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Introduction: Linezolid (LNZ) is an effective antibiotic to treat patients with multidrug-resistant tuberculosis (MDR-TB) treatment failure. M. tuberculosis strains resistant to isoniazid and rifampin are defined as MDR-TB. In recent years, resistance to LNZ among MDR-TB cases has been reported in several different countries. In this study, we performed a systematic review and meta-analysis to investigate the prevalence of LNZ resistance among MDR-TB isolates.
Methods: The databases of Embase, PubMed/Medline, and Web of Science were searched systematically from January 2000 to April 2021. Statistical analyses were performed by using Comprehensive Meta-Analysis software. Heterogeneity was reported by using the t-squared statistic and Q-statistic. Begg’s rank correlation in combination with the funnel plot were used to evaluate any possible publication bias.
Results: In total, 25 studies were selected for meta-analysis from 14 different countries; the majority was from China (n = 5) and Turkey (n = 4). Moreover, 7,366 patients were infected with MDR M. tuberculosis. Among the study population, 98 patients were co-infected with HIV, and 18 patients with hepatitis C virus (HCV). Furthermore, 28 cases had diabetes, and139 cases were alcohol abuser. Overall, 4,956 MDR M. tuberculosis strains were isolated from TB patients. The pooled frequency of LNZ resistance among the clinical isolates of MDR M. tuberculosis was 4.2% (95%). Begg’s (p = 0.72) test showed no evidence of publication bias.
Conclusion: LNZ resistance among MDR M. tuberculosis isolates is increasing. On the other hand, long-term treatment of MDR-TB cases with LNZ alone is associated with several adverse effects. Thus, it is recommended that newer anti-TB drugs, including bedaquiline and delamanid, in combination with linezolid could increase its effectiveness and decrease toxicities. However, more studies should be done in this field.
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1 INTRODUCTION
Mycobacterium tuberculosis (M. tuberculosis) is the leading cause of tuberculosis (TB), a disease with a major threat to the public health and millions of deaths worldwide (Azimi et al., 2017; Azimi et al., 2018). According to the 2020 global TB report by the World Health Organization (WHO), there were 10 million (range: 8.9–11.0 million) new TB cases and 1.2 million (range: 1.1–1.3 million) TB deaths among human immunodeficiency virus (HIV)-negative people in 2019 (WHO, 2020). The emergence of drug-resistant TB poses a danger to TB control throughout the world (Ahmed et al., 2013).
Isoniazid and rifampin are two effective and standard anti-TB drugs. M. tuberculosis strains resistant to these two antibiotics are defined as multidrug-resistant tuberculosis (MDR-TB) (Eker et al., 2008; Rey-Jurado et al., 2013; Guglielmetti et al., 2015). Based on the WHO estimates, virtually 3.3% of new TB cases and 17.7% of previously treated TB cases develop MDR-TB globally (WHO, 2020). Treatment of MDR-TB is performed using less efficient and more expensive second-line treatment drugs, with great adverse events. Moreover, unlike the treatment of drug-susceptible cases, that of MDR-TB needs a long period of time (Yang et al., 2018; Zong et al., 2018).
Linezolid (LNZ) is a member of the oxazolidinone class of antimicrobials that acquired the WHO license for clinical use. In 2016, the WHO recommended LNZ as the most important second-line drug for treating MDR-TB (Zong et al., 2018). Several in vitro and in vivo studies have revealed that LNZ has promising bacteriostatic activity against MDR-TB (Alcalá et al., 2003; Dietze et al., 2008; Tsona et al., 2010; Strydom et al., 2019). LNZ binds to domain V of 23S rRNA on the 50S ribosomal subunit, inhibits the formation of a 70S initiation complex, and prevents bacterial protein synthesis. It is presumed that mutation in two ribosomal proteins L3 and L4 and 23S rRNA is the main mechanism used by MDR-TB isolates, conferring resistance to LNZ (Zhang et al., 2014). In recent years, resistance to LNZ among MDR-TB cases has been reported in various countries (Richter et al., 2007; Pang et al., 2017). To this end, we performed a systematic review and meta-analysis to investigate the prevalence of LNZ resistance among MDR-TB isolates across the world.
2 MATERIALS AND METHODS
2.1 Search strategy
The present systematic and meta-analysis study was carried out based on the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) guidelines. To evaluate the prevalence of LNZ resistance among MDR-TB isolates, we conducted a literature search in three main electronic databases, including PubMed/Medline, Web of Science, and Embase, from 1 January 2000 to 12 April 2021. We performed the searching process using the following keywords: “Mycobacteriaceae”, “mycobacteria”, “mycobacterium”, “Mycobacterium tuberculosis”, “tubercle bacillus”, “pulmonary tuberculosis”, “tuberculosis”, “Multidrug Resistance”, “Multi-Drug Resistance”, “Multiple drug resistance”, “MDR”, “multiresistance”, “linezolid”, “linezolid”, “oxazolidinone class antibiotic”, and “protein synthesis inhibitors”. The systematic search process was accomplished based on the medical subject heading (MeSH) terms alone or in combination with “AND” and/or “OR”. The search was limited to the original articles published in English and indicated the prevalence or incidence of LNZ resistance among MDR M. tuberculosis isolates. We also searched the bibliographies for any retrieved articles for additional references.
2.2 Inclusion criteria
The inclusion criteria included all the original papers presenting cross-sectional or cohort studies on the prevalence of LNZ resistance among MDR-TB. The selected studies were analyzed in terms of titles, abstracts, and full texts. The entire recorded studies included in our analysis based on the following criteria: original articles that provided sufficient data on LNZ resistance in MDR M. tuberculosis isolates, and those that used standard (conventional and molecular) methods. The conventional methods encompassed niacin accumulation, growth in Lowenstein-Jensen (LJ) media containing thiophene-carboxylic acid hydrazide (TCH), growth at 42 and 44°C, tolerance towards NaCl 5% and urease, pigment production in light and dark, catalase, arylsulfatase activity, Tween hydrolysis, tellurite reduction, and nitrate reduction, and molecular methods embraced PCR-RFLP and sequencing.
2.3 Exclusion criteria
The exclusion criteria were comprised of review article, modelling study, commentary, correspondence, duplicate articles for the same investigation, editorial, guideline, news, and studies without enough data on LNZ resistance in MDR M. tuberculosis isolates.
2.4 Data extraction and definitions
In the first step, we saved all initial records collected during database searching in a Word file, and primary screening was performed based on their topics and/or abstracts. In the next step, the full-texts of potentially eligible records were downloaded. Then the inclusion criteria and final eligibility for the downloaded full texts were evaluated by two trained researchers (TA and MH). The full texts of potentially eligible articles were read objectively and with details by these two researchers. Any disagreement between the two researchers was resolved by the decision of a third trained researcher (MJN). The extraction of necessary data was accomplished by two authors (SK and AA), and all obtained data were rechecked by other authors (TA, MH, and MJN). After extracting from each relevant article, data, including first author, date of investigation, year of publication, country/continent, diagnostic method, number of MDR M. tuberculosis, number and percentage of LNZ resistance, drug susceptibility testing, and source of isolates, were saved in Excel software (Microsoft, Redmond, WA, United States).
2.5 Quality assessment
We assessed all reviewed studies based on the quality assessment checklist, which was provided by the Joanna Briggs Institute (Joanna Briggs Institute, 2014).
2.6 Meta-analysis
Meta-analysis was performed using Comprehensive Meta-Analysis (Biostat V2.2) software. The amount of residual heterogeneity was evaluated by the t-squared statistic and the Q-statistic to test the heterogeneity between the inquiries. To assess any possible publication bias, Begg’s rank correlation Egger’s weighted regression methods was used in combination with a funnel plot. The probability level of p < 0.05 was considered as statistically significant publication bias.
3 RESULTS
3.1 Study characteristics
Following the initial search of databases, a total of 2,127 articles were retrieved. After screenings the title/abstract and full texts, we selected 25 studies in the final evaluation (Figure 1). Table 1 depicts an overview of the main characteristics of the included studies. All the selected studies reported the prevalence of LNZ resistance among patients infected with MDR M. tuberculosis isolates, and mycobacteria were confirmed by microscopy, culture, and drug susceptibility tests. The location of studies covered all the continents except Africa. These studies were from 14 different countries, with the majority from the China (n = 5), Turkey (n = 4), United States (n = 2), Thailand (n = 2), France (n = 2), and Taiwan (n = 2). Other countries were comprised of Germany, Russia, Korea, Iran, India, Spain, India, and Italy, with one study. A total of 7,366 patients infected with MDR M. tuberculosis were enrolled in the current systematic review and meta-analysis. Of the study population, 98 patients were co-infected with HIV and 18 patients with hepatitis C virus (HCV). In addition, 139 cases were alcohol abuser, and 28 cases had diabetes.
[image: Figure 1]FIGURE 1 | Flow diagram detailing review process and study selection.
TABLE 1 | Characteristics of the included studies.
[image: Table 1]3.2 The overall prevalence of LNZ resistance
In total, 4,956 MDR M. tuberculosis strains were isolated from the patients with TB. Further analysis showed that 113 strains were LNZ resistant. As illustrated in Figure 2, the pooled frequency of LNZ resistance among the clinical isolates of MDR M. tuberculosis was 4.2% (95% CI: 3.5–5.0).
[image: Figure 2]FIGURE 2 | Pooled prevalence of linezolid resistance in multidrug-resistant Mycobacterium tuberculosis isolates. CI: confidence interval.
3.3 Prevalence of LNZ resistance in MDR M. tuberculosis by countries
As presented in Table 1 and based on studies carried out in different countries, Spain (22.2%; 95% CI: 5.6–57.9) and United States (0.2%; 95% CI: 0.0–3.4) had the highest and lowest rate of resistance to LNZ in MDR M. tuberculosis isolates, respectively. We calculated the resistance to LNZ in MDR M. tuberculosis isolates among countries with more than one study and per group of years (Table 2). Our analyses revealed that China with five studies (LNZ resistance: 5.8%) and France with two studies (LNZ resistance: 0%) had the highest and lowest rate of resistance to LNZ, respectively.
TABLE 2 | Prevalence of linezolid resistance in MDR M. tuberculosis by countries.
[image: Table 2]3.4 Time trend analysis of LNZ resistance in MDR M. tuberculosis
As time trend analysis of LNZ resistance in MDR M. tuberculosis is shown in Table 3, there was no specific pattern of LNZ resistance during 2008–2021. However, variation in LNZ resistance during the mentioned time period is considerable. Altogether, the rate of LNZ resistance during 2008–2012 was lower (0%) than that of other years. The highest rate of LNZ resistance was reported in 2013 (7.2%), followed by 2021 (6%).
TABLE 3 | Time trend analysis of linezolid resistance in MDR M. tuberculosis
[image: Table 3]3.5 Publication bias
Figure 3 provides a funnel plot of standard error. From the data in this Figure and according to Begg’s (p = 0.72) test, it can be found that there was not evidence of publication bias.
[image: Figure 3]FIGURE 3 | Funnel plot of the meta-analysis of Linezolid resistance in multidrug-resistant Mycobacterium tuberculosis isolates.
4 DISCUSSION
Globally, drug resistance among M. tuberculosis is increasing, and surveillance information reveals that MDR-TB has become an emerging and a major public health problem in many countries (Ahmed et al., 2013). Treatment of MDR-TB is exceedingly difficult and requires a prolonged time and multiple second-line drugs. Moreover, the lack of a standard regime for the treatment of MDR-TB infection can lead to the widespread person-to-person spread of drug-resistant organisms (Borisov et al., 2017). In the present systematic and meta-analysis study, the worldwide prevalence of LNZ resistance among MDR-TB isolates was investigated from 2000 to 2021. To the best of our knowledge, the current research is the first comprehensive systematic review on the prevalence of LNZ resistance among MDR-TB isolates in the world. The main goal of this study is to help the reduction of antibiotic resistance and effective control of infectious disease outbreaks.
The current meta-analysis study revealed that the overall estimate of LNZ resistance among clinical isolates of MDR-TB was 4.2%. Likewise, LNZ resistance rate among the clinical isolates of MDR-TB in 14 different countries showed that Spain (22.2%) and United States (0.2%) had the highest and lowest prevalence rate, respectively. Altogether, our analyses suggested that the LNZ resistance rate is 4.2%. In most cases, resistance to LNZ is related to four types of mutation, including T460C in rplC, G2576T, G2447T, and G2061T in 23 S rRNA (Zong et al., 2018). Moreover, the efflux pumps are another factor giving rise to low-level resistance to LNZ among extensively drug-resistant tuberculosis (XDR-TB) isolates (Zhang et al., 2014). In general, LNZ has bacteriostatic activity against M. tuberculosis, and with great penetration into infected tissues, such as lungs and cerebrospinal fluid, this drug can be selected as a promising antibiotic for treating MDR-TB and XDR-TB (Tornheim et al., 2020). However, it has been indicated that the long-term treatment of M. tuberculosis infections with LNZ alone is associated with several adverse effects, particularly painful peripheral neuropathy, optic neuritis, vision-threatening, myelosuppression, and drug interactions (Zong et al., 2018; Gavali et al., 2019). Many different published in vivo and in vitro studies have explored that LNZ in combination with other antimicrobials, e.g. delpazolid, rifampicin, isoniazid, fluoroquinolones, bedaquiline, amikacin, and clofazimine, has effective outcomes and high safety profiles and can improve treatment consequences (Limoncu et al., 2011; Rey-Jurado et al., 2013; Zong et al., 2018). It has been revealed that combination therapy could reduce the length of treatment of active tuberculosis. Furthermore, in asymptomatic patients, combination therapy could destroy the latent M. tuberculosis isolates (Limoncu et al., 2011). The current systematic and meta-analyses review was performed on 25 studies from 14 different countries. Therefore, the main limitation of our study was the lack of further studies from more different countries and regions of the world.
5 CONCLUSION
Our analyses uncovered that the LNZ resistance among MDR-TB is 4.2%, and this antimicrobial drug is used as an anti-TB drug in treatment regimes. However, considering several adverse events reported in studies, combination therapy could reduce LNZ toxicities associated with overdose concentrations. We believe that combination therapy, including LNZ plus rifampicin, LNZ plus isoniazid, linezolid-delpazolid, or LNZ with bedaquiline and fluoroquinolones or clofazimine, could have the highest synergistic result against MDR-TB and XDR-TB isolates compared to LNZ alone. However, additional comparative studies are needed to be conducted in different countries to recognize the possible profits of combination therapies in treating MDR-TB and XDR-TB isolates.
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