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Recent studies challenge the traditional belief that latent tuberculosis is a lifelong condition. Analysis of tuberculosis decline in low endemic areas suggests that latency is diminishing, and a significant proportion of individuals likely clear the infection each year. The risk of developing active tuberculosis diminishes over time, highlighting the importance of early intervention for optimal treatment outcomes. The global estimate of latent tuberculosis infection has been revised to approximately 23% of the global population. Latent bacilli undergo mutation and proliferation, contrary to the previous notion of dormancy. Treatment regimens for tuberculosis, particularly multidrug-resistant strains, have improved with the BPaLM regimen. However, current treatment approaches for drug sensitive tuberculosis do not specifically target dormant bacilli, necessitating the development of better protocols. Metronidazole shows potential in killing non-proliferating Mycobacterium tuberculosis, but its clinical effectiveness remains uncertain. Adverse effects and drug interactions of metronidazole should be considered. Alternative treatment options and the role of lung flora in tuberculosis therapy require further investigation. The suitability of metronidazole for this purpose remains open.
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1. Introduction

Latent tuberculosis is commonly believed to be a lifelong condition, implying that once someone is infected with tubercle bacilli, they will carry the bacteria for the remainder of their life. However, recent studies challenge this notion. Analysis of the decline of tuberculosis in low endemic areas like Norway (1) and Sweden (2), where recent transmission is infrequent and most cases arise from reactivation of past infections, has revealed that latency is diminishing, and a significant proportion of individuals likely clear the infection each year. Although there are instances where latency can persist for several decades in certain individuals (3, 4), epidemiological data suggest that such cases are exceptional. Consequently, it has been pointed out that there is no clear distinction between primary disease and reactivation (5).

The risk of developing active tuberculosis in an infected individual is highest during the initial years after infection, but gradually diminishes over time (6). This has significant practical implications, particularly regarding the treatment of latent tuberculosis. Early intervention following an infectious episode is crucial for achieving optimal treatment outcomes. Therefore, it becomes essential to gather information regarding the timing of the probable infectious episode when obtaining the patient's medical history.

Another important implication is that the global estimate of individuals with latent tuberculosis infection has been significantly exaggerated in terms of a microbiological definition of latency. Previously, it was commonly cited that approximately one third of the world's population carried latent infection (7). However, a more recent investigation has provided revised figures, suggesting that in 2014, the actual percentage was estimated to be around 23% (with a range of 20.4 to 26.4%) of the global population (8). This updated assessment is believed to be a more accurate approximation, bringing us closer to the true prevalence of latent tuberculosis infection worldwide.



2. Dynamics of latency and dormancy

Previously, the concept of latency in tuberculosis suggested a state of dormancy, where individuals harbored tubercle bacilli that did not actively multiply. However, recent findings from whole genome sequencing have challenged this understanding. It has been revealed that latent bacilli actually undergo mutation at a rate comparable to, or slightly lower than, the mutation rate observed in active tuberculosis cases (9–12). These results have significant implications, indicating that there is substantial proliferation of tubercle bacilli during the latent stage, contrary to the previous notion of dormancy.

The phenomenon of dormancy, characterized by the non-replication of M. tuberculosis, is an unquestionable occurrence that has been demonstrated both experimentally and in vivo. In vitro experiments have successfully induced dormancy by gradually exposing tubercle bacilli to reduced oxygen levels (13). This controlled environment enables the bacilli to adapt their metabolism and enter a non-proliferative state. Moreover, evidence from various animal models has shown the presence of hypoxic conditions within tuberculous granulomas, further supporting the existence of dormancy in vivo (14). These findings underscore the presence of dormancy as a significant aspect of M. tuberculosis infection, both within laboratory settings and in natural disease conditions.

However, the precise mechanisms underlying latency in humans remain largely unknown. Several possibilities exist regarding the nature of latency: it could involve prolonged periods of dormancy interspersed with sporadic episodes of bacilli proliferation, or it could entail continuous bacilli proliferation that is effectively controlled by immune-mediated killing. Another intriguing hypothesis suggests the presence of two distinct pools of bacilli within the body: one in a dormant state and the other actively proliferating. The transition between these states is likely influenced by factors that regulate bacilli containment and immune response. Ultimately, the outcome of latency can vary, leading to either complete eradication of the bacilli and resolution of the infection or reactivation, characterized by clinical symptoms and the development of overt disease. Further research is needed to elucidate the precise dynamics and factors involved in these different scenarios of latency in order to better understand tuberculosis infection in humans.

Tubercle bacilli are aerobic organisms that rely on oxygen for their replication and exhibit optimal growth conditions in the lung apices, where oxygen tension is highest. However, intriguingly, these bacilli have also demonstrated the ability to survive in environments with reduced oxygen levels if the transition occurs gradually enough. The presence of dormant bacilli during active disease is an important question that merits exploration. Intuitively, many would assume the existence of such dormant bacilli within the host during active tuberculosis.



3. Treatment strategies for tuberculosis

The treatment of multidrug-resistant tuberculosis has witnessed significant advancements with the introduction of the BPaLM regimen, which has shown remarkable efficacy. This treatment approach combines Bedaquiline, Pretomanid, Linezolid, and Moxifloxacin as oral medications, administered for a period of only 6 months (15). Notably, this drug combination is designed to target both proliferating and non-proliferating tubercle bacilli, addressing the diverse states of the bacteria during infection. Such an approach ensures a comprehensive therapeutic strategy that effectively tackles the entire spectrum of tubercle bacilli populations.

The current recommended treatment regimens for drug-sensitive tuberculosis or latent tuberculosis do not specifically target dormant bacilli, highlighting the need for further improvement. To effectively address the dormant phase of the infection, it is crucial to develop treatment protocols that incorporate drugs capable of eliminating dormant bacilli. Enhancing the treatment regimens for drug-sensitive tuberculosis or latent tuberculosis by introducing medications specifically designed to target and eradicate dormant bacilli would be a significant step toward more comprehensive and successful management of these conditions.

Metronidazole is a widely used and safe drug typically employed for the treatment of anaerobic and parasitic infections. Its efficacy relies on activation by microbial reductases. In the case of M. tuberculosis, several enzymes encoded by the bacterium are potential candidates for facilitating this activation process (16, 17). Experimental evidence from both in vitro and in vivo studies has demonstrated that metronidazole can effectively eliminate non-proliferating M. tuberculosis. However, it is important to note that some investigations have raised doubts about the drug's efficacy in vivo, casting uncertainty on its potential applicability for treating tuberculosis patients. Further research is needed to ascertain the true clinical effectiveness of metronidazole as a therapeutic option for tuberculosis treatment.

The effect of metronidazole on oxygen-starved bacilli was first demonstrated in the Wayne model, marking a significant milestone in understanding its impact (18). The study revealed that metronidazole exhibited a notable effect, and when combined with rifampin or isoniazid, an additive effect was observed. Subsequent investigations have consistently confirmed the efficacy of metronidazole on dormant bacilli in vitro (16, 17, 19). While multiple studies have shown the potential of metronidazole, it is crucial to note that only one study has reported a sterilizing effect on dormant bacilli. This particular study utilized a combination of 8 mg/L metronidazole and 1 mg/L rifampin on 26-day-old dormant cultures (17). These findings emphasize the importance of carefully adjusting the experimental conditions to accurately assess the potential of metronidazole. It is worth noting that such adjustments pose greater challenges when working with animal models, adding further complexity to the evaluation process.



4. Animal models for tuberculosis research

The selection of an appropriate animal model holds significant importance when studying tuberculosis. While mouse models are widely used due to their convenience, it is crucial to acknowledge that certain pathological parameters in mice differ from those observed in human tuberculosis. In this regard, many researchers prefer the guinea pig model (20) as guinea pigs are prone to developing active disease and exhibit the formation of characteristic hypoxic granulomas with necrosis and mineralization, which more closely resemble human tuberculosis pathology.

The findings from animal models of tuberculosis regarding the effects of metronidazole are not as straightforward as the findings of in vitro studies. In the context of active disease, two studies investigating the use of metronidazole alone or in combination with other antibiotics did not demonstrate any significant effect (20, 21). During active infection, the bulk of the bacillary burden is likely represented by proliferating bacilli, with dormant bacilli being less abundant. Given this scenario, it becomes challenging to observe the efficacy of metronidazole as a monotherapy and even harder to demonstrate an additive effect when combined with isoniazid or rifampin.

In animal models of chronic or latent infection, three studies reported positive effects with metronidazole used as monotherapy (14, 21, 22), while one study did not report any effect (23). Combination therapies involving metronidazole with isoniazid or rifampin were found to be effective in a primate model for latent tuberculosis (22) and in a mouse model (24). However, in two studies utilizing the Cornell model (25) of murine tuberculosis, no significant effect of metronidazole was observed when used in combination with isoniazid (21) or in combination with isoniazid and pyrazinamide (19). It is worth noting that the Cornell model is particularly relevant for studying the effects of metronidazole, as it is based on reactivation induction with steroids. However, this model is highly sensitive to even a few persistent bacteria upon reactivation, necessitating a sterilizing effect to demonstrate successful treatment.

Overall, the effects of metronidazole in animal models of tuberculosis are varied, with outcomes influenced by factors such as the stage of infection, the combination of drugs used, and the specific model employed. Further research is needed to fully understand the potential of metronidazole in different contexts and to identify optimal treatment strategies.

For studies aiming to mimic human tuberculosis more closely, the primate model utilizing cynomolgus macaque monkeys is considered advantageous, despite being resource-intensive. This model exhibits similarities to human tuberculosis and has been specifically designed to promote the development of latent tuberculosis in approximately 50% of infected animals (22). Importantly, positive results have been reported in the context of using metronidazole to treat latent tuberculosis in this primate model (22, 26).

Therefore, it is vital to consider that the choice of animal model can greatly impact research outcomes. While mouse models offer convenience, the guinea pig model and primate models, such as cynomolgus macaque monkeys, provide more relevant pathological features that align with human tuberculosis, allowing for a better evaluation of potential treatments, including the use of metronidazole.



5. Adverse effects of metronidazole and drug interactions

Concerns regarding the adverse effects of metronidazole have been raised. In a guinea pig model of active disease, a study reported that the group of mice treated with a combination of isoniazid, rifampin, pyrazinamide, and metronidazole experienced weight loss and had to be euthanized prematurely (20). In contrast, the control group receiving the three drugs without metronidazole did not encounter this issue. Furthermore, a study investigating the efficacy and safety of metronidazole in patients with multidrug-resistant tuberculosis (27) had to be terminated prematurely due to the development of peripheral neuropathies in the group receiving metronidazole in combination with second-line drugs for tuberculosis treatment. It is worth noting that the publication did not provide details regarding the specific drug combinations, which limits further in-depth analysis (27).

These adverse effects observed in both animal models and human studies suggest that caution should be exercised when considering the use of metronidazole in combination with certain anti-tuberculous drugs. The specific drug interactions and combinations may play a role in determining the occurrence of these side effects. Further research is required to better understand the potential risks associated with metronidazole and to identify appropriate strategies to mitigate these adverse effects, ensuring the safety and efficacy of tuberculosis treatment.



6. Considering the lung microbiome and other bacteria in tuberculosis treatment

However, one particular single-blinded clinical study from 1989 stands out in the literature (28). The study included 137 patients with advanced lung tuberculosis who were administered isoniazid, rifampicin, and streptomycin for 12 weeks and then isoniazid and rifampicin for the continuation. Among them, 76 patients received metronidazole for the first 8 weeks, while 61 patients received a placebo. The two groups were evaluated at 4, 8, and 12 weeks. Interestingly, the group receiving metronidazole showed faster improvement based on clinical criteria, radiological criteria, and sputum quantity at 4 and 8 weeks. However, by the 12-week mark, the two groups demonstrated comparable outcomes. Notably, there was no significant difference between the groups when it came to sputum culture. The authors referred to the metronidazole treatment as adjuvant therapy (28).

It is essential to explore alternative explanations for these results, because there was no evidence of a direct effect of metronidazole on M. tuberculosis. Traditionally, the lungs were considered sterile until around 2010/2011 when several studies on the lung microbiome (29–31) revealed that the lungs of both healthy individuals and patients with conditions like asthma or chronic obstructive lung disease were colonized by various bacterial species, including many anaerobic bacteria such as Prevotella, Fusobacterium, Veillonella, and Porphyromonas, to name a few. Therefore, considering the presence of other bacteria in cavitary pulmonary tuberculosis and the interplay between tubercle bacilli and the endogenous bacterial lung flora becomes relevant in understanding the pathogenesis of lung tuberculosis. In this context, targeting these bacteria, at least during the initial phase of tuberculosis therapy, could potentially result in faster clinical recovery, as observed in the study by Desai et al. (28). If this is indeed the case, metronidazole may not necessarily be the optimal drug choice. Other drugs that cover the normal flora of the lungs, such as beta-lactam antibiotics, might be better suited. Additionally, conducting further studies to identify the types of bacteria that thrive in cavernous tuberculosis alongside M. tuberculosis would be crucial in designing the most effective treatment regimen.



7. Improving therapy for drug-sensitive tuberculosis

The majority of tuberculosis patients are infected with drug-sensitive M. tuberculosis strains. While the new BPaLM regimen has shown effectiveness against drug-resistant tuberculosis by targeting both replicating and non-replicating bacilli, the standard treatment regimen for drug-sensitive tuberculosis does not adequately address the non-replicating population of tubercle bacilli. Therefore, it is crucial to prioritize the improvement of therapy for drug-sensitive tuberculosis by specifically targeting non-replicating tubercle bacilli. Whether metronidazole is a suitable drug for this purpose or if there are alternative options that might be more effective remains an open question. Metronidazole is generally considered a safe drug; however, it is essential to carefully consider potential adverse effects due to drug interactions, as indicated by the findings of Carroll et al. (27). Notably, the study by Desai et al. (28) did not report any adverse effects associated with the combination of metronidazole, isoniazid, rifampicin, and streptomycin.

The use of isoniazid monotherapy for treating latent tuberculosis seems paradoxical, given that isoniazid primarily targets replicating tubercle bacilli. However, considering the emerging evidence indicating significant bacterial multiplication during latency (9–12), the efficacy of isoniazid against latent tuberculosis becomes less surprising. Nonetheless, the use of monotherapy, whether it is isoniazid or rifampicin, for treating latent tuberculosis remains controversial due to the potential risk of drug resistance development.

Animal studies have indicated that although bacilli replicate during latency, there are also live but dormant bacilli present (14, 22), which possess the potential to reactivate tuberculosis. Therefore, it is logical to include therapy targeting dormant bacilli. One promising approach to demonstrate the effect of nitroimidazoles is to investigate their efficacy in combination with isoniazid and rifampicin in recently infected healthy individuals and closely monitor the frequency of active disease through rigorous follow-up. The aim is to develop a short-course multi-drug therapy for latent tuberculosis. In theory, the duration of antimicrobial therapy should be determined by the bacterial burden. Given the expected low bacterial burden during latency, there is potential for shorter treatment durations for latent tuberculosis.



8. Discussion

Recent studies challenge the notion that latent tuberculosis is a lifelong condition. While some individuals may harbor the infection for several decades, epidemiological data suggest that latency is diminishing, and a significant proportion of individuals likely clear the infection each year. The risk of developing active tuberculosis is highest during the initial years after infection but gradually diminishes over time. The global estimate of individuals with latent tuberculosis infection has been revised downward, indicating a lower prevalence than previously believed. Recent findings also challenge the concept of dormancy during latency, suggesting that tubercle bacilli undergo mutation and proliferation during this stage. However, the precise mechanisms underlying latency in humans remain largely unknown, and further research is needed to better understand tuberculosis infection.

The treatment of multidrug-resistant tuberculosis has seen significant advancements with the introduction of the BPaLM regimen, which targets both proliferating and non-proliferating tubercle bacilli. However, current treatment regimens for drug-sensitive tuberculosis and latent tuberculosis do not specifically target dormant bacilli, highlighting the need for further improvement in treatment protocols. Metronidazole has shown promise in eliminating non-proliferating M. tuberculosis in experimental settings, but its efficacy in vivo is still debated, and adverse effects have been reported.

Alternative explanations for the efficacy of metronidazole in one study suggest that the presence of other bacteria in cavitary pulmonary tuberculosis and their interplay with tubercle bacilli may influence clinical recovery. Targeting these bacteria, potentially with alternative drugs that cover the normal lung flora, could be a more effective approach. Careful consideration of potential adverse effects and drug interactions is necessary when using metronidazole in tuberculosis treatment.



Author contributions

The author confirms being the sole contributor of this work and has approved it for publication.



Funding

This work was funded by the University of Bergen.



Acknowledgments

The author thanks colleagues at Haukeland University Hospital for valuable discussions.



Conflict of interest

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

HW declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher's note

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



References

 1. Wiker HG, Mustafa T, Bjune GA, Harboe M. Evidence for waning of latency in a cohort study of tuberculosis. Bmc Infect Dis. (2010) 10:37. doi: 10.1186/1471-2334-10-37

 2. Winqvist N, Bjork J, Miorner H, Bjorkman P. Long-term course of Mycobacterium tuberculosis infection in Swedish birth cohorts during the twentieth century. Int J Tuberc Lung Dis. (2011) 15:736–40. doi: 10.5588/ijtld.10.0683

 3. Lillebaek T, Dirksen A, Baess I, Strunge B, Thomsen VO, Andersen AB. Molecular evidence of endogenous reactivation of Mycobacterium tuberculosis after 33 years of latent infection. J Infect Dis. (2002) 185:401–4. doi: 10.1086/338342

 4. Sjogren I, Hillerdal O. Bovine tuberculosis in man - Re-infection or endogenous exacerbation. Scand. J. Respir. Dis. (1978) 59:167–70. 

 5. Behr MA, Edelstein PH, Ramakrishnan L. Revisiting the timetable of tuberculosis. BMJ-Brit Med J. (2018) 362:k2738. doi: 10.1136/bmj.k2738

 6. Ferebee SH. Controlled chemoprophylaxis trials in tuberculosis. A general review. Bibliotheca Tuberc Et Med Thoracalis. (1970) 17:28–106.

 7. Dye C, Scheele S, Dolin P, Pathania V, Raviglione RC, Project WHOGSM. Global burden of tuberculosis - Estimated incidence, prevalence, and mortality by country. JAMA-J Am Med Assoc. (1999) 282:677–86. doi: 10.1001/jama.282.7.677

 8. Houben R, Dodd PJ. The global burden of latent tuberculosis Infection: A re-estimation using mathematical modelling. PLos Med. (2016) 13:13. doi: 10.1371/journal.pmed.1002152

 9. Ford CB, Lin PL, Chase MR, Shah RR, Iartchouk O, Galagan J, et al. Use of whole genome sequencing to estimate the mutation rate of Mycobacterium tuberculosis during latent infection. Nature Genet. (2011) 43:482–8. doi: 10.1038/ng.811

 10. Yang Z, Rosenthal M, Rosenberg NA, Talarico S, Zhang L, Marrs C, et al. How dormant is Mycobacterium tuberculosis during latency? A study integrating genomics and molecular epidemiology. Infect. Genet. Evol. (2011) 11:1164–7. doi: 10.1016/j.meegid.2011.02.002

 11. Colangeli R, Arcus VL, Cursons RT, Ruthe A, Karalus N, Coley K, et al. Whole genome sequencing of Mycobacterium tuberculosis reveals slow growth and low mutation rates during latent infections in humans. PLoS ONE. (2014) 9:e91024. doi: 10.1371/journal.pone.0091024

 12. Lillebaek T, Norman A, Rasmussen EM, Marvig RL, Folkvardsen DB, Andersen AB, et al. Substantial molecular evolution and mutation rates in prolonged latent Mycobacterium tuberculosis infection in humans. Int J Med Microbiol. (2016) 306:580–5. doi: 10.1016/j.ijmm.2016.05.017

 13. Wayne LG, Hayes LG. An in vitro model for sequential study of shiftdown of Mycobacterium tuberculosis through two stages of nonreplicating persistence. Infect Immun. (1996) 64:2062–9. doi: 10.1128/iai.64.6.2062-2069.1996

 14. Via LE, Lin L, Ray SM, Carrillo J, Allen SS, Eum SY, et al. Tuberculous granulomas are hypoxic in guinea pigs, rabbits, and nonhuman primates. Infect Immun. (2008) 76:2333–40. doi: 10.1128/IAI.01515-07

 15. WHO consolidated guidelines on tuberculosis. Module 4: treatment - drug-resistant tuberculosis treatment, 2022 update. Geneva: World Health Organization 2022. Licence: CC BY-NC-SA 3.0 IGO (2022). 

 16. Dong WZ, Shi J, Chu P, Liu RM, Wen SA, Zhang TT, et al. The putative NAD(P)H nitroreductase, Rv3131, is the probable activating enzyme for metronidazole in Mycobacterium tuberculosis. Biomed Environ Sci. (2022) 35:652–6. doi: 10.3967/bes2022.085

 17. Iona E, Giannoni F, Pardini M, Brunori L, Orefici G, Fattorini L. Metronidazole plus rifampin sterilizes long-term dormant Mycobacterium tuberculosis. Antimicrob Agents Chemother. (2007) 51:1537–40. doi: 10.1128/AAC.01468-06

 18. Wayne LG, Sramek HA. Metronidazole is bactericidal to dormant cells of Mycobacterium tuberculosis. Antimicrob Agents Chemother. (1994) 38:2054–8. doi: 10.1128/AAC.38.9.2054

 19. Dhillon J, Allen BW, Hu YM, Coates ARM, Mitchison DA. Metronidazole has no antibacterial effect in Cornell model murine tuberculosis. Int J Tuberc Lung Dis. (1998) 2:736–42.

 20. Hoff DR, Caraway ML, Brooks EJ, Driver ER, Ryan GJ, Peloquin CA, et al. Metronidazole lacks antibacterial activity in guinea pigs Infected with Mycobacterium tuberculosis. Antimicrob Agents Chemother. (2008) 52:4137–40. doi: 10.1128/AAC.00196-08

 21. Brooks JV, Furney SK, Orme IM. Metronidazole therapy in mice infected with tuberculosis. Antimicrob Agents Chemother. (1999) 43:1285–8. doi: 10.1128/AAC.43.5.1285

 22. Lin PL, Dartois V, Johnston PJ, Janssen C, Via L, Goodwin MB, et al. Metronidazole prevents reactivation of latent Mycobacterium tuberculosis infection in macaques. P Natl Acad Sci USA. (2012) 109:14188–93. doi: 10.1073/pnas.1121497109

 23. Klinkenberg LG, Sutherland LA, Bishai WR, Karakousis PC. Metronidazole lacks activity against Mycobacterium tuberculosis in an in vivo hypoxic granuloma model of latency. J Infect Dis. (2008) 198:275–83. doi: 10.1086/589515

 24. Paramasivan CN, Kubendiran G, Herbert D. Action of metronidazole in combination with isoniazid and rifampicin on persisting organisms in experimental murine tuberculosis. Indian J Med Res. (1998) 108:115–9.

 25. McCune RM, Tompsett R. Fate of Mycobacterium tuberculosis in mouse tissues as determined by the microbial enumeration technique. 1. The persistence of drug-susceptible tubercle bacilli in the tissues despite prolonged antimicrobial therapy. J Exp Med. (1956) 104:737. doi: 10.1084/jem.104.5.737

 26. Zhang Y. Metronidazole validates drugs targeting hypoxic bacteria for improved treatment of tuberculosis. P Natl Acad Sci USA. (2012) 109:13890–1. doi: 10.1073/pnas.1211081109

 27. Carroll MW, Jeon D, Mountz JM, Lee JD, Jeong YJ, Zia N, et al. Efficacy and safety of metronidazole for pulmonary multidrug-resistant tuberculosis. Antimicrob Agents Chemother. (2013) 57:3903–9. doi: 10.1128/AAC.00753-13

 28. Desai CR, Heera S, Patel A, Babrekar AB, Mahashur AA, Kamat SR. Role of metronidazole in improving response and specific drug sensitivity in advanced pulmonary tuberculosis. J Assoc Physicians India. (1989) 37:694–7.

 29. Hilty M, Burke C, Pedro H, Cardenas P, Bush A, Bossley C, et al. Disordered microbial communities in asthmatic airways. PLoS ONE. (2010) 5:9. doi: 10.1371/journal.pone.0008578

 30. Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank I, Yadav A, et al. Topographical continuity of bacterial populations in the healthy human respiratory tract. Am J Respir Crit Care Med. (2011) 184:957–63. doi: 10.1164/rccm.201104-0655OC

 31. Erb-Downward JR, Thompson DL, Han MK, Freeman CM, McCloskey L, Schmidt LA, et al. Analysis of the lung microbiome in the “healthy” smoker and in COPD. PLoS ONE. (2011) 6:12. doi: 10.1371/journal.pone.0016384







OPS/images/crossmark.jpg
(®) Check for updates





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Tuberculosis: insights into latency, treatment strategies, and the potential roles of metronidazole



		1. Introduction



		2. Dynamics of latency and dormancy



		3. Treatment strategies for tuberculosis



		4. Animal models for tuberculosis research



		5. Adverse effects of metronidazole and drug interactions



		6. Considering the lung microbiome and other bacteria in tuberculosis treatment



		7. Improving therapy for drug-sensitive tuberculosis



		8. Discussion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
’ frontiers | Frontiers in Tuberculosis

Tuberculosis: insights into latency,
treatment strategies, and the
potential roles of metronidazole





OPS/images/logo.jpg
& frontiers | Frontiers in Tuberculosi






