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ABSTRACT As an obligate aerobe, Mycobacterium tuberculosis relies on its branched 
electron transport chain (ETC) for energy production through oxidative phosphory
lation. Regimens targeting ETC exhibit promising potential to enhance bactericidal 
activity against M. tuberculosis and hold the prospect of shortening treatment duration. 
Our previous research demonstrated that the bacteriostatic drug candidate TB47 (T) 
inhibited the growth of M. tuberculosis by targeting the cytochrome bc1 complex and 
exhibited synergistic activity with clofazimine (C). Here, we found synergistic activities 
between C and sudapyridine (S), a structural analog of bedaquiline (B). S has shown 
similar anti-tuberculosis efficacy and may share a mechanism of action with B, which 
inhibits ATP synthesis and the energy metabolism of bacteria. We evaluated the efficacy 
of SCT in combination with linezolid (L) or pyrazinamide (Z) using a well-established 
murine model of tuberculosis. Compared to the BPa(pretomanid)L regimen, SCT and 
SCTL demonstrated similar bactericidal and sterilizing activities. There was no significant 
difference in activity between SCT and SCTL. In contrast, SCZ and SCTZ showed much 
higher activities, with none of the 15 mice experiencing relapse after 2 months of 
treatment with either SCZ or SCTZ. However, T did not contribute to the activity of 
the SCZ. Our findings emphasize the efficacy and the potential clinical significance of 
combination therapy with ETC inhibitors. Additionally, cross-resistance exists not only 
between S and B but also between S/B and C. This is supported by our findings, as 
spontaneous S-resistant mutants exhibited mutations in Rv0678, which are associated 
with cross-resistance to B and C.
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T uberculosis (TB), caused by the bacillus Mycobacterium tuberculosis, ranks as the 
second leading cause of death worldwide from a single infectious agent after 

COVID-19 (1). The emergence of multidrug-resistant tuberculosis (MDR-TB) exacerbates 
the challenges associated with managing the disease. Current treatment options are 
hindered by prolonged duration, adverse effects, and poor adherence. A new short-
course oral regimen BPaL, consisting of bedaquiline (B), pretomanid (Pa), and linezolid 
(L), has proven efficacy in treating MDR-TB and is known as the first regimen approved 
for this condition (2–4). However, the clinical use of BPaL raises concerns due to 
cardiotoxicity and hepatotoxicity of bedaquiline (5, 6), as well as hematologic and 
neurologic toxicity of linezolid (7, 8). Moreover, the emergence of resistance to second-
line drugs further complicates individual treatment and TB control programs. To achieve 
the long-standing goals of shorter and safer treatment regimens with oral administration 
for both drug-susceptible and drug-resistant TB and to better restrain the emerging 
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threats of drug resistance (9, 10), there is an urgent need for novel drugs and regimens 
with high efficacy and low toxicity to simplify and shorten TB treatment.

In our previous research, we identified TB47 (T) as a promising candidate drug 
belonging to the imidazopyridine amide class (11). TB47 exerts its action by inhibit
ing the cytochrome bc1 oxidase complex, specifically targeting the QcrB subunit (11). 
This mechanism leads to a reduction in intracellular ATP levels, ultimately hindering 
the growth of mycobacteria. Moreover, our studies demonstrated a synergistic effect 
between clofazimine (C) and TB47 against M. tuberculosis, both in vitro and in a murine 
model (12). This finding emphasizes the advantages of dual or multiple targeting of the 
electron transport chain for enhanced mycobacteria elimination (13–15). The pre-investi
gational new drug (pre-IND) application for TB47 (2024000634) was submitted to the 
Center for Drug Evaluation under the National Medical Products Administration of China 
on 31 January 2024.

Building upon these insights, we have developed various short-course oral regimens 
(16) and aim to combine CT with other drugs that target the electron transport 
chain. We opted to evaluate a novel diarylpyridinated antimycobacterial candidate 
called sudapyridine (S, previously known as WX-081). Sudapyridine was developed by 
substituting the bromoquinoline of bedaquiline with a 5-phenylpyridine (17). In vivo 
animal studies have demonstrated that sudapyridine exhibits a higher concentration in 
lung tissue, enhanced safety, and a reduced risk of QT interval prolongation compared 
to bedaquiline (18). Additionally, the drug has shown no adverse effects on heart rate, 
electrocardiograph morphology, or blood pressure in animal models (18). Following a 
successful phase II clinical trial (NCT04608955), a phase III clinical trial (NCT05824871) is 
currently underway.

In this study, we aimed to enhance the overall efficacy of regimens by incorporating 
linezolid or pyrazinamide (Z) into SCT. We initiated our investigation by employing an 
in vitro checkerboard method to assess potential synergistic or antagonistic interactions 
between the compounds sudapyridine, clofazimine, TB47, and linezolid. Moreover, we 
utilized a well-established BALB/c mouse model of TB to evaluate the anti-TB efficacy of 
SCT, SCTL, and SCTZ to identify alternative regimens by comparing their effectiveness 
to that of the BPaL regimen. At the same time, we also tested different drugs and drug 
combinations to investigate the interactions of sudapyridine, clofazimine, and TB47, as 
well as the contribution of each drug in different regimens in vivo.

RESULTS

Screening of sudapyridine-resistant mutant strains

To select mutants resistant to sudapyridine, approximately 1 × 108 M. tuberculosis H37Ra 
per plate was spread on 7H11 agar plates containing a 2 × dilution range of 0.125 
to 8 mg/L of sudapyridine. The enumeration of colony-forming units (CFUs) for the 
titer was conducted in the absence of antibiotics. Seven and six resistant isolates were 
obtained on plates containing 0.5 and 1 mg/L sudapyridine, respectively. Seven mutants 
were randomly selected for the minimum inhibitory concentrations (MICs) determination 
and gene mutation analysis. Plates with other concentrations of sudapyridine either 
exhibited an excessive number of colonies or no colonies. The mutation frequency of 
sudapyridine-resistant mutants was approximately 1 × 10−7.

MICs determination and gene mutation analysis

It is well-known that three genes are associated with bedaquiline resistance (19). As 
shown in Table 1, out of the seven sudapyridine-resistant M. tuberculosis H37Ra isolates, 
one exhibited a twofold increase in MIC, with a point mutation detected solely in 
pepQ. The remaining six isolates showed a fourfold increase in MIC: five mutants bore 
mutations only in Rv0678, and one had codon shift mutations in both Rv0678 and pepQ. 
None of the tested isolates showed a mutation in atpE.
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The MICs (mg/L) on solid media to M. tuberculosis H37Rv used for infection were 
bedaquiline 0.125, sudapyridine 0.25, pretomanid 0.25, and linezolid 1.

Drug interaction profile in vitro

As shown in Table 2, the interactions of sudapyridine/linezolid, sudapyridine/TB47, 
linezolid/clofazimine, and linezolid/TB47 were considered indifferent, with 1.0 < 
FICIs (Fractional Inhibitory Concentration Index) ≤4.0. Additionally, the interaction of 
clofazimine/TB47 was synergistic with FICI = 0.375, as observed in our previous studies 
(12). It is worth noting that sudapyridine/clofazimine was also synergistic with FICI = 
0.375. The checkerboard assay was independently performed three times using the 
selectable marker-free autoluminescent H37Rv strain (UAlRv) (20), and the results were 
consistent.

Comparison of bactericidal activity in experiment 1

The activities of bedaquiline, sudapyridine, linezolid, clofazimine, and TB47, focusing 
on the difference between sudapyridine and bedaquiline, were tested in an acute TB 
mouse model. Treatment initiation commenced 2 days after infection. At the start of 
treatment (day 0), mean (±SD) lung CFU counts were 2.55 ± 0.17 log10. After 4 weeks 
of administration, the untreated mice exhibited a rise to 6.95 ± 0.15, indicating the 

TABLE 1 Mutation analysis of nine sudapyridine-resistant M. tuberculosis H37Ra mutants

Strainsa Gene/nucleotide change (Amino acid change) MIC (mg/L)

Rv0678 pepQ atpE Sudapyridine Bedaquiline

H37Ra Wtb Wt Wt 0.25 0.13
S1-1 G193 insertion (65 codon shift) Wt Wt 1.00 0.50
S1-2 A117 insertion (39 codon shift) G829 deletion (277 codon shift) Wt 1.00 0.50
S1-3 G193 insertion (65 codon shift) Wt Wt 1.00 0.50
S1-4 C272T (T91I) Wt Wt 1.00 0.50
S0.5–1 Wt G774T (Q258H) Wt 0.50 0.25
S0.5–2 T354 deletion (118 codon shift) Wt Wt 1.00 0.50
S0.5–3 G71T (G24V) Wt Wt 1.00 0.50
aS1-x indicates that strain x is isolated from a 7H11 agar plate containing sudapyridine at a concentration of 1 mg/L. Similarly, S0.5-y indicates that strain y is isolated from a 
7H11 plate containing sudapyridine at a concentration of 0.5 mg/L, and so on.
bWt, wild type.

TABLE 2 In vitro assessment of drug interaction profiles via checkerboard assaya

Drug A
Drug B

MIC alone MIC in combination FICI Classification

Clofazimine 1 0.25 0.375 Synergistic
TB47 0.00625 0.000781
Sudapyridine 0.25 0.015625 1.0625 Indifferent
Linezolid 0.5 0.5
Sudapyridine 0.25 0.03125 0.375 Synergistic
Clofazimine 1 0.25
Sudapyridine 0.25 0.25 1.5 Indifferent
TB47 0.00625 0.003125
Linezolid 0.5 0.125 1.25 Indifferent
Clofazimine 1 1
Linezolid 0.5 0.5 1.125 Indifferent
TB47 0.00625 0.000781
aFICI = (MICA in combination)/(MICA alone) + (MICB in combination)/(MICB alone), where MICA alone and MICB 
alone were the MIC obtained when each drug was tested alone, while MICB in combination and MICB in 
combination were the concentrations of each compound at the lowest effective combination. The FICI was 
calculated to classify the interactions as one of five kinds: synergistic (FICI ≤ 0.5), partially synergistic (0.5 < FICI < 
1.0), additive (FICI = 1.0), indifferent (1.0 < FICI ≤ 4.0), or antagonistic (FICI > 4.0).
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successful establishment of the infection model (Fig. 1). Comparing the monotherapy 
groups with the untreated control group, CFU counts were lower in all monotherapy 
groups. The low-dose groups of bedaquiline, sudapyridine, and linezolid demonstrated 
significantly lower activity compared to the high-dose groups. Specifically, the bedaqui
line (6.25 mg/kg) group showed higher activity than the sudapyridine (6.25 mg/kg) 
group (P < 0.01). In the bedaquiline (25 mg/kg) group, all four mice tested negative, while 
in the sudapyridine (25 mg/kg) group, two mice were negative, and the lung CFUs of the 
other two mice were at 1.08 and 1.51 log10, respectively (Fig. 1). This suggests that the 
in vivo bactericidal activity of bedaquiline and sudapyridine was similar, with bedaquiline 
exhibiting a little stronger activity. Lung CFU counts of the linezolid (100 mg/kg) group 
were 3.55 ± 0.85, whereas the linezolid (25 mg/kg) group had a significantly higher count 
at 6.46 ± 0.12 (P < 0.001). This suggests a potential dose-dependent effect for linezolid, 
indicating that a higher dose might be necessary in subsequent combination efficacy 
evaluations. The clofazimine (25 mg/kg) showed similar antitubercular activity to that of 
linezolid (100 mg/kg; P > 0.05). The activity of TB47, previously reported by us (12), was 
verified again in this study. TB47 inhibited the proliferation of M. tuberculosis because 
the lung CFUs in the TB47 group after a 4-week administration period were significantly 
lower compared to the untreated group (P < 0.01).

Lung CFU counts during treatment in experiment 2

A high-dose aerosol infection of BALB/c mice was used to evaluate the bactericidal 
and sterilizing activity of sudapyridine, clofazimine, and TB47 pairwise combinations, 
as well as multi-drug combination regimens (Table 3). One day after infection of mice 
with M. tuberculosis H37Rv, mean (± SD) lung CFU counts were 4.09 ± 0.10 log10. CFU 
counts increased over the following 14 days to 7.58 ± 0.15 when treatment began. The 
untreated nine mice died of TB infection 21–23 days after infection indicating the strain 
used was virulent enough. The mice treated with clofazimine increased weakness at the 
beginning of the administration, characterized by disheveled fur, sluggish movement, 
and lethargy, resembling the untreated control group. Three of them died within 21–23 
days after infection (i.e., within 7–9 days after treatment initiation), while the remaining 
two survived and progressively regained health. This could be explained by the delayed 
antimicrobial activity of clofazimine (21). All the other mice survived until the end of the 
experiment.

After 1 month of treatment, the single-drug sudapyridine exhibited significant 
bactericidal activity (P < 0.0001, Table 3; Fig. 2), resulting in a decrease of lung CFU 
counts from 7.58 ± 0.15 (D0 lung CFU) to 4.84 ± 0.34. Although clofazimine initially 

FIG 1 Activities of different drugs with the indicated dose (in mg/kg) against M. tuberculosis in an acute mouse model after 1 month (4 weeks) of treatment 

in experiment 1. The drug administration began 2 days after infection (D0), and lung CFU counts were determined after continuous administration for 4 weeks 

(5 days per week). The drugs are abbreviated as follows: B for bedaquiline, S for sudapyridine, L for linezolid, C for clofazimine, and T for TB47. The dosage 

corresponds to the number behind the drug. Values are means ± SD; n = 4. ns, not significant; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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demonstrated almost no antibacterial activity, it exhibited bactericidal activity in the two 
mice that survived after 1 month of treatment. The lung CFU counts for the remaining 
two mice decreased to 5.55 ± 0.04. Although the TB47 single drug could not effectively 
lower the CFUs, it did show bacteriostatic activity. All five mice in this group survived 
well until the end of the experiment, and the CFU counts of M1 were 7.66 ± 0.39, 
close to the count at the beginning of treatment (Table 3; Fig. 2). Among the two-drug 
combinations, the SC and CT exhibited combined activity, and the bactericidal effects 
of these combinations were significantly more potent than those of any single drug. 

FIG 2 Efficacy of different drugs or regimens against M. tuberculosis in an active TB disease model after 1 month (4 weeks) of treatment in experiment 2. Nine 

mice (three from each infection run) were humanely sacrificed one day after infection (D-14) and on the day of treatment initiation (D0) to assess lung CFU 

counts, respectively. The experimental group of mice received either monotherapy, dual medication, or a regimen for 1 month before CFU detection at sacrifice. 

Abbreviations and doses (mg/kg): B, bedaquiline, 25; Pa, pretomanid, 100; L, linezolid, 100; S, sudapyridine, 25; C, clofazimine, 25; T, TB47, 25; and Z, pyrazinamide, 

150. All the drugs were administered orally once a day, 5 days per week. Values are means ± SD; n = 5. ns, not significant; **, P < 0.01; ***, P < 0.001; ****, P < 

0.0001.

TABLE 3 Lung CFU counts and proportions of mice relapsed after treatment completion in experiment 2e

Regimena Mean (±SD) lung log10 CFUb Proportion of mice with culture-positive lungs 
after treatmentc

D-14 D0 M1 M1.5 M2 M1.5 M2 M2.5

Untreated 4.09 ± 0.10 7.58 ± 0.15
BPaL 3.43 ± 0.26 1.55 ± 0.39 0.98 ± 0.61e1 10/15 4/15
S 4.84 ± 0.34
C 5.55 ± 0.04d

T 7.66 ± 0.39
SC 3.62 ± 0.57
ST 4.65 ± 0.31
CT 4.06 ± 0.43
SCT 3.20 ± 0.29 1.97 ± 0.15 0.71 ± 0.69e2 5/15 2/15
SCTL 2.78 ± 0.49 2.07 ± 0.18 0.46 ± 0.65e3 15/15 7/15 0/15
SCL 3.47 ± 0.51 2.84 ± 0.35 1.83 ± 0.50 14/15
STL 4.55 ± 0.36 3.59 ± 0.40 2.88 ± 0.47 15/15 15/15
SCZ 1.97 ± 0.15 1.12 ± 0.71e1 0.24 ± 0.54e4 0/15
SCTZ 1.99 ± 0.27 1.43 ± 0.29 0.34 ± 0.49e3 1/15 0/15 0/15
aAbbreviations and doses (mg/kg): B, bedaquiline, 25; Pa, pretomanid, 100; L, linezolid, 100; S, sudapyridine, 25; C, clofazimine, 25; T, TB47, 25; and Z, pyrazinamide, 150. All 
the drugs were administered orally once a day, 5 days per week.
bTime points are shown as days (D-14 or D0) or months (M) of treatment. D-14, 1 day after aerosol infection with M. tuberculosis H37Rv; D0, day of treatment initiation; M1, 
1 month (4 weeks) after treatment initiation, and so on.
cUpon completing the prescribed course of treatment, 15 mice were designated for relapse assessment at each time point, as indicated by the proportions in the table. The 
mice were held for 4 additional months after treatment completion.
dOnly two out of five mice had survived until this time point.
een, N out of 5 mice showed 0 lung CFU. For example, e3 means three out of five mice were culture negative.
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However, the activity of the ST was comparable to that of sudapyridine alone, with no 
statistical significance (P > 0.05). These results were consistent with the in vitro drug 
interaction study. Each trial group demonstrated effective bactericidal activity in vivo 
in combinations involving three or four drugs (Table 3). The bactericidal activity of the 
SCT was significantly superior to that of the CT (P < 0.01), similar to the BPaL positive 
control group (P > 0.05). The addition of linezolid slightly enhanced the SCT activity 
but without statistical significance (P > 0.05). However, upon the removal of clofazimine 
from SCTL, the activity was significantly reduced (P < 0.001). It is noteworthy that the 
SCZ and SCTZ exhibited remarkable bactericidal activity in the presence of pyrazinamide, 
reducing CFU counts to about two logs after only 1 month of administration, surpassing 
the performance of all other experimental groups.

After 1.5 months of treatment, lung CFU counts in BPaL decreased to 1.55 ± 0.39. The 
CFU counts of SCT and SCTL were similar, both around two logs (Table 3). Conversely, the 
CFU counts in the SCL and STL were significantly higher than those in the SCT (P < 0.001). 
Notably, the SCZ and SCTZ groups exhibited continuously robust bactericidal activity, 
with lung CFU decreasing further. Remarkably, after just 1.5 months of treatment, one 
mouse lung in the SCZ group even showed 0 CFU.

After 2 months of treatment, the lung homogenate culture of some mice turned 
negative. This included one mouse in the BPaL, two mice in the SCT, three mice in the 
SCTL, four mice in the SCZ, and three mice in the SCTZ. The combined bactericidal 
activity of the SCZ and SCTZ surpassed that of the positive control, and their activities 
were consistently close at each time point. Interestingly, the contribution of TB47 to the 
SCTZ combination was not evident. While the bactericidal activity of the three drugs in 
the SCT was slightly lower than that of SCZ, no statistical significance was reached (P > 
0.05), and it remained similar to BPaL (P > 0.05). However, linezolid, despite its potent 
single-drug activity, did not exhibit a contribution to the SCTL combination as SCTL 
showed no difference or only a little better than SCT, and the bactericidal activities of 
either SCL or STL were much lower than that of SCT. In other words, if removing either 
clofazimine or TB47 from SCTL, the regimens could become much worse (P < 0.001 and 
P < 0.01). However, if removing linezolid, the regimen became only a little weaker (P > 
0.05). There was no significant difference in activity between the SCL and the SCT after 
1 month of administration. However, with the progression of the administration period, 
a significant disparity in activity emerged between the two groups after 2 months (P < 
0.05). Notably, all mice in the SCL tested positive. This observation once again confirmed 
that TB47 can substantially enhance the bactericidal activity of clofazimine.

Relapse rates after treatment completion in experiment 2

Significant differences in sterilizing activities were observed among the different 
regimens. As shown in Table 3 and Table S4, only 1/15 mice relapsed in the SCTZ only 
after 1.5 months of treatment, which is even much fewer than that (10/15) in the BPaL 
(P < 0.01) treated for 2 months. After 2 months of treatment, no mice relapsed in the 
SCTZ and SCZ groups, which indicated that both of them are more sterilizing than BPaL 
(P < 0.01). It was a missed opportunity that we previously underestimated the efficacy 
of SCZ and did not set other time points for relapse detection. There was no significant 
difference among relapse rates of the following regimens BPaL (10/15), SCTL (5/15), 
and SCT (7/15; P > 0.05 for any pairwise comparison). The sterilization activity of STL 
was obviously poorer, with no mice exhibiting negative culture (P < 0.001, P < 0.01, P 
< 0.0001, and P < 0.0001 for STL vs SCT, STL vs SCTL, STL vs SCZ, and STL vs SCTZ, 
respectively). After 2.5 months of treatment, no relapses were observed once more in 
the most powerful SCTZ group. The SCTL and SCT groups showed 0/15 and 2/15 mice 
relapsed respectively, which showed slightly better sterilizing activities than that 4/15 of 
BPaL against (P > 0.05 and P > 0.05, for BPaL vs SCTL and BPaL vs SCT), although the 
differences were not statistically significant (Table 3). The relapse rates of BPaL found 
in this study were comparable with those found in a recent study published by the 
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Nuermberger group (22). In that study, 1 out of 15 mice still relapsed even after 3 months 
of BPaL treatment.

DISCUSSION

The BPaL regimen, approved by the US Food and Drug Administration (FDA) and 
recommended by the World Health Organization (WHO) for the clinical treatment of 
MDR and extensively drug-resistant TB (XDR-TB) (2, 3), derives from the bactericidal and 
sterilization activity observed in a well-established mouse model of TB (23). Despite this, 
the emergence of resistance and prevalence of adverse drug reactions emphasizes the 
value of ongoing optimization of BPaL.

Drugs that target the electron transport chain complexes exhibit promising potential 
(13, 24). Sudapyridine, a structural analog of bedaquiline, demonstrates similar efficacy 
and improved safety profiles (18, 25). The mechanisms of action and resistance for 
sudapyridine have not been previously reported. This study revealed that sudapyridine-
resistant M. tuberculosis mutants containing the same mutations in Rv0678 or pepQ 
as those reported in bedaquiline-resistant M. tuberculosis mutants exhibit cross-resist
ance, indicating a shared resistance mechanism in M. tuberculosis. Spontaneous-resistant 
mutants of M. smegmatis have been reported to display cross-resistance to sudapyri
dine and bedaquiline (17). However, we did not identify any sudapyridine-resistant M. 
tuberculosis mutants with atpE mutations or other significant mutations, leaving the 
question of whether sudapyridine and bedaquiline share the same mechanism of action 
unresolved. Additionally, there are currently no reports on the evaluation of sudapyridine 
in combination with other drugs, particularly those targeting the electron transport 
chain.

Previously, we identified a synergistic effect against actively growing M. tuberculosis 
between clofazimine and TB47, creating a potent combination. Furthermore, CT- and 
CTZ-containing regimens demonstrated excellent bactericidal and sterilizing activities 
(12, 16). Our conjecture revolves around delineating the conceivable mechanism 
underpinning this synergistic effect. TB47 expeditiously reroutes electron flux from the 
mycobacterial cytochrome bc1:aa3 complex to cytochrome bd, thereby diminishing the 
efficiency of proton motive force and hence ATP production (11). This process may 
increase carbon catabolism and tricarboxylic acid cycle activity. Consequently, this may 
enhance the ability of clofazimine to transfer electrons from NDH-2 to oxygen, increasing 
the production of reactive oxygen and oxidative stress (13, 26). It is interesting that 
the synergistic effects against nonreplicating M. tuberculosis in both glycerol-enriched 
and cholesterol-enriched media under low oxygen conditions were detected in a recent 
study (27). However, additional experiments are required to clarify the precise mecha
nism. In the current study, we uncovered a synergistic interaction between sudapyridine 
and clofazimine in vitro using a checkerboard assay (Table 2). We propose that incorpo
rating sudapyridine to CT may augment the efficacy of the CT-containing regimens.

To enhance the precision of evaluating drugs and regimens activities, we employed 
low- and high-dose infection models to assess the activities of single drugs and 
combinations, respectively. The primary distinction between the two infection mod
els was the control of bacterial fluid concentration at the time of infection and the 
regulation of the time interval between infection and treatment. This was crucial to 
ensure that the mouse lung CFU fell within the anticipated range when treatment 
commenced. Here, we demonstrated that sudapyridine, clofazimine, and TB47 in all 
two-drug combination regimens exhibited greater bacterial kill than any of the drugs 
alone, with the exception of ST, which showed comparable efficacy to sudapyridine 
alone (P > 0.05, Table 3; Fig. 2). According to the results, the contribution of sudapyridine 
and clofazimine in the SCT regimen was significant, compared with CT and ST (P < 
0.01 and P < 0.0001). The difference between SC and SCT was not statistically significant. 
Despite the limitations imposed by the toxicity of linezolid (7, 8), its antituberculosis 
activity remains acknowledged. Our study also demonstrated the efficacy of linezolid as 
a single treatment in our study (Fig. 1). However, the addition of linezolid to the SCT 
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regimen did not show an enhanced efficacy in combination activity at each time point 
and in relapse outcomes. Interestingly, although the monotherapy efficacy of TB47 was 
notably lower than that of linezolid (Fig. 1), SCL showed weaker bactericidal activities at 
each time point (P < 0.0001) and weaker sterilization activity at 2 months compared to 
SCT (P < 0.01, Table 3). The addition of pyrazinamide to SC has an incredible effect, with 
no relapses in 2 months. Pyrazinamide, as a first-line drug with an unclear mechanism, 
also plays a crucial role in multiple regimens for the treatment of TB based on its potent 
anti-TB activity (28). Based on our current findings, the contribution of TB47 to SCZ 
cannot be proved. Further investigation is required to determine whether the effect of 
TB47 is counteracted or masked by other factors. Interestingly, there were still some mice 
that showed positive lung culture after completion of 2 months of treatment of SCZ or 
SCTZ (Table 3); however, the relapse rates of these two groups at this time point were 
both 0%. This could be because the half-lives of clofazimine and sudapyridine are long, 
and they have bactericidal activities especially in combination, as they could continue to 
eradicate bacteria even after treatment stopped. A similar phenomenon was observed 
in a study testing the potent and long half-life rifapentine in a latent TB chemotherapy 
mouse model (29).

This study has shown that the efficacy of SCZ is superior to that of BPaL, while 
the SCT exhibits a comparable effectiveness. These two therapeutic strategies present 
viable options for mitigating the toxicity issues associated with bedaquiline and linezolid. 
Nevertheless, certain limitations persist. First, sudapyridine remains in the phase III 
clinical trials (NCT05824871) which needs to be proved further. Second, TB47 is currently 
in the pre-IND stage (2024000634), and its bacteriostatic activity necessitates its use 
in conjunction with other bactericidal drugs. Third, despite its efficacy as a second-
line drug, clofazimine’s propensity to cause skin pigmentation continues to limit its 
application (30). Fourth, the mutants screened in vitro in our study, which harbor gene 
mutations especially in Rv0678 (six out of seven) causing cross resistant to bedaquiline 
and sudapyridine, are likely to be resistant to clofazimine as well (30). We acknowl
edge that the emergence of mutations conferring cross-resistance to clofazimine and 
sudapyridine during treatment could significantly diminish the efficacy, or even lead 
to the failure, of regimens based on the combination of sudapyridine and clofazimine. 
Drugs that could prevent the emergence of such mutants and the rapid diagnosis 
of such preexisting mutants are highly needed. Finally, vigilance toward pyrazinamide 
is warranted due to the increasing resistance rates among MDR-TB cases in recent 
years (31, 32). For example, a recent study from southern China reported a resistance 
rate of up to 60.04% in MDR/XDR-TB cases (33). It is noteworthy that the increase in 
alanine aminotransferase enzyme levels is primarily associated with the toxic effects 
of pyrazinamide during the treatment of MDR-TB patients (34). The WHO endorsed 
operational research to assess the efficacy of modified short-treatment regimens for 
rifampin-resistant TB, aiming to guide national programmatic implementation. Notably, a 
clinical trial in Vietnam, which employed a five-drug combination including bedaquiline, 
clofazimine, and pyrazinamide, demonstrated that 85% of TB patients achieved culture 
conversion within 2 months of treatment (34). It is compelling to investigate whether 
patients infected with M. tuberculosis susceptible to all three drugs exhibit a higher cure 
rate in such studies.

This study has several limitations. First, only M. tuberculosis H37Rv and BALB/c mice 
were used in the in vivo activity evaluation experiments. For future investigations, if 
conditions permit, it is advisable to include drug-resistant strains, particularly rifampin-
resistant M. tuberculosis, alongside the C3HeB/FeJ mouse model, in which the strain 
capable of developing caseous necrotic lesions. Second, M. tuberculosis colonies isolated 
from the lungs of relapsed mice were not collected for drug susceptibility testing. Third, 
we did not assess the role of sudapyridine in different regimens nor compare its efficacy 
with bedaquiline. Finally, due to the complexity involved in multi-drug combinations, 
we have yet to unravel the mechanism behind the synergistic bactericidal effect that 
necessitates further research.
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In conclusion, our findings ranked the tested regimens according to their sterilizing 
activities as SCTZ = SCZ > SCTL = SCT ≥ BPaL and demonstrated that the potential 
of novel drug combinations containing SCT with linezolid or pyrazinamide, providing 
a new foundation for universally effective short-course drug-resistant TB treatment 
regimens. The inclusion of pyrazinamide is anticipated to further shorten the treat
ment if isolates remain susceptible to pyrazinamide. Although the treatment-shortening 
potential observed in mice cannot be directly extrapolated to human TB cases, but the 
results of this study provide support and a basis for further clinical trials.

MATERIALS AND METHODS

Mycobacterial strains and growth conditions

The mouse-passaged M. tuberculosis H37Rv strain (ATCC 27294) preserved at −80°C 
was subcultured in Middlebrook 7H9 broth (Difco, Detroit, MI, USA) supplemented with 
10% oleic-acid-albumin-dextrose-catalase (OADC; BD, Sparks, MD, USA), 0.2% glycerol, 
and 0.05% Tween 80 at 37°C. Broth cultures of H37Rv at the logarithmic phase with 
OD600 0.8–1.0 were used. MICs (mg/L) on solid media to M. tuberculosis H37Rv used 
were rifampin 0.25, isoniazid 0.1, clofazimine 0.25, and TB47 0.003 on 7H11 agar (Difco) 
and pyrazinamide 10 on Löwenstein-Jensen medium (pH 5.5), which were previously 
described (12). The attenuated M. tuberculosis H37Ra strain (ATCC 25177) was used for 
the screening of sudapyridine-resistant spontaneous mutant strains and the subse
quent determination of MICs. The selectable marker-free autoluminescent H37Rv strain 
(UAlRv), previously developed and characterized in our laboratory (20), was utilized in a 
checkerboard assay. The preservation and growth conditions for H37Ra and UAlRv were 
consistent with those outlined for H37Rv, as mentioned above.

Antimicrobials

Bedaquiline, pretomanid, and linezolid were purchased from Biochempartner (Shanghai, 
China). Clofazimine and pyrazinamide were purchased from Meilun Bio (Dalian, China). 
Sudapyridine was provided by Shanghai Jiatan Pharmatech Co., Ltd (Shanghai, China) 
with a purity of ≥98%. TB47 was synthesized and supplied by Boji Ltd (Guangzhou, 
China) with a purity of ≥98%. Dexamethasone was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). For the in vitro study, water-insoluble drugs, including clofazi
mine, sudapyridine, TB47, and linezolid, were dissolved in dimethylsulfoxide. The drug 
configuration for the mouse model is elaborated in detail in the chemotherapy section 
below.

Sudapyridine-resistant mutant selection

In brief, M. tuberculosis H37Ra was cultured to the logarithmic growth stage with a 
concentration adjusted to approximately 1 × 108 CFU/mL. Subsequently, 0.5 mL of the 
culture was spread on 7H11 agar plates containing various concentrations of sudapyri
dine (0.125, 0.25, 0.5, 1, 2, 4, and 8 mg/L), followed by incubation at 37°C for 4–5 weeks. 
The mutant strains were isolated from individual colonies on each petri dish and then 
expanded for MICs determination, as well as for DNA extraction.

MICs determination

MICs of bedaquiline and sudapyridine to M. tuberculosis H37Ra and the derived 
sudapyridine-resistant mutants were determined with the microplate alamar blue assay 
as described in our recent study (35). Briefly, a 0.1 mL bacterial suspension with an 
inoculum of 2 × 105 CFU/mL was added to microplates, along with varying concentra
tions of the test compounds. After a 6-day incubation at 37°C, 0.02 mL alamar blue 
and 0.0125 mL 20% Tween 80 were introduced into the wells, and the plates were 
further incubated for 24 hours. The MICs were defined as the lowest concentration of 
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the compounds that prevented a color change from blue to pink, indicating inhibition of 
microbial growth.

The MICs to M. tuberculosis H37Rv used for animal infection in this study were 
determined using 7H11 agar similarly described in the previous study (36). Serial 
dilutions of drugs were prepared and added to Middlebrook 7H11 agar with 10% OADC. 
M. tuberculosis H37Rv was grown to an optical density at 600 nm (OD600) of 0.3–0.7, 
and a series of 10-fold dilutions were plated. Plates were inoculated with 0.5 mL aliquots 
and incubated at 37°C for 4 weeks before colony counting. The MIC was defined as the 
lowest drug concentration that inhibited at least 99% of the bacterial growth observed 
for drug-free control plates. Each assay was performed in duplicate.

MICs determined by different methods to different strains (autoluminescent or not) 
even to the same M. tuberculosis can be different.

PCR and DNA sequencing

M. tuberculosis genomic DNA was extracted using the genomic DNA purification kit (Mei5 
bio, Beijing, China) according to the manufacturer’s protocol. Afterward, the bedaquiline 
resistance-associated genes (Rv0678, pepQ, and atpE) were subjected to PCR amplifica-
tion using wild-type H37Ra and spontaneously isolated sudapyridine-resistant strains as 
templates. The primers used in this study are listed in Table S1. The PCR products were 
purified and sequenced at Sangon Biotech Co., Ltd (Shanghai, China).

Checkerboard assay

A checkerboard assay was used to assess the interaction profiles of drugs in vitro, 
following a previously outlined method (12). FICI was calculated using the formula: 
(MICA in combination)/(MICA alone) + (MICB in combination)/(MICB alone). Here, MICA 
alone and MICB alone represent the MIC of each drug tested individually, while MICA in 
combination and MICB in combination denoted the concentrations of each compound 
at the lowest effective combination. The FICI values were categorized as follows for 
interaction classification: synergistic (FICI ≤ 0.5), partially synergistic (0.5 < FICI < 1.0), 
additive (FICI = 1.0), indifferent (1.0 < FICI ≤ 4.0), and antagonistic (FICI > 4.0) (12).

Aerosol infection mouse model

All animal procedures were approved by the Institutional Animal Care and Use Commit
tee of the Guangzhou Institutes of Biomedicine and Health (N2022081). Five to six weeks 
old female BALB/c mice were purchased from Zhejiang Vital River Laboratory Animal 
Technology Co., Ltd (Jiaxing, China). Following several days of acclimatization, mice were 
infected with M. tuberculosis H37Rv by an inhalation exposure system (Glas-Col, Terre 
Haute, IN).

For experiment 1, 40 mice were infected with a low dose of M. tuberculosis and 
randomly grouped, with four mice per group (Table S2). Four mice were sacrificed 2 days 
after infection (D0) to determine the CFU counts of bacteria implanted in the lungs at the 
onset of treatment. Following this, mice from each group were sacrificed to assess the 
bactericidal activity of each drug.

For experiment 2, 372 mice were infected with a high dose of M. tuberculosis, divided 
into three runs. Before the commencement of treatment, mice were block-randomized 
into treatment groups and timed sacrifice cohorts (Table S3). Nine mice (three mice 
from each run) were humanely sacrificed 1 day after infection (D-14) and on the day of 
treatment initiation (D0) to determine CFU counts implanted in the lungs at both time 
points, respectively. The in vivo bactericidal activities of the regimens were measured by 
lung CFU counts at various time points as indicated (Table S3).

Chemotherapy

Bedaquiline and sudapyridine were formulated in 20% hydroxypropyl-β-cyclodextrin 
solution acidified with 1.5% 1 mol/L HCl. Pretomanid was suspended in a cyclodextrin 
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micelle (CM-2) formulation containing 10% hydroxypropyl—cyclodextrin (Sigma, 
St.Louis, MO, USA) and 10% lecithin (ICN Pharmaceuticals Inc., OH, USA) (37). Line
zolid, clofazimine, and TB47 were suspended in 0.5% sodium carboxymethyl cellulose 
(Solarbio, Beijing, China). Pyrazinamide was dissolved in distilled water. Bedaquiline 
and pretomanid were prepared separately and administered together after mixing just 
before administration. Sudapyridine and pyrazinamide were individually prepared and 
administered. Clofazimine and TB47 were prepared collectively and administered at least 
1 hour subsequent to the administration of other drugs. In regimens containing linezolid, 
it was administered last, with a 4-hour interval to minimize potential interference with 
the absorption of accompanying agents. All drugs were prepared to deliver the specified 
doses in a total volume of 0.2 mL per gavage, based on the average mouse body mass 
of 20 g. The drug solutions and suspensions were prepared weekly and stored at 4°C. 
Treatment was initiated either 2 days (experiment 1) or 14 days (experiment 2) after 
infection. In experiment 1, bedaquiline and sudapyridine were administered at doses of 
6.25 or 25  mg/kg. Linezolid was administered at doses of either 25 or 100  mg/kg. Both 
clofazimine and TB47 were administered at 25  mg/kg. The loading dose of sudapyridine 
is 450 mg per day, which is equivalent to approximately 25 mg/kg in mice. In experiment 
2, the daily doses (in mg/kg) were as follows: bedaquiline, 25; pretomanid, 100; linezolid, 
100; sudapyridine, 25; clofazimine, 25; TB47, 25; and pyrazinamide, 150. Treatment was 
orally administered by gavage 5 days per week.

Assessment of treatment efficacy

Assessed the efficacy by CFU counts at specific treatment intervals, providing insights 
into bactericidal activity. Additionally, the proportion of mice experiencing culture-pos
itive relapse post-treatment served as an indicator of sterilizing activity. Mouse lungs 
were dissected, stored in 2.0 mL sterile phosphate buffered saline (PBS), and homo
genized in glass tissue grinders. Both undiluted lung homogenate and 10-fold serial 
dilutions were cultured and spread with 0.5 mL per 7H11 agar plate. To mitigate the 
potential impact of clofazimine carryover on M. tuberculosis growth, lung homogenates 
from clofazimine-containing groups underwent plating on 7H11 agar supplemented 
with 0.4% (weight/volume) activated charcoal to absorb residual clofazimine (38). CFU 
counting was performed following a 4–5 week incubation at 37°C. Relapses were 
evaluated 4 months post-treatment cessation, involving two immunodepression phases 
(administering 10 mg/kg dexamethasone dissolved in PBS subcutaneously once a week 
during the final 2 weeks) (16). The entire lung homogenate was evenly distributed across 
four plates for culturing. If ≥1 colony appeared, the mouse was considered as relapse.

Statistical analysis

CFU counts (x) were log-transformed as log10 (x + 1) before performing the statistical 
analysis. Comparisons of CFU means between different groups were carried out by 
one-way analysis of variance with Dunnett’s post-test to correct for multiple compari
sons. Differences in relapse proportions were assessed by Fisher’s Exact test using the 
Holm-Bonferroni correction for multiple comparisons. Differences were considered to be 
statistically significant for a P value of <0.05. All statistical analyses and visual representa
tions were performed using GraphPad Prism version 8.0.2 (GraphPad Software, La Jolla, 
CA, USA).
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