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ABSTRACT: The devastating impact of Tuberculosis (TB) has been a menace to mankind for
decades. The World Health Organization (WHO) End TB Strategy aims to reduce TB
mortality up to 95% and 90% of overall TB cases worldwide, by 2035. This incessant urge will
be achieved with a breakthrough in either a new TB vaccine or novel drugs with higher efficacy.
However, the development of novel drugs is a laborious process involving a timeline of almost
20−30 years with huge expenditure; on the other hand, repurposing previously approved drugs
is a viable technique for overcoming current bottlenecks in the identification of new anti-TB
agents. The present comprehensive review discusses the progress of almost all the repurposed
drugs that have been identified to the present day (∼100) and are in the development or
clinical testing phase against TB. We have also emphasized the efficacy of repurposed drugs in
combination with already available frontline anti-TB medications along with the scope of future
investigations. This study would provide the researchers a detailed overview of nearly all
identified anti-TB repurposed drugs and may assist them in selecting the lead compounds for
further in vivo/clinical research.

1. INTRODUCTION
Tuberculosis has been a persistent global threat for centuries
and is the leading cause of death worldwide caused by
Mycobacterium tuberculosis (M.tb).1 Despite the major attempts
to control the disease spread, the rate of infection seems to be
declining very slowly. The cumulative reduction achieved from
2015 to 2019 was almost half (9%) as compared to the 20%
milestone aimed by the WHO. Approximately 10.0 million
people fell ill with TB in 2020, and it took 1.3 million lives in
HIV-negative people and 0.21 million among HIV-positive
people.1 Although the effective regimens for treatment of drug-
sensitive TB with 95% cure are accessible, the lengthy
treatments and toxic effects of drugs result in low adherence
to TB treatment causing emerging cases of multidrug-resistant
(MDR) and extensively drug-resistant (XDR) TB that have
further deteriorated the current situation.2 It is no surprise that
the current first-line laborious regimen of Rifampicin,
Isoniazid, Ethambutol, and Pyrazinamide sees suboptimal
compliance,3 further promoting resistance. Moreover, treat-
ment for MDR-TB is lengthier (9−24 months), complex
(involving combinations of 5−7 drugs), and poorly tolerated.
Patients infected with MDR M.tb have higher mortality than
those infected with drug-susceptible M.tb.4 Various newly
approved drugs (e.g., Bedaquiline, Delamanid) have shown
promising treatment outcomes against MDR and XDR-TB;5,6

however, resistance and failure of these drugs have already
been observed in routine clinical practice.7 As a result, research
into new anti-TB drugs has become critical.

Over the years various studies and trials have been
undertaken with the aim to repurpose the existing drugs for
addressing the bottleneck in the development of novel anti-TB
agents. According to the National Institute of Health (NIH),
drug repurposing is broadly defined as discovering new uses for
approved drugs to provide the quickest possible transition
from bench to bedside,8 which can further be explained as a
process of identification of new therapeutic indications from
old/failed/investigational/FDA approved drugs, to the treat-
ment of diseases unrelated to the drug’s initial clinical usage.9

This Review sheds light on almost all worthy drug candidates
(years: 2010−2022) that seem to have potential anti-TB
activity against drug resistant isolates and discusses their
efficacy, mechanism of action, toxic effects, and synergistic
effects. The various up-to-date approaches for repurposing
existing drugs have also been briefly discussed in the following
sections along with the associated challenges and limitations.
We have also highlighted the basis adopted by WHO for
including various repurposed drugs in the treatment regimen of
drug-resistant TB along with their progress in treating the
disease.
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2. METHODOLOGY
Various articles pertaining to (i) repurposing strategies/
approaches, (ii) repurposed drugs for TB, (iii) in silico/in
vitro evaluations, (iv) murine investigations, and (v) clinical
trials were found and collected using PubMed.gov and Web of
Science. Except for the information on in silico tools/software
and other repurposing approaches, the papers containing
information on Tuberculosis drug repurposing were carefully
chosen for this study. The ClinicalTrials.gov website was
employed to look for the ongoing clinical studies on
repurposed anti-TB drugs. The search for published articles
was confined to the years January 2010 through March 2022,
although not exclusively.

3. DRUG REPURPOSING FOR TUBERCULOSIS:
STRATEGIES AND APPROACHES

The terms “Drug repurposing” and “Drug repositioning” are
often used interchangeably to indicate the new therapeutic
usages of already approved and established drugs. Drugs are
designed primarily to treat a specific illness or condition, but
these may also cross react or interact with nonspecific targets,
resulting in secondary biological effects, which certainly opens
up a gateway for their utilization against other causes as well.
Since the pharmacokinetics and pharmacodynamics studies are
already known for such drugs, the tedious process of toxicity
profiling, target validation, hit-to-lead optimization, and/or in
vivo metabolic studies are rarely required when are repurposed
for other diseases.10 This strategy comprehends lower risk of
failure, as ∼45% failure rate is associated with safety and
toxicity issues in classical drug discovery method with
additional benefits of cutting short the time period to around
5−7 years11 and also involves comparatively less investment of
resources. Sildenafil, Minoxidil, Thalidomide, Valproic acid,
and Methotrexate are some of the well-known examples of
repurposed drugs related to various diseases.12,13 To speed up

the end TB strategy process this method of drug identification
is attracting a plethora of researchers in the field of TB. Figure
1 depicts the steps involved in the drug repurposing process for
TB. The process begins with the large pool of drugs (old/
failed/investigational/FDA approved). Various computational
or experimental repurposing approaches like molecular
docking,14 pharmacophore modeling,15 and high throughput
drug screening (HTDS)16 are used to screen these drugs for
their potential to inhibit M.tb survival. From such screening,
the lead bioactive compounds are selected for further
validations in preclinical and clinical trial studies to evaluate
molecular pathophysiology, contraindications, dosage, and
synergistic effects.

4. REPURPOSED DRUG CANDIDATES AGAINST
TUBERCULOSIS

The drugs discussed in this study are categorized into three
main categories: (i) anti-infective drugs, (ii) non-anti-infective
drugs, and (iii) miscellaneous drugs. Figure 2 highlights the
drugs of these categories that have entered clinical trials with
high efficiency against TB, as well as those with potential anti-
TB activity as demonstrated by various in vitro and in vivo
investigations until March 2022.

4.1. Repurposed Anti-Infective Drugs against TB.
Repurposing of anti-infective compounds is based on the
concept of “spectrum expansion”, in which a chemical having
broad-spectrum activity and efficacy against one pathogen (for
example, bacterial species) may be tested against another
pathogen.17 Since M.tb is a bacterial species, various broad-
spectrum antibacterial agents have been reported to be
effective against this bacillus. Similarly, the drugs used to
treat infections caused by viruses and unicellular prokaryotic
and eukaryotic organisms have been widely studied for their
antimycobacterial properties. Table 1 and Table 2 list

Figure 1. Illustration of the steps involved in the drug repurposing process. Step 1: Screening − identifying potential repurposed drug candidate
from a large pool of drugs using appropriate computational or experimental methodologies, Step 2: Shortlisting − selection of potential lead
compounds, Step 3: Validation − validating the discovered drug through preclinical and clinical trial investigations.
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descriptions of nearly all anti-infective repurposed drugs that
have been identified with potential anti-TB activity.
4.1.1. Antibacterial Agents. The drugs of this category are

the most successful examples of repurposed drugs for TB. Five
antibacterial repurposed drugs are already approved by WHO
for the treatment of drug-resistant TB. The critical
concentration of these drugs along with drug group and
patient daily dosage are mentioned in Table 1 and their
chemical structures are provided in Figure 3. One of these
drugs is Linezolid. It belongs to the Oxazolidinone class with
broad-spectrum antimicrobial activity and primarily acts in the
early stage of protein synthesis by inhibiting the 50S ribosomal
subunit.18 In 2011, the WHO classified Linezolid as a group 5
agent (drugs with unclear efficacy/activity in MDR-TB) due to

the lack of sufficient evidence on its safety and efficacy, but in
2018, it was upgraded to group A (highly prioritized drugs for
MDR-TB treatment).19 The evidence for linezolid in drug-
resistant TB treatment has been evaluated in five meta-
analyses; an evidence summary for the 2018 WHO
recommendation has already been published.20,21 However,
there is still a disagreement about Linezolid use, which is
current ly being addressed by the ZeNix study
(NCT03086486), and its primary results have highlighted a
high success rate of 93%, 89%, 91%, and 84% in patients
receiving varied concentration of Linezolid (1200, 600 mg/kg)
for different durations along with Bedaquiline and Pretomanid
(BPaL). The study also reported peripheral neuropathy and
myelosuppression as common adverse effects of the drug.22 A

Figure 2. Potential repurposed drugs under preclinical or clinical stages of investigations against TB. In vitro (n = 32), in vivo (n = 27), clinical
studies (n = 21), WHO approved for TB treatment (n = 6). Drug names in orange represent drugs under investigation as adjunctive agents for TB-
treatment.

Table 1. WHO Approved Antibacterial Repurposed Drugs Included in Treatment Regimen for Drug-Resistant TB

S.
no. Drug name and class Group Mechanism of action/drug target Critical concentration Patient daily dosage Refs

1 Linezolid (Oxazolidinone) Group-A 23S rRNA of the 50S subunit 1 mg/L using LJ
medium

600 mg 48,49

2 Moxifloxacin (Fluoroquinolone) Group-A DNA-Gyrase 1 mg/L using LJ
medium

400 mg 48,49

3 Levofloxacin (Fluoroquinolone) Group-A DNA-Gyrase 2 mg/L using LJ
medium

1 g 48,49

4 Clofazimine (Riminophenazine
derivative)

Group-B Antimicrobial activity is membrane-
directed

1 mg/L using MGIT-
DST

100 mg 48,49

5 Meropenem (β-Lactams) Group-C Inhibit cell wall synthesis NA 2 g with Clavulanic acid
(125 mg)

48,49
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similar study also recently reported a 90% success rate
(favorable outcome, observed six months after the completion
of therapy, in terms of efficacy and safety end points in 98
patients out of 109) of BPaL in 109 XDR and MDR-TB cases
with well manageable toxicity cases (NCT02333799).23 A
finding has shown that Linezolid in combination with
Bedaquiline is effective and safe in the treatment of XDR-TB
among third-trimester pregnancy cases.24 The resistance for
this drug has been reported due to the mutation at nucleotide
position 2061 in the rrl gene that encodes rRNA 23S and
T460C mutation in the rplC gene encoding 50S ribosomal

protein L3 RplC.25 Although Linezolid is effective against
MDR/XDR-TB, the toxicity and associated side effects limit its
use only up to DR-TB. Sutezolid and Delpazolid are two
Linezolid congeners under investigation in early clinical trials
(NCT01225640) with a hope of lower toxicity, safer profile,
and effectiveness like Linezolid.26,27 Another antibacterial
agent Clofazimine (CZM) was utilized as an anti-leprosy
drug, and presently it constitutes a position in group B
(compounds which are recommended to use conditionally as
anti-TB agents of second choice) of WHO-approved
medications for MDR-TB treatment.19 CZM has antimyco-

Table 2. Repurposed Anti-Infective Drugs against Tuberculosis, Their Mechanisms of Action, MICs, and Ongoing
Investigationsa

S.
no. Drug name (Drug class)

Mechanism of action/Drug target in
M.tb

Minimum inhibitory concentration (MIC)
in M.tb

Current status/
ongoing studies Refs

Antibacterial drugs
1 Gatifloxacin

(Fluoroquinolone)
DNA-Gyrase 0.5 mg/L Phase I, II trials

completed
NCT0039608449

2 Metronidazole
(Nitroimidazole)

Break DNA helical structure 16 μg/mL or higher Phase II trials
completed

NCT00425113

3 Doxycycline
(Tetracycline)

Inhibit host MMPs and act as HDT 200 mg/kgb MIC − 0.016 μg/mL Phase II trials
completed

NCT0277499345

4 Sulfamethoxazole (Sulpha
drugs)

Inhibits synthesis of dihydrofolic acid 9.5 mg/L Phase II trials
completed

NCT0183298768

5 Biapenem (Carbapenem) Inhibit cell wall synthesis 2.5−5 μg/mL in vivo 69
6 Tebipenem (β-Lactams) Inhibit cell wall synthesis 1.25−2.5 μg/mL in vivo 33
7 Minocycline

(Tetracycline)
Bind to 30S ribosomal subunit, inhibit
protein synthesis

MIC50 < 2 mg/L in vitro and in vivo 42

8 Cefdinir (Cephalosporin) Inhibit cell wall synthesis 2−4 mg/L (H37Ra), 0.5 and 16 mg/L
(clinical Isolates)

in vitro and in vivo 38

9 Cefpodoxime
(Cephalosporin)

Inhibit cell wall synthesis >128 μg/mL (without Calvulanate), 32
μg/mL (with Calvulanate)

in vitro and in vivo 70

10 Fusidic acid (Fusidane) Inhibit translocation 32−64 mg/L in silico and in vitro 71
11 Lymecycline

(Tetracycline)
TrpD, CoaA 10−100 μg/mL(H37Rv) in silico and in vitro 43

12 Cefazolin
(Cephalosporin)

Bind penicillin binding proteins, halt
peptidoglycan synthesis

64 mg/L (H37Ra) and, 2−8 mg/L with15
mg/L avibactam

in vitro 39

13 Vancomycin
(Glycopeptide)

Inhibit cell wall synthesis 0.5 mg/L (H37Ra),3 mg/L (H37Rv)12−96
mg/L (MDR isolates)

in vitro 47

Antifungal Drugs
15 Econazole (Azole) Lanosterol 14 α-demethylase MIC90- 4 μg/mL (M.tb clinical isolates) in vitro, in vivo 51
16 Clomitrazole (Azole) Lanosterol 14 α-demethylase MIC90- 8 μg/mL (M.tb clinical isolates) in vitro 51
17 Artemisinin Membrane-associated protein 75 μg/mL in vitro 53

Anti-Protozoal Drugs
18 Nitazoxanide

(Thiazolide)
Disrupt membrane potential, pH
homeostasis

16 μg/mL (H37Rv),12 to 28 μg/mL (M.tb
clinical isolates)

Phase II trials
completed

NCT0268424072

19 Chloroquine (Class 4-
aminoquinoline)

Efflux pump inhibitor NA in silico, in vivo 60

20 Mefloquine (Quinine) Interfere with mycolic acids
biosynthesis

4−16 μg/mL (M.tb clinical isolates) in vitro 73

21 Tafenoquine (Quinine) NA 1.25−80 μM (MDR strain) in vitro 61
22 Pyronaridine

(Benzonaphthyridine)
Inhibit DNA synthesis 5 μg/mL in silico, in vitro 58

23 Ipronidazole
(Nitroimidazole)

NA 16 μg/mL (clinical isolates) in vitro 74

Antiviral Drugs
24 Isoprinosine HDT against M.tb NA in vivo 62
25 Saquinavir HDT against M.tb 5 to 20 μg/mL in vitro 63

Anti-Helminthic Drugs
26 Pyrvinium pamoate

(Naphthoic acid)
NA 1.5 to 4.8 μg/mL (H37Rv, MDR isolates) in vitro, in vivo 75

27 Ivermectin (Avermectin) NA 6 μg/mL (H37Rv) in vitro 64
28 Selamectin (Avermectin) NA 3 μg/mL (H37Rv) in vitro 64,66
29 Moxidectin (Avermectin) NA 3 μg/mL (H37Rv) in vitro 64
30 Niclosamide NA 5 μM (BCG, Beijing) in silico, in vitro 76, 77
aNA: Not available, CT: clinical trials. bPatient daily dosage.
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bacterial effects owing to phospholipase inhibition and anti-
inflammatory properties due to effects on potassium trans-
porters.28 In M.tb it works as a prodrug where it is activated by
type 2-NADH dehydrogenase and generates reactive oxygen
species (ROS).29 In a recent study, MDR-TB patients
receiving a shorter treatment regimen containing CFZ drug
(100 mg/day) had faster sputum culture conversion and
successful outcome rates than those who received 18-month
treatment regimen without CFZ, indicating its imperative
activity in the case of MDR-TB treatment.30 The preclinical
analysis of CFZ against COVID-19 due to its inhibitory
activity against numerous coronaviruses and antagonizing
replication of SARS-CoV-2 and MERS-CoV itself highlights
its repurposing potential for human use.31 An open-label,
multicenter, randomized controlled trial involving CFZ has
entered phase 3 to compare the efficacy and safety of a study
plan of 6 months of Bedaquiline, Delamanid, and Linezolid,
with Levofloxacin, and CFZ compared to control strategy of
South African Standard of Care for 9 months for treating the
Rifampicin resistant TB (NCT04062201). CFZ potential for
repurposing in a short-course TB therapy is further
strengthened by several studies in various stages
(NCT03828201, NCT04311502). The biggest disadvantage
of using this drug is its extended half-life (∼70 days in
humans) and the substance’s long-term retention in tissues and
skin pigmentation.30 Thus, new analogs with a shorter half-life,
without toxicities and lesser retention properties, are required
to entirely exploit the potential of this drug.

Various antibiotics belonging to the class of β-lactams were
initially not the preferred choice to test against TB due to their
low efficacy. However, to get over the resistance to β-lactam,
Clavulanic acid, a potent inhibitor of β-lactamase enzyme, was
developed that re-establishes the β-lactam activity.32 β-Lactam
antibiotics of the Cephalosporin family like Ceftriaxone,
Ceftazidime, and Cefdinir and the Carbapenem family,
especially Meropenem, Feropenem, Ertapenem, and Imipe-
nem, are more effective against M.tb than Penicillin
derivatives.33,34 These Carbapenems have been classified as
group C (noncore drugs) by WHO. Combined administration
of Carbapenem−Cilastatin has been found effective against

MDR/XDR-TB with excellent patient compliance.35,36 How-
ever, further research is needed to identify the possible role and
cost-effectiveness of Ertapenem (which can be given intra-
muscularly) as an alternative for Meropenem and Imipenem−
Cilastatin. Increasing resistance among commensal bacteria,
the need for intravenous infusion, multiple daily doses, and
their high cost are few drawbacks associated with the use of
Carbapenems. A comprehensive study by Garciá et al.
demonstrated the importance of Cephalosporins for TB
therapy wherein it has been used in combination with
Rifampicin and Ethambutol and found 4- to 64-times more
active against M.tb and exhibiting a synergistic effect with new
anti-TB drugs viz. Pretomanid, Bedaquiline, Delamanid, and
SQ109.37 Another antibiotic, Cefdinir (semisynthetic Cepha-
losporin), demonstrated bacterial killing and sterilizing activity
against both drug sensitive and resistant M.tb isolates even in
the absence of a β-lactamase inhibitor. Due to its oral
formulation, ability to penetrate inside clinically pertinent
anatomical sites, and good efficacy against MDR-TB cases,
Cefdinir is a probable candidate for further exploration as a
TB-therapeutics.38 A research group has demonstrated the
efficacy of Cefazolin, a member of the Cephalosporin family, in
combination of Avibactam against both drug sensitive and
MDR-TB clinical strains by using an intracellular hollow fiber
model of TB (HFS-TB) and suggested the use of this drug
combination as an alternative to treat TB cases in children.39

MIC against the M.tb laboratory strain H37Ra was 64 mg/L for
Cefazolin alone, that decreased to 2 mg/L in the presence of
15 mg/L Avibactam. The findings are still needed to validate
by clinical trial studies.

The effect of Trimethoprim/Sulfamethoxazole (TMP/
SMX) or Co-trimoxazole for TB was observed during their
administration in HIV-TB coinfection cases.40 SMX and TMP
both are FDA approved antibacterial drugs that act by
inhibiting the folic acid biosynthesis pathway. The bactericidal
effect of Co-trimoxazole in combination with a first-line anti-
TB drug (either Isoniazid or Rifampicin) along with their
potential to prevent emergence of drug resistance has been
observed under in vitro studies.41 In a trial of an HIV-MDR-TB
coinfection case, efficiency of the MDR-TB treatment by

Figure 3. Chemical structures of five WHO approved repurposed drugs for TB treatment.
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TMP/SMX brought in a reduction of time to sputum
conversion. A clinical trial to study the effect of Isoniazid
and Co-trimoxazole as strategies in reducing infection in HIV-
infected children and reducing mortality rate in phase 3 has
been completed, but results are still awaited (NCT00330304).

Various antibiotics of the Tetracycline family, viz.,
Minocycline, Doxycycline, and Lymecycline, are being
investigated as potential anti-TB agents. Deshpande et al.
demonstrated the bactericidal effect of Minocycline directly on
extracellular bacilli and indirectly on intracellular bacilli, via
concentration dependent granzyme A-mediated apoptosis. The
involvement of Minocycline in inhibiting sonic hedgehog−
patched−gli signaling was also reported in the same study.42 In
another study Lymecycline (10 μg/mL) alone and in
combination of Isoniazid (0.2 μg/mL) and Rifampin (2 μg/
mL) substantially inhibited M.tb growth by 93.47%, 99.25%,
and 98.35%, respectively, with trpD as a potential drug
target.43 TrpD encodes an enzyme probable anthranilate
phosphoribosyl transferase, required for the tryptophan amino
acid biosynthesis pathway.44 Doxycycline was recently
identified as a successful adjunctive host directed therapy
(HDT) in controlling TB-associated tissue degradation caused
by matrix metalloproteinases (MMPs) in Phase II trial
research, and the drug is also advised for further larger
investigations.45

Vancomycin which belongs to the class of glycopeptides was
initially considered to be ineffective against M.tb.46 However, a
recent study has suggested that Vancomycin mediated M.tb
killing is better achieved by the inhalational drNg delivery
route. The same study has also reported the synergistic effect
of D-Cycloserine in reducing Vancomycin concentration that is
required for M.tb growth inhibition.47

4.1.2. Antifungal Agents. Econazole, Clotrimazole (Azole-
based antifungal drugs), and Artemisinin are few of the
antifungal drugs analyzed for their repurposing potential
against TB. The existence of a homologous gene of a fungal
enzyme (lanosterol 14 α-demethylase) in M.tb, is the basis
behind repurposing Econazole and Clotrimazole against M.tb.
The azole drugs cause inhibition of this fungal enzyme and
have anti-TB effects both in vitro and in vivo, including drug-
resistant clinical isolates.17 However, due to their poor oral
bioavailability, the use of Azoles as oral drugs has been limited.
The challenge is solved by using and evaluating nanoparticles
encapsulated with an Econazole-containing regimen that has
reached the point of animal testing.50 Recently in vitro activity
of Clotrimazole, Econazole, and Nitroimidazole (Metronida-
zole (MZ) and Ipronidazole (IPZ)) has been analyzed for both
latent and active forms of MDR and XDR-TB treatments.51

Artemisinin (a peroxy containing sesquiterpenoid) and
Artesunate (derivative of Artemisinin) are a group of drugs
extracted from the Chinese medicinal herb plant Artemisia
annua, exhibiting antimalarial and antifungal properties.52 The
antitubercular property of Artemisinin and its derivatives was
first reported in 2016 using different in vitro as well as in vivo
tests.53 A study using a DosRST-dependent fluorescent
reporter strain of M.tb and screening a 540,000-compound
small-molecule library described Artemisinin as a novel
inhibitor of the DosRST signaling pathway, directly targeting
heme-based DosS and DosT sensor kinases and persistence-
linked physiological processes such as triacylglycerol synthesis
and antibiotic tolerance of M.tb.16 Further findings suggests
that the mechanism behind Artemisinin’s inhibition of

DosRST signaling is due to Artemisinin’s oxidation and
alkylation of the DosS and DosT heme.54

4.1.3. Anti-Protozoal Agents. Metronidazole, Nitazoxanide,
Pyronaridine, Chloroquine, and Tafenoquine are the anti-
protozoal agents with potential anti-TB properties as reported
by multiple studies. Metronidazole is a Nitroimidazole
derivative and a part of the Imidazole family used for treating
protozoal and bacterial infections. The rationale behind the use
of Nitroimidazole derivatives against TB was provided by the
findings of Wayne and Sramek, who tested Metronidazole
against TB,55 and found its bactericidal effect against the
dormant form of M.tb. However, in a phase-II clinical trial
study of MDR-TB patients receiving 500 mg Metronidazole
thrice daily were recorded to develop peripheral neuropathies,
and this drug was reported to be too toxic for long-term
usage.56 Two other de novo drugs of Nitroimidazole class
OPC-67683 (Delamanid) and PA-824 (Pretomanid) have
been developed by the TB Alliance and approved for TB
treatment. These compounds are prodrugs that become active
through nitro-reduction by Mycobacteria and release ROS
responsible for inhibition of protein and lipid (affecting cell
wall) biosynthesis.57

Pyronaridine is a highly efficient antimalarial drug against
Plasmodium falciparum and Plasmodium vivax. It has been
found to have antitubercular action in vitro, with MIC of 5 μg/
mL. Pyronaridine was identified to enhance M.tb susceptibility
to Rifampicin in a THP-1 macrophage infection model leading
to 16-fold reduction in the MIC. In vitro results revealed that
Pyronaridine inhibits M.tb RNA polymerase activity.58

Another antiprotozoal drug, Chloroquine, is an aminoquino-
line derivative that has been widely used as an antimalarial
drug since 1940.58 Its role in TB as a host cell efflux pump
inhibitor59 and phagosome acidification inhibitor has been
observed.60 Clearance of anti-TB drugs Isoniazid and
Pyrazinamide takes place by efflux pump, breast cancer
resistance protein-1 (BCRP-1) present on macrophages.59

Chloroquine acts on BCRP-1, which is overexpressed in M.tb
infected macrophages and promotes the M.tb survival by
extruding anti-TB drugs into the Extracellular fluid (ECF).59

Recently a study has shown the inhibitory effect of
Chloroquine on phagosome acidification, a prime phenomen-
on in redox physiology of M.tb and generation of
heterogeneous population of drug-tolerant macrophages
during infection, that resulted in increased sensitivity of
drug-tolerant M.tb to treatment with improving lung pathology
and reduced relapse time after chemotherapeutic treatment in
a BALB/c mouse of TB infection. These results indicated the
potential of Chloroquine to enhance the efficacy and reduction
in time required for TB treatment.60 Recent research
demonstrated for the first time that Tafenoquine is effective
against M.tb with lower MICs values compared to other
antimalarial medications such as Chloroquine, Mefloquine, and
Primaquine. Furthermore, Tafenoquine concentrations ranging
from 1.25 to 80 μM had varying effects against sensitive and
MDR strains of M.tb, ranging from moderate (reduction of 1.8
log CFU/mL) to strong bactericidal activity (reduction of 4.2
log CFU/ml).61

4.1.4. Antiviral Agents. Isoprinosine and Saquinavir are two
antiviral repurposed candidates for TB. Isoprinosine (Inos) or
Immunovir is a synthetic purine derivative with immune-
modulatory effects that is used in combination with interferon
(IFN) therapy in the trachea to treat subacute sclerosing
panencephalitis.62 Isoprinosine has been shown to improve
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host immune responses in vivo by producing pro-inflammatory
cytokines and increasing T-cell subset proliferation required
for the immune resistance against M.tb.62 However, further
studies are required to evaluate its antimycobacterial effect
either as direct target or as HDT. Saquinavir, an HIV protease
inhibitor, is being investigated as a possible host-directed
treatment forM.tb infection, particularly in the context of HIV-
M.tb coinfection.63 Recently the repurposing of Saquinavir
against M.tb has not only shown its significance in intracellular
killing of M.tb in infected macrophages but also enhanced the
expression of the antigen presentation machinery of HLA class
II type at the cell surface. Additionally, the increased effects in
T-lymphocyte priming, proliferation, and IFN-γ secretion have
also been reported that suggest the imperative character of
Saquinavir as an anti-TB medication.
4.1.5. Anti-Helminthic Agents. Avermectin, Pyrvinium

pamoate, and Nitazoxanide are a few of the antihelminthic
compounds that have been repurposed for TB. Avermectins, a
broad-spectrum class of antihelminthic drugs that includes
Ivermectin, Selamectin, and Moxidectin, exhibit potential
activity in vitro against M.tb and M. ulcerans with MIC values
ranging from 1 to 8 mg/L and 4 to 8 mg/L, respectively.64,65

They were also found effective against MDR and XDR-M.tb
clinical isolates as well.65 However, their mode of action in
M.tb is still unknown except for Selamectin which in a recent
study was shown to interact with M.tb flavo-enzyme DprE1.66

Further studies are required to examine the mode of action of
the remaining drugs as well, to completely understand their
anti-TB activity. Pyrvinium pamoate has been shown to alter
glucose and glycogen utilization pathways of M.tb67 thus acting
as a strong inhibitor of M.tb at a concentration of 1.5 to 4.8
μg/mL against H37Rv and MDR clinical isolate.

Nitazoxanide, initially used as an antidiarrhea drug, has been
reported to impede both replicating and nonreplicating forms
of M.tb with MIC of 16 μg/mL against H37Rv as well as drug
sensitive and resistant clinical isolates.78,79 In 1982, Niclosa-
mide was approved for use in humans to treat tapeworm
infection, and recent research has reported its repurposed
effect to inhibit the growth of the attenuated M.tb strain
(H37Ra) with a MIC of 0.5−1 μM.80 However, possible
toxicity to mammalian cells was observed at these dosages,
limiting its usefulness as an anti-TB medication.81 In another
study using a model of M.tb and HIV coinfection involving
human macrophages, Niclosamide (1.25 μM) inhibited the
replication of both the pathogens more than half without
causing considerable host cell death.76 These contradictory
findings require more thorough investigations to reconfirm the
debatable nature of Niclosamide as a potential anti-TB agent.

4.2. Repurposed Non-Anti-Infective Agents against
TB. Drugs from various pharmacological classes, such as anti-
inflammatories, anti-diabetics, anticancer, and so on, that are
used to treat various deficiencies and disorders, can also be
used to treat pathogen-causing diseases due to their secondary
biological effects or may also be used as adjunctive therapies.
The medications from each of these pharmacological groups
that are being reported to have anti-TB properties are
discussed in the following sections and detailed in Table 3.
4.2.1. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs).

NSAIDs are a huge class of drugs with diversity that act by
inhibiting cyclooxygenase (COX) to diminish prostaglandin
production, thus lessening inflammation, fever, and pain.82

Several studies have supported the use of NSAIDs in
adjunctive therapy, making the members of this class easy to

repurpose. Ibuprofen, Celecoxib, Aspirin, Etoricoxib, Melox-
icam, Oxyphenbutazone, Diflunisal, Bromfenac, Diclofenac,
Diminazene, and Ebselen are a few examples of this category.
Drugs from this class help in healing the tissues damaged due
to extensive drug treatment and host−pathogen interaction.83

Ibuprofen84 and Aspirin85 are the common and most studied
NSAID drugs found in most households. Ibuprofen establishes
a direct inhibitory impact in whole-cell screening assays84 and
protects mice models from TB progression.86 A phase II
clinical trial study evaluating the use of Ibuprofen as an
adjunctive therapy in XDR-TB patients is already underway
(NCT02781909). The synergistic effect of Aspirin with
Pyrazinamide has been demonstrated in a murine model,87

but its unpleasant interaction with Isoniazid88 and lack of
significant effect in a TB rabbit model make it less promising as
an immunomodulator adjunct therapy. However, it is more
beneficial in Meningitis-TB, which is characterized by severe
inflammation, than in pulmonary TB, due to its anti-
inflammatory properties (NCT02237365). Other NSAIDs
that have been investigated in clinical studies include
Etoricoxib, Meloxicam, and Celecoxib (NCT02503839,
NCT02060006) (NCT02602509). On the other hand,
Oxyphenbutazone, Diflunisal, Bromofenac, and Diclofenac
have been discontinued due to their high toxicity.89 Carprofen
has been discovered to have a direct antitubercular specific
mode of action, with a MIC of 40 μg/mL. The reported
antitubercular effects such as disrupting efflux pumps, biofilms,
and membrane potentials of Carprofen are due to its
pleiotropic mechanism of action that minimizes the risk and
effect of resistance mutations.90 A study described Diminazene
as the potential inhibitor of MycP1 (a protease) of M.tb, with a
58.0% inhibition rate at 150 mM concentration.91 In later
studies, the anti-TB activities of Diminazene derivatives,
synthesized by substituting different electron withdrawing
group at benzene ring, were found superior over Diminazene
due to the position and nature of electron-withdrawing
groups.92 The effect of Ebselen as an anti-TB agent and its
synergistic effect with Isoniazid have been found effective
against H37Rv and three clinically used drug-resistant strains
(JAL2287, BND320, and MYC431).93 In addition, a recent
study showed that Ebselen imparts low cytotoxicity against
macrophages, indicating that it might be used as an anti-TB.94

4.2.2. Anticancer Drugs. Various anticancer medications
due to certain similarities between bacterial pathogens and
cancer cells95 are now being investigated as anti-TB agents
such as Imatinib,96 Sorafenib (SRB),97 Bortezomib,98 Ele-
sclomol,99 and bis-biguanide dihydrochloride.100 Imatinib, also
known as Gleevec, is currently used to treat chronic
myelogenous leukemia and has been found to disrupt the
M.tb pathogenesis machinery as well. It has been demonstrated
to elicit an antipathogen host immune response to eliminate
the mycobacterial infection. Imatinib has been proposed as
HDT against TB and thus suggested to be beneficial in the
case of drug-resistant strains as well.96 Imatinib, upon
administration, decreases the bacterial load and number of
lesions in infected mice. It acted synergistically when given in
combination with other standard anti-TB drugs.101,102 A phase
II B clinical trial (NCT03891901) is currently underway to
determine the most effective dose of Imatinib that can be used
as adjunctive therapy with TB treatment regimens (Rifabutin,
Pyrazinamide, Isoniazid, and Ethambutol).

SRB has been studied as a metabolic inhibitor of the arginine
biosynthesis pathway in M.tb by targeting its unique arginine
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biosynthesis enzyme MtArgJ, exclusively present in M.tb,
thereby blocking arginine production and impeding M.tb
survival.103 SRB in combination of Rifampicin and Isoniazid
resulted in increased killing of the M.tb by inhibiting ABCG2
efflux pumps of the bone-marrow mesenchymal stem cells
(BM-MSCs).97 A recent study reported fatty acid degradation
protein D32 (FadD32) as another target of SRB.104

Another anticancer drug Bortezomib is a proteasome
inhibitor that is used for treating multiple myeloma.105 This
drug inhibits the growth of tumor cell by affecting (NFkB)
signaling pathway of activated B cells and by inhibiting
interleukin (IL)-6 signaling.106 Antimycobacterial properties of
this drug were seen in target mechanism-based whole cell
screen against M. smegmatis and M.tb due to inhibition of
caseinolytic protease (ClpP1P2).98 Short half-life following
intravenous administration, poor pharmacokinetics, high cost,
and significant side effects such as peripheral neuropathy,
neutropenia, and cytopenia restrict the use of Bortezomib for
TB treatment.107 Later on, many dipeptidyl boronate
derivatives of the drug have been synthesized with a specific
aim of enhancing inhibition of M.tb protease particularly with
low toxicity.107

Elesclomol is a biohydrazide, known for its antiproliferative
activity that causes apoptotic cell death by generating oxidative
stress.108 In a study testing its in vitro anti-TB activity, MIC99
was found to be lower for clinically isolated MDR or XDR
strains as compared to M.tb H37Rv (4 μg/mL). The drug was
detected to be effective against M.tb infected bone-marrow-
derived macrophages, and the synergistic effect of this drug was
observed when used in combination with Rifampicin.99

Moreover, the sensitivity of M.tb to Elesclomol was increased
by >65-fold when supplemented with copper, suggesting its
potential candidature as a repurposed agent for anti-TB
therapy.99

Bis-biguanide dihydrochloride (BBD) was identified as an
anti-TB agent in a cell-based high-throughput screening
study.100 The antimycobacterial effects of BBD were seen by
studying its role in inhibiting both intracellular and
extracellular growth of M. smegmatis, slow-growing M. bovis
BCG, as well as MDR clinical isolates. The reduction in CFU
counts in lung and spleen samples of M.tb infected mice was
observed more in BBD treated mice compared to Rifampicin,
with no possible side effects, suggesting the advancement of
BBD as an alternative new drug for TB treatment.100

In a computational study Epirubicin and Doxorubicin, which
are anthracycline antibiotics used as anticancer drugs, were
found to be promising inhibitors of M.tb DNA gyrase. These
drugs noted to inhibit the gyrase catalytic cycle by binding to
ATPase binding pocket located at the N-terminal domain of
gyrase B (Mtb GyrB47), thereby affecting the growth of
M.tb.109

4.2.3. Drugs against Cardiovascular Diseases. Verapamil,
a synthetic derivative of papaverine, is well-known as a calcium
channel blocker, and is being utilized to treat heart disorders,
hypertension, migraine arrhythmia, and angina.110 To identify
target gene mutations connected to drug resistance and to
analyze the involvement of efflux pumps in drug resistance
levels, researchers used whole-genome sequencing and
characterization in the presence and absence of the efflux
pump inhibitor Verapamil. Six MDR/XDR and three mono-
drug-resistant clinical isolates of M.tb showed a substantial
decrease in Rifampicin and Isoniazid MICs after Verapamil
administration. The same study also reported the over-

expression of various efflux pump genes, viz., Rv876, Rv1145,
Rv2936, Rv1146 Rv2333, Rv2459, Rv849, Rv2938, Rv933,
Rv1250, and Rv1819 after anti-TB drugs treatment and 4-fold
downregulation of at least one gene after Verapamil exposure
that highlights the potential role of Verapamil in lowering the
expression of efflux pumps in M.tb strains.111

The Statin family of drugs, mainly prescribed to hyper-
lipidaemic patients for lowering the risk of stroke and
cardiovascular disorders, has also been repurposed for TB.112

They act by blocking hydroxy-3-methylglutaryl coenzyme A
(HMG CoA) reductase, a crucial and rate-limiting enzyme in
the cholesterol synthesis.113 Higher cholesterol is considered as
a predisposing factor for TB as cholesterol acts as a binding
molecule for the bacteria to enter the macrophage.114 So,
reduction in membrane cholesterol also restricts the entry of
bacterium inside macrophages.114 Fluvastatin, Atorvastatin,
Lovastatin, Pitavastatin, Simvastatin, Rosuvastatin, and Pravas-
tatin are a few examples of this class.113 Several animal studies
have been conducted to investigate the positive impact of
statins in the treatment and prevention of TB.115 Among these,
Atorvastatin was discovered to be a well-tolerated and safe
drug which has entered in clinical studies as a repurposed
medication for TB treatment. Two clinical studies on
Atorvastatin, the first to depict the effect of Atorvastatin with
standard anti-TB drugs in Nigeria (NCT04721795) and the
second to study the effect of Atorvastatin in reducing lung
inflammation after completion of TB treatment in HIV and
Non-HIV TB patients (NCT04147286), has entered in Phase
II. The role of Simvastatin, another member of the statin
family, in enhancing immune responses and activity of
standard anti-TB drugs in macrophages, has been studied.
The synergistic effect of the drug Simvastatin with Rifampicin,
Isoniazid, or Pyrazinamide because of increased bacillary
killing, decreased colony-forming units in lungs of chronically
infected BALB/c mice, and reduction in time needed to attain
culture-negative lungs has been demonstrated.116 Increased
secretion of IL-12 and IL-1b cytokines in untreated peripheral
blood mononuclear cells and secretion of IL-10 cytokines in
infected peripheral blood mononuclear cells support the role of
Simvastatin in enhancing host immune response.117 Statin
Adjunctive Therapy for TB (StAT- TB), a phase-II clinical trial
study, is currently in the recruitment phase to study the safety,
mechanism of action, and dosage of Pravastatin in treatment of
TB (NCT03456102). Various other cardiovascular drugs
which are found by in silico analysis to inhibit imperative
drug targets of M.tb are described in Supplementary Table S1.
4.2.4. Anti-Psychotic Drugs. Among the numerous anti-

psychotic medications, those observed as anti-TB repurposing
agents include Chlorpromazine, Thioridazine, Nemonapride,
Fluspirilene, and Pimozide.118−120 Chlorpromazine and
Thioridazine are neuroleptic drugs from the phenothiazine
class and have antihistaminic or anti-psychotic properties.
Phenothiazines primarily function by inhibiting the activity of
an essential enzyme, NADH: menaquinone oxidoreductase, in
the energy metabolism pathway.121 Chlorpromazine is the first
commercially available phenothiazine having bacterial growth
suppression properties122 along with severe side effects for
psychoses that resulted in less demand of this drug as an
antimicrobial agent. Later, Thioridazine, with less toxicity and
more efficacy against drug resistant TB in vitro and in the
mouse model, was identified.118 However, the efficacy and
safety of Thioridazine against TB is yet to be explored in
clinical trials.118
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Nemonapride was identified as a likely contender for drug
repurposing with the molecular target of Rv3247c in M.tb in a
study based on in silico analysis.119 The role of two other anti-
psychotic drugs, Fluspirilene and Pimozide of class diphenyl-
butylpiperidine, in inhibiting intracellular growth of M.tb in
both pro- and anti-inflammatory primary human macrophages
has been observed.120 These drugs were found effective against
MDR M.tb strains and another intracellular bacterium,
Salmonella enterica serovar Typhimurium (Stm). Both of
these drugs act by regulating autophagy, thus altering the
lysosomal response.120

4.2.5. Anti-Parkinson Drugs. Entacapone and Tolcapone
drugs have been widely used for treatment of Parkinson’s
disease.

These drugs mainly target catechol-O-methyltransferase
(COMT), an important human enzyme that is primarily
involved in degradation of neurotransmitters.123 Both drugs
have been found effective against M.tb at a concentration lower
than the toxic concentration to eukaryotic cells.123 It has been
predicted that both drugs inhibit M.tb enoyl−acyl carrier
protein reductase (InhA)123 that is crucial for mycolic acid
biosynthesis. However, further research is still required to
completely understand their potential role against M.tb.

By use of an integrated approach based on systems-level
information for ligand selection, and genome-wide inves-
tigations, another anti-Parkinson drug Droxidopa was identi-
fied as a possible candidate for drug repurposing in a study,
wherein Rv0098, Rv0390, Rv3588c, Rv2244, Rv2465c,
Rv2763c, Rv3247c, Rv1094, Rv3607c, Rv3048c, Rv0321, and
Rv2607 were identified as metabolic drug targets.119

4.2.6. Anti-Diabetic Drugs. Metformin, an anti-diabetic
drug, is a disruptor of mitochondrial complex-I of the
respiratory metabolic pathway and has been considered as a

potential combinatorial therapeutic option against TB.124,125 In
recent studies, Metformin treatment inhibited M.tb growth and
reduced disease pathogenesis by initiating the host-mediated
responses via activation of adenosine monophosphate-
activated protein kinase (AMPK).124,125 In another study,
Metformin exposure to macrophages has been observed
causing increased production of antibacterial ROS necessary
for reducing bacterial load during infection.125,126 A study
titled “Safety and Tolerability of Metformin in People with TB
and Human Immunodeficiency Virus (HIV)” is currently in
phase II trials (NCT04930744). Another anti-diabetic drug,
Acarbose, has recently been proposed as an anti-TB agent, with
bacteriostatic action on M. smegmatis growth in vitro. Acarbose
also inhibits M.tb biofilm development and substantially
decreases (2−4 fold) the dose of Isoniazid and Ethambutol.127

4.3. Miscellaneous Anti-TB Repurposed Agents. The
comprehensive details on almost all the miscellaneous
repurposed drugs under in vitro, in vivo, or clinical trial
investigations are detailed in Table-4, and the most important
among them are discussed below. The FDA approved drugs
which are being analyzed by in silico approaches to inhibit M.tb
protein targets are also mentioned in Supplementary Table S1.
4.3.1. 1α,25-Dihydroxy-Vitamin D. Toll like receptors

(TLR) of human macrophages trigger the Vitamin D mediated
antimicrobial response in humans. Activation of TLR on
human macrophages results in overexpression of both Vitamin
D receptor and hydroxylase genes. It is then followed by the
activation of beta-defensin 2 and human cathelicidin LL-37,
two antimicrobial peptides (AMP) generated by lung epithelial
cells, monocytes/macrophages, and neutrophils that can
reduce M.tb growth and modulate antimicrobial responses,
respectively.144,145 In M.tb infected macrophages/monocytes,
active Vitamin D, 1,25(OH)2D3, causes autophagy, which can

Table 4. Miscellaneous Repurposed Drugs against Tuberculosis, Their Mechanism of Action, MICs, and Ongoing
Investigationsa

S.
no.

Drug name (Class of the
drug)

Mechanism of action/Drug
target in M.tb Current use in therapeutics

Minimum inhibitory
concentration (MIC) against

M.tb
Current status/
Ongoing studies Refs

1 Vitamin D (Vitamins) promotes autophagy in M.tb-
infected monocytes

Supplements for calcium
and phosphorus

(5000 IU of vitD3 for 2
months)b with standard
ATT.

Several CT
completed

NCT01580007
NCT02237365146,159

2 Auranofin (Gold salt) Target TrxB2, and disrupt the
redox balance

Rheumatoid arthritis 3−6 mg/dayb 0.5 μg/mL Phase II trial
completed

NCT02968927149

3 Thalidomide Inhibit TNF-α, used as HDT Immunomodulatory drug 3−5 mg/kg/dayb Various CT
completed

160

4 Disulfiram (Thiocarba-
mate)

Inhibitor of MetA, alter me-
thionine pool and redox
status

Alcohol withdrawal drug 5.3 μM In vitro and in
vivo

161,162

5 Rimonabant (Carbohy-
drazide)

Target MmpL3 protein, and
inhibit cell wall synthesis

Antiobesity drug 25 μg/mL (H37Rv) In vitro, In vivo 151,152

6 Pranlukast Arginine biosynthetic enzyme
inhibitor (MtArgJ)

Antiasthma drug MIC90 = 5 μg/mL (H37Rv) In vitro, In vivo 103

7 Linolenic acid (Polyun-
saturated fatty acid)

NA Nutritional supplementa-
tion

200 μg/mL (H37Rv) In vitro 163

8 Diosmin (Phlebotonics) L,D-transpeptidase enzymes Hemorrhoids NA In vitro and In
vivo

157

9 Cyclosporine-A (Immu-
nosuppressants)

Disturb biofilm formation by
inhibiting PpiB protein.

Organ transplant NA In silico and in
vitro

154,164

10 Eltrombopag Zmp1 and PDF Thrombocytopenia or
aplastic anemia

6.25 μM (H37Rv), 12.5 μM
(Beijing isolates)

in vitro 131

11 Arotinolol Zmp1 and PDF Antihypertensive therapy 3.125 μM (H37Rv), 25 μM
(Beijing isolates)

in vitro 131

12 Echinacoside (Phenyle-
thanoid glycoside)

GyrB47 Parkinson’s, Alzheimer’s,
osteoporosis, and hepati-
tis

MIC90 −12 μM in silico and in
vitro

109

aNA: Not available, CT: clinical trials. bPatient daily dosage.
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suppress the infection via an LL-37-dependent mechanism. As
a consequence, multiple studies have linked Vitamin D in
sufficiency to an increased risk of developing active tuber-
culosis. In a clinical trial investigation, patients receiving 5000
IU of Vitamin D3 daily along with regular Anti-TB treatment
(ATT) had faster rate of sputum culture negatives than those
who received placebo. This study showed that Vitamin D3 has
favorable benefits as an adjuvant therapy and has the potential
to be used as an HDT in the treatment of TB.146 However,
some clinical trials have shown it to have no effect on TB, and
tuberculous spondylitis was reported in a patient receiving
Vitamin-D for 7 weeks (NCT02968927).147

4.3.2. Auranofin. Auranofin is a gold complex originally
developed to use as an anti-rheumatic agent.148 The role of
Auranofin as thioredoxin reductase (TrxR) inhibitor of M.tb
has been reported that results in thiol-redox depletion and
blemished defense against oxidative stress.149 It was potentially
being investigated as adjunctive HDT in phase II clinical trial
(NCT02968927) with patient daily dosage of 3−6 mg/day,
and findings reported thrombocytopenia, acute gastroenteritis,
disseminated intravascular coagulation, and hypoxaemia as
suspected unexpected serious adverse reaction with treatment
failure in recipients.147

4.3.3. Rimonabant. Rimonabant is an endocannabinoid
receptor antagonist originally used to treat obesity.150

Antibacterial activity of this drug against M.tb H37Rv has
been observed.151 Further studies have focused on the effects
of Rimonabant derivatives againstM.tb H37Rv that have proved
as highly potent anti-TB agent with lesser MIC of 0.39 μg/mL,
representing a good candidate for further in vivo experimental
validation. Mycolate flippase, MmpL3, of M.tb has been found
as a direct target of Rimonabant.152

4.3.4. Pranlukast (PRK). PRK is a FDA permitted molecule
and inhibitor of human cysteinyl leukotrienereceptor-1
(hCysLTR1). It has been used in treating chronic bronchial
asthma.153 Like SRB, PRK has been found to be a metabolic
inhibitor of the arginine biosynthesis pathway in M.tb by
targeting arginine biosynthesis enzyme MtArgJ exclusively
present in M.tb, thereby blocking arginine production.103 The
blocking of this pathway results in reduction of M.tb survival.
Studies reflect more potency of PRK than SRB against bacterial
survival at both in vitro and in vivo levels. PRK also inhibits the
5-lipoxygenase (5-LO) signaling in M.tb infected macrophages,
a pathway that facilitates bacteria to survive inside the host and
thus improves the effectiveness of the PRK for the pathogen.
The same study showed that PRK works efficiently in a
combinatorial approach with the standard anti-TB drugs. In
M.tb mice models, the effect of PRK alone and in combination
with Rifampicin was seen in terms of reduction in tubercular
granulomas and bacterial burden in lung without causing any
harm to the host.
4.3.5. Cyclosporin A. Biofilm formation is one of the generic

strategies used by various avirulent and virulent bacteria
including mycobacteria, to overcome stress encountered
during infections that acts as a barrier in drug tolerance and
immune surveillance. The matrix of biofilm mainly comprises
biopolymers and extracellular components mainly formed by
proteins. Therefore, the proteins responsible for the biofilm
formation can be used as a drug target, for instance, peptidyl-
prolyl isomerase (PpiB) protein. Drugs that disrupt biofilm
development and reduce the dose value of anti-TB drugs can
be utilized as therapeutic treatments.154 Kumar et al. identified
two FDA-approved drugs, Acarbose and Cyclosporine-A, as

anti-TB agents in their study. Both of these drugs had a
bacteriostatic action on M. smegmatis growth in vitro, whereas
gallium nanoparticle (GaNP)g had a bactericidal effect on M.
smegmatis growth. Both of these drugs also inhibit the biofilm
formation by M.tb. The presence of these drugs during
coculturing of M.tb also significantly reduced the (2−4 fold)
dosage of Isoniazid and Ethambutol.154 Similarly, other
proteins responsible for the biofilm formation can also be
studied further to identify novel M.tb drug targets.
4.3.6. Diosmin (DIO). Enzymes that helps in synthesis of the

M.tb cell wall and are absent in eukaryotes can be a better
choice to target for the drug development. Recently one study
has targeted the L,D-transpeptidase enzyme that is crucial for
cell wall synthesis in mycobacteria.155 This enzyme is required
for introducing nonclassical type cross-linkage of peptidoglycan
between the neighboring meso-DAP residues.156 The drug
Diosmin was further recognized as a potential repurposed
inhibitor of this enzyme via several in vitro and in vivo analyses.
Its substantial synergistic effect with Amoxicillin-Clavulanic
acid (AMC) in TB treatment was noted.157 The combination
of the aforementioned drugs showed decisive action against M.
marinum, although neither drug alone had any impact. After
treatment with AMC and DIO, scanning electron microscopy
of M. marinum revealed cellular leakage. When infected with
M. marinum, the technique of combining AMC and DIO (or
DMT) boosted the survival rate of Drosophila melanogaster fly
models by up to 60%. The enhanced antimicrobial action of
AMC-DIO was also confirmed against M.tb H37Ra and a MDR
clinical isolate, but more thorough investigations are still
undone.
4.3.7. Fusidic Acid. Researchers have found that the

filamentous temperature sensitive mutant Z (FtsZ), a key
cytoskeleton cell division protein of bacteria, might be used as
a drug target for the development of antibacterial drugs.71 A
study using gene ontology-based drug repurposing approach
and considering citric acid (inhibitor of M.tb FtsZ) as a
reference point has identified four predicted drugs, namely,
Fusidic acid (FusA), L-tryptophan, carbamic acid, and 2-(3-
guanidinophenyl)-3-mercaptopropanoic acid as potential in-
hibitors against M.tb FtsZ polymerization. By using different in
silico methods such as DFT (Density Function Theory)
calculations, molecular docking, and molecular dynamic (MD)
simulations, the study revealed FusA as the most potent
inhibitor among four even more potent and reactive than the
citric acid. The finding that FusA is the best potential MTB-
FtsZ polymerization inhibitor was supported by the other post
MD analysis parameters including MM/PBSA (molecular
mechanics Poisson−Boltzmann surface area) binding free
energies, RMSD (root-mean-square deviation), RMSF (root-
mean-square fluctuations), RoG (radius of gyration), and
hydrogen bond analysis. However, further in-depth preclinical
studies are still needed to confirm the anti-TB potential of
FusA and other mentioned drugs.

5. CHALLENGES AND LIMITATIONS
Drug repurposing strategies offer exciting opportunities for
developing new therapeutics against Tuberculosis; however,
these benefits are often surrounded by huge challenges and
limitations. One of these is the lack of public access to valuable
data about drugs, e.g., clinical trials. Also, some types of
computational data are difficult to handle and integrate.
Analyzing such data is laborious and computationally
demanding, and it increases the time of research to many
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folds.158 Even though the pharmacokinetics and pharmacody-
namics data of many drugs are available, screening of a
compound’s activity and toxicity through biological in vitro or
preclinical research is still required for drug-sensitive and drug-
resistant isolates.71 In addition, if the current clinical data is
obsolete or does not meet the standards of the FDA or
European Medicines Agency (EMA) regulatory authorities,
new clinical studies may be required according to regulatory
rules. The limited number of FDA-approved drugs and their
low activity againstM.tb has slowed the development of a drug-
repurposing strategy for anti-TB drugs. Moreover, some of the
repurposed drugs may have better activity in vitro but fail to be
reliable under in vivo conditions because of high MICs,
toxicities, or contraindications.71 The unique physiology of
M.tb potentially imposes a major challenge for the repurposing
because the resistance and failure to these drugs may arise
quickly.7 Furthermore, the human microbiome could also be
highly affected during the lengthy treatment regimen of DR-
TB.165 One of the most important limitations of drug
repurposing is related to the patent application and intellectual
property rights (IPRs). For repositioned drugs the IP
protection is limited, and some national legislations impede
obtaining a patent for the second therapeutic use of drugs.166

Some IP laws even restrict the repositioned drugs entering the
market.167

6. CONCLUSION
To combat the current state of drug-resistant TB, drug
repositioning is an appealing and favored technique in drug
development. Numerous computational and experimental
approaches for strategically repositioning drugs on a large
scale have been advanced over the years. The comprehensive
discussion presented in this review sheds light on the
anticipated potential of the repurposing technique for
identifying important compounds with potential anti-TB
action. It also provides deep insights on practically almost all
previous and most recent repurposed anti-TB drugs and their
synergistic effects with standard anti-TB medications. This
large pool of repurposed anti-TB candidates in various
investigational and advanced clinical studies implies that drug
repurposing is becoming widely acknowledged with a high
chance of success. Also, the accomplishment of Linezolid,
Moxifloxacin, Levofloxacin, and Clofazimine in MDR-TB
treatment shows that drug repurposing for TB treatment is a
viable solution to meet the target of global TB eradication.
Furthermore, given the rapid advancement of Metformin,
Vitamin D3, Statins, and other repurposed adjunctive HDT, it
is not unreasonable to expect a combination of HDT and anti-
TB drugs to be the definitive treatment for DR-TB in the near
future. Nonetheless, the challenges and limitations connected
with this technique should not be overlooked and the answers
to many key questions regarding repurposed drugs should be
addressed through multidisciplinary research at a larger scale
before being included in the TB treatment regimen.
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