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Antimicrobial activity of IDD‑B40 
against drug‑resistant 
Mycobacterium tuberculosis
Md Imtiazul Islam1,5, Hoonhee Seo2,5, Sukyung Kim2, Venkata S. Sadu3, Kee‑In Lee3,4 & 
Ho‑Yeon Song1,2*

The emergence of multi‑drug resistant (MDR) and extensively drug‑resistant (XDR) Mycobacterium 
tuberculosis creates the urgency for new anti‑tuberculosis drugs to improve the efficiency of current 
tuberculosis treatment. In the search for a new potential tuberculosis drug, we synthesized an 
isoindole based chemical library and screened a potential candidate with significant anti‑tuberculosis 
activity. The compound named 2‑hydroxy‑4‑(4‑nitro‑1,3‑dioxoisoindolin‑2‑yl) benzoic acid (IDD‑
B40) showed strong activity against all the tested drug‑susceptible and drug‑resistant strains of M. 
tuberculosis, with the 50% minimum inhibitory concentrations  (MIC50) of 0.39 μg/ml both in culture 
broth and inside Raw 264.7 cells. Also, IDD‑B40, in combination with rifampicin, exhibited a direct 
synergistic effect against both XDR and H37Rv M. tuberculosis. Besides, IDD‑B40 showed a better 
post‑antibiotic effect (PAE) than did some first‑line drugs and showed no significant cytotoxicity to 
any cell line tested, with a selectivity index of ≥ 128. Although IDD‑B40 showed a result similar to 
isoniazid in the preliminary mycolic acid inhibition assay, it did not exhibit any effect against other 
mycolic acid‑producing nontuberculous mycobacterial strains (NTM), and different non‑mycobacterial 
pathogenic strains, so further studies are required to confirm the mode of action of IDD‑B40. 
Considering its results against M. tuberculosis, IDD‑B40 is a potential anti‑tuberculosis drug candidate. 
However, further studies are required to evaluate its potential in vivo effect and therapeutic potential.

Tuberculosis is one of the oldest and most highly contagious diseases caused by Mycobacterium tuberculosis 
(M. tuberculosis). It is still one of the leading causes of global death, claiming 1.5 million lives, with around 10 
million new cases in  20181. Bedaquiline, linezolid, and pretomanid are the only drugs that have been approved 
recently, after nearly five decades of the first-line TB chemotherapy. However, first-line drugs are still the pri-
mary treatment of choice for drug-susceptible M. tuberculosis  infection2,3. Nevertheless, these drugs are facing 
significant compliance challenges because of the long duration of therapy and associated  toxicities4. Besides, the 
emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) M. tuberculosis has taken this 
global concern to a new height with 484,000 diagnosed drug-resistant tuberculosis infections in  20181,4. Thus, 
new drug candidates that can shorten current first-line drug regimens and provide effective therapies against 
both drug-sensitive and drug-resistant TB are urgently  needed5.

A series of indole-based compounds possessing anti-tuberculosis activity was reported during the last 
 decade6–8. To extend the research on indole as a new class of anti-tubercular agent, we designed a chemical 
library based on indole. A total of 25 indole derivatives were synthesized at Korea Chemical Bank of Korea 
Research Institute of Chemical Technology, Korea and initially tested for in vitro anti-tubercular activity against 
M. tuberculosis H37Rv and H37Ra. After an extensive screening test, we found a promising isoindoledione based 
compound, 2-Hydroxy-4-(4-nitro-1,3-dioxoisoindolin-2-yl) benzoic acid (IDD-B40), that has an intense activity 
against M. tuberculosis. Overall, we selected it for further studies to find out whether it might have characteristics 
suitable as a potential anti-tuberculosis drug.
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Materials and methods
Synthesis of IDD‑B40. IDD-B40 and its other 24 derivatives within the library were synthesized at the 
Korean Chemical Bank of the Korean Research Institute of Chemical Technology. The detailed synthesis pro-
cedure of IDD-B40 is described in the supplementary material. However, it was finally collected as an off-white 
solid with the molecular formula of  C15H8N2O7 (Fig. 1). The structural and anti-mycobacterial activity informa-
tion of all 25 isoindole derivatives is provided in supplementary table S1.

Commercial drugs. Isoniazid (INH), rifampicin (RIF), streptomycin (STR), ethambutol (EMB), pyrazina-
mide (PZA), vancomycin (VAN), and methicillin (METH) were purchased from Sigma-Aldrich (St Louis, MO, 
USA).

M. tuberculosis strains. Clinically isolated MDR strains (KMRC 00116-00023, KMRC 00116-00072, 
KMRC 00116-00082, KMRC 00116-00087, KMRC 00116-00107, KMRC 00116-00111, KMRC 00116-00122, 
KMRC 00116-00150, KMRC 00116-00181, KMRC 00116-00185, KMRC 00116-00232) and XDR strains (KMRC 
00203-00197, KMRC 00203-00052, KMRC 00203-00060, KMRC 00203-00063, KMRC 00203-00085, KMRC 
00203-00092, KMRC 00203-00117, KMRC 00203-00128, KMRC 00203-00169, KMRC 00120-00137, KMRC 
00121-00341) of M. tuberculosis were purchased from the Korean Mycobacterium Resource Center (KMRC, 
Cheongju, Chungbuk, Korea). M. tuberculosis H37Rv (ATCC 27294) was purchased from the American Type 
Culture Collection (ATCC, Manassas, VA, USA)9,10.

Anti‑mycobacterial susceptibility assay. The anti-mycobacterial activities of the test compounds were 
initially identified by resazurin microtiter assay. Later, we did a luminescent microbial cell viability assay and 
standard plate count assays for the confirmation.

Resazurin assay. Resazurin assay was used for the preliminary screening of the anti-mycobacterial activity 
of IDD-B40 as described  previously9,11. In short, Mycobacterium tuberculosis strains of H37Rv (ATCC 27294) 
and XDR (KMRC 00203-00197) inocula were prepared in Middlebrook 7H9 broth (BD, USA) and treated with 
predetermined concentrations of IDD-B40 and control drugs in 96-well plates. After the incubation, 0.2% resa-
zurin solution was added and incubated more until the blue colour changed to pink. Finally, the 50% minimum 
inhibitory concentration  (MIC50) was defined as the lowest concentration of a drug that prevented the colour 
change. The details of the procedure are described in the supplementary materials.

Luminescent microbial cell viability assay. The number of viable mycobacterial cells was measured in 
IDD-B40 and control-drugs-treated culture, following the protocol described  previously9,11, by measuring ATP 
production using a luminescent viability assay. Briefly, M. tuberculosis cultures were treated with predetermined 
concentrations of drugs in 96-well plates. Following incubation, the drug-treated culture was mixed with freshly 
prepared BacTiter-Glo reagent, and luminescence was measured with a multilabel reader. The detailed proce-
dure is described in the supplementary materials.

CFU enumeration assay. A CFU enumeration assay was used to measure the killing effect of IDD-B40 
following the previous  protocol9,11. Briefly, M. tuberculosis cultures were treated with predetermined concentra-
tions of drugs in 96-well plates. After incubation, cell suspensions were diluted and spread on agar plates. After 
three weeks of incubation, colonies were then enumerated. The complete method is provided in the supplemen-
tary materials.

Chequerboard synergy assay. Combinational activities of IDD-B40 with EMB, INH, RIF, and STR were 
evaluated against M. tuberculosis, H37Rv (ATCC 27294) and XDR (KMRC 00203-00197) in 96-well plates using 
a chequerboard titration method and the experiment was carried out in  triplicate9,11. Briefly, 96-well plates con-
taining mycobacterial inocula twofold serial dilutions of each drug in Middlebrook 7H9 broth. Following incu-
bation, we calculated fractional inhibitory concentration indices (FICI). The complete procedure is provided in 
the suplementary material.

Cytotoxicity test. The cytotoxicity of IDD-B40 was evaluated at a wide range of concentrations (0.02–
100 μg/ml) against six different mammalian cell lines (Raw 264.7, L929, A549, HEPG2, Sh-SY5Y, and THP1) 
by MTT  assay9. In brief, all the different cells were seeded in 96-well microtiter culture plates and incubated 

Figure 1.  Chemical structures of 2-Hydroxy-4-(4-nitro-1,3-dioxoisoindolin-2-yl) benzoic acid (IDD-B40).
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overnight. After reaching 80% confluency, the cells were exposed to test drugs in new culture media for 24 h and 
had their cytotoxicity evaluated from formazan production. Finally, the selectivity index (SI) was calculated by 
dividing 50% cytotoxic concentration  (CC50) by the  MIC50 of IDD-B40 to check whether it was pharmacologi-
cally safe to use or not. All the details are described in the supplementary material.

Intracellular anti‑mycobacterial activity. Intracellular killing activity of IDD-B40 was assessed in Raw 
264.7 cell  monolayers9,11. Briefly, the cell monolayer was grown overnight and infected with both H37Rv (ATCC 
27294) and XDR (KMRC 00203–00197. Subsequently, the infected cells were treated with test drugs in fresh 
culture media for a predetermined time. Then all the cells were lysed to find the number of viable mycobacteria 
by plating of serially diluted lysates onto agar plates. The entire procedure is provided in the supplementary 
material.

Post‑antibiotic effect (PAE). PAEs were determined for the IDD-B40 and control drugs following a 
modified version of the protocol used in previous  articles9,12. In short, early log phase M. tuberculosis cells were 
exposed to test drugs in a common concentration of 10 µg/ml, incubated for a short time, and then washed. 
Finally, the washed cells were incubated until they reached growth saturation  (ODmax), and we calculated their 
PAE according to Odenholt  Tornqvist12. The whole process is described in the supplementary material.

Mycolic acid extraction. We measured the total mycolate from the mycobacterial cell wall treated with the 
control drug and our test drug to find out whether IDD-B40 had any effect on mycolic acid biosynthesis or not 
using the acid methanolysis method as previously  described13,14. Briefly, a liquid culture of mycobacterial cells in 
the early log phase  (OD600 0.2) were treated with the predetermined concentrations of IDD-B40 and INH. After 
the desired period (7 days) of the treatment, the total mycolic acid of the cells was extracted, and mycolates were 
separated on the TLC plates. The whole process is provided in the supplementary material.

RNA isolation and RT‑PCR. We used RT-PCR to explore the gene transcript levels of mycolic acid 
 synthesis10. We selected 26 genes that were mainly involved in the mycolic acid synthesis, previously  described15. 
Briefly, an H37Rv (ATCC 27294) mycobacterial culture was treated with the predetermined concentrations of 
IDD-B40 and INH. After a desired period of the treatment, we collected RNA samples, reverse transcribed them, 
and finally did real-time PCR using mycolic acid synthesis gene-specific primers. The details of the used primers 
and the complete process are given in the supplementary material.

Evaluation of the activity against clinically significant bacteria. We used a broth microdilution 
assay to evaluate the effect of IDD-B40 against 24 different clinically  significant9,10. Briefly, 96-well microplates 
containing the two-fold dilution of the compound were inoculated. Later, the  MIC50s were identified with the 
lowest concentrations that showed complete inhibition of visible growth. The whole process is provided in the 
supplementary material.

Determination of activity against nontuberculous mycobacteria (NTM). A total of 27 NTM 
strains were purchased from the Korean Mycobacterium Resource Center (KMRC, Cheongju, Chungbuk, 
Korea). The activity of IDD-B40 and other control drugs against all the available NTM strains was determined 
using the broth microdilution technique following the guidelines stated by the Clinical and Laboratory Stand-
ards Institute (2015)9. The detailed experimental procedure is provided in the supplementary material.

Statistical analysis. All experiments were carried out in triplicate. Statistical analyses were done using 
GraphPad Prism 7 software. Means of the drug-free control and drug-treated groups were compared using an 
unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Experimental approval. All the experiments were designed and performed following the protocols and 
guidelines approved by Soonchunhyang University research quality control committee.

Results
Activity of IDD‑B40 against drug‑susceptible and drug‑resistant strains of M. tuberculo-
sis. The Resazurin assay showed  MIC50s of 0.39 μg/ml for IDD-B40 (Fig. 2A,B) against the control M. tuber-
culosis H37Rv (ATCC 27294) and XDR (KMRC 00203-00197). Also, the identical results of 0.39 μg/ml from 
both the microbial cell viability assay and CFU enumeration assay confirmed the  MIC50s for IDD-B40 against 
the tested control H37Rv and XDR. Altogether, INH and RIF showed a significant effect at lower concentrations 
against the control H37Rv like IDD-B40. However, INH and RIF required much higher concentration than IDD-
B40 against the control XDR (Fig. 2C–F).

Finally, along with other control drugs (INH, RIF, STR, and PZA), IDD-B40’s activity against 22 additional 
clinical isolates of MDR and XDR M. tuberculosis was further evaluated. In this experiment, IDD-B40 again 
showed superior activity than the control drugs against all the tested drug-resistant M. tuberculosis (MDR and 
XDR) with  MIC50s ranging from 0.02 to 12.5 μg/ml (Fig. 3).

Antibiotic synergy of IDD‑B40. IDD-B40 showed a significant synergistic effect in combination with 
RIF against both the control H37Rv (ATCC 27294) and XDR (KMRC 00203–00197) M. tuberculosis, with the 
FIC indices of 0.50. In combination with INH and EMB, IDD-B40 showed additive effects against both the 
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tested H37Rv (ATCC 27294) and XDR (KMRC 00203–00197). However, together with STR, IDD-B40 showed 
a partial synergistic activity against the H37Rv (ATCC 27294) and an additive activity against the XDR (KMRC 
00203–00197) (Supplementary Table S2).

Figure 2.  Antimicrobial activities of IDD-B40 and control drugs, including isoniazid (INH) and rifampicin 
(RIF), against M. tuberculosis H37Rv (A,C,E) and extensively drug-resistant (XDR)-M. tuberculosis (B,D,F). 
Mycobacterial susceptibility was assessed by resazurin assay (A,B) as RFU/ml (relative fluorescence unit 
per ml), by microbial cell viability assay (C,D) as RLU/ml (relative luminescence unit per ml), and by CFU 
enumeration assay (E,F) as CFU/ml. These experiments were carried out in triplicate. Data are given as mean 
values and standard deviations. *Statistical significance were determined in Graph Pad Prism 8.2.0 between 
drug treated versus drug-free control using an unpaired Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001).

Figure 3.  50% Minimum inhibitory concentration  (MIC50) of IDD-B40 and control drugs [isoniazid (INH), 
rifampicin (RIF), streptomycin (STR) and pyrazinamide (PZA)] against clinically isolated (A) multidrug-
resistant (MDR) and (B) extensively drug-resistant (XDR) strains of M. tuberculosis in Korea. The figures are 
shown as a box plot, in which the bottom and top edges of the box are the 25th and 75th percentiles, and the 
center horizontal line is the 50th percentile (median). *Statistical significance were determined in Graph Pad 
Prism 8.2.0 between IDD-B40 versus control drugs using an unpaired Student’s t test (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001).
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Cytotoxicity of IDD‑B40. We evaluated the cytotoxicity of IDD-B40 against six different mammalian cell 
lines (Raw 264.7, L929, A549, HEPG2, Sh-SY5Y, and THP1) by MTT assay. The results indicated that IDD-B40 
did not have any significant cytotoxicity up to a concentration of 100 μg/ml and it was safe for further evaluation 
as the lowest selectivity index, 128.2, among all tested cell lines (Fig. 4 and Supplementary Table S3) was higher 
than the recommended minimum acceptable limit,  1016.

Intracellular anti‑mycobacterial activity of IDD‑B40 against M. tuberculosis in mac‑
rophages. IDD-B40 showed a substantial intracellular killing activity against  M. tuberculosis  in a dose-
dependent manner. At a concentration of 0.39 μg/ml, IDD-B40 significantly reduced the survival percentage 
of the infecting H37Rv and XDR M. tuberculosis in the Raw 264.7 cell line (Fig. 5). Although the intracellular 
inhibition activity of IDD-B40 against H37Rv was similar to that of the control drugs: INH and RIF, the intracel-
lular activity of IDD-B40 against the XDR was significantly superior to INH and RIF.

PAE of IDD‑B40 in M. tuberculosis. In this study, we used  OD600 to find the PAE of IDD-B40 along with 
first-line control drugs. Following 2 h of pulse exposure to 10 µg/ml each of IDD-B40, INH, RIF, STR, and EMB, 
the growth of M. tuberculosis was retarded, as reflected by the long PAE recovery time (Fig. 6). The PAE value of 
IDD-B40 was 29 h, which was superior to INH and EMB (PAE values of 20 h, and 28 h, respectively). Only RIF 
and STR showed a longer PAE value (144 h and 40) than did IDD-B40.

Figure 4.  Cytotoxicity of IDD-B40 was evaluated at a wide range of concentrations (100–0.02 μg/ml) against six 
different mammalian cell lines (Raw 264.7, L929, A549, HEPG2, Sh-SY5Y, and THP1) by MTT assay.

Figure 5.  Intracellular killing effect of IDD-B40, isoniazid (INH) and rifampicin (RIF) in M. tuberculosis-
infected macrophages (Raw 264.7). (A) Relative survival of H37Rv in H37Rv-infected macrophages after 
IDD-B40, INH, and RIF treatment. (B) Relative survival of XDR-TB in XDR-TB-infected cells after IDD-B40, 
INH, and RIF treatment. Data represent the mean ± SD of three independent experiments done in triplicate. 
***p < 0.001, ****p < 0.0001 by Student’s t test.
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Activity of IDD‑B40 against clinically significant bacteria. IDD-B40 was further tested for its  in 
vitro activity against 24 clinically significant non-mycobacterial pathogens. IDD-B40 showed no activity against 
any of the tested bacteria at the highest tested concentration (50 μg/ml). However, among the control drugs, RIF 
showed considerable activity against most of the tested pathogens (Supplementary Table S4).

Activity of IDD‑B40 against nontuberculous mycobacteria (NTM). The activity of IDD-B40 
against 27 additional nontuberculous mycobacteria (NTM) was also evaluated along with the control drugs 
INH, RIF, and STR. Unlike the intense activity shown against the different strains of M. tuberculosis, IDD-B40 
showed no significant effect against any of the tested NTM strains (Supplementary Table  S5). However, the 
control drugs INH, RIF, and STR showed a considerable effect against most of the tested NTM strains (Sup-
plementary Table S5).

Effects of IDD‑B40 on mycolic acid biosynthesis in H37Rv. We treated an H37Rv culture with 0.2 ×, 
1 ×, and 10 × the  MIC50 values of IDD-B40 and 1 × the  MIC50 value of INH and subjected it to acid hydrolysis 
and TLC identification of the mycolic acids, as shown in (Fig. 7). The TLC result suggested that IDD-B40 showed 
a decrease of mycolic acid biosynthesis in a dose-dependent manner of IDD-B40 similar to that of the control 
mycolic acid inhibitor INH. However, the reduction of mycolic might be due to the killing of whole cells by IDD-

Figure 6.  Post-antibiotic effect (PAE) from the growth of M. tuberculosis after pulse dosing with IDD-B40, 
isoniazid (INH), rifampicin (RIF), streptomycin (STR), and ethambutol (EMB) at a concentration of 10 µg/ml. 
RIF shows the lowest PAE value of 144 h, followed by STR (40 h), IDD-B40 (29 h), EMB (28 h), and INH (20 h).

Figure 7.  TLC Picture of mycolic acid extracted from H37Rv M. tuberculosis cells after the 7 days treatment of 
different concentration of IDD-B40 and INH.
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B40 rather the inhibition of mycolic acid biosynthesis as IDD-B40 did not have any effect against other mycolic 
acid-producing bacteria.

Exploring IDD‑B40‑induced alterations in mycolic‑acid biosynthesis‑related gene transcrip‑
tion in M. tuberculosis. We explored the gene transcript levels of 26 genes related to mycolic-acid syn-
thesis among three groups of samples: control, 10 ×  MIC50 IDD-B40, and 10 ×  MIC50 INH. For the treatment 
with IDD-B40 and INH, the expression of genes the “de novo synthesis of fatty acids”, “fatty acid elongation” 
were increased (Fig. 8A,B) compared to control; however, the genes of the “synthesis of mycolic acid precur-
sor”, “meromycolic acid functionalization”, “mycolic acid condensation” and “heat shock protein” groups were 
decreased (Fig. 8C–F).

Discussion
In the whole world, approximately 180 people die every day from tuberculosis, and day by day the number of 
drug-resistant strains of tuberculosis is rapidly  increasing17. Currently, available drugs for tuberculosis are also 
losing their activity against newly emerging resistant M. tuberculosis18. We immediately need new and efficient 
drugs that can kill these deadly resistant bacteria; otherwise, the whole world will be in great danger eventually.

Many published reports have shown that the indole and isoindole group has a potent anti-tuberculosis 
activity and could be an efficient candidate for the tuberculosis drug  regime19,20. In this article, we evaluated 
the anti-tuberculosis activities of an isoindole based chemical library containing a total of 25 derivatives (Sup-
plementary Table S1). Among all the tested derivatives, IDD-B40, an isoindoledione compound, showed strong 
activities against M. tuberculosis in the preliminary screening and was selected for further advanced studies of 
drug development.

IDD-B40 showed significant activity not only against drug-sensitive control M. tuberculosis (H37Rv, ATCC 
27294) but also against control XDR and 22 additional clinical drug-resistant M. tuberculosis strains, with  MIC50s 
ranged from 0.02 to 12.5 μg/ml. IDD-B40 showed various  MIC50s against different M. tuberculosis strains as all the 
tested strains had different mechanisms of resistance and different origin. Like our findings, Regiane et al. have 
reported that a new benzoic-acid derivative shows significant activities against different clinical  isolates21. Addi-
tionally, IDD-B40 showed a synergistic effect with RIF against MTB in a chequerboard synergy assay. The strong 
activity against a significant number of drug-resistant MDR and XDR M. tuberculosis and the additional synergy 
of IDD-B40 with RIF suggest that it might be a potential candidate for the treatment of current tuberculosis.

M. tuberculosis can enter into and localize within alveolar macrophages and get protection from some 
 antibiotics22. Moreover, for the development of drugs for any intracellular bacteria, one very important factor 
is whether the candidate drug can work inside the cell or  not22. Therefore, we evaluated the effect of IDD-B40 
in M. tuberculosis (H37Rv and XDR) infected Raw 264.7 cells in this study. Our results showed that IDD-B40 
had a clear and potent intracellular tuberculosis killing activity, which proved its efficacy as a potential choice 
for tuberculosis treatment. In addition, IDD-B40 showed no significant toxicity against all six types of mam-
malian cell lines, and its higher SI indices suggested that IDD-B40 might be pharmacologically safe as a suitable 

Figure 8.  Changes in mRNA levels of M. tuberculosis gene expression ratio involved in (A–E) mycolic acid 
synthesis and (F) heat-shock protein during exposure to 10 × IDD-B40 and INH.
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candidate for further  evaluation16. IDD-B40 demonstrated a better PAE than did INH and EMB. As an extended 
PAE can allow wider dosing intervals without the loss of therapeutic efficacy, so we can consider IDD-B40 for 
further study for drug  development23.

In this study, we further evaluate the activity of IDD-B40 against 24 other clinical pathogens including mycolic 
acid producing Corynebacterium diphtheriae. Finally, we confirmed that IDD-B40 had no activity against non-
tubercular pathogens. It showed activity only on Mycobacterium tuberculosis, indicating that it is M. tuberculosis 
specific.

We also tried to determine the effect of IDD-B40 on mycolic-acid biosynthesis to discern whether IDD-B40 
acted on mycolic acid or not, since mycolic acid is a cell-wall component of mycobacteria and is known to be 
very important in the physiology of  mycobacteria24. We checked the changes of mycolic acid-producing genes 
and the amount of total mycolic acid after the treatment of IDD-B40 and the control mycolic acid inhibitor 
 INH15,25. The initial results of these experiments indicated that IDD-B40 might kill M. tuberculosis by inhibit-
ing mycolic acid synthesis as both IDD-B40 and INH showed a similar pattern in their results. However, the 
intense activity of IDD-B40 against INH resistant XDR and MDR M. tuberculosis strains and the non-functional 
properties against mycolic acid-containing Corynebacterium diphtheriae together contradicted its probability of 
mycolic acid inhibition. Finally, the non-inhibitory result of IDD-B40 against the other mycolic acid-producing 
nontuberculous mycobacterial strains (NTM) strains confirmed that IDD-B40 had a different mode of action 
rather than mycolic acid inhibition. Also, this result suggested that IDD-B40 was specifically active against M. 
tuberculosis. This type of high specificity is rare as most of the anti-tuberculosis drugs share their activity against 
other NTM or at least against M. bovis9,26–29. Although the reason for this high selectivity is not clear, the noble 
mode of action of IDD-B40 might play the role behind this but, it is yet to be discovered.

Conclusions
In summary, IDD-B40 demonstrates strong activity against both drug-susceptible and drug-resistant strains of 
Mycobacterium tuberculosis. It also exhibits direct synergy against both the control H37Rv and XDR in combina-
tion with rifampicin and shows no significant cytotoxicity to any of the tested cell lines. However, it is still not 
clear why IDD-B40 was highly selective against M. tuberculosis and showed an INH like result in the mycolic acid 
gene expression experiment. The investigation of these queries and the evaluation of IDD-B40’s efficacy in an 
animal model is further required to carry out the next phase of experiments necessary for new drug development.

Received: 5 June 2020; Accepted: 17 December 2020

References
 1. WHO. Global Tuberculosis Report 2019 (World Health Organization, Geneva, 2019).
 2. Keam, S. J. Pretomanid: First approval. Drugs 79, 1797–1803. https ://doi.org/10.1007/s4026 5-019-01207 -9 (2019).
 3. Zhang, Y. The magic bullets and tuberculosis drug targets. Annu. Rev. Pharmacol. Toxicol. 45, 529–564 (2005).
 4. Raviglione, M. et al. Scaling up interventions to achieve global tuberculosis control: Progress and new developments. Lancet 379, 

1902–1913 (2012).
 5. Tandon, R. et al. Characterization of 7-amino-4-methylcoumarin as an effective antitubercular agent: Structure–activity relation-

ships. J. Antimicrob. Chemother. 66, 2543–2555 (2011).
 6. Matviiuk, T. et al. Design, chemical synthesis of 3-(9H-fluoren-9-yl) pyrrolidine-2, 5-dione derivatives and biological activity 

against enoyl-ACP reductase (InhA) and Mycobacterium tuberculosis. Eur. J. Med. Chem. 70, 37–48 (2013).
 7. Rao, S. P. S. et al. Indolcarboxamide is a preclinical candidate for treating multidrug-resistant tuberculosis. Sci. Transl. Med. 5, 

214ra168 (2013).
 8. Nikonenko, B. V. et al. In vitro activity of 3-triazeneindoles against Mycobacterium tuberculosis and Mycobacterium avium. Anti-

microb. Agents Chemother. 60, 6422–6424 (2016).
 9. Islam, M. I. et al. In vitro activity of DNF-3 against drug-resistant Mycobacterium tuberculosis. Int. J. Antimicrob. Agents 54, 69–74. 

https ://doi.org/10.1016/j.ijant imica g.2019.02.013 (2019).
 10. Kim, S. et al. In vitro activity of collinin isolated from the leaves of Zanthoxylumschinifolium against multidrug-and extensively 

drug-resistant Mycobacterium tuberculosis. Phytomedicine 46, 104–110 (2018).
 11. Seo, H. et al. In vitro activity of alpha-viniferin isolated from the roots of Carexhumilis against Mycobacterium tuberculosis. Pulm. 

Pharmacol. Ther. 46, 41–47 (2017).
 12. Odenholt-Tornqvist, I. Studies on the postantibiotic effect and the postantibiotic sub-MIC effect of meropenem. J. Antimicrob. 

Chemother. 31, 881–892 (1993).
 13. Minnikin, D. E., Alshamaony, L. & Goodfellow, M. Differentiation of Mycobacterium, Nocardia, and related taxa by thin-layer 

chromatographic analysis of whole-organism methanolysates. Microbiology 88, 200–204 (1975).
 14. Jyoti, M. A. et al. In vitro effect of ursolic acid on the inhibition of Mycobacterium tuberculosis and its cell wall mycolic acid. Pulm. 

Pharmacol. Ther. 33, 17–24 (2015).
 15. Pawełczyk, J. & Kremer, L. The molecular genetics of mycolic acid biosynthesis. Microbiol. Spectr. https ://doi.org/10.1128/micro 

biols pec.mgm2-0003-2013 (2014).
 16. Orme, I. & Tuberculosis Drug Screening Program. Search for new drugs for treatment of tuberculosis. Antimicrob. Agents Chem-

other. 45, 1943–1946. https ://doi.org/10.1128/AAC.45.7.1943-1946.2001 (2001).
 17. Supply, P. et al. Genomic analysis of smooth tubercle bacilli provides insights into ancestry and pathoadaptation of Mycobacterium 

tuberculosis. Nat. Genet. 45, 172–179 (2013).
 18. Nguyen, L. Targeting antibiotic resistance mechanisms in Mycobacterium tuberculosis: Recharging the old magic bullets. Expert 

Rev. Anti Infect. Ther. 10, 963–965 (2012).
 19. Velezheva, V. S. et al. Novel pyridazino [4, 3-b] indoles with dual inhibitory activity against Mycobacterium tuberculosis and 

monoamine oxidase. J. Med. Chem. 47, 3455–3461 (2004).
 20. Onajole, O. K. et al. Preliminary structure–activity relationships and biological evaluation of novel antitubercular indolecarboxa-

mide derivatives against drug-susceptible and drug-resistant Mycobacterium tuberculosis strains. J. Med. Chem. 56, 4093–4103 
(2013).

https://doi.org/10.1007/s40265-019-01207-9
https://doi.org/10.1016/j.ijantimicag.2019.02.013
https://doi.org/10.1128/microbiolspec.mgm2-0003-2013
https://doi.org/10.1128/microbiolspec.mgm2-0003-2013
https://doi.org/10.1128/AAC.45.7.1943-1946.2001


9

Vol.:(0123456789)

Scientific Reports |          (2021) 11:740  | https://doi.org/10.1038/s41598-020-80227-y

www.nature.com/scientificreports/

 21. Regiane, B. L. et al. A new benzoic acid derivative from Piper diospyrifolium and its anti-Mycobacterium tuberculosis activity. 
Phytochem. Lett. 11, 18–23 (2015).

 22. Davenne, T. & McShane, H. Why don’t we have an effective tuberculosis vaccine yet?. Expert Rev. Vaccines 15, 1009–1013 (2016).
 23. Craig, W. A. & Ebert, S. C. Killing and regrowth of bacteria in vitro: A review. Scand. J. Infect. Dis. Suppl. 74, 63–70 (1990).
 24. Takayama, K., Wang, C. & Besra, G. S. Pathway to synthesis and processing of mycolic acids in Mycobacterium tuberculosis. Clin. 

Microbiol. Rev. 18, 81–101 (2005).
 25. Quemard, A., LaCave, C. & Laneelle, G. Isoniazid inhibition of mycolic acid synthesis by cell extracts of sensitive and resistant 

strains of Mycobacterium aurum. Antimicrob. Agents Chemother. 35, 1035–1039 (1991).
 26. Cantos, J. B. et al. Antimicrobial evaluation of quinones and heterocyclic compounds against Mycobacteriummarinum, M. kansasii 

and M. abscessus. Lat. Am. J. Pharm. 31, 507–513 (2012).
 27. Kidwai, S. et al. NU-6027 inhibits growth of Mycobacterium tuberculosis by targeting protein kinase D and protein kinase G. 

Antimicrob. Agents Chemother. 63, e00996-00919 (2019).
 28. Nguyen, P. C. et al. Oxadiazolone derivatives, new promising multi-target inhibitors against M. tuberculosis. Bioorg. Chem. 81, 

414–424 (2018).
 29. Manjunatha, U. H. et al. Direct inhibitors of InhA are active against Mycobacterium tuberculosis. Sci. Transl. Med. 7, 269ra263 

(2015).

Acknowledgements
This research was supported by the Korea Health Technology R&D Project through the Korea Health Industry 
Development Institute (KHIDI) (Grant number: HI13C0828) funded by the Ministry of Health and Welfare, 
Republic of Korea. It was also supported by Soonchunhyang University Research Fund.

Author contributions
H.-Y.S. supported with the fund and supervised the whole study. M.I.I. performed anti-tuberculosis test, intracel-
lular killing assay, cytotoxicity test, synergy test, and general antibacterial activity test and wrote the manuscript. 
S.K. discovered the active compound, IDD B-40, through extensive screening tests. H.S. designed and directed 
the research as a whole. V.S.S. and K.-I.L. synthesized the chemical. H.S. and S.K. analyzed the data and help in 
manuscript writing.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-020-80227 -y.

Correspondence and requests for materials should be addressed to H.-Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-020-80227-y
https://doi.org/10.1038/s41598-020-80227-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Antimicrobial activity of IDD-B40 against drug-resistant Mycobacterium tuberculosis
	Materials and methods
	Synthesis of IDD-B40. 
	Commercial drugs. 
	M. tuberculosis strains. 
	Anti-mycobacterial susceptibility assay. 
	Resazurin assay. 
	Luminescent microbial cell viability assay. 
	CFU enumeration assay. 
	Chequerboard synergy assay. 
	Cytotoxicity test. 
	Intracellular anti-mycobacterial activity. 
	Post-antibiotic effect (PAE). 
	Mycolic acid extraction. 
	RNA isolation and RT-PCR. 
	Evaluation of the activity against clinically significant bacteria. 
	Determination of activity against nontuberculous mycobacteria (NTM). 
	Statistical analysis. 
	Experimental approval. 

	Results
	Activity of IDD-B40 against drug-susceptible and drug-resistant strains of M. tuberculosis. 
	Antibiotic synergy of IDD-B40. 
	Cytotoxicity of IDD-B40. 
	Intracellular anti-mycobacterial activity of IDD-B40 against M. tuberculosis in macrophages. 
	PAE of IDD-B40 in M. tuberculosis. 
	Activity of IDD-B40 against clinically significant bacteria. 
	Activity of IDD-B40 against nontuberculous mycobacteria (NTM). 
	Effects of IDD-B40 on mycolic acid biosynthesis in H37Rv. 
	Exploring IDD-B40-induced alterations in mycolic-acid biosynthesis-related gene transcription in M. tuberculosis. 

	Discussion
	Conclusions
	References
	Acknowledgements


