniazid in combination therapy. The findings
hint to a successful VC adjuvant therapy that, when combined
with already available drugs, boosts efficacy and opens the door to
new tactics and combinations (Sikri et al., 2018).

Paland Jana, 2020 investigated an intracellular Fenton reaction-
induced pharmacologic VC-based cell treatment. According to this
study, concentrations between 0.1 and 1.0 mM can cause cell death
by a Fenton reaction based on iron oxide nanoparticles. The cells
can be exposed to VC after being labelled with Fe;O,4 nanoparticles,
causing the Fenton reaction to occur following the exposure of VC
linked nanoparticles (Pal and Jana, 2020).

In 2013, Vilcheze C et al, investigated the sensitivity and
lethality of Mycobacterium tuberculosis to VC via the Fenton
reaction. VC, a substance that causes the Fenton reaction, has the
ability to kill both drug-susceptible and drug-resistant
Mycobacterium tuberculosis. Additionally, it claims that VC has a
pleiotropic influence on several biological processes and that its
ability to combat Mycobacterium tuberculosis. is based on high
ferrous ion concentrations and the generation of reactive oxygen
species (Vilcheze et al,, 2013).

Tiwari S. et al., investigated how arginine deprivation causes
oxidative damage that leads to M. tb. sterility. The research
demonstrated that the de novo arginine biosynthetic pathway of
M. tb. is upregulated in the early response to the oxidative stress-
inducing agent isoniazid or VC deprivation, and that this causes
arginine to quickly sterilise the pathway mutants arg B and arg F
without the emergence of suppressor mutants in vitro or in vivo.
The results of the transcriptomic cytometry demonstrate a
considerable accumulation of ROS and DNA damage. According
to metabolomic studies, antioxidant thiol levels were low in cells,
and the metabolite substrate for ArgB or ArgF enzymes had
accumulated (Tiwari et al., 2018).

In 2015, Mishra A. et al., conducted research on the qualitative
and quantitative proteomic analysis of VC-induced changes in M.
smegmatis. The proteomic analysis revealed significant alterations
in cellular and metabolic processes, including reversal of the
tricarboxylic acid cycle, reduction of ATP synthase, reduction in
iron acquisition and storage, as well as s of the dormancy regulators
WhiB3, PhoP, and Lsr2 (Mishra and Sarkar, 2015).

The effects of vitamin B and VC on DNA methylation and
amino acid metabolism in M. bovis BCG were examined by Song N
et al. The transcriptional, metabolic, and methylation characteristics
of M. bovis BCG after treatment with vitamin Bl and VC were
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examined using single molecule real-time sequencing (SMRT),
liquid chromatography coupled to mass spectrometry (LCMS),
and RNA sequencing (RNA-seq). The results demonstrated that
several metabolites were enriched in the metabolic pathways
connected to amino acid metabolism. Also, it was established that
M4C alterations were only present in M. bovis BCG that had
undergone treatment, which resulted in an increase of the genes
that code for cynteine synthase A. Furthermore, methylation-
related genes were upregulated, demonstrating that M4C
methylation can marginally boost gene transcription (Song
et al., 2020).

The combined effects of anti-tuberculosis medications with VC
or N-acetyl cystene (NAC) against bacterial strains of S. aureus and
M. th.were studied by Khameneh et al., 2016. Here, a 96-well plate
was used to test the MIC of every chemical against every strain.
Rifampin, a first-line medication, was tested at two-fold
concentrations alone, in combination with NAC, or in
combination with VC. It was discovered that the MIC of rifampin
was reduced to two-fold concentration when treated in
combination with VC, whereas NAC had no effect on any drug’s
antibacterial activity for all strains of S. aureus. However, both VC
and NAC exhibit impressive effects on M. tb., and anti-tuberculosis
medications. According to the study, VC combined with anti-
tuberculosis medications completely eradicates microbiological
infections (Khameneh et al., 2016).

Mpycobacterium smegmatis’ ability to build biofilms and
maintain long-term life was restricted as a result, Syal et al., 2017.
VC that targeted the production of (p)ppGpp. As (p)ppGpp is
thought to be the principal regulator of stress response and is in
charge of ensuring bacterial survival in stressful situations. The
study examined the impact of VC on the production of (p)ppGpp
and found that, in contrast to untreated cells, VC-treated M.
smegmatis cells produced less (p)ppGpp. The findings showed
that VC can prevent the manufacture of (p)ppGpp at high doses,
and as a consequence, it may be employed as a powerful material to
create an inhibitor of (p)ppGpp (Syal et al., 2017).

In 2022, Linkon et al. undertook randomised clinical research in
tuberculosis patients to compare VC with anti-TB drugs. The
research included 32 patients who were randomly assigned to the
intervention (VC plus anti-tuberculosis medications) and control
(just anti-tuberculosis medications) groups. The control group only
received anti-Tuberculosis medications for 28 days whereas the
intervention group received 1000 mg of VC daily along with the
anti-tuberculosis medications. Sputum smear tests were used for both
groups to assess the patients in the second stage. (Linkon et al., 2022).

Citrus aurantifolia hexane extract’s chemical makeup and some
of its compounds’ anti-M. tb.,properties were studied by Sandoval-
Montemayor NE et al, in 2012. A sensitive and three mono-
resistant (isoniazid, streptomycin, or ethambutol) strains of M.
tb.H37Rv were used in this investigation to identify and
characterise the active components from the hexane extract of
Citrus aurantifola fruit peels. By using column chromatography
to separate the active ingredient, five main compounds were
produced: 5-methoxypsoralen, 5-geranyloxy-7-methoxycoumarin,
5,7-dimethoxycoumarin, and 5,8-dimethoxypsoralen. NMR
spectroscopy in the 1D and 2D ranges was used to describe the
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structure. Additionally, the extract underwent GC-MS analysis, and
many chemicals were identified. Using the microplate alamar blue
assay, three multidrug resistant M. tb. strains and further M. tb.
H37Rv were tested against four isolated coumarins and 16
commercial chemicals identified by GC-MS. The constituents 5,8-
dimethoxypsoralen, 5-geranyloxypsoralen, palmitic acid, linoleic
acid, oleic acid, 4-hexen-3-one, and citrus shown efficacy against all
strains. According to the study, the hexane extract of C. aurantifolia
shows anti - mycobacterial properties (Sandoval-Montemayor et al.,, 2012).

In 2016, Kirtania et al, investigated the effects of VC-driven
Mycobacterium smegmatis growth on Dev R-dependent
synchronization and mycobacteriophage D29 proliferation. It was
demonstrated using Mycobacterium smegmatis - mycobacteriophage
D29 as a model system to examine how the growth of
mycobacteriophages is influenced by hypoxic conditions brought on
by VC that previous exposure of the host to such conditions resulted in
larger burst size of the phage. VC pre-exposure was also shown to
promote simultaneous growth in the host. The two occurrences are
linked as a consequence. The response regulator DevR, which controls
mycobacteria’s hypoxic responses, is absent in a mutant that cannot
tolerate larger phage bursts or undergo synchronized growth in
response to VC pre-exposure. This link was further supported by the
discovery that phage burst sizes varied according to the stage of
synchronous growth that the host cells were in at the time of
infection. Lower bursts were seen during the dividing phases and
higher ones during the resting/synthetic phases. The effects were
specific in nature since synchronizationutilizing the unrelated
method of “crowding” did not generate the same outcome. The
results show that mycobacteriophage D29 uses VC-induced growth
synchronization, a DevR-dependent phenomenon, to replicate
(Kirtania et al., 2016).

7 Discussion

Drug-resistant TB is spreading globally, necessitating the creation
of novel, potent treatments, as well as innovative approaches to combat
it. The problem has become more complicated as a result of resistance
to recently authorised anti-tuberculous medications. In this case, the
role of vitamins is being reevaluated. Vitamins are more readily
accepted by doctors caring for patients due to their proven efficacy
in improving health and a general sense of well-being. In the past, there
have been several attempts to treat TB with dietary supplements that
include different vitamins (Tyagi et al., 2017).

The effect of VC on various ailments has been thoroughly explored
but remains debatable. VC is widely known for being both an
antioxidant and a pro-oxidant. VC’s pro-oxidant action is most likely
what causes it to sterilizes M. tb. cultures. VC generates ROS, produces
redox imbalance, and damages DNA, all of which result in antibacterial
capabilities against M. tb. cells. When fed to M. tb. in an environment
with low oxygen or iron, VC loses its antibacterial activity (Vilcheze
et al,, 2013). It may even inhibit the bacterial katG’s ability to neutralize
ROS. By suppressing ICL, ascorbate, on the other hand, may hinder
bacteria from metabolizing fatty acids in fatty acid-rich and iron-
depleted microenvironments (Shulkla et al., 2018).
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The study’s goal was to determine the drugs used to treat
mycobacterial infections, as well as the mechanism of drug resistance
and the impact of VC/first-line therapies for MDR and XDR infections.
The authors expect that the findings of this review will help them better
understand the probable underlying mechanism in the link between
resistant tuberculosis and vitamin C, its pro-oxidant activity (free
radical formation), and first-line treatments.

Author contributions

RSK and PG designed and drafted the MS. RSK and TKU
reviewed and edited the MS. RSK and MD revised the MS. IA and
MS contributed in revision, reviewing and English editing,
grammatical corrections and funding acquisition.

Acknowledgments

The authors express their gratitude to the Deanship of Scientific
Research at King Khalid University for funding this work through

References

Albeldas, C., Ganief, N., Calder, B., Nakedi, K. C., Garnett, S., Nel, A. J., et al. (2018).
Global proteome and phosphoproteome dynamics indicate novel mechanisms of
vitamin ¢ induced dormancy in mycobacterium smegmatis. J. Proteomics 180, 1-10.
doi: 10.1016/j,jprot.2017.10.006

Alderwick, L. J., Harrison, J., Lloyd, G. S., and Birch, H. L. (2015). The mycobacterial
cell wall-peptidoglycan and arabinogalactan. Cold Spring Harbor Perspect. Med. 5 (8),
a021113. doi: 10.1101/cshperspect.a021113

Alene, K. A, Wangdi, K., and Clements, A. C. (2020). Impact of the COVID-19
pandemic on tuberculosis control: An overview. Trop. Med. Infect. Dis. 5 (3), 123. doi:
10.3390/tropicalmed5030123

Almeida da Silva, P. E., Andrea, V. G., Anandi, M., and Juan, C. P. (2011). Efflux as a
mechanism for drug resistance in Mycobacterium tuberculosis. FEMS Microbiol.
Immunol. 63, 1-9. doi: 10.1111/j.1574-695X.2011.00831.x

Amaral, E. P., Costa, D. L., Namasivayam, S., Riteau, N., Kamenyeva, O., Mittereder,
L., etal. (2019). A major role for ferroptosis in Mycobacterium tuberculosis—induced cell
death and tissue necrosis. J. Exp. Med. 216 (3), 556-570. doi: 10.1084/jem.20181776

Andosca, J. B., and Foley, J. A. (1948). Calcium ribonate and vitamin ¢ (Nu 240-10)
in the treatment of tuberculosis. Dis. Chest 14 (1), 107-114. doi: 10.1378/chest.14.1.107

Andries, K., Verhasselt, P., Guillemont, J., Gotihlmann, H. W., Neefs, ]. M., Winkler,
H., et al. (2005). A diarylquinoline drug active on the ATP synthase of Mycobacterium
tuberculosis. Science 307 (5707), 223-227. doi: 10.1126/science.1106753

(2022) WHO report released on 27 October. Available at: https://www.who.int/news-
room/fact-sheets/detail/Tuberculosis (Accessed 29th November 2022).

Basta, L. A. B,, Ghosh, A, Pan, Y., Jakoncic, J., Lloyd, E. P., Townsend, C. A,, et al.
(2015). Loss of a functionally and structurally distinct ld-transpeptidase, LdtMt5,
compromises cell wall integrity in Mycobacterium tuberculosis. J. Biol. Chem. 290 (42),
25670-25685. doi: 10.1074/jbc.M115.660753

Betts, J. C., Lukey, P. T., Robb, L. C., McAdam, R. A., and Duncan, K. (2002).
Evaluation of a nutrient starvation model of Mycobacterium tuberculosis persistence by
gene and protein expression profiling. Mol. Microbiol. 43 (3), 717-731. doi: 10.1046/
j.1365-2958.2002.02779.x

Boonaiam, S., Chaiprasert, A., Prammananan, T., and Leechawengwongs, M. (2010).
Genotypic analysis of genes associated with isoniazid and ethionamide resistance in
MDR-TB isolates from Thailand. Clin. Microbiol. infect 16 (4), 396-399. doi: 10.1111/
j.1469-0691.2009.02838.x

Brennan, P. J. (2003). Structure, function, and biogenesis of the cell wall of
Mycobacterium tuberculosis. Tuberculosis 83 (1-3), 91-97. doi: 10.1016/S1472-9792
(02)00089-6

Brossier, F., Veziris, N., Truffot-Pernot, C., Jarlier, V., and Sougakoff, W. (2011).
Molecular investigation of resistance to the antituberculous drug ethionamide in

multidrug-resistant clinical isolates of mycobacterium tuberculosis. Antimicrob
Agents chemother 55 (1), 355-360. doi: 10.1128/AAC.01030-10

Frontiers in Cellular and Infection Microbiology

14

10.3389/fcimb.2023.1152269

the Large Research Group Project under grant number RGP.02/
316/44. RSK, PKG and TKU express their sincere thanks to
Department of Life Sciences, Parul University and Center of
Research for Development for providing required facility.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Brown-Elliott, B. A., Nash, K. A., and Wallace, R. J. Jr. (2012). Antimicrobial
susceptibility testing, drug resistance mechanisms, and therapy of infections with
nontuberculous mycobacteria. Clin. Microbiol. Rev. 25 (3), 545-582. doi: 10.1128/
CMR.05030-11

Burkitt, M. J., and Gilbert, B. C. (1990). Model studies of the iron-catalysed haber-
Weiss cycle and the ascorbate-driven fenton reaction. Free Radical Res. Commun. 10
(4-5), 265-280. doi: 10.3109/10715769009149895

Caceres, N. E., Harris, N. B., Wellehan, J. F., Feng, Z., Kapur, V., and Barletta, R. G.
(1997). Overexpression of the d-alanine racemase gene confers resistance to d-
cycloserine in Mycobacterium smegmatis. J. bacteriol 179 (16), 5046-5055. doi:
10.1128/jb.179.16.504675055.1997

Caminero, J. A, and Scardigli, A. (2015). Classification of antituberculosis drugs: a
new proposal based on the most recent evidence. Eur. Respir. J. 46 (4), 887-893. doi:
10.1183/13993003.00432-2015

Castafieda-Garcia, A., Blazquez, J., and Rodriguez-Rojas, A. (2013). Molecular
mechanisms and clinical impact of acquired and intrinsic fosfomycin resistance.
Antibiotics 2 (2), 217-236. doi: 10.3390/antibiotics2020217

Chao, M. C,, and Rubin, E. J. (2010). Letting sleeping dos lie: does dormancy play a
role in tuberculosis? Annu. Rev. Microbiol. 64, 293-311. doi: 10.1146/
annurev.micro.112408.134043

Chen, J. M., Uplekar, S., Gordon, S. V., and Cole, S. T. (2012). A point mutation in
cycA partially contributes to the d-cycloserine resistance trait of Mycobacterium bovis
BCG vaccine strains. PLoS ONE 7 (8), €43467. doi: 10.1371/journal.pone.0043467

Cheng, A. F.,, Yew, W. W,, Chan, E. W., Chin, M. L., Hui, M. M,, and Chan, R. C.
(2004). Multiplex PCR amplimer conformation analysis for rapid detection of gyrA
mutations in fluoroquinolone-resistant Mycobacterium tuberculosis clinical isolates.
Antimicrob Agents Chemother 48 (2), 596-601. doi: 10.1128/AAC.48.2.596-601.2004

Combs, G. F. Jr, and McClung, J. P. (2016). The vitamins: Fundamental aspects in
nutrition and health (Elsevier: Academic Press).

Daffe, M. (2015). The cell envelope of tubercle bacilli. Tuberculosis 95, S155-S158.
doi: 10.1016/j.tube.2015.02.024

De Gouw, D., Serra, D. O., De Jonge, M. L, Hermans, P. W., Wessels, H. J., Zomer,
A., et al. (2014). The vaccine potential of bordetella pertussis biofilm-derived
membrane proteins. Emerging Microbes infections 3 (1), 1-9. doi: 10.1038/emi.2014.58

Dey, A., Verma, A. K, and Chatterji, D. (2010). Role of an RNA polymerase
interacting protein, MsRbpA, from Mycobacterium smegmatis in phenotypic tolerance
to rifampicin. Microbiology 156 (3), 873-883. doi: 10.1099/mic.0.033670-0

Di Gennaro, F., Gualano, G., Timelli, L., Vittozzi, P., Di Bari, V., Libertone, R., et al.
(2021). Increase in tuberculosis diagnostic delay during first wave of the COVID-19
pandemic: data from an Italian infectious disease referral hospital. Antibiotics 10 (3),
272. doi: 10.3390/antibiotics10030272

frontiersin.org


https://doi.org/10.1016/j.jprot.2017.10.006
https://doi.org/10.1101/cshperspect.a021113
https://doi.org/10.3390/tropicalmed5030123
https://doi.org/10.1111/j.1574-695X.2011.00831.x
https://doi.org/10.1084/jem.20181776
https://doi.org/10.1378/chest.14.1.107
https://doi.org/10.1126/science.1106753
https://www.who.int/news-room/fact-sheets/detail/Tuberculosis
https://www.who.int/news-room/fact-sheets/detail/Tuberculosis
https://doi.org/10.1074/jbc.M115.660753
https://doi.org/10.1046/j.1365-2958.2002.02779.x
https://doi.org/10.1046/j.1365-2958.2002.02779.x
https://doi.org/10.1111/j.1469-0691.2009.02838.x
https://doi.org/10.1111/j.1469-0691.2009.02838.x
https://doi.org/10.1016/S1472-9792(02)00089-6
https://doi.org/10.1016/S1472-9792(02)00089-6
https://doi.org/10.1128/AAC.01030-10
https://doi.org/10.1128/CMR.05030-11
https://doi.org/10.1128/CMR.05030-11
https://doi.org/10.3109/10715769009149895
https://doi.org/10.1128/jb.179.16.5046-5055.1997
https://doi.org/10.1183/13993003.00432-2015
https://doi.org/10.3390/antibiotics2020217
https://doi.org/10.1146/annurev.micro.112408.134043
https://doi.org/10.1146/annurev.micro.112408.134043
https://doi.org/10.1371/journal.pone.0043467
https://doi.org/10.1128/AAC.48.2.596-601.2004
https://doi.org/10.1016/j.tube.2015.02.024
https://doi.org/10.1038/emi.2014.58
https://doi.org/10.1099/mic.0.033670-0
https://doi.org/10.3390/antibiotics10030272
https://doi.org/10.3389/fcimb.2023.1152269
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Gaglani et al.

Di Gennaro, F., Marotta, C., Antunes, M., and Pizzol, D. (2019). Diabetes in active
tuberculosis in low-income countries: to test or to take care? Lancet Global Health 7 (6),
€707. doi: 10.1016/S2214-109X(19)30173-1

Farhat, M. R,, Shapiro, B. J., Kieser, K. J., Sultana, R., Jacobson, K. R., Victor, T. C,,
et al. (2013). Genomic analysis identifies targets of convergent positive selection in
drug-resistant Mycobacterium tuberculosis. Nat. Genet. 45 (10), 1183-1189. doi:
10.1038/ng.2747

Fattorini, L., Orefici, G., Jin, S. H., Scardaci, G., Amicosante, G., Franceschini, N.,
et al. (1992). Resistance to beta-lactams in mycobacterium fortuitum. Antimicrob
Agents chemother 36 (5), 1068-1072. doi: 10.1128/AAC.36.5.1068

Ferber, D. (2005). Protein that mimics DNA helps tuberculosis bacteria resist
antibiotics. Science 308 (5727), 1393. doi: 10.1126/science.308.5727.1393a

Feuerriegel, S., Koser, C. U,, Richter, E., and Niemann, S. (2013). Mycobacterium
canettii is intrinsically resistant to both pyrazinamide and pyrazinoic acid. J.
Antimicrob Chemother 68 (6), 1439-1440. doi: 10.1093/jac/dkt042

Field, C. J., Johnson, I. R, and Schley, P. D. (2002). Nutrients and their role in host
resistance to infection. J. Leukocyte Biol. 71 (1), 16-32. doi: 10.1189/j1b.71.1.16

Garcia Pelayo, M. C., Uplekar, S., Keniry, A., Mendoza Lopez, P., Garnier, T., Nunez
Garcia, J., et al. (2009). A comprehensive survey of single nucleotide polymorphisms
(SNPs) across Mycobacterium bovis strains and M. bovis BCG vaccine strains refines
the genealogy and defines a minimal set of SNPs that separate virulent M. bovis strains
and M. bovis BCG strains. Infect Immun. 77 (5), 2230-2238. doi: 10.1128/IAL.01099-08

Garton, N. J., Waddell, S. J., Sherratt, A. L., Lee, S. M., Smith, R. J., Senner, C., et al.
(2008). Cytological and transcript analyses reveal fat and lazy persister-like bacilli in
tuberculous sputum. PloS Med. 5 (4), €75. doi: 10.1371/journal.pmed.0050075

Gengenbacher, M., and Kaufmann, S. H. (2012). Mycobacterium tuberculosis:
success through dormancy. FEMS Microbiol. Rev. 36 (3), 514-532. doi: 10.1111/
j.1574-6976.2012.00331.x

Georghiou, S. B., Magana, M., Garfein, R. S., Catanzaro, D. G., Catanzaro, A., and
Rodwell, T. C. (2012). Evaluation of genetic mutations associated with Mycobacterium
tuberculosis resistance to amikacin, kanamycin and capreomycin: a systematic review.
PloS One 7 (3), €33275. doi: 10.1371/journal.pone.0033275

Glaziou, P. (2020). Predicted impact of the COVID-19 pandemic on global
tuberculosis deaths in 2020. MedRxiv, 2020-2004. doi: 10.1101/2020.04.28.20079582

Gomez, J. E., and McKinney, J. D. (2004). M. tuberculosis persistence, latency, and
drug tolerance. Tuberculosis 84 (1-2), 29-44. doi: 10.1016/j.tube.2003.08.003

Gu, Y, Yu, X, Jiang, G., Wang, X, Ma, Y., Li, Y., et al. (2016). Pyrazinamide
resistance among multidrug-resistant tuberculosis clinical isolates in a national referral
center of China and its correlations with pncA, rpsA, and panD gene mutations. Diagn.
Microbiol. Infect. Dis. 84 (3), 207-211. doi: 10.1016/j.diagmicrobio.2015.10.017

Guo, H., Seet, Q., Denkin, S., Parsons, L., and Zhang, Y. (2006). Molecular
characterization of isoniazid-resistant clinical isolates of Mycobacterium tuberculosis
from the USA. J. Med. Microbiol. 55 (11), 1527-1531. doi: 10.1099/jmm.0.46718-0

Gupta, R, Lavollay, M., Mainardi, J. L., Arthur, M., Bishai, W. R., and Lamichhane,
G. (2010). The Mycobacterium tuberculosis protein LdtMt2 is a nonclassical
transpeptidase required for virulence and resistance to amoxicillin. Nat. Med. 16 (4),
466-469. doi: 10.1038/nm.2120

Hartkoorn, R. C., Uplekar, S., and Cole, S. T. (2014). Cross-resistance between
clofazimine and bedaquiline through upregulation of MmpL5 in Mycobacterium
tuberculosis. Antimicrob Agents Chemother 58 (5), 2979-2981. doi: 10.1128/
AAC.00037-14

Heep, M., Brandstaiitter, B., Rieger, U., Lehn, N,, Richter, E., and S. and Niemann, S.
(2001). Frequency of rpoB mutations inside and outside the cluster I region in
rifampin-resistant clinical Mycobacterium tuberculosis isolates. J. Clin. Microbiol. 39
(1), 107-110. doi: 10.1128/JCM.39.1.107-110.2001

Hegde, S. S., Vetting, M. W., Roderick, S. L., Mitchenall, L. A., Maxwell, A., Takift, H.
E., etal. (2005). A fluoroquinolone resistance protein from Mycobacterium tuberculosis
that mimics DNA. Science 308 (5727), 1480-1483. doi: 10.1126/science.1110699

Hogan, A. B., Jewell, B. L., Sherrard-Smith, E., Vesga, J. F., Watson, O. J., Whittaker,
C., et al. (2020). Potential impact of the COVID-19 pandemic on HIV, tuberculosis,
and malaria in low-income and middle-income countries: a modelling study. Lancet
Global Health 8 (9), e1132-e1141. doi: 10.1016/S2214-109X(20)30288-6

Hu, Y. M., Butcher, P. D., Sole, K., Mitchison, D. A., and Coates, A. R. M. (1998).
Protein synthesis is shutdown in dormant Mycobacterium tuberculosis and is reversed
by oxygen or heat shock. FEMS Microbiol. Lett. 158 (1), 139-145. doi: 10.1111/j.1574-
6968.1998.tb12813.x

Hugonnet, J. E., and Blanchard, J. S. (2007). Irreversible inhibition of the
Mycobacterium tuberculosis B-lactamase by clavulanate. Biochemistry 46 (43), 11998-
12004. doi: 10.1021/bi701506h

Jackson, M., McNeil, M. R,, and Brennan, P. J. (2013). Progress in targeting cell
envelope biogenesis in Mycobacterium tuberculosis. Future Microbiol. 8 (7), 855-875.
doi: 10.2217/fmb.13.52

Jankute, M., Cox, J. A., Harrison, J., and Besra, G. S. (2015). Assembly of the
mycobacterial cell wall. Annu. Rev. Microbiol. 69, 405-423. doi: 10.1146/annurev-
micro-091014-104121

Johansen, S. K., Maus, C. E., Plikaytis, B. B., and Douthwaite, S. (2006). Capreomycin

binds across the ribosomal subunit interface using tlyA-encoded 2’-0-methylations in
16S and 23S rRNAs. Mol. Cell 23 (2), 173-182. doi: 10.1016/j.molcel.2006.05.044

Frontiers in Cellular and Infection Microbiology

15

10.3389/fcimb.2023.1152269

Kasperbauer, S. H., and De Groote, M. A. (2015). The treatment of rapidly growing
mycobacterial infections. Clinics Chest Med. 36 (1), 67-78. doi: 10.1016/j.ccm.2014.10.004

Khameneh, B., Bazzaz, B. S. F., Amani, A., Rostami, J., and Vahdati-Mashhadian, N.
(2016). Combination of anti-tuberculosis drugs with vitamin ¢ or NAC against different
Staphylococcus aureus and Mycobacterium tuberculosis strains. Microbial Pathogenesis
93, 83-87. doi: 10.1016/j.micpath.2015.11.006

Kieser, K. J., Baranowski, C., Chao, M. C,, Long, J. E., Sassetti, C. M., Waldor, M. K,,
et al. (2015). Peptidoglycan synthesis in Mycobacterium tuberculosis is organized into
networks with varying drug susceptibility. Proc. Natl. Acad. Sci. 112 (42), 13087-13092.
doi: 10.1073/pnas.1514135112

Kirtania, P., Ghosh, S., Bhawsinghka, N., Chakladar, M., and Das Gupta, S. K. (2016).
Vitamin ¢ induced DevR-dependent synchronization of Mycobacterium smegmatis
growth and its effect on the proliferation of mycobacteriophage D29. FEMS Microbiol.
Lett. 363 (11). doi: 10.1093/femsle/fnw097

Linkon, M. R,, Mitu, S. F., Islam, F., Shyfullah, M., Shutradhar, P., Rana, M., et al.
(2022). Randomized clinical trial of the combined effects of vitamin ¢ and anti-
tuberculosis drugs in tuberculosis patients. Nutr. Food Sci. Res. 9 (2), 3-8. doi:
20.1001.1.23830441.2022.9.2.4.1

Maus, C. E,, Plikaytis, B. B., and Shinnick, T. M. (2005). Mutation of tlyA confers
capreomycin resistance in Mycobacterium tuberculosis. Antimicrob Agents chemother
49 (2), 571-577. doi: 10.1128/AAC.49.2.571-577.2005

Mayer, C., and Takiff, H. (2020). The Fluoroquinolone Mycobacterium Molecular
Genetics tuberculosis Resistance of in. Molecular Genetics of Mycobacteria, 1, p.455.

Metaferia, B. B., Fetterolf, B. J., Shazad-ul-Hussan, S., Moravec, M., Smith, J. A, Ray,
S., et al. (2007). Synthesis of natural product-inspired inhibitors of Mycobacterium
tuberculosis mycothiol-associated enzymes: the first inhibitors of GIcNAc-ins
deacetylase. J. med Chem. 50 (25), 6326-6336. doi: 10.1021/jm07066%h

Mishra, A., and Sarkar, D. (2015). Qualitative and quantitative proteomic analysis of
vitamin ¢ induced changes in mycobacterium smegmatis. Front. Microbiol. 6, 451. doi:
10.3389/fmicb.2015.00451

Moraes, G. L., Gomes, G. C., De Sousa, P. R. M., Alves, C. N., Govender, T., Kruger,
H. G,, et al. (2015). Structural and functional features of enzymes of Mycobacterium
tuberculosis peptidoglycan biosynthesis as targets for drug development. Tuberculosis
95 (2), 95-111. doi: 10.1016/j.tube.2015.01.006

Morlock, G. P., Metchock, B., Sikes, D., Crawford, J. T., and Cooksey, R. C. (2003).
ethA, inhA, and katG loci of ethionamide-resistant clinical Mycobacterium tuberculosis
isolates. Antimicrob Agents Chemother 47 (12), 3799-3805. doi: 10.1128/
AAC.47.12.3799-3805.2003

Nahid, P, Dorman, S. E., Alipanah, N., Barry, P. M., Brozek, J. L., Cattamanchi, A.,
et al. (2016). Official American thoracic society/centers for disease control and
prevention/infectious diseases society of America clinical practice guidelines:
treatment of drug-susceptible tuberculosis. Clin. Infect. Dis. 63 (7), e147-e195. doi:
10.1093/cid/ciw376

Nasiri, M. J., Haeili, M., Ghazi, M., Goudarzi, H., Pormohammad, A., Imani, F. A. A.,
et al. (2017). New Insights in to the Intrinsic and Acquired Drug Resistance
Mechanisms in Mycobacteria. Front Microbiol. 8, 681. doi: 10.3389/fmicb.2017.00681

Natarajan, A., Beena, P. M., Devnikar, A. V., and Mali, S. (2020). A systemic
review on tuberculosis. Indian J. Tuberculosis 67 (3), 295-311. doi: 10.1016/
j.ijtb.2020.02.005

Newton, G. L., Buchmeier, N., La Clair, J. J., and Fahey, R. C. (2011). Evaluation of
NTF1836 as an inhibitor of the mycothiol biosynthetic enzyme MshC in growing and
non-replicating Mycobacterium tuberculosis. Bioorganic med Chem. 19 (13), 3956
3964. doi: 10.1016/j.bmc.2011.05.028

Nishikimi, M., and Yagi, K. (1996). Biochemistry and molecular biology of
ascorbic acid biosynthesis. Subcellular Biochem. 25, 17-39. doi: 10.1007/978-1-
4613-0325-1_2

OFFICIAL, T. (1990). Diagnosis and treatment of disease caused by nontuberculous
mycobacteria. Am. Rev. Respir. Dis. 142, 940-953. doi: 10.1164/ajrccm/142.4.940

Pal, S., and Jana, N. R. (2020). Pharmacologic vitamin c-based cell therapy via iron
oxide nanoparticle-induced intracellular fenton reaction. ACS Appl. Nano Materials 3
(2), 1683-1692. doi: 10.1021/acsanm.9b02405

Pal, S., and Jana, N. R. (2022). Enhanced therapeutic applications of vitamin ¢ via
nanotechnology-based pro-oxidant properties: A review. ACS Appl. Nano Materials 5
(4), 4583-4596. doi: 10.1021/acsanm.1c03000

Palomino, J. C., and Martin, A. (2014). Drug resistance mechanisms in Mycobacterium
tuberculosis. Antibiotics 3 (3), 317-340. doi: 10.3390/antibiotics3030317

Patti, G., Pellegrino, C., Ricciardi, A., Novara, R., Cotugno, S., Papagni, R,, et al.
(2021). Potential role of vitamins a, b, ¢, d and e in TB treatment and prevention: a
narrative review. Antibiotics 10 (11), 1354. doi: 10.3390/antibiotics10111354

Pei, Z., Wu, K, Li, Z, Li, C,, Zeng, L., Li, F,, et al. (2019). Pharmacologic ascorbate as
a pro-drug for hydrogen peroxide release to kill mycobacteria. Biomed Pharmacother
109, 2119-2127. doi: 10.1016/j.biopha.2018.11.078

Philley, J. V., and Griffith, D. E. (2015). Treatment of slowly growing mycobacteria.
Clinics chest Med. 36 (1), 79-90. doi: 10.1016/j.ccm.2014.10.005

Protopopova, M., Hanrahan, C., Nikonenko, B., Samala, R., Chen, P., Gearhart, J.,
et al. (2005). Identification of a new antitubercular drug candidate, SQ109, from a
combinatorial library of 1, 2-ethylenediamines. J. Antimicrob Chemother 56 (5), 968—
974. doi: 10.1093/jac/dki319

frontiersin.org


https://doi.org/10.1016/S2214-109X(19)30173-1
https://doi.org/10.1038/ng.2747
https://doi.org/10.1128/AAC.36.5.1068
https://doi.org/10.1126/science.308.5727.1393a
https://doi.org/10.1093/jac/dkt042
https://doi.org/10.1189/jlb.71.1.16
https://doi.org/10.1128/IAI.01099-08
https://doi.org/10.1371/journal.pmed.0050075
https://doi.org/10.1111/j.1574-6976.2012.00331.x
https://doi.org/10.1111/j.1574-6976.2012.00331.x
https://doi.org/10.1371/journal.pone.0033275
https://doi.org/10.1101/2020.04.28.20079582
https://doi.org/10.1016/j.tube.2003.08.003
https://doi.org/10.1016/j.diagmicrobio.2015.10.017
https://doi.org/10.1099/jmm.0.46718-0
https://doi.org/10.1038/nm.2120
https://doi.org/10.1128/AAC.00037-14
https://doi.org/10.1128/AAC.00037-14
https://doi.org/10.1128/JCM.39.1.107-110.2001
https://doi.org/10.1126/science.1110699
https://doi.org/10.1016/S2214-109X(20)30288-6
https://doi.org/10.1111/j.1574-6968.1998.tb12813.x
https://doi.org/10.1111/j.1574-6968.1998.tb12813.x
https://doi.org/10.1021/bi701506h
https://doi.org/10.2217/fmb.13.52
https://doi.org/10.1146/annurev-micro-091014-104121
https://doi.org/10.1146/annurev-micro-091014-104121
https://doi.org/10.1016/j.molcel.2006.05.044
https://doi.org/10.1016/j.ccm.2014.10.004
https://doi.org/10.1016/j.micpath.2015.11.006
https://doi.org/10.1073/pnas.1514135112
https://doi.org/10.1093/femsle/fnw097
https://doi.org/20.1001.1.23830441.2022.9.2.4.1
https://doi.org/10.1128/AAC.49.2.571-577.2005
https://doi.org/10.1021/jm070669h
https://doi.org/10.3389/fmicb.2015.00451
https://doi.org/10.1016/j.tube.2015.01.006
https://doi.org/10.1128/AAC.47.12.3799-3805.2003
https://doi.org/10.1128/AAC.47.12.3799-3805.2003
https://doi.org/10.1093/cid/ciw376
https://doi.org/10.3389/fmicb.2017.00681
https://doi.org/10.1016/j.ijtb.2020.02.005
https://doi.org/10.1016/j.ijtb.2020.02.005
https://doi.org/10.1016/j.bmc.2011.05.028
https://doi.org/10.1007/978-1-4613-0325-1_2
https://doi.org/10.1007/978-1-4613-0325-1_2
https://doi.org/10.1164/ajrccm/142.4.940
https://doi.org/10.1021/acsanm.9b02405
https://doi.org/10.1021/acsanm.1c03000
https://doi.org/10.3390/antibiotics3030317
https://doi.org/10.3390/antibiotics10111354
https://doi.org/10.1016/j.biopha.2018.11.078
https://doi.org/10.1016/j.ccm.2014.10.005
https://doi.org/10.1093/jac/dki319
https://doi.org/10.3389/fcimb.2023.1152269
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Gaglani et al.

Ramaswamy, S. V., Reich, R, Dou, S. J., Jasperse, L., Pan, X., Wanger, A., et al.
(2003). Single nucleotide polymorphisms in genes associated with isoniazid resistance
in Mycobacterium tuberculosis. Antimicrob Agents Chemother 47 (4), 1241-1250. doi:
10.1128/AAC.47.4.1241-1250.2003

Sandoval-Montemayor, N. E., Garcia, A., Elizondo-Trevifio, E., Garza-Gonzalez, E.,
Alvarez, L., and del Rayo Camacho-Corona, M. (2012). Chemical composition of
hexane extract of citrus aurantifolia and anti-Mycobacterium tuberculosis activity of
some of its constituents. Molecules 17 (9), 11173-11184. doi: 10.3390/
molecules170911173

Sarathy, J. P., Dartois, V., and Lee, E. J. D. (2012). The role of transport mechanisms
in Mycobacterium tuberculosis drug resistance and tolerance. Pharmaceuticals 5 (11),
1210-1235. doi: 10.3390/ph5111210

Schoonmaker, M. K., Bishai, W. R, and Lamichhane, G. (2014). Nonclassical
transpeptidases of Mycobacterium tuberculosis alter cell size, morphology, the
cytosolic matrix, protein localization, virulence, and resistance to B-lactams. J.
bacteriol 196 (7), 1394-1402. doi: 10.1128/JB.01396-13

Segala, E., Sougakoff, W., Nevejans-Chauffour, A., Jarlier, V., and Petrella, S. (2012).
New mutations in the mycobacterial ATP synthase: new insights into the binding of the
diarylquinoline TMC207 to the ATP synthase c-ring structure. Antimicrob Agents
chemother 56 (5), 2326-2334. doi: 10.1128/AAC.06154-11

Shete, P. B, Farr, K., Strnad, L., Gray, C. M., and Cattamanchi, A. (2019). Diagnostic
accuracy of TB-LAMP for pulmonary tuberculosis: A systematic review and meta-
analysis. BMC Infect. Dis. 19 (1), 1-11. doi: 10.1186/s12879-019-3881-y

Shi, W., Zhang, X,, Jiang, X., Yuan, H,, Lee, J. S., Barry, 3. C. E, et al. (2011).
Pyrazinamide inhibits trans-translation in Mycobacterium tuberculosis. Science 333
(6049), 1630-1632. doi: 10.1126/science.1208813

Shukla, H., Khan, S. R,, Shukla, R., Krishnan, M. Y., Akhtar, M. S., and Tripathi, T.
(2018). Alternate pathway to ascorbate induced inhibition of mycobacterium
tuberculosis. Tuberculosis 111, 161-169. doi: 10.1016/j.tube.2018.06.013

Sikri, K., Batra, S. D., Nandi, M., Kumari, P, Taneja, N. K., and Tyagi, J. S. (2015).
The pleiotropic transcriptional response of Mycobacterium tuberculosis to vitamin c is
robust and overlaps with the bacterial response to multiple intracellular stresses.
Microbiology 161 (Pt_4), 739-753. doi: 10.1099/mic.0.000049

Sikri, K., Duggal, P., Kumar, C.,, Batra, S. D., Vashist, A., Bhaskar, A, et al. (2018).
Multifaceted remodeling by vitamin ¢ boosts sensitivity of Mycobacterium tuberculosis
subpopulations to combination treatment by anti-tubercular drugs. Redox Biol. 15,
452-466. doi: 10.1016/j.redox.2017.12.020

Smith, T., Wolff, K. A., and Nguyen, L. (2013). Molecular biology of drug resistance
in mycobacterium tuberculosis. Pathogenesis Mycobacterium tuberculosis its
Interaction Host Organism, 374, 53-80. doi: 10.1007/82_2012_279

Soh, A. Z., Chee, C. B. E,, Wang, Y. T., Yuan, J. M., and Koh, W. P. (2017). Dietary
intake of antioxidant vitamins and carotenoids and risk of developing active
Tuberculosis in a prospective population-based cohort study. Am. J. Epidemiol. 186,
491-500. doi: 10.1093/aje/kwx132

Somoskovi, A., Parsons, L. M., and Salfinger, M. (2001). The molecular basis of
resistance to isoniazid, rifampin, and pyrazinamide in mycobacterium tuberculosis.
Respir. Res. 2, 1-5. doi: 10.1186/rr54

Somoskovi, A., and Salfinger, M. (2014). Nontuberculous mycobacteria in
respiratory infections: advances in diagnosis and identification. Clinics Lab. Med. 34
(2), 271-295. doi: 10.1016/j.c11.2014.03.001

Song, N., Zhu, Y., Cui, Y., Lv, M,, Tang, Y., Cui, Z., et al. (2020). Vitamin b and
vitamin c affect DNA methylation and amino acid metabolism in Mycobacterium bovis
BCG. Front. Microbiol. 11, 812. doi: 10.3389/fmicb.2020.00812

Syal, K., Bhardwaj, N., and Chatterji, D. (2017). Vitamin c targets (p) ppGpp
synthesis leading to stalling of long-term survival and biofilm formation in
Mycobacterium smegmatis. FEMS Microbiol. Lett. 364 (1), fnw282. doi: 10.1093/
femsle/fnw282

Tahlan, K., Wilson, R, Kastrinsky, D. B., Arora, K., Nair, V., Fischer, E., et al. (2012).
SQ109 targets MmpL3, a membrane transporter of trehalose monomycolate involved
in mycolic acid donation to the cell wall core of Mycobacterium tuberculosis.
Antimicrob Agents chemother 56 (4), 1797-1809. doi: 10.1128/AAC.05708-11

Taneja, N. K., Dhingra, S., Mittal, A., Naresh, M., and Tyagi, J. S. (2010).
Mycobacterium tuberculosis transcriptional adaptation, growth arrest and dormancy
phenotype development is triggered by vitamin c. PloS One 5 (5), €10860. doi: 10.1371/
journal.pone.0010860

Tao, J., Han, J., Wu, H.,, Hu, X, Deng, J., Fleming, J., et al. (2013). Mycobacterium
Sfluoroquinolone resistance protein b, a novel small GTPase, is involved in the regulation
of DNA gyrase and drug resistance. Nucleic Acids Res. 41 (4), 2370-2381. doi: 10.1093/
nar/gks1351

Tiemersma, E. W., van der Werf, M. J., Borgdorff, M. W., Williams, B. G., and
Nagelkerke, N. J. (2011). Natural history of tuberculosis: Duration and fatality of
untreated pulmonary tuberculosis in HIV negative patients: a systematic review. PloS
One 6 (4), €17601. doi: 10.1371/journal.pone.0017601

Tiwari, S., Van Tonder, A. J., Vilchéze, C., Mendes, V., Thomas, S. E., Malek, A.,
et al. (2018). Arginine-deprivation-induced oxidative damage sterilizes

Frontiers in Cellular and Infection Microbiology

16

10.3389/fcimb.2023.1152269

Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. 115 (39), 9779-9784. doi:
10.1073/pnas.1808874115

Tyagi, G., Singh, P., Varma-Basil, M., and Bose, M. (2017). Role of vitamins b, ¢, and d in
the fight against tuberculosis. Int. J. Mycobacteriol 6 (4), 328. doi: 10.4103/ijmy.ijjmy_80_17

Verma, J. S., Gupta, Y., Nair, D., Manzoor, N., Rautela, R. S., Rai, A., et al. (2014).
Evaluation of gidB alterations responsible for streptomycin resistance in
Mycobacterium tuberculosis. ]. Antimicrob Chemother 69 (11), 2935-2941. doi:
10.1093/jac/dku273

Vilcheze, C., Hartman, T., Weinrick, B., and Jacobs, W. R. Jr. (2013). Mycobacterium
tuberculosis is extraordinarily sensitive to killing by a vitamin c-induced fenton
reaction. Nat. Commun. 4 (1), 1881. doi: 10.1038/ncomms2898

Vilchéze, C., and Jacobs, W. R. Jr. (2014). Resistance to isoniazid and ethionamide in
Mycobacterium tuberculosis: Genes, mutations, and causalities. Mol. Genet.
Mpycobacteria 2, 431-453. doi: 10.1128/9781555818845.ch22

Vilcheze, C., Kim, J., and Jacobs, W. R. Jr. (2018). Vitamin c potentiates the killing of
Mycobacterium tuberculosis by the first-line tuberculosis drugs isoniazid and rifampin
in mice. Antimicrob Agents Chemother 62 (3), €02165-17. doi: 10.1128/AAC.02165-17

Volchegorski, I. A., Novoselov, P. N., and Astakhova, T. V. (2007). The effectiveness
of ascorbic acid and emoxipin in treatment of infiltrative pulmonary tuberculosis.
Klinicheskaia Meditsina 85 (12), 55-58.

Vynnycky, E., and Paul, E. E. M. F. (2000). Lifetime Risks, Incubation Period, and Serial
Interval of Tuberculosis. Am. J. Epidemiol 152, 247-263. doi: 10.1093/aje/152.3.247

Wayne, L. G., and Hayes, L. G. (1996). An in vitro model for sequential study of
shiftdown of Mycobacterium tuberculosis through two stages of nonreplicating
persistence. Infect Immun. 64 (6), 2062-2069. doi: 10.1128/iai.64.6.2062-2069.1996

Wivagg, C., Bhattacharyya, N. R,, Hung, P., and Hung, D. T. (2014). Mechanisms of
B-lactam killing and resistance in the context of Mycobacterium tuberculosis. ] Antibiot
(Tokyo) 67 (9), 645-54. doi: 10.1038/ja.2014.94

Woods, G. L. (2000). Susceptibility testing of mycobacteria, nocardia, and other
aerobic actinomycetes; tentative standard. NCCLS M24-T2 20, 1-59. doi: 10.11400/
kekkaku1923.76.657

World Health Organization (2020a). WHO consolidated guidelines on tuberculosis.
module 4: Treatment-drug-resistant tuberculosis treatment (World Health Organization).

World Health Organization (2020b). WHO global tuberculosis report 2020. Available
at: https://www.who.int/publications-detail-redirect/9789240013131.

World Health Organization (2020c). Global tuberculosis report 2020. Geneva:
World Health Organization. Licence: CC BY-NC-SA 3.0 IGO. Available at: https://
www.who.int/publications/i/item/9789240013131.

Wu, M. L,, Gengenbacher, M., and Dick, T. (2016). Mild nutrient starvation triggers
the development of a small-cell survival morphotype in mycobacteria. Front Microbiol
7, 947. doi: 10.3389/fmicb.2016.00947

Xiong, K., Wang, J., Zhang, J., Hao, H., Wang, Q., Cai, J., et al. (2020). Association of
dietary micronutrient intake with pulmonary tuberculosis treatment failure rate:
ACohort study. Nutrients 12 (9), 2491. doi: 10.3390/nu12092491

Xu, W. X, Zhang, L., Mai, J. T, Peng, R. C,, Yang, E. Z,, Peng, C,, et al. (2014). The
Wag31 protein interacts with AccA3 and coordinates cell wall lipid permeability and
lipophilic drug resistance in Mycobacterium smegmatis. Biochem. Biophys. Res.
Commun. 448 (3), 255-260. doi: 10.1016/j.bbrc.2014.04.116

Zaunbrecher, M. A, Sikes, R. D.Jr., Metchock, B., Shinnick, T. M., and Posey, J. E.
(2009). Overexpression of the chromosomally encoded aminoglycoside
acetyltransferase eis confers kanamycin resistance in Mycobacterium tuberculosis.
Proc. Natl. Acad. Sci. 106 (47), 20004-20009. doi: 10.1073/pnas.0907925106

Zaw, M. T., Emran, N. A,, and Lin, Z. (2018). Mutations inside rifampicin-resistance
determining region of rpoB gene associated with rifampicin-resistance in
Mycobacterium tuberculosis. J. Infect. Public Health 11 (5), 605-610. doi: 10.1016/
jjiph.2018.04.005

Zhang, S., Chen, J., Shi, W, Liu, W., Zhang, W., and Zhang, Y. (2013). Mutations in
panD encoding aspartate decarboxylase are associated with pyrazinamide resistance in
Mycobacterium tuberculosis. Emer Microb. Infect. 2, e34. doi: 10.1038/emi.2013.38

Zhang, X,, Liu, L., Zhang, Y., Dai, G., Huang, H., and Jin, Q. (2015). Genetic
determinants involved in p-aminosalicylic acid resistance in clinical isolates from
tuberculosis patients in northern China from 2006 to 2012. Antimicrob Agents
chemother 59 (2), 1320-1324. doi: 10.1128/AAC.03695-14

Zhang, Y., Shi, W., Zhang, W, and Mitchison, D. (2014). Mechanisms of pyrazinamide
action and resistance. Microbiol. Spectr. 2 (4), 2-4. doi: 10.1128/9781555818845.ch24

Zhang, M., Yue, J., Yang, Y. P., Zhang, H. M,, Lei, J. Q, Jin, R. L., et al. (2005).
Detection of mutations associated with isoniazid resistance in Mycobacterium
tuberculosis isolates from China. J. Clin. Microbiol. 43 (11), 5477-5482. doi: 10.1128/
JCM.43.11.5477-5482.2005

Zhao, F., Wang, X.-D., Erber, L. N,, Luo, M., Guo, A.-Z,, Yang, S.-S., et al. (2014).
Binding pocket alterations in dihydrofolate synthase confer resistance to para-
aminosalicylic acid in clinical isolates of Mycobacterium tuberculosis. Antimicrob.
Agents Chemother. 58, 1479-1487. doi: 10.1128/AAC.01775-13

frontiersin.org


https://doi.org/10.1128/AAC.47.4.1241-1250.2003
https://doi.org/10.3390/molecules170911173
https://doi.org/10.3390/molecules170911173
https://doi.org/10.3390/ph5111210
https://doi.org/10.1128/JB.01396-13
https://doi.org/10.1128/AAC.06154-11
https://doi.org/10.1186/s12879-019-3881-y
https://doi.org/10.1126/science.1208813
https://doi.org/10.1016/j.tube.2018.06.013
https://doi.org/10.1099/mic.0.000049
https://doi.org/10.1016/j.redox.2017.12.020
https://doi.org/10.1007/82_2012_279
https://doi.org/10.1093/aje/kwx132
https://doi.org/10.1186/rr54
https://doi.org/10.1016/j.cll.2014.03.001
https://doi.org/10.3389/fmicb.2020.00812
https://doi.org/10.1093/femsle/fnw282
https://doi.org/10.1093/femsle/fnw282
https://doi.org/10.1128/AAC.05708-11
https://doi.org/10.1371/journal.pone.0010860
https://doi.org/10.1371/journal.pone.0010860
https://doi.org/10.1093/nar/gks1351
https://doi.org/10.1093/nar/gks1351
https://doi.org/10.1371/journal.pone.0017601
https://doi.org/10.1073/pnas.1808874115
https://doi.org/10.4103/ijmy.ijmy_80_17
https://doi.org/10.1093/jac/dku273
https://doi.org/10.1038/ncomms2898
https://doi.org/10.1128/9781555818845.ch22
https://doi.org/10.1128/AAC.02165-17
https://doi.org/10.1093/aje/152.3.247
https://doi.org/10.1128/iai.64.6.2062-2069.1996
https://doi.org/10.1038/ja.2014.94
https://doi.org/10.11400/kekkaku1923.76.657
https://doi.org/10.11400/kekkaku1923.76.657
https://www.who.int/publications-detail-redirect/9789240013131
https://www.who.int/publications/i/item/9789240013131
https://www.who.int/publications/i/item/9789240013131
https://doi.org/10.3389/fmicb.2016.00947
https://doi.org/10.3390/nu12092491
https://doi.org/10.1016/j.bbrc.2014.04.116
https://doi.org/10.1073/pnas.0907925106
https://doi.org/10.1016/j.jiph.2018.04.005
https://doi.org/10.1016/j.jiph.2018.04.005
https://doi.org/10.1038/emi.2013.38
https://doi.org/10.1128/AAC.03695-14
https://doi.org/10.1128/9781555818845.ch24
https://doi.org/10.1128/JCM.43.11.5477-5482.2005
https://doi.org/10.1128/JCM.43.11.5477-5482.2005
https://doi.org/10.1128/AAC.01775-13
https://doi.org/10.3389/fcimb.2023.1152269
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	A pro-oxidant property of vitamin C to overcome the burden of latent Mycobacterium tuberculosis infection: A cross-talk review with Fenton reaction
	1 Introduction
	2 Medication available for treatment of Mycobacterium tuberculosis: - first and second-line drug
	3 Development of drug resistant tb
	3.1 Restriction of access to target
	3.1.1 Impermeability of cell wall
	3.1.2 Dormancy and latency
	3.1.3 Efflux pumps

	3.2 Modification of targets
	3.3 Acquired resistance

	4 Vitamin C - mode of action on Mycobacterium tuberculosis
	5 Generation of free radicals – M. tb. cross-talk with fenton reaction
	6 Important research studies on latent M. tb.with vitamin C
	7 Discussion
	Author contributions
	Acknowledgments
	References


