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Abstract: The most lethal disease tuberculosis is caused by Mycobacterium tuberculosis and the risk has worsened 
with the appearance of drug resistance, in particular multi drug resistant TB (MDR-TB) and extensively drug-resistant 
TB (XDR-TB). Antimicrobial resistance (AMR), is one of the most dominant health hazard that has emerged in the 
21st century. This review embrace  the drug resistance in MTB and inclusive overview of present phenotypic and 
molecular approaches for drug vulnerability testing, with particular attention to the methods endorsed and 
recommended by the WHO. “Drug resistance is an unavoidable consequence of the use of drugs; however, the 
appearance of multi-drug resistance can be managed by accurate diagnosis and perfect regimens. Moreover, the 
discovery of new chemical entities targeting specific vulnerabilities in the M. tuberculosis bacterium has gained 
significant attention. Various drug candidates are in different stages of preclinical and clinical development. 
Additionally, combination therapy approaches involving multiple drugs with complementary mechanisms of action are 
being explored to overcome drug resistance and improve treatment outcomes In recent years, funded collaborative 
efforts of researchers from academia, not-for-profit virtual R&D organizations and industry have resulted in the 
continuous growth of the TB drug discovery and development pipeline. While substantial progress has been made in 
the field of drug development against resistant TB, several  clinical trials. Nonetheless, the current prospects in drug 
development against resistant tuberculosis hold great promise for improving treatment outcomes, reducing 
transmission, and ultimately eradicating this devastating disease. 
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INTRODUCTION 

The world's worst infectious illness, tuberculosis (TB), which is caused by the bacteria Mycobacterium tuberculosis 

(MTB), has become more dangerous due to the advent of drug resistance, particularly extensively drug-resistant TB 

(XDR-TB) and multidrug-resistant TB (MDR-TB). In 2019, there were an estimated 10 million new incident cases of 

active TB disease worldwide [1]. Antimicrobial susceptibility testing is still not generally accessible or used, despite 

the World Health Organization's (WHO) End-TB Strategy's advocacy for its usage. Drug-resistant MTB strains may 

have some fitness costs due to resistance-related changes, but these costs may be offset by the occurrence of 

compensating mutations, which would restore growth fitness. Understanding these underlying pathways might offer 

crucial insights into the etiology of TB and forecast the global pandemic of MDR-TB in the future. India accounts for 

25% of the global TB burden. Pulmonary TB is the most common site for pathological lesions but it also affects 

other sites, which is called extra pulmonary TB. The infection is usually due to inhalation of the infected droplet 

nuclei and the lung is generally the first organ to be affected. Pulmonary TB usually occurs after a period of 

dormancy in a previously infected individual. The onset is gradual but deceptive. Spread of pulmonary TB to the 

pleura results in pleural effusion as a part of inflammatory reactions. Later, the tubercular bacilli may disseminate 

and the hypersensitivity reaction to mycobacterial proteins may cause extensive tissue damage and virtually any 

organ of the body may be involved shown in Fig 1. Miliary tuberculosis is a massive dissemination of tubercle bacilli 

throughout the body including liver and spleen that do not have a high oxygen tension. [2] 

Mycobacterium other than M. tuberculosis are called non tuberculous or atypical mycobacteria. These are present 

in the environment and can cause diseases similar to tuberculosis. Some of them are: M. Kanasii, which produces 

milder but chronic pulmonary disease resembling tuberculosis; M. marinum causes swimming pool granuloma:M. 

scrofulaceum, causes cervical lymphadenitis and M. Leprae, which causes leprosy. M. avium complex include both 

M. avium and M. intracellulare. MAC is common and important cause of disseminated TB type of pulmonary 
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disease seen most commonly in immunocompromised patients, e.g. those with AIDS. This review describes the 

drug resistance of TB with newest treatment approaches for MAC. 

 

Figure 1: TB infection pathology invading humans 

Since a major portion of the tubercle bacilli becomes intracellular and resides in the macrophages, it is inaccessible 

to the majority of antibiotics as these cannot penetrate easily. Moreover, the mycobacteria are well known for 

developing resistance to any single drug. Combination of the drugs are therefore needed to overcome resistance 

during the course of therapy. The answer as to why a multiple drug combination lowers the chances of development 

of resistance is simple. It is advisable to combine at least two or more anti-TB drugs to which the Mycobacterium is 

susceptible. Since the response of the therapy is also slow, the treatment must continue for months depending on 

the drug that has been used. The risk of adverse reaction is therefore a major concern in proper drug selection. The 

therapy must contain two or more drugs to avoid development of resistance, the drug must be taken regularly and 

the drug therapy must continue for a sufficient duration to achieve adequate therapeutic results. Traditionally, the 

drugs used in the treatment of TB are classified into first line drugs and second line drugs. In first line drugs, first 

line essential (Isoniazid Rifampicin, Pyarzinamide, Ethambutol) and first line supplemental drugs (Streptomycin) are 

found. The second line drugs include second line orally active agents [Fluoroquinolones (ofloxacin, levofloxacin, 

moxifloxacin, ciprofloxacin), Ethionamide, Prothionamide, Para-aminosalicylic acid, Cycloserine, Terizidone, 

Thiacetazone, Rifabutin/Rifapentine) and second line injectable agents (Kanamycin/Amikacin, Capreomycin). Some 

newer anti- tuberculosis druds are Bedaquiline, Linezolid, Clarithromycin, Clofazimine, Amoxicillin-Clavulanic acid 

[3,4]. 
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Drug Resistance 

 Drug resistance in clinical MTB strains is endorsed to chromosomal mutations. The main mechanisms of resistance 

leading to drug resistance consist of drug target modification, over expression of drug target, disruption of pro drug 

activation and the activation of efflux pump [5,6], Multidrug-resistant tuberculosis (MDR-TB) has become a big 

terrorize to global health. The current approach for management of MDR-TB and widespread drug resistant 

tuberculosis[7,8]. The goal of treatment of tuberculosis is to ensure high cure rates, prevent emergence of drug 

resistance, minimize relapses and cut the chain of transmission through early diagnosis and treatment. One of the 

main reasons for the therapeutic failure has been the patient’s poor compliance after having a symptomatic relief. 

The Revised National Tuberculosis Control Programme (RNTCP), therefore has recommended the Directly 

Observed Therapy using Short course (DOTS) in 1997 based on the anti-TB treatment guidelines devised and 

advocated by the WHO in 1995 for adoption by the countries world over as per their local requirements. 

In the last 20 years, the anti-TB treatment has undergone many changes. The old conventional 12-28 months long 

treatment was replaced in 1995 to a short 6-9 months treatment under DOTS on the recommendation of the WHO 

in the hope that administration of anti-TB medication under direct supervision of health professional will assure full 

compliance. As per these guidelines, the TB patients are divided into 4 categories and the treatment regimens have 

2 phases: An initial Intensive phase followed by a Continuous Phase (CP). In IP 4-5 bactericidal drugs are used for 

a period off 2-9 months with the aim of rapidly killing the bacteria to bring about symptomatic relief/sputum 

conversion and to minimize the chances for developing resistance. The CP lasts for 6-24 months during which the 

remaining bacilli are eliminated to minimize the chances of relapse. The duration of IP and CP may vary according 

to the category of the patient. This resulted in not only an increase in the development of multi-drug resistant 

(MDR), but also extensive drug resistant (XDR) TB cases world over including India. 

Resistant tuberculosis, also known as drug-resistant tuberculosis (DR-TB), is a form of tuberculosis (TB) that does 

not respond to standard antibiotic treatment. It is primarily caused by the improper use or misuse of anti-TB drugs. 

Here are some key factors that contribute to the development of resistant tuberculosis: 

1. Inadequate treatment: One of the primary causes of drug-resistant TB is inadequate or incomplete 

treatment. TB treatment usually involves a combination of antibiotics taken for a specific duration. If the 

prescribed medication is not taken consistently or for the required duration, the bacteria may survive and 

become resistant to the drugs. 

2. Inappropriate drug regimen: TB treatment typically involves a combination of several antibiotics. If the initial 

drug regimen is not appropriately chosen based on the drug susceptibility testing or if the drugs are not 

used in the correct combination, it can lead to the development of resistance. 

3. Poor treatment adherence: Irregular or incomplete adherence to the prescribed TB treatment is a major 

factor in the development of drug resistance. Patients may stop taking their medication once they start 

feeling better, or they may have difficulty following the treatment regimen due to various reasons such as 

side effects, lack of awareness, or lack of access to healthcare. 

4. Delayed diagnosis: Late or delayed diagnosis of TB can contribute to the development of drug resistance. 

When TB is not diagnosed promptly, the infection has more time to progress and spread, making it more 

challenging to treat effectively. 

5. Transmission of drug-resistant strains: Drug-resistant strains of TB can be transmitted from person to 

person. If a person with drug-resistant TB infects others, it can lead to the spread of resistant strains in the 

community. 

6. HIV co-infection: Individuals who are infected with both TB and HIV have a higher risk of developing drug-

resistant TB. HIV weakens the immune system, making it more difficult to fight off TB infection and 

increasing the likelihood of treatment failure. 

7. Overuse and misuse of antibiotics: Inappropriate use of antibiotics, such as using them without a 

prescription or not completing the full course of treatment, can contribute to the development of drug-

resistant strains of TB. 
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It is important to address these causes and implement proper TB control measures, including accurate diagnosis, 

appropriate treatment regimens, patient education, and support, to prevent the emergence and spread of drug-

resistant TB [10]. 

Classification of drug resistance  

➢ Poly-drug resistant TB (PDR- TB).  Poly drug resistant TB in which patients have resistance against more 

than one first-line anti-TB drug. 

➢ Isoniazid-resistant TB : In this patients resist to isoniazid and susceptible  to rifampicin [11] 

➢ Mono-resistant TB (MR TB). TB patient, whose biological specimen is resistant to one first- line anti-TB 

drug only [12]  

➢ Multidrug-resistant TB (MDR-TB). Patients who are infected with strains resistant to isoniazid and 

rifampicin, called multidrug-resistant (MDR) 

➢ Rifampicin Resistance (RR) Resistance to rifampicin detected using phenotypic or genotypic methods, 

with o without resistance to other anti-TB drugs excluding Isoniazid. Patients, who have any rifampicin 

resistance, should also be managed as if they are MDR-TB case.  

➢ Presumptive DR-TB. Patient who is eligible for rifampicin resistant screening at the time of diagnosis 

OR/and during the course of treatment for DS-TB or H mono/poly DR-TB. [13] 

Category  National Strategic plan for TB control 2012-17 

New Cases IP- 2 HRZE daily 

CP- 4 HRE daily 

Duration- 6 months 

Comment- Optimum therapy 

Previously treated case 

1. All Relapses 

2. Treatment defaults 

3. Treatment failures and others 

IP- 2 HRZES daily+1 HRZE daily 

CP- 5 HRE daily 

Duration- 8 months 

Comment- These patients have low/medium risk of MDR-

TB 

MDR-TB IP- 6-9 Km Lfx Eto Cs Z E 

CP- 18 Lfx Eto Cs Z E 

Duration- 24-27 months 

Comment- Treatment may be modified 

Rifampicin resistant Isoniazid sensitive or 

unknown 

IP- 6-9 Km Lfx Eto Cs Z E H 

CP- 18 Lfx Eto Cs  E H 

Duration- 24-27 months 

Comment- Treatment may be modified 

Extensive Drug Resistant (XDR)-TB  IP- 6-12 Cm, Mfx, PAS, High dose-H, Cfz, Lzd, Amoxi-Clav 

CP- Mfx, PAS, High dose-H, Cfz, Lzd, Amoxi-Clav 

Duration- 24-30 months 

Table: Dosage regimens/ Anti-TB Treatment for patients 
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-H,R,Z,E,S- Standard codes for isoniazid, rifampin, pyrazinamide, ethambutoland streptomycin respectively 

- Km Lfx Eto Cs Z E- Standard codes for Knamycin, Levofloxacin, Ethionamide, Cycloserine+, 

Pyrazinamide, Ethambutol, Isoniazid respectively 

          - Cm, Mfx, PAS, High dose-H, Cfz, Lzd, Amoxi-Clav Standard codes for drugs:      Injection 

Capreomycin, Moxifloxacin, Para amino salicylic acid, Isoniazid, Clofazimine, Linezolid, Amoxicillin-

clavulinic acid respectively 

Test to detect resistance 

• Genotypic tests-Rapid molecular diagnostic method for Drug  Resistance Testing (DRT)- These are 

genotypic tests that detect  specific genetic mutations that are associated with drug resistance  

• Phenotypic tests -Growth based Drug Susceptibility Testing (DST)  

Where in bacilli are grown and subsequently tested for drug  susceptibility using various drug containing and drug-

free media  

List of drug resistance-related genes against anti-TB drugs (miotto 2018) 

S.no Drug 

 

MOA Resistance-

related genes 

Gene function Reference 

 

1.  Rifampicin  

 

RNA synthesis 

inhibition 

Rpo B 95–99 polymerase subunit 14,15 

2.  Isoniazid Mycolic acid 

biosynthesis inhibitor 

and effects on DNA, 

lipid, carbohydrate, 

and NAD metabolism 

katG Isoniazid Catalase-

peroxidase 8,9 

inhA 8–43 Promoter region 

for 2-trans-enoyl-acyl 

carrier protein reductase 

16,17 

 

3.  Ethambutol Arabinogalactan 

biosynthesis 

inhibition 

embB Arabinosyltransferase  

5-Phospho-α-d-ribose-1-

diphosphate: 

Decaprenylphosphate 

5-phosphoribosyltransferase 

18 

19 

4.  Streptomycin  Protein synthesis 

inhibition 

rpsL 

rrs  

gidB 

Ribosomal protein S12 

16S rRNA 

Putative 16S rRNA 

methyltransferase 

20,21 

20 

22 

5.  Quinolones 

 

DNA gyrase and 

topoisomerase IV 

inhibitor 

gyrA 

gyrB 

DNA gyrase subunit A 

DNA gyrase subunit B 

23 

24 

6.  Aminoglycoside

s  

 

Protein synthesis 

inhibition 

rrs  

eis  

16S rRNA 

 Aminoglycoside 

acetyltransferase 

25  

26 

7.  Pyrazinamide Not fully resolved, 

may include 

membrane potential 

pncA 

 rpsA  

Amide conversion  

S1ribosomal protein  

27 
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disruption panD 

 clpC1 

 

Aspartate decarboxylase 

Protease 

 

8.  Cycloserine  Peptidoglycan 

biosynthesis 

inhibition 

Ald L-alanine dehydrogenase 28 

9.  Para-

aminosalicylic 

acid 

 

Folic acid and iron 

metabolism inhibition 

folC  

dfrA e 

 thyA   

 

Dihydrofolate synthase 

Dihydrofolate reductas  

Thymidylate synthase  

29 

 29 

30 

 

10.  Linezolid Protein synthesis 

inhibitor (50S 

subunit) 

rplC 

 rrl 

50S ribosomal protein L3  

23S rRNA gene  

 

31,32 

11.  Clofazimine Release of Reactive 

Oxygen Species 

(ROS) and cell 

membrane disruption 

rv0678 

 rv1979c  

rv2535c 

 

Transcriptional regulator to 

repress the 

expression of multisubstrate 

efflux 

pump MmpL5 

Possible permease 

 

33,34 

 

12.  Bedaquiline Inhibition of 

mitochondrial ATP 

synthase 

rv0678 Transcriptional regulator to 

repress the 

expression of multisubstrate 

efflux 

pump MmpL5 

 

35,36 

 

13.  Delamanid Mycolic acid 

biosynthesis 

inhibition 

ddn  

fgd1 

 fbiA  

fbiB 

 fbiC 

Deazaflavin-dependent 

nitroreductase  

Glucose-6-phosphate 

dehydrogenase  

Protein FbiA for flavin 

cofactor 

F420 biosynthesis 

Protein FbiB for flavin 

cofactor 

F420 

Protein FbiC for flavin 

cofactor 

F420 biosynthesis 

37 

38 

39 

40 

41 
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biosynthesis 

14.  Clarithromycin Protein synthesis 

inhibition (50S 

subunit) 

   

15.  Amoxicillin 

clavulinic acid 

Cell wall disruption 

via peptidoglycan 

modulation 

   

 

Treatment approaches 

When managing multi-drug resistant tuberculosis (MDR-TB), obtaining a comprehensive past history of TB 

treatment is critical (42). This is mainly significant for patients with multiple treatment courses with first- or second-

line anti-TB drugs. In cases where a patient has acknowledged previous treatment with ethambutol or pyrazinamide 

as part of a failed first-line regimen, it is not advisable to consider these drugs as likely to be effective (43). The 

reason behind this is that the development of drug resistance may render these medications ineffective in treating 

MDR-TB. By gathering detailed information about the patient's prior treatment regimens, healthcare providers can 

assess which drugs may still be effective and tailor the management approach accordingly. This helps to optimize 

treatment outcomes and minimize the risk of further drug resistance development (44). 

Pyrazinamide, ethionamide, or PAS (para-aminosalicylic acid) which are  Laboratory resistance, combined with a 

history of use in a failing regimen, strongly suggests that these drugs are ineffective in the treatment of MDR-TB 

(45). In the management of MDR-TB, it is recommended to include at least four second-line anti-TB drugs that are 

likely to be effective. These regimens typically consist of a later-generation fluoroquinolone, such as levofloxacin or 

moxifloxacin, a second-line injectable drug, and other oral second-line drugs. The inclusion of pyrazinamide is also 

considered unless there is a contraindication, such as a history of drug allergy, or evidence suggesting its 

ineffectiveness against the patient's specific strain of TB (46) (e.g., a clear history of failing to respond to a 

pyrazinamide-including regimen and drug susceptibility testing indicating resistance). It is worth noting that in 

resource-limited settings where drug susceptibility testing (DST) for pyrazinamide may not be readily available, 

pyrazinamide is often included in MDR-TB regimens as a routine practice. These recommendations are supported 

by a large meta-analysis of individual data from over 9000 patients, indicating the effectiveness of these 

combination regimens in managing MDR-TB (Ahuja et al., 2012). It's important to keep in mind that TB treatment 

guidelines may evolve over time, so it's always advisable to consult the most current guidelines and 

recommendations from reputable sources for up-to-date information (47). 

The dosing of anti-TB drugs is typically based on the weight of the patient. Commonly used dosing tables use a few 

weight bands for simplicity. However, it's important to adjust the drug doses when adults gain weight or move into a 

higher weight band. This ensures that patients receive the appropriate amount of medication for effective treatment 

(48). While anti-TB drugs are generally administered once a day to improve peak-dependent killing, some second-

line drugs, due to their side effects, may benefit from divided dosing. For instance, drugs like ethionamide and 

cycloserine are traditionally given in two divided doses to reduce side effects. However, if the once-daily dosing is 

well-tolerated, it can be acceptable (49). In the case of extensively drug-resistant tuberculosis (XDR-TB), a similar 

approach to designing a regimen may be used, but with some important considerations. In patients with a chronic 

history of multiple failed treatment courses, it may not be possible to have a minimum of four likely effective second-

line drugs available (50). In such cases, the XDR regimen may include drugs that are resistant on drug susceptibility 

testing (DST) but have never been used, or drugs that have been used but are still susceptible on DST. Clinicians 

may opt to use a later-generation fluoroquinolone, like moxifloxacin, even in the presence of documented resistance 

to an early-generation fluoroquinolone, such as ofloxacin (51). If an injectable drug is still likely to be effective, 

clinicians may consider using it for a longer duration, such as 12 months or even for the entire treatment duration. 

New drugs that have demonstrated efficacy, such as bedaquiline or delamanid, should be strongly considered. In 

cases of localized disease, resective surgery may also be an option.  
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According to provisional guidance from the United States Centers for Disease Control and Prevention (CDC) and 

the World Health Organization (WHO), bedaquiline may be used for MDR-TB patients in whom treatment options 

are limited (52). It should be added to a conventional MDR or XDR regimen as designed previously. However, there 

are still uncertainties about the risks and benefits of bedaquiline, and it should be administered within a program 

that can closely monitor for side effects. At the time of writing, delamanid does not have international 

recommendations or a published drug insert, indicating limited guidance available for its use (53). It's important to 

note that TB treatment guidelines may vary across different regions and evolve over time. Therefore, it is crucial to 

consult the most up-to-date guidelines and recommendations from authoritative sources, such as the CDC or WHO, 

for specific and current information (54). 

New anti TB drugs [72-77] 

  

Clinical evaluation 

For the improved therapies for TB resistance drugs more efforts have been approached to create new drugs. More 

than 100 novel compounds are scheduled on the Working Group on New TB Drugs website [83-85]Some  

compounds are in early clinical development (Table 2). This challenge is not only for identification but also for better 

combination to provide better treatment and to minimize resistance.  assay methodologies( in vitro ) like Diamond 

have improved the capability to measure and mold the quantitative impacts of predetermined ratios of drugs in 

combinations on MTB grown in a variety of media environment that may better represent the various niches and 

growth states present in the clinical scenery [63], [64].[65] 

S.no  Investigational 

compound 

Advantages 

1.  Sutezolid (PNU-100480) ➢ Potentially more effective than linezolid with improved 

therapeutic index for MPS-associated toxicity.  

➢ Sutezolid at 600 mg twice daily and 1,200 mg daily was safe 

and well tolerated and readily showed significant bactericidal 

activity in sputum and blood in a Phase 2 EBA study [55]. 

2.  Delpazolid (LCB01-0371) ➢ It has enhanced safety profile vs. linezolid.  

➢ the bactericidal action of delpazolid was comparable to 

https://www.sciencedirect.com/science/article/pii/S2405579421000747#b0360
https://www.sciencedirect.com/science/article/pii/S2405579421000747#b0365
https://www.sciencedirect.com/science/article/pii/S2405579421000747#b0330
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linezolid in a Phase 2a EBA study. [56] 

3.  BVL-GSK098 ➢ It has reduced resistance to Eto. 

The combination of BVL-GSK098 could allow for lower dose of 

ethionamide or prothionamide  improving safety and 

tolerability [57] 

4.  GSK2556286 (GSK-286) ➢ It has more ability to penetrate TB lesions  

➢ It  reduce relapse rates in mice 

5.  SPR720 ➢ activity against fluoroquinolone resistant strains is  

Maintained[58][71] 

6.  TBAJ-587 ➢ It is potentially active against bedaquiline resistant strains [59]  

➢ Safety   profile.is improved[70] 

7.  SQ109 ➢ It is observed that in Phase 2b study activity is improved when 

added to MDR regimens [60, [61], [62]. Potential multi-

targeting effects.[78-82] 

8.  Macozinone (PBTZ-169) ➢ It is highly potent and novel cell wall inhibitor[66,67] 

9.  OPC-167832 ➢ It is Highly potent, novel cell wall inhibitorin Single dose  and 

with combination  EBA active, recruiting.[68,69] 

 

Conclusion 

In conclusion, the current prospects for drugs acting against resistant tuberculosis (TB) present both hope and 

challenges in the ongoing fight against this deadly disease. While the emergence of drug-resistant strains of TB 

poses a significant threat to global health, there have been notable advancements in the development of new drugs 

that target these resistant strains. In recent years, researchers and pharmaceutical companies have made 

considerable progress in identifying and testing novel compounds that show promise in combating drug-resistant 

TB. These drugs utilize innovative mechanisms of action to effectively kill the bacteria or inhibit their growth, 

overcoming the resistance mechanisms developed by the TB strains. Furthermore, advancements in genomics and 

molecular biology have provided insights into the genetic basis of drug resistance, enabling researchers to develop 

more targeted and effective treatment strategies. 

Despite these encouraging developments, challenges remain in bringing these drugs to the patients who need 

them. The regulatory approval process, cost considerations, and the complexity of implementing effective treatment 

programs in resource-limited settings pose significant hurdles. Additionally, the continued spread of drug-resistant 

TB strains emphasizes the urgent need for a comprehensive approach that includes improved diagnostics, infection 

control measures, and patient adherence to treatment regimens. Collaboration and investment in research, 

development, and implementation are essential to ultimately overcome the challenges posed by drug-resistant TB 

and improve the prospects for effective treatment and control of this global health threat. 
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Winkler, Jef Van Gestel et al. "A diarylquinoline drug active on the ATP synthase of Mycobacterium 

tuberculosis." Science 307, no. 5707 (2005): 223-227. DOI: 10.1126/science.1106753 

[38] Matsumoto, Makoto, Hiroyuki Hashizume, Tatsuo Tomishige, Masanori Kawasaki, Hidetsugu Tsubouchi, 

Hirofumi Sasaki, Yoshihiko Shimokawa, and Makoto Komatsu. "OPC-67683, a nitro-dihydro-



International Journal of Membrane Science and Technology, 2023, Vol. 10, No. 2, pp 2618-2631 

2629 

imidazooxazole derivative with promising action against tuberculosis in vitro and in mice." PLoS medicine 3, 

no. 11 (2006): e466. https://doi.org/10.1371/journal.pmed.0030466 

[39]  Feuerriegel, Silke, Claudio U. Köser, Davide Bau, Sabine Rüsch-Gerdes, David K. Summers, John AC 

Archer, Marc A. Marti-Renom, and Stefan Niemann. "Impact of Fgd1 and ddn diversity in Mycobacterium 

tuberculosis complex on in vitro susceptibility to PA-824." Antimicrobial agents and chemotherapy 55, no. 

12 (2011): 5718-5722. ttps://doi.org/10.1128/aac.05500-11 

[40] Hoffmann, H., L. Nedialkova, S. Hofmann-Thiel, T. Kohl, M. Merker, P. M. Keller, E. Schena, D. M. Cirillo, 

and S. Niemann. "Delamanid and Bedaquiline resistance in Mycobacterium tuberculosis ancestral Beijing 

genotype causing XDR-TB in a Tibetian refugee." Pneumologie 71, no. S 01 (2017): V514.10.1055/s-0037-

1598437 

[41] Fujiwara, Mamoru, Masanori Kawasaki, Norimitsu Hariguchi, Yongge Liu, and Makoto Matsumoto. 

"Mechanisms of resistance to delamanid, a drug for Mycobacterium tuberculosis." Tuberculosis 108 (2018): 

186-194. https://doi.org/10.1016/j.tube.2017.12.006 

[42] Fujiwara, Mamoru, Masanori Kawasaki, Norimitsu Hariguchi, Yongge Liu, and Makoto Matsumoto. 

"Mechanisms of resistance to delamanid, a drug for Mycobacterium tuberculosis." Tuberculosis 108 (2018): 

186-194. https://doi.org/10.1016/j.tube.2017.12.006 

[43] Sotgiu, Giovanni, Rosella Centis, Lia D’ambrosio, and Giovanni Battista Migliori. "Tuberculosis treatment 

and drug regimens." Cold Spring Harbor perspectives in medicine 5, no. 5 (2015). 

10.1101/cshperspect.a017822 

[44] World Health Organization. WHO operational handbook on tuberculosis: module 1: prevention: tuberculosis 

preventive treatment. 

[45] Panford, Victoria, Emmanuel Kumah, Collins Kokuro, Prince Owusu Adoma, Michael Afari Baidoo, Adam 

Fusheini, Samuel Egyakwa Ankomah, Samuel Kofi Agyei, and Peter Agyei-Baffour. "Treatment outcomes 

and associated factors among patients with multidrug-resistant tuberculosis in Ashanti Region, Ghana: a 

retrospective, cross-sectional study." BMJ open 12, no. 7 (2022): e062857. 

[46] Lee, Myungsun, Jeongha Mok, Deog Kyeom Kim, Tae Sun Shim, Won-Jung Koh, Doosoo Jeon, Taehoon 

Lee et al. "Delamanid, linezolid, levofloxacin, and pyrazinamide for the treatment of patients with 

fluoroquinolone-sensitive multidrug-resistant tuberculosis (Treatment Shortening of MDR-TB Using Existing 

and New Drugs, MDR-END): study protocol for a phase II/III, multicenter, randomized, open-label clinical 

trial." Trials 20, no. 1 (2019): 1-10. 

[47] Acciavatti RE. Factors Related to Hospital Re-admission of Tuberculosis Patients. The Pennsylvania State 

University; 1962. 

[48] Mandal, Sohini, Rohit Saxena, Rebika Dhiman, Anant Mohan, Srikanta Kumar Padhy, Swati Phuljhele, 

Pradeep Sharma, and Randeep Guleria. "Prospective study to evaluate incidence and indicators for early 

detection of ethambutol toxicity." British Journal of Ophthalmology 105, no. 7 (2021): 1024-1028. 

[49] Espinosa-Pereiro, Juan, Adrian Sánchez-Montalvá, Maria Luisa Aznar, and Maria Espiau. "MDR 

tuberculosis treatment." Medicina 58, no. 2 (2022): 188..  https://doi.org/10.3390/medicina58020188 

[50] Vanino, Elisa, Bianca Granozzi, Onno W. Akkerman, Marcela Munoz-Torrico, Fabrizio Palmieri, Barbara 

Seaworth, Simon Tiberi, and Marina Tadolini. "Update of drug-resistant tuberculosis treatment guidelines: A 

turning point." International Journal of Infectious Diseases 130 (2023): S12-S15. 

https://doi.org/10.1016/j.ijid.2023.03.013 

[51] Draenert, R., U. Seybold, E. Grützner, and J. R. Bogner. "Novel antibiotics: Are we still in the pre–post-

antibiotic era?." Infection 43 (2015): 145-151. 

[52] Hoagland, Daniel T., Jiuyu Liu, Robin B. Lee, and Richard E. Lee. "New agents for the treatment of drug-

resistant Mycobacterium tuberculosis." Advanced drug delivery reviews 102 (2016): 55-72. 

https://doi.org/10.1016/j.addr.2016.04.026 

[53] Tiberi, S., M. Muñoz-Torrico, R. Duarte, M. Dalcolmo, L. D’ambrosio, and G-B. Migliori. "New drugs and 

perspectives for new anti-tuberculosis regimens." Pulmonology 24, no. 2 (2018): 86-98. 

https://doi.org/10.1016/j.rppnen.2017.10.009 

[54] Kennedy, Malinda H., Brittany A. Bugbee, Kathryn B. Vincent, Samantha A. Smith, and Amelia M. Arria. "In 

harm’s way: Do college students’ beliefs about cannabis put them at risk for use?." Journal of American 

college health (2022): 1-9. https://doi.org/10.1080/07448481.2022.2119404 



International Journal of Membrane Science and Technology, 2023, Vol. 10, No. 2, pp 2618-2631 

2630 

[55] Wallis, Robert S., Rodney Dawson, Sven O. Friedrich, Amour Venter, Darcy Paige, Tong Zhu, Annette 

Silvia et al. "Mycobactericidal activity of sutezolid (PNU-100480) in sputum (EBA) and blood (WBA) of 

patients with pulmonary tuberculosis." PloS one 9, no. 4 (2014): e94462. 

[56] Black, Todd A., and Ulrike K. Buchwald. "The pipeline of new molecules and regimens against drug-

resistant tuberculosis." Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 25 (2021): 

100285. https://doi.org/10.1016/j.jctube.2021.100285 

[57] Blondiaux, Nicolas, Martin Moune, Matthieu Desroses, Rosangela Frita, Marion Flipo, Vanessa Mathys, 

Karine Soetaert et al. "Reversion of antibiotic resistance in Mycobacterium tuberculosis by spiroisoxazoline 

SMARt-420." Science 355, no. 6330 (2017): 1206-1211. DOI: 10.1126/science.aag1006 

[58] Shoen, C., M. Pucci, M. DeStefano, and M. Cynamon. "Efficacy of SPR720 and SPR750 gyrase inhibitors 

in a mouse mycobacterium tuberculosis infection model." Proceedings of the ASM Microbe (2017). 

[59] Almeida, Deepak, Paul J. Converse, Si-Yang Li, Anna M. Upton, Nader Fotouhi, and Eric L. Nuermberger. 

"Comparative efficacy of the novel diarylquinoline TBAJ-876 and bedaquiline against a resistant Rv0678 

mutant in a mouse model of tuberculosis." Antimicrobial agents and chemotherapy 65, no. 12 (2021): 10-

1128. https://doi.org/10.1128/aac.01412-21 

[60] Boeree, Martin J., Norbert Heinrich, Rob Aarnoutse, Andreas H. Diacon, Rodney Dawson, Sunita Rehal, 

Gibson S. Kibiki et al. "High-dose rifampicin, moxifloxacin, and SQ109 for treating tuberculosis: a multi-arm, 

multi-stage randomised controlled trial." The Lancet infectious diseases 17, no. 1 (2017): 39-49. 

[61] Borisov SE, Bogorodskaya EM, Volchenkov GV, Kulchavenya EV, Maryandyshev AO, Skornyakov SN, 

Talibov OB, Tikhonov AM, Vasilyeva IA. Efficiency and safety of chemotherapy regimen with SQ109 in 

those suffering from multiple drug resistant tuberculosis. Tuberculosis and Lung Diseases. 2;963(2018):6-

18. 

[62] Heinrich, Norbert, Rodney Dawson, Jeannine du Bois, Kim Narunsky, Gary Horwith, Andrew J. Phipps, 

Carol A. Nacy et al. "Early phase evaluation of SQ109 alone and in combination with rifampicin in 

pulmonary TB patients." Journal of Antimicrobial Chemotherapy 70, no. 5 (2015): 1558-1566.. 

https://doi.org/10.1093/jac/dku553 

[63] Larkins-Ford, Jonah, Talia Greenstein, Nhi Van, Yonatan N. Degefu, Michaela C. Olson, Artem Sokolov, 

and Bree B. Aldridge. "Systematic measurement of combination-drug landscapes to predict in vivo 

treatment outcomes for tuberculosis." Cell Systems 12, no. 11 (2021): 1046-1063.  

https://doi.org/10.1016/j.cels.2021.08.004? 

[64] Cokol, Murat, Nurdan Kuru, Ece Bicak, Jonah Larkins-Ford, and Bree B. Aldridge. "Efficient measurement 

and factorization of high-order drug interactions in Mycobacterium tuberculosis." Science advances 3, no. 

10 (2017): e1701881.. DOI: 10.1126/sciadv.170188 

[65] Black, Todd A., and Ulrike K. Buchwald. "The pipeline of new molecules and regimens against drug-

resistant tuberculosis." Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 25 (2021): 

100285. https://doi.org/10.1016/j.jctube.2021.100285 

[66] Seung, Kwonjune J., Salmaan Keshavjee, and Michael L. Rich. "Multidrug-resistant tuberculosis and 

extensively drug-resistant tuberculosis." Cold Spring Harbor perspectives in medicine 5, no. 9 (2015). 

10.1101/cshperspect.a017863 

[67] Raizada, Neeraj, Kuldeep Singh Sachdeva, Sreenivas Achuthan Nair, Shubhangi Kulsange, Radhey 

Shayam Gupta, Rahul Thakur, Malik Parmar et al. "Enhancing TB case detection: experience in offering 

upfront Xpert MTB/RIF testing to pediatric presumptive TB and DR TB cases for early rapid diagnosis of 

drug sensitive and drug resistant TB." PloS one 9, no. 8 (2014): e105346.. 

https://doi.org/10.1371/journal.pone.0105346 

[68] Liebenberg D, Gordhan BG, Kana BD. Drug resistant tuberculosis: Implications for transmission, diagnosis, 

and disease management. Frontiers in Cellular and Infection Microbiology. 2022:1443. 

[69] Tuberculosis: Multidrug-resistant tuberculosis (MDR-TB) www.who.int/news-room/questions-and-

answers/item/...  

[70] Seung, Kwonjune J., Salmaan Keshavjee, and Michael L. Rich. "Multidrug-resistant tuberculosis and 

extensively drug-resistant tuberculosis." Cold Spring Harbor perspectives in medicine 5, no. 9 (2015). 

10.1101/cshperspect.a017863 

[71]  Almeida, Deepak, Paul J. Converse, Si-Yang Li, Anna M. Upton, Nader Fotouhi, and Eric L. Nuermberger. 



International Journal of Membrane Science and Technology, 2023, Vol. 10, No. 2, pp 2618-2631 

2631 

"Comparative efficacy of the novel diarylquinoline TBAJ-876 and bedaquiline against a resistant Rv0678 

mutant in a mouse model of tuberculosis." Antimicrobial agents and chemotherapy 65, no. 12 (2021): 10-

1128. https://doi.org/10.1128/aac.01412-21 

[72] Brigden, Grania, Bern-Thomas Nyang'wa, Philipp du Cros, Francis Varaine, Jennifer Hughes, Michael Rich, 

C. Robert Horsburgh Jr et al. "Principles for designing future regimens for multidrug-resistant tuberculosis." 

Bulletin of the World Health Organization 92 (2013): 68-74.  

[73] Choi, Yewon, Sang Won Lee, Anhye Kim, Kyungho Jang, Heesook Nam, Young Lag Cho, Kyung-Sang Yu, 

In-Jin Jang, and Jae-Yong Chung. "Safety, tolerability and pharmacokinetics of 21 day multiple oral 

administration of a new oxazolidinone antibiotic, LCB01-0371, in healthy male subjects." Journal of 

Antimicrobial Chemotherapy 73, no. 1 (2018): 183-190. https://doi.org/10.1093/jac/dkx367 

[74] Black, Todd A., and Ulrike K. Buchwald. "The pipeline of new molecules and regimens against drug-

resistant tuberculosis." Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 25 (2021): 

100285. https://doi.org/10.1016/j.jctube.2021.100285 

[75] Larkins-Ford J, et al., Systematic measurement of combination drug landscapes to predict in vivo treatment 

outcomes for tuberculosis. bioRxiv preprint (2021).  https:// doi.org/10.1101/2021.02.03.429579  

[76] Cokol, Murat, Nurdan Kuru, Ece Bicak, Jonah Larkins-Ford, and Bree B. Aldridge. "Efficient measurement 

and factorization of high-order drug interactions in Mycobacterium tuberculosis." Science advances 3, no. 

10 (2017): e1701881. DOI: 10.1126/sciadv.1701881 

[77] Boeree, Martin J., Norbert Heinrich, Rob Aarnoutse, Andreas H. Diacon, Rodney Dawson, Sunita Rehal, 

Gibson S. Kibiki et al. "High-dose rifampicin, moxifloxacin, and SQ109 for treating tuberculosis: a multi-arm, 

multi-stage randomised controlled trial." The Lancet infectious diseases 17, no. 1 (2017): 39-49. 

[78] Borisov, S. E., E. M. Bogorodskaya, G. V. Volchenkov, E. V. Kulchavenya, A. O. Maryandyshev, S. N. 

Skornyakov, O. B. Talibov, A. M. Tikhonov, and I. A. Vasilyeva. "Efficiency and safety of chemotherapy 

regimen with SQ109 in those suffering from multiple drug resistant tuberculosis." Tuberculosis and Lung 

Diseases 96, no. 3 (2018): 6-18. https://doi.org/10.21292/2075-1230-2018-96-3-6-18 

[79] Mdluli, K., C. Cooper, T. Yang, M. Lotlikar, F. Betoudji, M. Pinn, P. Converse, E. Nuermberger, S. N. Cho, 

and T. Oh. "TBI-223: a safer oxazolidinone in pre-clinical development for tuberculosis." ASM Microbe 2017 

(2017). 

[80] Tenero, David, Geo Derimanov, Alex Carlton, John Tonkyn, Matt Davies, Simon Cozens, Stephanie 

Gresham et al. "First-time-in-human study and prediction of early bactericidal activity for GSK3036656, a 

potent leucyl-tRNA synthetase inhibitor for tuberculosis treatment." Antimicrobial agents and chemotherapy 

63, no. 8 (2019): 10-1128.https://doi.org/10.1128/AAC.00240-19.  

[81] Heinrich, Norbert, Rodney Dawson, Jeannine du Bois, Kim Narunsky, Gary Horwith, Andrew J. Phipps, 

Carol A. Nacy et al. "Early phase evaluation of SQ109 alone and in combination with rifampicin in 

pulmonary TB patients." Journal of Antimicrobial Chemotherapy 70, no. 5 (2015): 1558-1566. 

https://doi.org/10.1093/jac/dku553  

[82]  de Jager, Veronique R., Rodney Dawson, Christo van Niekerk, Jane Hutchings, Jeongjun Kim, Naadira 

Vanker, Lize van der Merwe, Jinho Choi, Kiyean Nam, and Andreas H. Diacon. "Telacebec (Q203), a new 

antituberculosis agent." New England Journal of Medicine 382, no. 13 (2020): 1280-1281. 

10.1056/NEJMc1913327 

[83] Zhang, Ye, Hui Zhu, Lei Fu, Bin Wang, Shaochen Guo, Xi Chen, Zhongquan Liu, Haihong Huang, Tianjian 

Yang, and Yu Lu. "Identifying regimens containing TBI-166, a new drug candidate against Mycobacterium 

tuberculosis in vitro and in vivo." Antimicrobial Agents and Chemotherapy 63, no. 7 (2019): 10-1128.  

https://doi.org/10.1128/aac.02496-18 

[84] Shoen, C., M. Pucci, M. DeStefano, and M. Cynamon. "Efficacy of SPR720 and SPR750 gyrase inhibitors 

in a mouse mycobacterium tuberculosis infection model." Proceedings of the ASM Microbe (2017). 

 

 
DOI: https://doi.org/10.15379/ijmst.v10i2.2932 

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/), which permits unrestricted, non-commercial use, distribution and reproduction in any medium, 
provided the work is properly cited. 

https://doi.org/10.15379/ijmst.v10i2.2932

