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Abstract

:

Tuberculosis (TB) is a serious infectious disease caused by Mycobacterium tuberculosis (MTB) and a significant health concern worldwide. The main threat to the elimination of TB is the development of resistance by MTB to the currently used antibiotics and more extended treatment methods, which is a massive burden on the health care system. As a result, there is an urgent need to identify new, effective therapeutic strategies with fewer adverse effects. The traditional medicines found in South Asia and Africa have a reservoir of medicinal plants and plant-based compounds that are considered another reliable option for human beings to treat various diseases. Abundant research is available for the biotherapeutic potential of naturally occurring compounds in various diseases but has been lagging in the area of TB. Plant-based compounds, or phytoproducts, are being investigated as potential anti-mycobacterial agents by reducing bacterial burden or modulating the immune system, thereby minimizing adverse effects. The efficacy of these phytochemicals has been evaluated through drug delivery using nanoformulations. This review aims to emphasize the value of anti-TB compounds derived from plants and provide a summary of current research on phytochemicals with potential anti-mycobacterial activity against MTB. This article aims to inform readers about the numerous potential herbal treatment options available for combatting TB.
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1. Introduction


History suggests that TB appeared long ago and remained unpredictable until the eighteenth century [1]. It then, at that point, reached pandemic proportions among the increasing population and overwhelming daily situations. In the 20th century, the TB-afflicted population started to reduce rapidly in developed countries with progress in prosperity, food, and dwelling conditions.



TB cases have decreased since the Bacillus Calmette–Guérin (BCG) vaccine was made available in 1921 and antimicrobial drugs such as streptomycin, isoniazid, and rifampicin were made available by prescription in 1943, 1952, and 1963 [2].



MTB infects approximately 8,000,000 people annually, and about 2–3 million die from the disease. It is estimated that 33% of the absolute people are infected with latent TB, with 40% coming from India [3]. With a yearly rate of 2,000,000 new cases, more than 40% of India’s population is infected with latent TB. For about 50 years, counter-TB drugs have been depleted. The emergence of multi-drug-resistant (MDR) and extensively drug-resistant tuberculosis (XDR-TB) strains is a significant challenge in the fight against TB [4]. With the emergence of COVID-19, the number of TB cases has been increasing abruptly, as it has directly impacted TB treatment and diagnosis [5]. With the current situation in mind, the World Health Organization (WHO) has moved the goal of eradicating TB from the world from 2025 to 2035 [6].



The continuous TB treatment methods are only for active tuberculosis and do not address their associated side effects. There has been a general journey for a new source of TB drugs in recent years due to the evolution of multi-drug- resistant TB.



Traditional medicines practiced in South Asia and Africa have indigenous knowledge of medicinal plants and plant-based products that have treated various diseases, including TB. Though these methods may not be able to eradicate the infection completely, they have been known for better management centered on the patient’s quality of life. So, to develop treatment methodologies, upgrade well-being, and address infections with high proportions of morbidity and mortality, alternative methods closest to their natural origins with minimal side effects seem promising [7,8]. Phytodrugs that are plant-based and have a historical pedagogy for treating TB provide an attractive and powerful alternative to conventional treatments with the least side effects [9]. In developing nations, 80% of the population depends on traditional medicine, as indicated [10]. Plants with phytochemicals exhibiting antibacterial activity provide alternatives for treating TB without compromising human health further with side effects [11].




2. Mycobacterium tuberculosis Overview


2.1. Etiology


World Health Organization (WHO) declared TB a global health emergency in 1993. Recently, deaths achieved by TB crossed the number of deaths caused by human immunodeficiency infection (HIV) and gastrointestinal infections together. It is widely believed that over the past two centuries, TB killed one billion people [12].



Tuberculosis, the vitally overwhelming cause of death all over the planet, is a lung infection that spreads when mycobacteria-containing aerosols are formed from spitting, sneezing, coughing, or talking. These aerosol particles are capable of reaching the lower airways. The progression and development of pulmonary TB (which targets the lungs) depends on four stages: phagocytosis of the bacilli, their intracellular proliferation, the latent phase of infection, and lastly, the active form of TB. These stages can result in different clinical outcomes: spontaneous cure, active disease, dormant condition, and reinfection [13].



Inhalation of aerosols allows the entry of MTB into the host. Different scenarios are possible (Figure 1):




	(1)

	
The pulmonary immune system rapidly eliminates the pathogen;




	(2)

	
Infection proceeds to active TB;




	(3)

	
The pathogen enters a dormant/latent phase;




	(4)

	
The latent MTB can become active following endogenous reactivation, a new exogenous infection, or both;




	(5)

	
At this stage, there is MTB spread and transmission.










2.2. Epidemiology


According to the Global Tuberculosis Report (2022), progress made in the past to eradicate TB has been slowed down due to the emergence of COVID-19 [6]. COVID-19 virus has had a damaging effect on the treatment and diagnosis of TB. TB cases were high in number in the year 2020 as compared to 2019. America and the East Asian region witnessed a sharp fall in 2020, with a nominal recovery rate in 2021.



There was a clear negative impact of COVID-19 in the European region in 2020, but the reduction was consistent from 2020 to 2021. A marked reduction was observed in 2019 and 2020 in the Eastern Mediterranean region, but it followed up to almost complete recovery in 2021. No recovery was observed in 2021 in the Western Pacific region. Progress in 2021 was higher than in 2019, and the African Region stood out as having only a slightly negative impact in 2020 (−2.3%). The Western Pacific and South-East Asian areas accounted for 84% of the total reduction globally in 2020 and 99% in 2021, respectively, compared to 2019 [6].



Ten countries accounted for most of the global decrease of about 90% in the reported number of people with new TB cases between 2019 and 2020, with India, Indonesia, and the Philippines as the top three countries, accounting for 67% of the total cases [6].





3. Current Antibiotic Treatments in Action


3.1. Different Antibiotics Used for TB Treatment


The recommended regimen for the treatment of TB involves first-line medications for six months, with an 85% success rate (two months of isoniazid, rifampicin, ethambutol, and pyrazinamide and four months of isoniazid and rifampicin) [14].



First-Line Treatment: There was a significant reduction in TB cases, especially in the developed nations, around the 1950s and 1970s with the discovery of first-line drugs (FLDs) such as isoniazid, rifampicin, ethambutol, pyrazinamide, and streptomycin. Per the guidelines of the WHO, two options are available for drug-susceptible pulmonary TB (DS-TB): a 4-month regimen that includes rifapentine, moxifloxacin, isoniazid, and pyrazinamide or a 6-month course of isoniazid and rifampicin with pyrazinamide and ethambutol in the first 2 months [6].



Second-Line Treatment: A recipe of first and second-line drugs is used for treating MDR and XDR-TB (subject to antibiotic susceptibility testing). The second-line drugs (SLDs) are streptomycin, rifampicin, pyrazinamide, ethambutol, cycloserine, ethionamide, kanamycin, and thioacetazone. Therapy for MDR and XDR-TB is usually more prolonged, less effective, less tolerable, and more expensive than the DS-TB regimen and involves injectable drugs. In a retrospective cohort study, the ratio of patients with MDR-TB who were cured was not more than 69%, even when treated with directly observed treatment [15]. Therefore, new drugs with a novel mechanism or less impact from adverse effects need to be explored to manage drug-resistant TB [16].




3.2. Multi-Drug Resistance in Tuberculosis


Drug-resistant (DR) MTB strains identified in communities and medical settings exhibit varying degrees of drug resistance, including rifampicin resistance (RR), MDR, and widespread drug resistance (XDR). TB exhibiting resistance only to rifampicin is identified as RR-TB, while TB showing resistance to isoniazid and rifampicin is known as MDR-TB [17]. The treatment of RR-TB and MDR-TB is longer than 18 months and usually consists of first-line drugs and selected second-line drugs. In XDR-TB, apart from resistance to isoniazid and rifampicin, there is resistance to at least one drug from the two classes of second-line drugs—fluoroquinolones and injectables. This implied that there is resistance to moxifloxacin or levofloxacin among the fluoroquinolones and amikacin, kanamycin, or capreomycin among the injectable agents [18]. Multi- and extended-drug resistance have been caused by a variety of factors, including non-compliance with therapy, failure to directly observe treatment, shortage of drugs, poor quality of drugs, access to anti-TB drugs without a prescription, poor medical management, and non-adherence to national control programs [19].



In 2018, approximately a million instances of drug-resistant tuberculosis (DR-TB) were reported, with 78% of those cases being MDR-TB [14]. MDR, extensively drug-resistant (XDR), and drug-resistant are the three types of drug-resistant MTB strains identified by the WHO. Isoniazid and rifampicin, the two first-line drugs, are ineffective against MDR-TB, which makes up around 3.4% of new TB cases worldwide. MDR-TB requires a lengthy, expensive course of therapy lasting 9 to 20 months, with a 56% slower success rate than unprotected TB [14]. Rifampicin and isoniazid are also ineffective against XDR-TB, as are fluoroquinolones and one of the three second-line injectable drugs (kanamycin, capreomycin, or amikacin), with a lower rate of success of 39% [14]. Finally, no medicine can penetrate XXDR strains. XXDR strains are resistant to all first and second-line drugs. There has been research using atomic force microscopy to study XXDR-MTB strains in the exponential phase that observed changes in cell morphology, including increased roughness and striations and tubular extensions. These alterations are likely due to drug treatment, and about 5–7% of the XXDR-MTB bacteria displayed an unusually thick cell envelope, regardless of the strain genotype [20].



The chemical-based antibiotics discussed above are well established, have been in clinical use for treating TB for a long time, and have been recommended by the WHO. Most of these antibiotics inhibit the growth of bacteria mainly by interfering with ribosomal proteins, transcription, and translation of proteins. Pathogenic bacteria, specifically MTB, have developed various levels of resistance to these antibiotics. Therefore, medicinal chemists and researchers in anti-TB drug development are searching for novel compounds that target pathways other than the mechanisms targeted by clinically used antibiotics. In the recent past, the focus has been on developing small molecular inhibitors that target novel pathways of MTB that are crucial for the survival of the bacteria, and MTB has not developed resistance to these so far.



When a pathogen enters the host, it encounters stressful conditions, such as acidic pH, free radicals, hypoxia, and nutrient starvation. It has been shown that MTB contains three β-carbonic anhydrases (β-CAs) required for the survival of the bacterium in the harsh environment of the host. The role of CAs is well established in pH homeostasis and the bicarbonate transport required for the cell’s metabolic activities [21,22]. In mycobacteria, the β-CAs are known to play a crucial role in biofilm formation and the production of virulence factors and hence survival and tolerance of antibiotics [23,24]. There has been an effort to develop small molecular compounds targeting the β-CAs of mycobacterium as anti-TB compounds [22,25].



Interestingly, humans lack β-CAs and contain only α-CAs; therefore, the anti-TB compounds that target the β-CAs of MTB cause minimal side effects and potentially treat drug-resistant TB. It has been demonstrated that dithiocarbamates specifically inhibit β-CAs and thus inhibit mycobacterium growth in vitro and in vivo in the zebrafish model [26]. In addition to chemically synthesized CA inhibitors, some plant-derived compounds known as coumarins (Table 1) have been shown to exhibit antibacterial and anti-tubercular activity [27,28]. Coumarins inhibit the synthesis of proteins and suppress the activity of carbonic anhydrases [27,28]. It has recently been shown that coumarins are involved in microbial quorum sensing and biofilm formation [29].



Table 1 shows the anti-TB antibiotics and carbonic anhydrases and their mechanism of action [16].





4. Drug Delivery Incorporating Nanoparticles for the Treatment of TB


Nanotechnology-based medicine delivery systems have significantly improved healthcare and made it feasible to fight illnesses at the molecular level [30]. Nanoparticles are elegant vehicles for drug-targeted delivery because of their great stability and carrier capacity (Figure 2) [31,32]. In India, which has the greatest estimated number of TB cases, research is being performed to evaluate what role nanotechnology can play in fixing these issues [33].



Biocompatible and biodegradable components of nanoparticles include materials such as polymers, which can be either natural (such as gelatin and albumin) or synthetic (such as polylactides and polyalkylcyanoacrylates) or solid lipids (SLNR and NLCR) [34].



The utilization of nanoparticles for delivering drugs presents various benefits such as extended stability resulting in longer shelf life, significant capacity to carry drug molecules, the possibility of encapsulating both hydrophilic and hydrophobic substances, and versatility in administration methods, including oral intake and inhalation [30].



Antimicrobial efficacy has been further enhanced by synthesizing silver nanoparticles (AgNPs) mediated by an endophytic fungus such as Aspergillus fumigatus. Bactericidal activity was significant against Staphylococcus aureus, Shigella dysenteriae, and Salmonella typhi by damaging the cell membrane and releasing the cellular contents [35].




5. Drug Delivery Explored in TB Treatment


Liposome-Based Drug Delivery Systems: Aqueous and phospholipid bilayers are bridged to form tiny, closed vesicles known as liposomes. Due to their unique capacity to encapsulate hydrophilic and hydrophobic medications, they have received extensive study as a viable drug delivery platform for bioactive chemicals. In both in vitro and in vivo testing, liposomes considerably lowered the drug’s toxicity and demonstrated improved anti-TB activity in both acute and chronic scenarios [34]. Mice with persistent infection administered liposome-encapsulated PZA (pyrazinamide) and RFB (rifabutin) exhibited complete bacilli clearance from the lungs, liver, and spleen [36,37].



Nanoemulsion-based Drug Delivery Systems: Nanoemulsions have received a lot of attention recently for the study and development of novel drug delivery systems due to their thermodynamic stability, high diffusion and absorption rates, ease of production, and high solubility [31,32,38].



Solid Lipid Nanoparticles (SLNs)-Based Drug Delivery Systems: SLNs are water-based nanocrystalline nanosuspensions that can be ingested. They have several benefits over polymeric nanoparticles and liposomes, including increased stability and more effective encapsulation [39]. SLNs have improved encapsulation efficiency, longer or higher stability, and require fewer organic solvents than polymeric nanoparticles and liposomes [34].



Polymeric-nanoparticles-based Drug Delivery Systems: Depending on the preparation technique, polymeric nanoparticles are referred to as nanoparticles, nanospheres, or nanocapsules because the drug is connected to, entrapped in, or enclosed in the polymeric core [40]. Five oral dosages of nanoparticles every ten days were sufficient to eliminate TB bacillus from the organs of mice, whereas free medicines required 46 treatments to obtain the same outcomes.



Alginate-Based Anti-TB Drug Delivery System: Alginate is a naturally occurring biopolymer that has seen increased use in various industries. It performs multiple functions, including tablet disintegration and binding, gel, cream, lotion solidification and suspension, and emulsion stabilization [34]. The formulation provides a prolonged release in the plasma for 7–11 days and in the organs for 15 days after a single oral dose [41].



Kaur et al. demonstrated the development and characterization of guar gum nanoparticles for oral immunization against TB [42]. Using ethanol as an antisolvent, guar gum nanoparticles were created during the solvent’s precipitation. The solvent’s composition was changed, with the amounts of ethanol and water added in drops to the guar gum solution containing the antigen. Several formulation parameters, including polymeric concentration and solvent composition, were improved based on particle size and distribution. It was concluded that other factors were held constant, such as the type of solvent used, the rate of stirring, the temperature, and the rate of addition. It was found that the polymer concentration can significantly affect the size of the particles in a formulation. The guar gum nanoparticles triggered a potent immune response on both the systemic and mucosal levels. As a result, guar gum nanoparticles were found to be a valuable tool for delivering targeted vaccinations without needles. They can deliver oral vaccines safely and effectively [4]. Another study [43] concluded that zinc oxide nanoparticles (ZnO NPs) could be synthesized using the aqueous extract of L. acidissima L. leaf. These nanoparticles restrict MTB development, and the microplate alamar blue method was used to validate this. Biogenic ZnO NPs have the potential to become an innovative drug component to treat TB. In another investigation by Murali et al., Zn NPs synthesized using Canthium dicoccum (L.) plants for antibacterial, anti-tubercular, and anti-oxidant action were validated [44]. According to this report, the synthesis of ZnO NPs using leaf extract from C. dicoccum (L.) was successful, resulting in pure nanoparticles within the desired size range. This was confirmed through the use of several techniques, including UV-Visible spectrophotometry, dynamic light scattering (DLS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction (X-RD). It was found that the Zn NPs exhibited strong antibacterial and anti-mycobacterial activity; the data suggest the vulnerability of tuberculosis strains to ZnO NPs [44]. Some plants have already been used for treating MTB infection using nanoparticles (Table 2) [45].




6. Phytoproducts: An Emerging Alternative


The antibiotics that have been widely used for the treatment of TB leave some major side effects on the patients treated, such as:



Streptomycin sometimes leads to renal damage and vestibular and auditory nerve damage; isoniazid may cause hepatitis; rifampicin causes thrombocytopenia, pain, vomiting, nausea, and hepatitis; pyrazinamide leads to arthralgia and hepatitis; ethambutol may cause neuritis and color blindness; cycloserine results in convulsions, dizziness, depression, and psychotic reactions; ethionamide causes diarrhea, abdominal pain, and hepatotoxicity; and kanamycin may cause vertigo, damage to the auditory nerve, nephrotoxicity, skin rash from thioacetazone, and exfoliative dermatitis [63]. Researchers are working on alternate medications—phytoproducts—to avoid such side effects.



Traditionally, medicinal plants were used for treating TB, such as smoke from the burnt leaves of Artemisia afra, the whole plant of Myrothamnus flabellifolius, leaves of Carica papaya, Zanthoxylum capense (roots), and seeds of Combretum hereroense, which was was inhaled 3–4 times every day. Leaves of Artemisia afra and Lippia javanica were infused into a hot water sink and patients inhaled the steam by wrapping a blanket over their heads. Leaves of crushed Citrus lemon, Artemisia afra, and Mentha sp. were burned in a paper wrapper 2 or 3 times daily. Such ayurvedic treatments are administered for around two weeks up to a month, subject to the patient’s reaction to the formulation and tolerance to the medicine and administration [64,65].



Medicinal plants contain phytochemicals that are primary and secondary products of metabolism [66]. There is an abundance of studies available in the literature regarding the biotherapeutic purposes of these metabolites that fall into different classes of compounds, such as flavonoids, carotenoids, indoles, isothiocyanates, monoterpenes, and phenolic acids [67]. The regimen of the cocktail of antibiotics administered for the treatment of TB is globally known as the “Directly Observed Treatment Short-course (DOTS)”. Its severe toxicity and side effects are established [68]. Infection by MTB leads to suppression of the Th1 response, leading to reduced levels of proinflammatory cytokines and high levels of anti-inflammatory cytokines [69]. Due to the reduction in protective CD4+ T cell numbers and the side effects of DOTS therapy, patients are prone to reinfection and reactivation of infection [70]. The overall efficacy of the anti-tubercular treatment is increased by using anti-inflammatory drugs along with the standard regimen [71]. However, the long-term use of these drugs results in severe side effects, making such treatments inadvisable. Therefore, researchers are exploring molecules that can immunomodulate by selectively upregulating the Th1 response and simultaneously downregulating Th2 immune response [72].



Plant-based compounds offer potential candidates for immunomodulators. The alcoholic extract of Coleus scutellarioides (Miana leaves) immunomodulates by upregulating the proinflammatory T-lymphocyte response and increasing the levels of IFN-γ and TNF-α [73]. Bergenin, a secondary metabolite found in different parts of several plants [74], induces Th1 and Th17 response and inhibits bacterial replication in murine models [75]. Further, co-treatment of bergenin and isoniazid reduces the immune damage caused by isoniazid while promoting the generation of long-lasting, central memory T-cell responses and reducing MTB clearance duration [76]. Similarly, silymarin isolated from Sylibym marianum seeds induces an elevated Th1 response in drug-sensitive and drug-resistant strains [77]. Immunomodulators of plant-based origin include allicin from garlic; piperine, an extract of Chanca piedra (Phyllanthus niruri); curcumin from turmeric; gingerol from ginger; and extracts of Rubiaceae species, which also act as anti-oxidants and anti-inflammatory agents [78]. They may be used synergistically as adjuncts to DOTS as alternatives to steroids for managing inflammation.



Many phytocompounds have already been isolated in the past and found to have anti-TB activity. These products include alkaloids, flavonoids, and terpenoids [79]. The basic mechanism of these photoproducts is shown below (Figure 3, Figure 4 and Figure 5):



Table 3 shows the plants with known anti-tubercular activity. Their anti-tubercular principles have yet to be identified, whereas Table 4 shows the plants whose bioactive compounds have already been isolated for the treatment of TB.




7. Conclusions and Future Perspectives


Medicinal plants and plant-based products provide an attractive alternative for not only eliminating bacteria but also as potential adjuvants for alleviating the side effects of standard anti-mycobacterial drugs. With the rise of drug-resistant strains of TB, the need to explore alternative remedies has become more pressing than ever before. As this article highlights, India’s traditional medical philosophies offer a treasure trove of knowledge and practices that can be harnessed to develop new and effective treatments for TB. The search for phytodrugs is an important step towards better management of TB. Despite the growing focus on the biotherapeutics of phytochemicals in various diseases, this has lagged in the area of TB treatment. More studies are needed regarding mechanism of action, potential for bacterial clearance, and immunomodulatory effects. By developing a multidisciplinary approach to include promising candidates of phytodrugs as adjuvants in medical treatment, we can potentially alleviate the problem of drug resistance, improve the efficacy of DOTS therapy, and improve the overall patient outcome. This strategy is particularly significant considering the limited repertory of antibiotics and the developing forms of resistance in TB.



Using plants and plant-based products in TB treatment offers an exciting opportunity to design new treatments and cures for better health management. As it is known that DOTS, while clearing bacteria, suppresses the host immune system, phytochemicals as an adjunct drug could boost immune cells and offer a promising alternative to traditional antibiotics, thus providing an avenue for developing sustainable and environmentally friendly treatments.



However, it is essential to note that alternative medicines must be used with caution. While traditional remedies may offer potential benefits, they must be rigorously tested to ensure their safety and efficacy. Scientific studies must be conducted to investigate the use of phytodrugs in TB treatment to ensure that patients receive the best possible care. New molecules such as sequella (SQ109), benzothiazinones (BTZ043), and piperazine-benzothiazole (PBTZ169) with a similar pharmacophore to the phytochemical piperine are undergoing clinical trials [115].



In conclusion, using local medications, beneficial herbs, and their constituent parts in TB treatment is a promising area of research. India’s traditional medical philosophies offer a wealth of knowledge and practices that can be harnessed to develop new and effective treatments for TB. Exploring the potential of phytodrugs and other plant-based products that can reduce the side effects of standard drugs in synergistic combinations may improve the overall outcome for patients and develop sustainable, environmentally friendly treatments. With further research and development, we can look forward to a future where TB is no longer a major threat to public health.
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Figure 1. Tuberculosis infection cycle. Air-borne aerosols encapsulating MTB are inhaled by patients. These microorganisms face different outcomes: (1) the pulmonary immune system eliminates MTB; (2) it leads to active TB; (3) the infection progresses to latent TB; (4) the latent TB is reactivated by an endogenous or exogenous means or both; (5) active MTB infection, progression and transmission. 
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Figure 2. Mechanism of drug delivery by nanoparticles. The encapsulated drug release occurs in the infected macrophages. The drug is released in the blood compartment of the capillary. The nanoparticles from the blood capillary are engulfed by the infected macrophage, and the drug is released inside. 
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Figure 3. The isolated compound from the plant shows inhibitory activity on MTB. The MTB cells in hypoxia conditions produce HIFA, NF-κB, IL-1B, and TNF-α, and these proteins lead to the production of MMP-12, MMP-3, MMP-1/MMP-8, and MMP-9 inhibitors. The production of these matrix metalloproteinases leads to cavitation in the lungs, or MMP-12 and MMP-1 together produce granuloma, which leads to pulmonary impairment or necrosis, leading to cavitation followed by obstruction. Cavitation causes fibrosis in between the mechanism of aberrant tissue repair. 
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Figure 4. The detrimental suppression of bacterial pathogenicities by flavonoids. Toxins, quorum sensing, dihydrofolate reductase (DHFR), helicases, and gyrase/topoisomerase inhibitors suppress nucleic acid synthesis. The capacity to produce biofilms then inhibits the synthesis of the cell envelope. Subsequently, it involves blocking the enzyme fatty acid synthase (FAS—5) and peptidoglycan production (suppression of Ala-Ala dipeptide synthesis, inhibition of peptidoglycan cross-linking). Additionally, flavonoids can block efflux pumps, which may result in the reversal of antimicrobial resistance. Then, the bacterial respiratory chain’s ATP synthase and NADH-cytochrome c reductase activities are inhibited. 
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Figure 5. Mechanism of action of terpenoids. Terpenoids disrupt the cell membrane. The efflux pump is modulated, which might reverse antimicrobial resistance. The oxygen uptake process is blocked, resulting in the inhibition of oxygen. The oxidative phosphorylation process is altered, inhibiting other virulence factors. The fatty acid synthase enzyme and peptidoglycan production are blocked, suppressing biofilm production. 
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Table 1. Anti-TB drugs and their mechanism of action.
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	Drugs
	Mode of Action
	References





	Streptomycin
	Reduction in the production of ribosomal proteins
	[14]



	Isoniazid
	Cellular, lipid, carbohydrate, and NAD metabolism inhibition
	[14]



	Pyrazinamide
	Membrane transport disruption and energy exhaustion
	[14]



	Rifampicin
	Inhibiting the synthesis of RNA
	[14]



	Cycloserine
	Reduction in the production of mycolic acid
	[14]



	Kanamycin
	Decrease in protein synthesis
	[14]



	Ethambutol
	Inhibiting the synthesis of RNA
	[14]



	Quinolones
	Inhibition of transcription replication and DNA replication
	[14]



	CA inhibitors
	Inhibit the activity of carbonic anhydrases needed for pH regulation
	[21,23,24,25,26]



	Coumarins
	Inhibit protein synthesis and activity of carbonic anhydrases
	[27,28]
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Table 2. Plants and their parts used in TB treatment.
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	Scientific Names
	Plant Part Used
	NP Used
	Size and Shape
	Ref.





	Nerium oleander
	Leaf extract
	Gold NP
	2–10 nm, spherical
	[46]



	Butea monosperma
	Bark
	Gold and silver NP
	10–100 nm, spherical or triangular
	[47]



	Pea nut
	Skin and seed
	Gold NP
	110–130 variable
	[48]



	Hibiscus cannabinus
	Stem extract
	Gold and silver NP
	10–13 nm, spherical
	[49]



	Sesbania grandiflora
	Leaf extract
	Silver NP
	7–34 nm, spherical
	[50]



	Salix alba
	Leaf extract
	Gold NP
	50–80 nm, non-spherical
	[51]



	Eucommia ulmoides
	Bark
	Gold NP
	Not known
	[52]



	Galaxaura elongata
	Powder or extract
	Gold NP
	3.85–77.13 nm, spherical, triangular, and hexagonal
	[53]



	Ocimum sanctum
	Leaf extract
	Gold and silver NP
	30 nm, hexagonal
	[54]



	Torreya nucifera
	Leaves and bark
	Gold NP
	10–125 nm, spherical
	[55]



	Olea europaea
	Leaf extracts
	Gold NP
	50–100 nm, triangular and hexagonal
	[56]



	Rosa indica
	Rose petals
	Gold NP
	3–15 nm, spherical
	[57]



	Pistacia integerrima
	Galls extract
	Gold NP
	20–200 nm
	[58]



	Terminalia arjuna
	Fruit
	Gold NP
	60 nm, spherical
	[59]



	Euphorbia hirta
	Leaf extract
	Gold NP
	6–71 nm, spherical
	[60]



	Morinda citrifolia
	Root extract
	Gold NP
	12.17–38.20, spherical
	[61]



	Zizyphus mauritiana
	Extract
	Gold NP
	20–40 nm, spherical
	[62]
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Table 3. Plants with known anti-tubercular activity. Their anti-tubercular principles are yet to be identified.
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	Plant
	Part Utilized
	References





	Aframomum melegueta
	Roots
	[80]



	Artemisia sativa L.
	Leaves
	[81]



	Cannabis sativa L.
	Leaves
	[82]



	Carica papaya
	Leaves
	[83]



	Chironia baccipfera
	Roots
	[81]



	Combretum hereroense Schinz
	Bark
	[84]



	Citrus lemon
	Leaves
	[85]



	Eucalyptus camaldulensis
	Leaves and root
	[86]



	Eucomis pallidiflora Baker. ssp. pole-evansii
	Bulb
	[87]



	Hypoxis hemerocallidea
	Tuber
	[88]



	Lippia javanica
	Leaves
	[84]



	Merwilla plumbea
	Bulb
	[82]



	Myrothamnus flabellifolius
	Whole plant
	[84]



	Salix mucronata
	Seeds
	[89]



	Zanthoxylum capense
	Roots
	[90]
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Table 4. Isolated bio-active compounds with anti-tubercular activity.






Table 4. Isolated bio-active compounds with anti-tubercular activity.












	Plant
	Section
	Bioactive Compounds
	Chemical Structure
	Ref.





	Allium sativum L.
	Bulb
	Peptides, ajoenes, vinyldithiins, alliin, allicin, 𝛾-glutamylcysteine, sulfides
	𝛾-glutamylcysteine, peptides, alliin, ajoenes
	[91]



	Annickia chlorantha (Oliv.) Setten and Maas
	Stem bark
	Berberine and protoberberine alkaloids: columbamine, palmatine, jatrorrhizine
	Not known
	[92]



	Aframomum melegueta
	Roots
	Tannins
	Not known
	[80]



	Aristolochia taliscana
	Roots
	Licarin A
	Licarin A
	[93]



	Aloe barbadensis
	Sap leaves
	Anthraquinone glycosides: emodin, barbaloin; enzymes, sugars, lignin, saponins, minerals, salicylic acids, galacturonic acid, vitamins
	Emodin and barbaloin
	[94]



	Bacopa monnieri
	Stem and leaves
	Brahmine, herpestine, nicotine, D-mannitol, monnierin, bacosides a, hersaponin, saponins B, saponins C, bacosides B, saponins A, betulinic acid, stigmasterol
	Nicotine
	[95]



	Phellodendron amurense Rupr.
	Bark
	Isoquinoline alkaloid
	Isoquinoline
	[96]



	Curcuma longa L.
	Whole plant
	Mono-O-methylcurcuminisoxazole

(chemically modified curcuminoid analog)
	Not known
	[97]



	Celastrus vulcanicola
	Leaves
	1α-acetoxy-6β,9β dibenzoyloxydihydro-β-agarofuran
	Not known
	[98]



	Diospyros anisandra
	Stem bark
	Maritinone and 3,3′- biplumbagin (dimers of plumbagin)
	Maritinone and biplumbagin
	[99]



	Foeniculum vulgarevar
	Stem and leaves
	2,4-undecadienal
	2,4-undecadienal
	[100]



	Greenwayodendron suaveolens
	Stem
	Polysin, indolosesquiterpenes, greenwayodendrin-3-one, 3-O-acetyl greenwayodendrin, N-acetylpolyveoline, polyveoline, aporphines
	Not known
	[101]



	Justicia vasica
	Leaves, roots

stem, bark
	Adhatodine, vasicinone, anisotine, vasicine, vasicoline, sicinolone, vasicolinone
	Adhatodine, vasicine, vasicinone, and vasicolinone
	[95]



	Leucophyllum frutescens
	Root
	Leubethanol
	Leubethanol
	[102]



	Lippia javanica
	Leaves
	Flavonoids
	Quercetin
	[84]



	Lannea nigritana (Sc. Elliot) Keay
	Root
	Tannins and phenolic compounds (Lanneanol)
	
	[103]



	Morinda citrifolia
	Whole plant
	Anthraquinones: morindone, glycosides: flavanol and iridoid, triterpenoids β-sitosterol, ursolic acid, asperuloside, carminic acid, damnacanthol
	Morindone and damnacanthol
	[104]



	Mentha piperita
	Leaves
	Essential oils, menthol, menthone and menthofuran
	Menthol, menthone, and menthofuran
	[105]



	Ocimum tenuiflorum
	Leaves
	Essential oil consists mostly of: eugenol (~70%) germacrene, isothymusine, β-bisabolene (13–20%), β-elemene, caryophyllene, methyl chavicol (2–12%), 1,8-cineole (9–33%)
	Eugenol, germacrene, and caryophyllene
	[106]



	Pupalia lappacea Juss.
	Leaves
	Alkaloids, glycosides, saponins, tannins, starch, coumarins, terpenoids, and steroids such as 1-docosanol, amino acids, glycosides, flavonoids, stearic acid, stigmasterol, sitosterol, sitosterol-3-O-D-glucopyranoside, stigmasterol-3-O-D-glucopyranoside, N-benzoyl-L-phenylalaninol acetate, and 20-hydroxyl ecdysone
	Setosterol-3-O-D-glucopyranoside, N-benzoyl-L-phenylalaninol acetate, sitosterol-3-O-D-glucopyranoside
	[107]



	Plectranthus fruticosus L.
	Whole plant
	Abietane and its derivatives 6,12-dibenzoyl, 12-nitrobenzoyl esters, 12-chlorobenzoyl, 12-methoxy benzoyl
	Abietane and 12-methoxy benzoyl
	[108]



	Plumeria Bicolor
	Bark
	Plumericin and isoplumericin
	Plumericin and Isoplumericin
	[4]



	Plumbago indica L.
	Root
	Plumbagin
	Plumbagin
	[109]



	Piper longum
	Fruit and

root
	Alkaloid
	
	[110]



	Pueraria tuberosa
	Tuber
	β–Sitosterol, D uidzein, puerarin, isoflavone, biochanin B, puerarin, daidzein, tuberosi, stigmasterol, genistein, quercetin, irisolidone, biochanin a, isoorientin, and mangiferin
	Deoxymiroestrol

Genistein
	[94]



	Piper nigrum
	Fruit
	Aristolactams, isobutyl amide, lignin, piperine, dioxoaporphin, longamide, pluviatilol, chavicine, fargesin, asarinine
	
	[64]



	Phyllanthus emblica
	Fruit
	Chebulinic acid, gallic acid, chebulagic acid, ascorbic acid, ellagic acid, apeigenin, and quercetin
	Ellagic acid and

gallic acid
	[111]



	Sorindeia juglandifolia

(A. Rich.)
	Fruit
	C-glycosylflavone, 2,3,6-trihydroxybenzoic acid, robustaflavone, 3-O-galloyl catechin, tachioside, 3]-O-D-glucopyranosyl-]-stigmasterol, 2-O-acetyl-7-O-methyl vitexin methyl gallate, 2,3,6-trihydroxymethyl benzoate mearnsitrin, 2,6-di-O-acetyl-7-O-methyl vitexin
	3-O-galloyl catechin, stigmasterol, 2,3,6-trihydroxybenzoic acid
	[112]



	Tiliacora triandra
	Roots
	Tiliacorinine, tiliacorine, 2′-nortiliacorinine
	Tiliacorine, 2′-nortiliacorinine

and tiliacorinine
	[113]



	Tinospora cordifolia
	Stem and roots
	Berberine, tinosporoside, isocolumbin, palmarin, tinosporon, chasmanthin, tinosporic acid, and tinosporol
	Not known
	[95]



	Withania somnifera
	Roots
	Steroidal lactones, alkaloids, withaferin A, saponins, withanone
	Not known
	[114]
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