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A B S T R A C T   

Objective: The resistance of Mycobacterium tuberculosis (Mtb) to currently available fluo-
roquinolones (FQs), namely ofloxacin (OFX), levofloxacin (LFX), and moxifloxacin (MFX), ren-
ders the treatment of TB infections less successful. In this study, we aimed to evaluate the 
susceptibility and intracellular killing assay of Mtb to next-generation FQs in vitro and determine 
the correlation of FQs resistance and newly detected mutations in gyrB by molecular docking. 
Methods: Antimicrobial susceptibility test was performed to determine the minimum inhibitory 
concentrations (MICs) of six FQs, including currently available FQs (OFX, LFX, and MFX) and 
next-generation FQs, i.e., sitafloxacin (SFX), finafloxacin (FIN) and delafloxacin (DFX) against 
Mtb clinical isolates obtained in 2015 and 2022, respectively. Quinolone-resistance-determining 
regions of gyrA and gyrB were subjected to DNA sequencing and the correlation of FQs resistance 
and new mutations in gyrB were determined by molecular docking. Furthermore, the intracellular 
antibacterial activity of the six FQs against Mtb H37Rv in THP-1 cells was evaluated. 
Results: SFX exhibited the highest antibacterial activity against Mtb isolates (MIC90 = 0.25 μg/ 
mL), whereas DFX and OFX exhibited comparable activity (MIC90 = 8 μg/mL). A statistically 
significant difference was observed among the MICs of the new generation FQs (SFX, P = 0.002; 
DFX, P = 0.008). Additionally, a marked increase in MICs was found in strains isolated in 2022 
compared with those isolated in 2015. There might be correlation between FQs resistance and 
mutations in gyrB G520T and G520A. Cross-resistance rate between SFX and MFX was 40.6 % 
(26/64). At a concentration of 1 μg/mL, SFX exhibited high intracellular antibacterial activity 
(96.6 % ± 1.5 %) against the Mtb H37Rv, comparable with that of MFX at a concentration of 2 μg/ 
mL. 
Conclusion: SFX exhibits the highest inhibitory activity against Mtb in vitro and THP-1 cell lines, 
which exhibits partial-cross resistance with MFX. There might be correlation between FQs 
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resistance and mutations in gyrB G520T and G520A.Our findings provide crucial insights into the 
potential clinical application of SFX and DFX in the treatment of Mtb infections.   

1. Introduction 

Tuberculosis (TB) is a major public health concern, the World Health Organization (WHO) estimates that 10.6 million new cases of 
TB will occur in 2021 [1]. The global incidence of multidrug-resistant TB (MDR-TB), which is characterized by resistance to both 
isoniazid and rifampin, is increasing. MDR-TB is often associated with poor clinical outcomes [2–4]. The WHO has recommended the 
use of old-generation FQs, such as OFX, LFX, and MFX, for the treatment of MDR-TB. Mounting evidence shows that there is a notable 
increase in the rate of MFX resistance, with figures indicating an increase from 12.9 % (41/319) in 2007 to 41.4 % (140/338) in 2013 
in MDR-TB isolates in national drug resistance surveys [5]. Thus, there exists an urgent need for identifying a new generation of FQs to 
treat TB and to develop strategies to counteract increasing clinical drug resistance in Mtb. 

Recently, three novel next-generation fluoroquinolones (FQs), namely sitafloxacin (SFX), moxifloxacin (MFX), and finafloxacin 
(FIN), were developed for potential use against MDR-TB. Sitafloxacin (SFX; Gracevit; Daiichi Sankyo, Tokyo, Japan), a synthetic broad- 
spectrum 8-chloro-fluoroquinolone, has been approved for the treatment of lower respiratory tract and urinary tract infections in 
Japan and China since 2008 and 2019, respectively [6,7]. SFX exhibits excellent distribution across various tissues, including the 
bronchi, alveoli, and cavities in the lung caused by TB and tissue granuloma. Furthermore, SFX exhibits a safety profile comparable 
with that of moxifloxacin (MFX) [8]. Compared to levofloxacin (LFX) and moxifloxacin (MFX), SFX had the lowest cumulative MIC 
(MIC50 = 0.06 μg/mL) and a relatively low ECOFF value (0.125 μg/mL) against Mtb. And SFX exerted stronger intracellular anti-
bacterial activity against Mtb than LFX [9]. In 2015, finafloxacin (FIN), an FQ antibacterial drug, was shown to be effective in treating 
severe bacterial infections in slightly acidic environments [10]. FIN had a higher antibacterial activity than LFX, MFX, and cipro-
floxacin between PH5.0 and 6.0 [11]. In 2017, delafloxacin (DFX; Baxdela™), an FQ antibacterial agent, was approved for its efficacy 
against both gram-positive and gram-negative infections [12]. Compared with other quinolones such as moxifloxacin, delafloxacin 
showed comparable efficacy and a lower rate of adverse effects for the treatment of respiratory and skin infections [13]. Up to now, 
Few studies have evaluated the antibacterial activity of SFX against Mtb in vitro, while the antibacterial activity of FIN and DFX against 
Mtb and have not been evaluated [14,15]. The mutation related to the three novel next-generation FQs is currently unclear. 

In this study, we evaluated the extent of cross-resistance among the FQs commonly employed to treat TB (i.e., ofloxacin [OFX], 
levofloxacin [LFX], and moxifloxacin [MFX]) at both phenotypic and genotypic levels. The objective was to assess whether current 
genotypic drug susceptibility assays could be used to detect resistance against the next-generation FQs (SFX, FIN, and DFX) and 
whether these drugs may serve as viable options for the treatment of infections caused by Mycobacterium tuberculosis (Mtb) strains that 
are resistant to FQs currently used to treat TB. Most cases of FQs resistance in Mtb are attributed to mutations within specific regions of 
gyrA and gyrB. Therefore, we also analyzed the trends in the resistance to the old- and next-generation FQs and mutations in gyrA and 
gyrB in representative isolates obtained in 2015 and 2022 at the Beijing Chest Hospital, China. 

2. Materials and methods 

2.1. Ethics statement 

As this study only involved laboratory testing of mycobacteria and did not entail any direct involvement of human participants, 
ethical approval was not sought. 

2.2. Study design and bacterial strains 

A total of 180 Mtb complex strains isolated from sputum of TB patients were obtained from the National Clinical Laboratory on 
Tuberculosis, Beijing Chest Hospital. To determine the trends of FQ resistance, we conducted experiments at two time points across 
seven years (2015 and 2022). A total of 60 pan susceptible and 120 MDR-TB strains were randomly obtained in both 2015 and 2022. Of 
the MDR-TB strains, 60 strains were categorized as “simple MDR-TB” as they exhibited susceptibility to either FQs (OFX, LFX and MFX) 
or all the three second-line injectable drugs (capreomycin, kanamycin, and amikacin), whereas the other 60 strains were categorized as 
“MDR-TB plus” as they exhibited additional resistance to any of the FQs (OFX, LFX and MFX) and at least one of the three second -line 
injectable drugs. The laboratory strain Mtb H37Rv (ATCC 27294) was used as a quality control. 

2.3. Determination of minimum inhibitory concentrations (MICs) 

The six FQs evaluated in this study were purchased from Targetmol (Boston, MA, USA) and dissolved in 1 % NaOH to obtain a final 
concentration of 6.4 mg/mL as stock solutions; subsequently, various aliquots were prepared and stored at − 70 ◦C. We determined the 
MICs of OFX, LFX, MFX, FIN, and DFX by resazurin-based microplate assay [16,17]. OFX, LFX, FIN, and DFX were used at final 
concentrations ranging from 0.031 μg/mL to 16 μg/mL, while MFX and SFX were used at final concentration ranging from 0.016 
μg/mL to 16 μg/mL. Briefly, Mtb was scraped from the Löwenstein-Jensen medium, homogenized, and adjusted to 1 McFarland 
turbidity standard. Then, the suspensions were further diluted (1:25) with 7H9 broth to obtain a final bacterial load of 105 
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colony-forming units (CFUs) per well. Plates were then incubated at 37 ◦C for seven days. Subsequently, 30 μL resazurin (0.02 %) 
solution was added to each well, incubation was performed for 24 h at 37 ◦C, and color development was assessed. An alteration in 
color from blue to pink or purple indicated bacterial growth MIC was defined as the lowest concentration of antibiotic that prevented a 
color change from blue to pink [18–20]. The pan-susceptible Mtb strain H37Rv (ATCC 27294) served as the control strain and included 
in each experiment. The critical concentration of OFX, LFX, and MFX in the 7H9 medium was 2, 1, and 0.25 μg/mL, respectively, as per 
the WHO’s recommendations [21]. 

2.4. Amplification and sequencing of the gyrA and gyrB genes 

We sequenced the quinolone resistance-determining regions of gyrA (Rv0006) and gyrB (Rv0005) and determined mutations 
relative to the sequence of the H37Rv as the reference genome [20]. For PCR, a reaction mixture (25 μL) containing 12.5 μL of 2 ×
Trans Taq HIFI SuperMix, 8.5 μL of nuclease-free water, 2 μL of DNA supernatant, 2 μL (20 pmol) of primers were used. The primers for 
gyrA were as follows: 5′-GACCGCAGCCACGCCAAG-3′ (forward) and 5′-AGCATCACCATCGCCAACG-3′ (reverse). The primers for gyrB 
were as follows: 5′-GAGTTGGTGCGGCGTAAGAGC-3′ (forward) and 5′-CGGCCATCAAGCACGATCTTG-3′ (reverse). PCR was per-
formed for 35 cycles under the following conditions: denaturation (98 ◦C for 30 s), annealing (55 ◦C for 30 s), and extension (72 ◦C for 
30 s), and a final extension at 72 ◦C for 5 min. Sanger sequencing of two resistance determining regions in gyrA and gyrB were analyzed. 

2.5. Molecular docking of MFX and SFX with topoisomerase II complex 

There were four gyrB mutations detected in our study, i.e., substitutions R451S,T500 N,G520A, and G520T. The structure of the 
receptor of the mutated topoisomerase II complex (PDB code: 5BS8) was simulated by directly mutating corresponding amino acid 
residues via Coot (R451 to S451, T500 to N500, G520 to A520, and G520 to T520). To simulate the receptor and ligand and perform 
molecular docking of SFX, we used AutoDock Vina (version 1.2). To simulate the receptor, we eliminated all water molecules and 
added hydrogen atoms to the receptor structure. Subsequently, we used the Gasteiger charges model to add partial charges to the 
receptor via AutoDock Tools. To simulate the ligand, we assigned bond torsion as either rotatable or non-rotatable and directly saved it 
as a PDBQT format file [22,23]. 

Docking was performed with a default exhaustiveness value of 32, which denotes the number of iterations initiated with a random 
ligand conformation. Additionally, a default n_poses value of 9 was employed, which denotes the final number of ligand poses to be 
determined. To achieve a high degree of precision in the docking process, we established a suitable search box that is centered at the 
potential active site. As a result, the position of MFX in the PDB structure of 5BS8 was defined as the center of the cubic box with a grid 
size of 40 × 40 × 40 Å. To further improve the precision of the docking prediction, we repeated molecular docking multiple times. The 
final docking model for subsequent analysis was selected based on the predicted ligand pose with the lowest binding affinity, i.e., 
− 18.6 kcal/mol. Receptor–ligand interactions were analyzed using LigPlot + software (version 2.2). 

2.6. Intracellular killing assay and concentration kill assay 

THP-1 cells were seeded in a 24-well plate (5 × 105 cells per well) and subsequently differentiated using phorbol myristate acetate. 
Cells were infected with Mtb H37Rv (ATCC27294) at a multiplicity of infection (MOI) of five [24]. To eliminate extracellular bacteria, 
we washed the cells gently with prewarmed phosphate-buffered saline (PBS) three times 4 h post-infection. For the intracellular killing 
assay, RPMI complete medium containing the six FQs (OFX, LFX, MFX, SFX, FIN, and DFX) at a concentration of 1 and 2 μg/mL were 
added. A culture medium containing dimethyl sulfoxide (DMSO)was used as a control. Next, 1, 3, and 5 days post-infection, THP-1 cells 
were thoroughly washed with PBS and then lysed using 0.1 % Trion-X-100. CFUs were determined by plating serial dilutions of the 
lysate onto an agar medium [25,26]. The bacterial survival rate was calculated using the following formula: 

Inhibitory rate=(CFU of bacteria treated with DMSO − CFU of bacteria treated with FQs)/CFU of bacteria treated with DMSO

× 100%.

2.7. Statistical analysis 

Experiments were conducted in triplicate, and each experiment included a minimum of three data points. All data were analyzed 
using GraphPad Prism 9.0 (GraphPad Software Inc., La Jolla, CA, USA). All tests of significance were two tailed, and a P value of 0.05 
was considered statistically significant. The means of the drug-free control and drug-treated group were compared by an unpaired 
Student’s t-test. The epidemiological cut-off (ECOFF) was determined according to the distribution profile of the MIC values. In cases 
where the MIC distribution profile was unimodal, ECOFF was defined as the concentration that inhibited 95 % of the bacterial 
population. In cases where the MIC distribution profile was bimodal, ECOFF was set between the two populations [27]. 
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3. Results 

3.1. Distribution of the MICs of the six FQs against Mtb isolates of 2015 and 2022 

A total of 180 clinical Mtb isolates, including 60 MDR-TB strains and 30 non-MDR-TB randomly obtained in 2015 and 2022, were 
analyzed for in vitro susceptibility to old- and new-generation FQs. The MICs of OFX, LFX, MFX, SFX, FIN, and DFX against the 
reference strain (H37Rv) were 0.25, 0.125, 0.0625, 0.016, 0.5, and 0.25 μg/mL, respectively. The MICs of the FQs against all the 
isolates analyzed in this study are shown in Fig. 1(A-F). 

Fig. 1. The MICs distributions of six FQs (OFX,LFX,MFX,SFX, FIN and DFX) against Mtb isolates collected at 2015 and 2022. (A) The MICs dis-
tributions of OFX. (B) The MICs distributions of LFX. (C) The MICs distributions of MFX. (D) The MICs distributions of SFX. (E) The MICs distri-
butions of FIN. (F) The MICs distributions of DFX. 
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Table 1 
The MIC50 and MIC90 of six FQs against Mtb isolates.    

MIC50(μg/ml) MIC90(μg/ml) 

Total non-MDR TB Simple MDR-TB MDR-TB plus Total non-MDR TB Simple MDR-TB MDR-TB plus 

Total 2015 2022 Total 2015 2022 Total 2015 2022 Total 2015 2022 Total 2015 2022 Total 2015 2022 

OFX 0.5 0.25 0.25 0.25 0.25 0.25 0.5 4 4 4 8 0.25 0.25 0.5 2 4 4 16 8 ＞16 
LFX 0.25 0.125 0.125 0.125 0.125 0.125 0.125 2 2 2 4 0.25 0.125 0.25 2 2 2 8 4 16 
MFX 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 0.0625 1 1 1 2 0.0625 0.0625 0.0625 0.5 0.5 0.5 4 2 8 
SFX 0.031 0.016 0.016 0.0625 0.031 0.016 0.0625 0.125 0.125 0.125 0.25 0.031 0.031 0.0625 0.0625 0.0625 0.5 0.5 0.25 1 
FIN 2 1 0.25 1 1 2 1 16 16 16 ＞16 2 2 2 8 4 16 ＞16 ＞16 ＞16 
DFX 0.5 0.25 0.25 0.25 0.25 0.25 0.25 4 2 4 8 0.5 0.5 1 2 1 4 ＞16 4 ＞16  
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Among the six FQs, SFX exhibited the highest inhibitory activity against Mtb isolates (MIC90 = 0.25 μg/mL). The MIC90 of SFX 
against non-MDR-TB, simple MDR-TB and MDR-TB plus were 0.031 μg/mL,0.0625 μg/mL,0.5 μg/mL, respectively. DFX (MIC90 = 8 
μg/mL) exhibited inhibitory activity comparable with that of OFX. The MIC90 of DFX against non-MDR TB, simple MDR-TB and MDR- 
TB plus were 0.5 μg/mL,2 μg/mL, >16 μg/mL, respectively. In addition, FIN exhibited the lowest inhibitory activity (MIC90 = 2 μg/ 
mL,8 μg/mL and >16 μg/mL), whatever the drug susceptible profile was non-MDR TB, simple MDR-TB or MDR-TB plus (Table 1). 
Notably, a statistically significant difference in MIC was observed among the new-generation FQs (SFX, P = 0.002; DFX, P = 0.008; 
FIN, P = 0.066). 

Fig. S1 shows the cumulative percentage of MIC of OFX, LFX, MFX, SFX, FIN, and DFX. The approximated cumulative % (50) values 
of OFX, LFX, MFX, SFX, FIN, and DFX were 0.25 and 0.5, 0.25 and 0.25, 0.0625 and 0.0625, 0.016 and 0.0625, 2 and 2, and 0.5 and 0.5 
μg ml/L for 2015 and 2022, respectively. The approximated cumulative % (90) values of OFX, LFX, MFX, SFX, FIN, and DFX were 4 and 

Fig. 2. The tentative ECOFF of OFX,LFX,MFX,SFX, FIN and DFX against Mtb. (A) The tentative ECOFF of OFX. (B) The tentative ECOFF of LFX. (C) 
The tentative ECOFF of MFX. (D) The tentative ECOFF of SFX. (E) The tentative ECOFF of FIN. (F) The tentative ECOFF of DFX. 

Y. Kong et al.                                                                                                                                                                                                           



Heliyon 9 (2023) e21216

7

16, 4 and 4, 2 and 2, 0.125 and 0.5, >16 and > 16, and 4 and 16 μg/mL for 2015 and 2022, respectively. A notable increase in MICs was 
found in the strains isolated in 2022 compared with those isolated in 2015. Specifically, OFX, SFX, and DFX exhibited a four-fold 
increase in their MIC90 values from 2015 to 2022. 

3.2. Determination of ECOFF values of the FQs and cross-resistance of SFX with OFX, LFX, and MFX 

The distributions of the MICs of the six FQs are shown in Fig. 2(A-F). The MICs of the six FQs exhibited a bimodal distribution, 
clearly segregating the phenotypic wild-type isolates from the mutant isolates. All gyrA mutations in the QRDR detected in this study 
were classical resistance mutations that resulted in an MIC increase above the tentative ECOFF for all OFX, LFX and MFX (Fig. 2A and 
B,C), except for gyrA D94A in one simple MDR-TB isolates with MIC = 0.125 μg/mL (Fig. 2,C). The tentative ECOFF of OFX, LFX, MFX, 
SFX, FIN, and DFX were 1, 0.5, 0.25, 0.125, 8, and 2 μg/mL, respectively (Fig. 2). The tentative ECOFF of MFX was consistent with the 
breakpoint of MFX as recommended by the WHO. A total of 64 MFX-resistant isolates were detected. Considering 0.125 μg/mL as the 
breakpoint for SFX, we found that the cross-resistance rate of SFX with OFX, LFX, and MFX was 49.0 % (25/51),46.4 % (26/56),40.6 % 
(26/64), respectively. 

3.3. Correlations between mutations in gyrA and gyrB and MIC values 

Of the strains isolated in 2015, 33 (36.67 %) strains exhibited mutations in their gyrA gene, such as D94 N, D94H, D94A, D94G, 
D94Y, A90V, S91P, and G88C. Notably, one MDR strain was observed to harbor a double mutation, i.e., A90V in gyrA and T500 N in 
gyrB. Of the strains isolated in 2022, 28 (31.11 %) strains exhibited mutations in their gyrA gene. Six MDR isolates harbored mutations 
in their gyrB gene, including five isolates with double substitutions of R451S and G520A, one isolate with G520T substitution in gyrB 
(Table S1). The aforementioned six isolates were all resistant to OFX, LFX, and MFX. In addition, the MICs of the isolates with double 
substitutions of R451S and G520A in the gyrB gene were observed to fall within the range of 0.5 and 1 μg/mL for SFX, whereas those of 
the isolates with the G520T substitution in the gyrB genes exhibited MIC of 0.5 μg/mL. The substitutions detected in the gyrA/gyrB in all 
the isolates analyzed in this study are shown in Table S2. 

3.4. Locations of the detected mutations in gyrB 

Molecular docking of MFX and SFX with topoisomerase II complex revealed that R451,T500, and G520 were situated at a 

Fig. 3. Structure of the complex of Mtb gyrA and gyrB with DNA and MFX/SFX. In each panel, G520 is represented in blue, R451 in magentas, T500 
in cyan, DNA in orange, and MFX/SFX in green. (A) Overall structure of the complex with gyrB WT and MFX. (B) Overall structure of the complex 
with gyrB R451S, G520A, and G520T and MFX. (C) Overall structure of the complex with gyrB R451S, G520A, G520, G520T and MFX in stack 
model (D) Overall structure of the complex with gyrB WT and SFX.(E) Overall structure of the complex with gyrB R451S, G520A, and G520T and 
SFX. (F) Overall structure of the complex with gyrB R451S,G520A,G520, G520T and SFX in stack model. 
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considerable distance from the FQ-binding sites. Modeling of gyrB substitution G520A and G520T showed that the primary mechanism 
underlying FQs resistance might be the disruption of protein polymerization in the stack model by decreasing the activity of the 
complex (Fig. 3,A-F). 

3.5. Intracellular killing of Mtb by FQs 

As shown in Fig. 4(A-F), the CFUs decreased upon treatment with FQs compared with DMSO at an MOI of five. After one day of 
incubation with OFX, LFX, MFX, SFX, FIN, and DFX at 1 μg/mL, the bacterial inhibitory rate was 17.1 % ± 32.4 %, 54.3 % ± 16.9 %, 
82.9 % ± 10.8 %, 96.6 % ± 1.5 %, 65.7 % ± 12.1 %, and 52.9 % ± 21.5 %, respectively. Furthermore, SFX exhibited the highest 
inhibitory rate (98.0 % ± 1.3 %) at a concentration of 2 μg/mL 24 h post-treatment (Fig. 4, D). On day three, the inhibitory rate 
increased to 81.7 % ± 5.9 %, 98.0 % ± 0.8 %, 99.6 % ± 0.2 %, 99.4 % ± 0.3 %, 73.5 % ± 6.5 %, 86.1 % ± 6.5 % for OFX, LFX, MFX, 

Fig. 4. Intracellular bactericidal activities of six tested FQs at different concentrations against Mtb in macrophages at MOI = 5; (A) OFX; (B) LFX; (C) 
MFX; (D)SFX; (E)FIN; (F)DFX; All data are shown as the means ± SD (n = 5). 
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SFX, FIN, and DFX at a concentration of 1 μg/mL. Except for that exhibited by FIN(Fig. 4, E), the bacterial inhibitory rate exhibited by 
other FQs was increased five days post-infection. 

4. Discussion 

In this study, our findings showed that SFX exhibits the lowest MIC among the six FQs, with MIC50 and MIC90 values of 0.031 and 
0.25 μg/mL, respectively. Notably, intracellular bacterial growth at an MOI of five was inhibited by 96.6 % ± 1.5 % following 24 h of 
incubation with SFX (1 μg/mL). It is consistent with other researches. One study has found that SFX exhibits a notable bactericidal 
effect against mycobacterium and certain nontuberculous mycobacterium (including Mycobacterium abscessus and Mycobacterium 
avium) [28,29]. Several studies have shown that SFX exhibits the lowest MIC compared with that of the other FQs in both 
drug-susceptible and drug-resistant TB [14,15]. A study involving 109 Mtb isolates, including 73 MDR strains, showed that the MIC90 
was 1 and 4 μg/mL for SFX and MFX, respectively [15] Furthermore, based on the published area under the concentration–time curve 
from time zero to 24 h (AUC0–24), the currently approved dose of SFX (i.e., a 200 mg daily dose) is 14.76 mg • h/L, and the 
fAUC0–24/MIC ratio for MICs against wild-type strains (ranging from 0.031 to 0.125 μg/mL) would fall between 118 and 476 [30]. 
Although there is no consensus on the most optimal fAUC0–24/MIC ratio that best predicts in vivo efficacy, ratios of 100 at the upper end 
of the wild-type distribution are necessary to optimize clinical outcomes [31]. In addition, SFX has been shown to exhibit a high degree 
of penetration into the epithelial lining fluid, with a mean penetration ratio of 0.85 following the administration of a single oral dose of 
200 mg SFX in a cohort of 12 individuals [30]. Given that the currently recommended dose of SFX is notably lower than the doses of the 
other FQs recommended for the treatment of TB, such as the regimen containing MFX (400 mg in longer regimens or 400–800 mg in 
shorter regimens), the target fAUC0–24/MIC of 100 at a higher dose is likely achievable; however, this supposition would have to be 
evaluated in clinical trials, wherein side effects would have to be monitored carefully. 

Assessing cross-resistance between SFX and the current class representative is crucial. Considering 0.125 μg/mL as the breakpoint 
for SFX, SFX exhibited partial cross-resistance with other FQs, i.e., 49.0 % with OFX, 46.4 % with LFX, and 40.6 % with MFX, sug-
gesting that SFX may potentially serve as a therapeutic agent for the treatment of patients with MDR-TB with resistance to MFX. A 
study by Yi L et al. showed that the tentative ECOFF of SFX was 0.125 μg/mL [15], which is consistent with our findings. 

To the best of our knowledge, no study of the activity of DFX and FIN against Mtb isolates has been published. We found that DFX 
(MIC90 = 8 μg/mL) exhibits antibacterial activity comparable with that of OFX. A study showed that DFX exhibits antibacterial activity 
against nontuberculous mycobacterium [32], including Mycobacterium fortuitum and Mycobacterium mucogenicum groups and Myco-
bacterium kansasii, in vitro with MIC50 values ranging from 0.12 to 0.5 μg/mL [17]. Although the antibacterial activity of DFX is lower 
than that of MFX in vitro, DFX shows a higher level of safety than MFX. In addition, DFX exhibits a relatively mild side-effect profile, 
characterized by the lack of association with corrected QT (QTc) prolongation [33]. In QT studies, following the administration of 
therapeutic (300 mg) and supratherapeutic (900 mg) IV doses in participants (n = 52 and 51, respectively) [34], DFX did not have a 
clinically relevant effect on the QT/QTc interval. Thus, based on our study, DFX may serve as a potential drug for treatment. 

Although gyrA is known to contain most common substitutions, substitutions in gyrB in Mtb clinical strains are being increasingly 
reported. However, the association between gyrB mutations and FQ resistance remains unclear. To improve the efficacy of molecular 
assays for the rapid detection of FQ resistance in Mtb, clarifying the molecular basis of the resistance against FQs is crucial. Herein, the 
prevalence of gyrB mutations associated with FQs resistance in Mtb was found to range from 1.10 % (1/90) in 2015 to 6.67 % (6/90) in 
2022. Four gyrB substitutions, namely T539 N, R451S, G520A and G520T, were detected. T539 substitutions in gyrB, such as T539A, 
T539P, and T539 N, have been widely reported in cases of FQ resistance [35–37]. In contrast, R451S, G520A, and G520T substitutions 
have not been reported in association with FQ resistance. Notably, these three substitutions were detected in MFX-resistant isolates 
exhibiting MIC of 0.5–8 μg/mL, including double substitutions of R451S and G520A (n = 5) and G520T (n = 1). As per the simulated 
structure of gyrB and MFX, R451 and G520 were located at a considerable distance from MFX, suggesting that the mechanism un-
derlying the corresponding resistance may not be due to a direct interaction between the drug and its target. G520A and G520T in gyrB 
may disrupt the polymerization of the complex via stack docking [38], which may lead to MFX-resistance in the above five Mtb isolates. 

Among the isolates harboring gyrB mutations in this study, a notable cross-resistance was observed between MFX and SFX for 
R451S, G520A and G520T gyrB mutations, whereas T500 N gyrB mutation was observed to be susceptible to SFX and resistant to MFX. 
Thus, SFX may be active against strains with specific mutations of gyrB, indicating the potential use of SFX in cases of resistance to old- 
generation FQs, such as OFX, LFX, and MFX. 

Our study has several limitations. First, the sample size was small. Second, all the Mtb isolates analyzed in this study were obtained 
from one hospital, i.e., the Beijing Chest Hospital, a designated clinical center on TB that attracts patients with TB from all over the 
country. Nonetheless, many isolates may be genetically and epidemiologically related; therefore, more clinical isolates are needed to 
assess the resistance rate across diverse epidemiological backgrounds. 

In conclusion, SFX exhibits the highest inhibitory activity against Mtb in vitro and intracellular exhibits partial-cross resistance with 
MFX. There might be correlation between FQs resistance and mutations in gyrB G520T and G520A.Our findings provide crucial in-
sights into the potential clinical application of SFX and DFX in the treatment of Mtb infections. 
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