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Background: New antituberculosis drugs have recently been approved for the treatment of multidrug-resistant tuberculosis TB 
(MDR-TB). We aimed to describe the distributions of bedaquiline, delamanid, linezolid, clofazimine, and capreomycin MIC values for 
M. tuberculosis.
Methods: M. tuberculosis clinical isolates were originally isolated from 2020 to 2021 from 1452 different pulmonary tuberculosis 
patients of the Shanghai Pulmonary Hospital in China. The drug susceptibility testing was performed using the Sensititre custom plates 
(SHTBMY) (TREK Diagnostic Systems, Thermo Fisher Scientific In., USA) consisting of a 96-well microtitre plate containing 4 
(bedaquiline, delamanid, clofazimine, capreomycin) antimicrobial agents. MICs were determined for linezolid using a microdilution 
method.
Results: Based on the latest definitions, 156 (10.74%) were MDR-TB, 93 (6.40%) were pre-XDR-TB, and 27 (1.86%) were XDR-TB. 
The rate of BDQ resistance in cases of MDR-TB was 7.69%, while it was observed to be 10.75% in cases of pre-XDR-TB, and 
significantly higher at 37.04% in cases of XDR-TB. The lowest rate of drug resistance against M. tuberculosis was DLM (0.14%). For 
LZD, 11 (0.76%) clinical isolates were resistant, based on the CLSI breakpoint of 1μg/mL. The five strains with a MIC value of >32 
for LZD resistance were XDR-TB isolates. Among all MDR, pre-XDR, and XDR isolates tested, LZD’ MIC50 increased from 0.25 
and 0.5 to 1μg/mL. The MIC90 value of LZD against XDR-TB isolates was 32μg/mL. For CFZ, six isolates with elevated MICs of 
≥2μg/mL. CFZ’s MIC50 and MIC90 values in all isolates were 0.12μg/mL and 0.25μg/mL, respectively.
Conclusion: The study findings indicate that BDQ, DLM, CFZ, and LZD may exhibited excellent in vitro activity against MDR-TB 
isolates. Detection of resistance to BDQ and LZD was alarming for XDR-TB isolates. It is necessary to perform universal drug 
sensitivity testing for M. tuberculosis, especially MDR-TB and XDR-TB patients.
Keywords: Mycobacterium tuberculosis, MIC distributions, bedaquiline, delamanid, linezolid

Introduction
Between the years 2019 and 2021, there has been a notable global increase in the estimated mortality rate associated with 
tuberculosis (TB). According to estimates, the total number of deaths among individuals not infected with HIV amounted 
to approximately 1.4 million in the year 2021.1 Globally, latent tuberculosis infection has affected more than one-third of 
the population. Both forms of tuberculosis, namely multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB 
(XDR-TB), which is defined as resistance to rifampicin and isoniazid, as well as resistance to rifampicin, any 
fluoroquinolone, and at least one of bedaquiline or linezolid, are challenging to manage and require significant financial 
resources. Furthermore, these forms of TB have a prolonged duration of treatment, are more prone to treatment failure, 
and can result in the fatality of the patient. XDR-TB, which accounts for approximately 6.0% of cases of MDR-TB, is 
even more lethal. According to the global tuberculosis (TB) report released by the World Health Organization (WHO) in 
2022, the worldwide rate of successful treatment for diagnosed cases of MDR-TB stood at 60%. In contrast, there was an 
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85% success rate observed for all new and relapse cases.1 MDR-TB and XDR-TB remain significant obstacles to 
achieving effective global TB control. Therefore, there is an urgent requirement for novel anti-TB medications to address 
the issue of incipiently untreatable tuberculosis.

Bedaquiline (BDQ), an inhibitor of ATP synthase, obtained approval from the US Food and Drug Administration 
(FDA) and the European Medicines Agency (EMA) in the year 2012, and it was subsequently recommended by the 
World Health Organization (WHO) in 2013 for the treatment of MDR-TB.1,2 The present mechanisms identified for 
resistance towards BDQ encompass mutations occurring within the atpE, Rv0678, and pepQ genes.3 Delamanid, 
belonging to the nitro-dihydro-imidazooxazole class of compounds, hampers the production of essential mycolic 
acids.4 The medication was authorized by the EMA and endorsed by the WHO in 2014 for the treatment of patients 
with MDR-TB.5 Due to the distinct mechanisms of action possessed by each of the two drugs, which differ from those of 
other drugs currently accessible, one can anticipate a significant potential for effectiveness against extensively drug- 
resistant tuberculosis (XDR-TB).

Clofazimine (CFZ), an antibiotic derived from a fat-soluble riminophenazine dye, has exhibited substantial effec
tiveness and minimal toxicity in the treatment of drug-resistant tuberculosis.6 In accordance with the TB treatment 
guidelines revised by the WHO in 2016, CFZ, previously categorized as a group 5 drug, has been added to the core 
medications. This addition took place due to its reclassification as a group C drug within the second drug category.7 In 
accordance with various clinical studies, linezolid (LZD) is comparable to CFZ as it is an established and dated drug with 
antibacterial properties. It has demonstrated efficacy in successfully treating patients afflicted with MDR and XDR 
pulmonary tuberculosis.8,9

Nevertheless, the current presence of drug resistance towards BDQ, DLM, CFZ, and LZD poses a persistent and 
imminent danger.10–12 The resistance to BDQ may potentially arise spontaneously, even in situations where there is no 
presence of antimicrobial exposure.13 Therefore, it is necessary to assess susceptibility to these drugs to validate their 
clinical application. The minimum inhibitory concentration (MIC) value has been known for a very long time. For many 
years, it has been determined only occasionally but now it has been appearing increasingly frequently in the results of 
routine tests.14 The primary objective of this study was to examine the frequency of resistance to the four aforementioned 
drugs and the distribution characteristics of MIC values within a population that has not previously utilized these 
medications for tuberculosis treatment.

Materials and Methods
Clinical M. Tuberculosis Isolates and Culture Conditions
M. tuberculosis clinical isolates (n=1452) were originally isolated from December 2020 to June 2021 from 1452 different 
pulmonary tuberculosis patients of the Shanghai Pulmonary Hospital in China. Sputum and bronchoalveolar lavage fluid 
were digested with a 2% NaOH N-acetyl-l-cysteine and conducted utilizing conventional methodologies. Ziehl–Neelsen 
staining was utilized for smear microscopy on the concentrated pellet. Subsequently, a quantity of 0.5 mL of the 
resuspended pellet was introduced into BACTEC MGIT (Mycobacteria growth indicator tube) 960 culture (BD 
Biosciences, New Jersey, USA), while 0.2 mL was introduced onto Löwenstein–Jensen medium (L-J) medium at 
a temperature of 37°C.

Drug Susceptibility Testing
The utilization of the broth microdilution method for conducting the determination of minimal inhibitory concentration 
(MIC) for M. tuberculosis was established based on traditional drug susceptibility testing in accordance with the 
guidelines stipulated by the Clinical Laboratory Standards Institute M24-A2. MIC is the lowest concentration of an 
antibacterial agent expressed in mg/L (μg/mL) which, under strictly controlled in vitro conditions, completely prevents 
visible growth of the test strain of an organism. The MIC-related parameters geometric mean MIC (geometric mean of 
MIC values, GM MIC), MIC50 (MICs required to inhibit the growth of 50% of bacteria), and MIC90 (MICs required to 
inhibit the growth of 90% of bacteria) were evaluated. In brief, the bacterium was immersed in a sterile saline solution 
that included glass beads and subjected to a vortex for 30 seconds. After settling for 15 minutes, the supernatant was 
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adjusted to McFarland 0.5 with turbidimetry, and the 1:10 diluted sample was subsequently mixed with Middlebrook 
7H9 broth, and 100 µL of this mixture was employed as the inoculum. The 100 μL bacterial suspension that had been 
prepared was placed into each well of the MYCOTB plate. Subsequently, the plate was covered with an adhesive seal and 
subjected to incubation at a temperature of 37°C for a duration of 7 to 10 days. Additionally, growth controls that do not 
include antibiotics were incorporated, along with sterility controls that were not inoculated.

We used SENSITITRE CUSTOM PLATE (SHTBMY) (TREK Diagnostic Systems, Thermo Fisher Scientific In., 
USA) to perform DLM, BDQ, CFZ, and capreomycin (CPS) drug susceptibility testing as recommended by the 
manufacturer. The concentrations of antibiotics in the test panel ranged from 0.008 to 0.5 µg/mL for DLM, 0.06 to 8 
µg/mL for BDQ, 0.06 to 4 µg/mL for CFZ, and 0.15 to 20 µg/mL for CPS, respectively. In addition, LZD (0.06 to 32 µg/ 
mL) was used microbroth dilution method and only tests the susceptibility of MDR M. tuberculosis clinical isolates. The 
concentrations that defined the MIC breakpoints were as follows: 0.12 µg/mL for BDQ and DMD, 1.0 µg/mL for LZD 
and CFZ, and 5 µg/mL for CPS.

Quality Control
The Mtb H37Rv (ATCC 25618) was used as a reference strain. The control well exhibiting positive growth ought to be 
examined prior to further analysis, whereas any lack of growth would render the outcome invalid.

Statistical Analysis
The SPSS statistical software package (v20.0; SPSS) was used to perform all statistical analyses. A P-value of <0.05 was 
considered statistically significant.

Results
Demographic Data of M. Tuberculosis
Among 1452 patients infected M. tuberculosis, 959 (66.05%) were male and 493 (33.95%) were female. The mean age of 
patients was 43.7 years, ranging from 2 to 97 years. Most of the patients came from the eastern region.

Antimicrobial Susceptibility Profiles of M. Tuberculosis Isolates
Of the 1452 M. tuberculosis isolates, 1272 (87.60%) were collected from new cases, and 180 (12.40%) were collected 
from re-treated cases. Based on the latest definitions, 156 (10.74%) were MDR-TB, 93 (6.40%) were pre-XDR-TB, and 
27 (1.86%) were XDR-TB. Table 1 shows the drug resistance profiles of all 1452 clinical isolates. Drug resistance rate of 
DLM was the lowest (0.14%), with only 2 isolates from new cases.

The difference in resistance patterns between new cases (2.59%) and re-treated cases (5.56%) of BDQ was 
statistically significant (P<0.05). The resistance rates of re-treatment cases of CPS (2.78% V 1.42%) were approximately 
twice in new cases. Compared to re-treatment cases, resistance rate of DLM (1.65% V 0%) and CFZ (0.31% V 0.12%) 
were higher in new cases.

Drug Susceptibility Profiles of MDR- and XDR-TB Strains
The drug-resistant outcomes of MDR, Pre-XDR, and XDR groups are listed in Table 2. As shown in Table 2, among 156 
MDR-TB and 27 XDR-TB isolates, the number of bacteria showing MIC > 1 μg/mL as determined by CFZ resistance 
was 2 isolates (1.28%) and 2 isolates (7.41%). The rate of BDQ resistance in cases of MDR-TB was 7.69%, while it was 
observed to be 10.75% in cases of pre-XDR-TB, and significantly higher at 37.04% in cases of XDR-TB. Notably, the 
BDQ resistance rate was found to be considerably higher in XDR-TB isolates compared to MDR-TB isolates (P < 0.001). 
Similarly, drug resistance rate of XDR-TB to LZD was as high as 25.93%.

Of 27 XDR-TB strains, 2 (7.41%) were resistant to CFZ, which was also the two isolates resistant to BDQ. Moreover, 
only one isolate (11.11%) was resistant to both DLM and LZD. Out of a total of 27 isolates of extensively drug-resistant 
tuberculosis (XDR-TB), not a single isolate exhibited resistance to CPS. Nevertheless, the occurrence of concurrent 
resistance to BDQ and LZD was observed to be low, accounting for only 1.08% (1 out of 93) within the overall MDR-TB 
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Table 1 Drug Resistance Profile of All Mycobacterium Tuberculosis Isolates (N=1452)

Drug Concentration  
Range (μg/mL)

Breakpoint  
(μg/mL)

MIC(μg/mL) All  
n=1452

% New cases 
(n=1272) %

MIC(μg/mL) Re-Treatment 
Cases (n=180) %

MIC(μg/mL) P

MIC50 MIC90 GM MIC50 MIC90 GM MIC50 MIC90

DLM 0.008–0.5 0.12 0.015 0.03 2 0.14 2 1.65 0.028 0.015 0.03 0 0.00 0.025 0.015 0.06 0.587

BDQ 0.06–1 0.12 0.06 0.12 43 2.96 33 2.59 0.076 0.06 0.12 10 5.56 0.084 0.06 0.12 0.028

CFZ 0.06–4 1 0.12 0.25 6 0.41 4 0.31 0.207 0.12 0.5 2 0.12 0.236 0.12 0.5 0.119
LZD 0.06–32 1

CPS 0.15–20 5 1.25 2.5 23 1.58 18 1.42 1.406 0.6 2.5 5 2.78 1.482 1.25 2.5 0.171

MDR 156 10.74 85 6.68 71 39.44
Pre-XDR 93 6.40 44 3.46 49 25.56

XDR 27 1.86 10 0.79 17 9.44

Abbreviations: MIC, minimum inhibitory concentration; %, resistance rate; BDQ, bedaquiline; DLM, delamanid; LZD, linezolid; CFZ, clofazimine; CPS, capreomycin; GM, geometric mean of MIC values; MIC50, MICs required to inhibit 
the growth of 50% of bacteria; MIC90, MICs required to inhibit the growth of 90% of bacteria; MDR-TB is defined as resistance to rifampicin and isoniazid. pre-XDR-TB is defined as TB that is resistant to rifampin and any 
fluoroquinolone, and XDR-TB is defined as resistance to rifampin, any fluoroquinolone and at least one of bedaquiline or linezolid.
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Table 2 Drug Resistance Profiles Among MDR-TB, Pre-XDR-TB, and XDR-TB Strains

Drugs Non-MDR (n=1296) MDR (n=156) Pre XDR (n=93) XDR (n=27) P

n (%) MIC50 MIC90 GM n (%) MIC50 MIC90 GM n (%) MIC50 MIC90 GM n (%) MIC50 MIC90 GM

BDQ 31 (2.39) 0.06 0.12 0.076 12 (7.69) 0.06 0.25 0.088 10 (10.75) 0.06 0.25 0.092 10 (37.04) 0.06 0.25 0.160 0.000

DLM 1 (0.08) 0.015 0.03 0.028 1 (0.64) 0.015 0.03 0.020 1 (1.08) 0.015 0.03 0.022 1 (3.70) 0.015 0.06 0.038 0.158
LZD 11 (7.05) 0.25 1 2.89 7 (7.53) 0.5 1 3.025 7 (25.93) 1 32 8.130 0.002

CFZ 4 (0.31) 0.12 0.25 0.205 2 (1.28) 0.12 0.5 0.255 2 (2.15) 0.12 0.5 0.279 2 (7.41) 0.25 1 0.544 0.044

CPS 5 (0.39) 1.25 2.5 1.428 3 (1.92) 0.6 2.5 1.312 3 (3.23) 0.6 2.5 1.490 0 (0.00) 1.25 2.5 1.378 0.467

Abbreviations: MIC, minimum inhibitory concentration; n, number; %, resistance rate; BDQ, bedaquiline; DLM, delamanid; LZD, linezolid; CFZ, clofazimine; CPS, capreomycin; GM, geometric mean of MIC values; MIC50, MICs required 
to inhibit the growth of 50% of bacteria; MIC90, MICs required to inhibit the growth of 90% of bacteria; MDR-TB is defined as resistance to rifampicin and isoniazid. pre-XDR-TB is defined as TB that is resistant to rifampin and any 
fluoroquinolone, and XDR-TB is defined as resistance to rifampin, any fluoroquinolone and at least one of bedaquiline or linezolid.
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population and 3.70% (1 out of 27) within the pre-XDR-TB/XDR-TB subset. The quantities of drug-resistant strains to 
BDQ, DLM, LZD, and CFZ found in pre-XDR-TB and XDR-TB isolates were identical.

Delamanid, Bedaquiline, Clofazimine and Linezolid MIC Determination and 
Distribution
The MIC distributions for new and repurposed drugs are shown in Figure 1. We discovered that over 90% of isolates 
demonstrated a MIC of equal to or less than 0.12μg/mL for BDQ, 0.03μg/mL for DLM, 1μg/mL for LZD, 2.5μg/mL for 
CPS, and 0.5μg/mL for CFZ, correspondingly. Considering all 1452 M. tuberculosis, BDQ resistance was noted in 43 
(2.96%) isolates. MICs for BDQ ranged from 0.06 to 0.1μg/mL, with an MIC50 of 0.06μg/mL and MIC90 of 0.12μg/mL. 
One isolate had BDQ MIC levels of 1μg/mL. For MDR-TB isolates, 13 (8.33%) showed BDQ’MICs 0.12μg/mL and 9 
(5.77%) showed MICs 0.25μg/mL. Although the MIC50 and MIC90 of BDQ were the same for MDR, Pre-XDR, and 
XDR-TB isolates, GM gradually increased (0.088μg/mL, 0.092μg/mL, and 0.160μg/mL).

The lowest rate of drug resistance against non-MDR M. tuberculosis was DLM (0.08%). MIC values of DLM ranged 
between 0.008 and 0.5μg/mL, with an MIC50 of 0.015μg/mL, and an MIC90 of 0.03μg/mL. DLM’MIC50 and MIC90 were 
the same between non-MDR-TB isolates and MDR, pre-XDR-TB isolates. DLM’MIC90 (0.06μg/mL) increased 
a gradient in XDR-TB isolates compared to MDR and pre-XDR-TB isolates.

For LZD, 11 (0.76%) clinical isolates were resistant, based on the CLSI breakpoint of 1μg/mL. The five strains with 
a MIC value of >32 for LZD resistance were XDR-TB isolates. Among all MDR, pre-XDR, and XDR isolates tested, 
LZD’ MIC50 increased from 0.25 and 0.5 to 1μg/mL. The MIC90 value of LZD against XDR-TB isolates was 32μg/mL. 
The GM value of LZD resistance to MDR, pre-XDR-TB, and XDR isolates gradually increases from 2.890% to 3.025% 
to 8.130%. For CFZ, six isolates with elevated MICs of ≥2μg/mL. CFZ’s MIC50 and MIC90 values in all isolates were 
0.12μg/mL and 0.25μg/mL, respectively. The GM values of CFZ for MDR, pre-XDR TB, and XDR isolates also 
gradually increased.

Figure 1 MIC distribution of M. tuberculosis isolates against bedaquiline, delamanid, linezolid, capreomycin, and clofazimine.
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Discussion
The compounds BDQ, DLM, CFZ, and LZD displayed remarkable in vitro efficacy against MDR-TB in over 90% of the 
tested isolates. BDQ was approved for MDR-TB treatment in 2012.15,16 Reports of resistance emerged shortly after the 
BDQ drug introduction.17 Nevertheless, the widespread utilization of BDQ was limited due to concerns regarding 
the prompt emergence of resistance. The WHO has issued a caution regarding the potential acceleration of resistance 
with the inappropriate utilization of BDQ. Recently, the European Committee on Antimicrobial Susceptibility Testing 
(EUCAST) formally approved a cutoff value of ≤0.25 μg/mL as the breakpoint for the application of BDQ. Consistent with 
the report Wang et al (7.16%),18 in this study, 7.69% of the MDR-TB isolates demonstrated resistance to BDQ. Conversely, 
He et al and Liu et al observed BDQ resistance in 1.0% and 2.2% of MDR-TB patients, respectively.19,20 The occurrence of 
co-resistance to both BDQ and LZD and to CFZ and LZD was also notably scarce in both the overall populations of MDR- 
TB and pre-XDR-TB/XDR-TB. The number of XDR-TB isolates that were resistant to BDQ and LZD overall was 
significant. The reason behind the inclination towards higher resistance in XDR-TB remains unexplained.

Hoffman et al documented a case wherein a patient exhibited multi-drug-resistant tuberculosis that displayed 
resistance to both BDQ and CFZ. Notably, this patient subsequently developed a rapid resistance to DLM.21 Findings 
from previous studies have revealed that the reason for cross-resistance between BDQ and CFZ was two drugs share 
MmpS5-MmpL5. Notwithstanding the presence of only two isolates (7.41%) displaying resistance to two drugs, prior 
administration of CFZ might engender a significant susceptibility of M. tuberculosis to BDQ, thus signifying the 
necessity for further surveillance investigations.

In the present study, 0.64% (1/156) of MDR-TB were resistant to DLM, which was much lower than the 4.5% (4/88) 
reported in southwest China,22 2.9% (3/102) reported in Beijing, China,19 and 8.8% (15/170) reported in Korea.13 

Furthermore, it has been reported that over 25% of rifampicin-resistant tuberculosis isolates displayed resistance to DLM 
despite no prior exposure.23

As for CFZ, more than 90% of MDR-TB and XDR-TB isolates were susceptible in this study. The rate of resistance 
in the CFZ was comparatively higher in XDR isolates as compared to MDR isolates. In this study, it was found that the 
percentage of MDR-TB isolates exhibiting a CFZ resistance rate with MIC greater than 1 μg/mL, amounted to 1.28%. In 
contrast to the results we obtained, it was observed that 27.7% of the 195 MDR-TB isolates displayed resistance to CFZ, 
with MICs exceeding 2 μg/mL.24 Pang et al have reported the discovery of resistance to CFZ in 5 isolates, accounting for 
5.6% of the XDR-TB strains. The MICs for these isolates were found to be greater than 1 μg/mL.12

A meta-analysis showed that the average resistance rate of MDR-TB to LZD in five studies from China was 5.8%.25 

While resistance rate to LZD in the present study was 7.5%, which was higher than the five studies from China. 
According to the report, the prevalence rate of LZD resistance among the clinical isolates of MDR-TB in 14 distinct 
countries was found to be the highest in Spain, with a rate of 22.2%, while the United States had the lowest prevalence 
rate at 0.2%.25 The reason why the linezolid drug resistance rate varies so greatly may be due to the geographical 
diversity and the different methods used. Most studies used the method of microbroth dilution, while a study from Turkey 
used the method of agar dilution.

CPS plays a crucial role as an antimycobacterial drug in the management of XDR-TB. Among 56 MDR-TB isolates, 
25% of isolates were resistant to CPS in Iran.26 The primary reason for this outcome was largely attributed to the 
continuous transmission of a highly resistant strain throughout the province, resulting in a significant number of fatalities. 
While 47/52 (90.4%) XDR-TB patients were CPS-resistant in South Africa.27 Likewise, a recent analysis conducted on 
patients diagnosed with XDR-TB in the Tugela Ferry region revealed a significantly elevated prevalence of resistance to 
CPS production (89.5%).28 A survey conducted in Europe has recognized CPS resistance as a distinct risk element 
contributing to unfavorable outcomes in patients diagnosed with MDR-TB.29 However, CPS-resistant XDR-TB isolate 
was not found in this study. Three isolates (1.92%) were resistant to CPS in MDR-TB patients. One of the possible 
reasons is that CPS, the first-line injection drug for anti-tuberculosis, was less used in China.

There were several limitations in this study. First, the isolates collected in this study were from one hospital in 
Shanghai. Second, the resistance mechanism was not clear. In our forthcoming research, we intend to prioritize the 
investigation of the susceptibility of MDR-TB isolates toward novel pharmaceuticals and thoroughly scrutinize the 
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development of resistance to such drugs. The objective of this endeavor is to furnish clinical practitioners with a valuable 
resource to aid in their treatment decisions.

In conclusion, we presented the representative resistance profiles of new drugs for M. tuberculosis treatment in China. 
The study results demonstrate that BDQ, DLM, CFZ, and LZD displayed remarkable in vitro effectiveness against MDR- 
TB isolates. Detection of resistance to BDQ and LZD was alarming for XDR-TB isolates. It is necessary to perform 
universal drug sensitivity testing for M. tuberculosis, especially MDR-TB and XDR-TB patients.
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