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a b s t r a c t 

Due to the emergence of multidrug-resistant and extensively drug-resistant (XDR) strains of Mycobac- 

terium tuberculosis , new antituberculosis drugs are urgently required to improve the efficacy of cur- 

rent tuberculosis (TB) treatment. To achieve this goal, ca. 10 0 0 chemical compounds were screened 

for potential antimycobacterial activity, among which methyl 5-(2-diethylaminoethoxy)-7,12-dioxo-7,12 

dihydrodinaphtho[1,2- b ;2 ′ ,3 ′ - d ]furan-6-carboxylate (DNF-3) showed strong activity against all of the 

tested drug-susceptible and -resistant M. tuberculosis strains, with 50% minimum inhibitory concentra- 

tions (MIC 50 values) of 0.02–0.39 μg/mL both in culture broth and within murine RAW 264.7 macrophage 

cells. When DNF-3 was used in combination with rifampicin or streptomycin, it exhibited direct syn- 

ergy against XDR-TB and an additive effect against M. tuberculosis H37Rv. DNF-3 displayed a long post- 

antibiotic effect (PAE) that was comparable with rifampicin but was superior to isoniazid, streptomycin 

and ethambutol. Importantly, DNF-3 showed no cytotoxicity to any cell line tested, with a selectivity 

index (SI) of > 32. DNF-3 was also active against 27 nontuberculous mycobacteria (NTM) strains, Staphy- 

lococcus spp. and Streptococcus spp. Taken together, these results indicate that DNF-3 is a promising new 

candidate drug for treating TB. Further studies are warranted to establish the in vivo effect and therapeu- 

tic potential of DNF-3. 

© 2019 Published by Elsevier B.V. 
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. Introduction 

Although tuberculosis (TB) is one of the oldest known human

iseases, it is still a leading cause of death globally. Around 10.4

illion people were diagnosed with TB worldwide and an esti-

ated 1.67 million people [1.3 million human immunodeficiency

irus (HIV)-negative and 0.374 million HIV-positive] died of TB in

016 [1] . The chemotherapy currently used for the treatment of

B is more than 40 years old. It is facing significant compliance

hallenges owing to the long duration of therapy and associated
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oxicities [2] . The emergence of multidrug-resistant TB (MDR-TB)

nd extensively drug-resistant TB (XDR-TB) has taken this global

oncern to a new height [2] . Thus, new drug candidates that can

horten current first-line drug regimens and provide effective ther-

pies are urgently required for drug-resistant TB [3] . 

Naphthoquinones are natural compounds found mainly in

lants (Plumbaginaceae, Juglandaceae, Ebenaceae, Boraginaceae, 

ioncophyllaceae, Ancistrocladaceae, Euphorbiaceae, etc.) as well 

s in some algae, fungi, animals and bacteria as secondary metabo-

ites [4] . They can serve as important intermediates for the

roduction of various synthetic and bioactive compounds with

ntibacterial, antifungal, antiviral and anticancer activities [4] .

he antimycobacterial activity of naphthoquinones has also been

emonstrated [5] , suggesting that these compounds might be

romising candidates as new anti-TB drugs. 

Recently, we searched the antimycobacterial activity of a chem-

cal library containing ca. 10 0 0 different small molecules with high

https://doi.org/10.1016/j.ijantimicag.2019.02.013
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Fig. 1. Chemical structure of the dinaphthofuroquinone methyl 5-(2- 

diethylaminoethoxy)-7,12-dioxo-7,12-dihydrodinaphtho[1,2- b ;2 ′ ,3 ′ - d ]furan-6- 

carboxylate (DNF-3). 
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chemical and structural diversity. Finally, a compound from the di-

naphthofurandione class, named methyl 5-(2-diethylaminoethoxy)-

7,12-dioxo-7,12 dihydrodinaphtho[1,2- b ;2 ′ ,3 ′ - d ]furan-6-carboxylate

(DNF-3), was identified to have strong activity against Mycobac-

terium tuberculosis strains. Thus, DNF-3 was selected for further

study to determine whether it might have characteristics suitable

as a potential antituberculosis drug. 

2. Materials and methods 

2.1. Synthesis of DNF-3 

DNF-3 was synthesised at the Korean Chemical Bank of the Ko-

rea Research Institute of Chemical Technology (Daejeon, South Ko-

rea) as described in the Supplementary material and was finally

collected as an orange solid with molecular formula C 28 H 25 NO 6 

( Fig. 1 ). 

2.2. Commercial drugs and chemicals 

Isoniazid (INH), rifampicin (RIF), streptomycin (STR), etham-

butol (EMB), pyrazinamide (PZA), vancomycin (VAN), methicillin

(MET), 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bro-

mide (MTT) and resazurin sodium salt were purchased from

Sigma-Aldrich (St Louis, MO). 

2.3. Mycobacterium tuberculosis strains 

Clinically isolated MDR-TB strains (KMRC 0 0116-0 0 023, KMRC

0 0116-0 0 072, KMRC 0 0116-0 0 082, KMRC 0 0116-0 0 087, KMRC

0 0116-0 0107, KMRC 0 0116-0 0111, KMRC 00116-00122, KMRC

0 0116-0 0150, KMRC 0 0116-0 0181, KMRC 0 0116-0 0185 and KMRC

0 0116-0 0232) and XDR-TB strains (KMRC 0 0203-0 0197, KMRC

0 0203-0 0101, KMRC 0 0203-0 0 052, KMRC 0 0203-0 0 060, KMRC

0 0203-0 0 063, KMRC 0 0203-0 0 085, KMRC 0 0203-0 0 092, KMRC

0 0203-0 0117, KMRC 0 0203-0 0128, KMRC 0 0203- 0 0169, KMRC

0 0120-0 0137 and KMRC 0 0121-0 0341) were purchased from the

Korean Mycobacterium Resource Center (KMRC) (Cheongju, Chung-

buk, South Korea). Mycobacterium tuberculosis H37Rv (ATCC 27294)

was purchased from the American Type Culture Collection (Manas-

sas, VA). 

2.4. Antimycobacterial susceptibility assay 

The antimycobacterial activity of DNF-3 was determined by the

resazurin microtitre assay, luminescent microbial cell viability as-
ay and standard plate count assays as described previously [6] ,

ith minor modifications provided in the Supplementary material.

.5. Chequerboard synergy assay 

The activities of DNF-3 in combination with INH, RIF and STR

ere evaluated against M. tuberculosis H37Rv (ATCC 27294) and

n XDR-TB strain (KMRC 0 0203-0 0197) in 96-well plates using the

hequerboard titration method [6] provided in the Supplementary

aterial. 

.6. Post-antibiotic effect (PAE) 

PAEs for DNF-3 and control drugs were determined using a pre-

iously described approach [7] with slight modifications to accom-

odate the doubling time of M. tuberculosis , as described in the

upplementary material. 

.7. Cytotoxicity test 

The cytotoxicity of DNF-3 was evaluated at a wide range of con-

entrations (0.02–200 μg/mL) against seven different mammalian

ell lines (RAW 264.7, L929, A549, HEK-293, HEPG2, SH-SY5Y and

HP-1) by the MTT assay as described in the Supplementary ma-

erial. The 50% cytotoxic concentration (CC 50 ) determined by the

TT assay was used to calculate the selectivity index (SI) by di-

iding the CC 50 by the minimum inhibitory concentration (MIC) of

NF-3 [8] . 

.8. Intracellular antimycobacterial activity 

The intracellular killing activity of DNF-3 was determined in

AW 264.7 cell monolayers as described in the Supplementary

aterial. 

.9. Determination of activity against nontuberculous mycobacteria 

NTM) and clinically significant bacteria 

A total of 27 NTM strains and 24 clinically important bacterial

trains were purchased from the KMRC and the National Culture

ollection for Pathogens (Chungbuk, South Korea), respectively. The

IC of each strain was determined following the guidelines of the

linical and Laboratory Standards Institute (CLSI) (2015) provided

n the Supplementary material. 

.10. Statistical analysis 

All experiments were done in triplicate. Statistical analyses

ere performed using GraphPad Prism 7 software (GraphPad Soft-

are Inc., La Jolla, CA). The means of the drug-free control and

rug-treated group were compared using unpaired Student’s t -test.

. Results 

.1. Activity of DNF-3 against drug-susceptible and -resistant strains 

f Mycobacterium tuberculosis 

The 50% MIC (MIC 50 ) for DNF-3 was 0.19 μg/mL ( Table 1 ;

ig. 2 A,B) both against M. tuberculosis H37Rv (ATCC 27294) and

DR-TB (KMRC 0 0203-0 0197) by the resazurin assay. The micro-

ial cell viability assay also showed that DNF-3 had activity against

oth strains at similar MIC 50 values of 0.19 μg/mL ( Fig. 2 C,D). The

ctivity of DNF-3 was also evaluated by CFU enumeration on Mid-

lebrook 7H10 agar plates (Becton Dickinson, Franklin Lakes, NJ)
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Fig. 2. Antitubercular activities of DNF-3 and the control drugs including isoniazid (INH) and rifampicin (RIF) against (A,C,E) Mycobacterium tuberculosis H37Rv (ATCC 27294) 

and (B,D,F) extensively drug-resistant (XDR) M. tuberculosis (KMRC 0 0203-0 0197). Mycobacterial viability was determined by the resazurin assay as RFU/mL (A,B), the mi- 

crobial cell viability assay as RLU/mL (C,D) and the colony-forming unit method as CFU/mL (E,F). Experiments were performed in triplicate. Data are the mean ± standard 

deviation. Asterisks indicate statistical significance versus the drug-free control using an unpaired Student’s t -test: ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0 0 01. 

RFU, relative fluorescence units; RLU, relative luminescence unit. 
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Table 1 

Antitubercular activity of DNF-3 and control drugs against drug-susceptible and 

-resistant strains of Mycobacterium tuberculosis. 

Strain 

MIC (μg/mL) 

DNF-3 INH RIF STR EMB PZA 

H37Rv 0.19 0.19 0.049 0.19 0.78 > 200 

MDR 1 0.19 12.5 > 200 100 6.25 > 200 

MDR 2 0.02 12.5 > 200 1.56 6.25 > 200 

MDR 3 0.19 3.13 > 200 0.39 3.13 > 200 

MDR 4 0.19 25 > 200 0.78 6.25 > 200 

MDR 5 0.19 12.5 3.13 3.13 6.25 > 200 

MDR 6 0.02 25 > 200 25 6.25 > 200 

MDR 7 0.02 50 > 200 200 6.25 > 200 

MDR 8 0.39 12.5 > 200 3.13 6.25 > 200 

MDR 9 0.02 25 > 200 25 3.13 > 200 

MDR 10 0.02 3.13 3.13 > 200 0.78 > 200 

MDR 11 0.39 12.5 3.13 3.13 6.25 > 200 

XDR-TB a 0.19 25 100 0.78 6.25 > 200 

XDR 1 0.02 12.5 > 200 0.78 6.25 > 200 

XDR 2 0.02 3.13 > 200 50 6.25 > 200 

XDR 3 0.19 3.13 > 200 > 200 6.25 > 200 

XDR 4 0.19 12.5 6.25 0.78 6.25 > 200 

XDR 5 0.19 12.5 > 200 50 6.25 > 200 

XDR 6 0.19 12.5 100 50 6.25 > 200 

XDR 7 0.19 6.25 > 200 0.78 12.5 > 200 

XDR 8 0.19 12.5 > 200 > 200 6.25 > 200 

XDR 9 0.19 50 > 200 200 6.25 > 200 

XDR 10 0.02 > 200 6.25 < 0.09 6.25 > 200 

XDR 11 0.19 6.25 > 200 200 6.25 > 200 

MIC, minimum inhibitory concentration; INH, isoniazid; RIF, rifampicin; STR, 

streptomycin; EMB, ethambutol; PZA, pyrazinamide; MDR, multidrug-resistant; 

XDR, extensively drug-resistant. 
a XDR-TB strain KMRC 0 0203-0 0197. 
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where it showed a bacterial reduction in a dose-dependent man-

ner ( Fig. 2 E,F). Compared with INH and RIF, DNF-3 significantly re-

duced the number of XDR-TB at a concentration of 0.19 μg/mL. An-

titubercular activities of DNF-3 against 22 additional clinical MDR-

and XDR-TB isolates were also tested, with MICs ranging from

0.02–0.39 μg/mL ( Table 1 ). 

3.2. Antimicrobial synergy of DNF-3 

When used in combination with RIF and STR, DNF-3 showed

synergistic effects against XDR-TB (KMRC 0 0203-0 0197), with frac-

tional inhibitory concentration indices (FICIs) of 0.312 and 0.50, re-

spectively (Supplementary Table S1). On the other hand, it showed

an additive effect both with RIF and STR against M. tuberculosis

H37Rv (ATCC 27294), with an FICI of 1. When used in combination

with INH, DNF-3 showed no synergy against H37Rv or XDR-TB, al-

though the combination was not antagonistic since the FICI was in

the range of 1–2. 

3.3. Post-antibiotic effect of DNF-3 against Mycobacterium 

tuberculosis 

In this study, the optical density at 600 nm (OD 600 ) was used

to determine the PAE of DNF-3 along with first-line control drugs.

Following 2 h of pulse exposure to 10 μg/mL of each of DNF-3,

INH, RIF, STR and EMB, growth of M. tuberculosis was retarded as

reflected by the long recovery time. The PAE value of DNF-3 was

found to be 68 h, which was far superior to INH, STR and EMB

(PAE values of 20 h, 24 h and 28 h, respectively). Only RIF showed

a longer PAE value (144 h) than DNF-3 (Supplementary Fig. S1). 

3.4. Cytotoxicity of DNF-3 

According to the MTT assay, the CC 50 for DNF-3 against all

seven tested cell lines ranged from 6.25–12.5 μg/mL, resulting in
I values for DNF-3 ranging from 32.9–65.7, which are higher than

he minimum acceptable limit (Supplementary Table S2). 

.5. Intracellular antimycobacterial activity of DNF-3 against 

ycobacterium tuberculosis in macrophages 

The growth of M. tuberculosis was significantly inhibited by

NF-3 in a dose-dependent manner during co-cultivation for 3

ays (Supplementary Fig. S2A,B). The MIC 50 value of DNF-3 against

. tuberculosis H37Rv (ATCC 27294) and XDR-TB (KMRC 00203-

0197) in RAW 264.7 cells was 0.19 μg/mL. The intracellular in-

ibitory activity of DNF-3 in RAW 264.7 cells at a concentration

f 0.19 μg/mL against XDR-TB was far superior to that of INH

r RIF. 

.6. Activity of DNF-3 against nontuberculous mycobacteria and 

linically significant bacteria 

DNF-3 was further tested for in vitro activity against 27 NTM

trains and 24 clinically significant non-mycobacterial pathogens.

NF-3 also showed significant activity against all 27 NTM strains,

ith MICs ranging from 0.39–6.25 μg/mL. Compared with DNF-3,

he control drugs showed a variety of activities, with MICs ranging

rom < 0.09 μg/mL to > 200 μg/mL. INH, EMB and PZA had a much

igher MICs for most of the NTM strains, but RIF and STR had a

ower MICs for more than one-half of the 27 NTM strains (Supple-

entary Table S3). 

On the other hand, among the 24 clinically significant bacte-

ia, DNF-3 showed activity only against 7 Gram-positive bacteria,

ncluding three Streptococcus spp . , three Staphylococcus spp . and

 Corynebacterium sp., with MICs ranging from 0.10–6.25 μg/mL.

owever, DNF-3 did not show any activity against the remaining

7 Gram-negative bacteria. Although the control drugs RIF and STR

howed a significant effect with MICs ranging from < 0.1 μg/mL

o 25 μg/mL against almost all 24 bacteria, VAN and MET showed

imilar results to DNF-3 (Supplementary Table S4). 

. Discussion 

TB kills ca. 3 people every minute around the world [9] . Cur-

ently used first-line chemotherapy for TB was adequate until the

mergence of MDR- and XDR-TB strains. Moreover, resistance to

ll fluoroquinolones and other antituberculosis drugs has been

eported [10] , necessitating novel therapeutic options to combat

eadly TB. 

The activities of naphthoquinones and their derivatives against

rug-susceptible, MDR and XDR M. tuberculosis have been reported

11] , leading our present effort to investigate the potential of di-

aphthofuroquinone derivatives as antituberculosis drugs. 

In this study, the antimycobacterial activities of a chemi-

al library containing ca. 10 0 0 chemical compounds were evalu-

ted. Surprisingly, DNF-3, a member of the dinaphthofurandione

lass, showed significant antimycobacterial potential in the prelim-

nary screening, whereas other compounds with similar structure

howed no activity against M. tuberculosis strains (Supplementary

aterial). Thus, DNF-3 was subjected to further studies. 

DNF-3 showed strong activity against drug-susceptible M. tu-

erculosis H37Rv (ATCC 27294) and against XDR-TB (KMRC 00203-

0197) as well as against 22 additional clinically isolated MDR-

nd XDR-TB with MICs ranging from 0.02–0.39 μg/mL. Most im-

ortantly, the strong activity and low MICs of DNF-3 against all

f the tested resistant M. tuberculosis suggest that DNF-3 might

erve as a potential candidate for the treatment of MDR- and XDR-

B. Similar to the current findings, Yang et al. reported that line-
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olid showed significant activity against MDR- and XDR-TB clini-

al isolates [12] . In addition, a profound synergistic effect of DNF-3

ith RIF and STR against XDR-TB was found, although these com-

inations showed additive effects against M. tuberculosis H37Rv in

he chequerboard synergy assay. This finding might be helpful for

reating XDR-TB infections. A similar result has been reported for

inocycline [13] . A definitive explanation for the profound syn-

rgy between RIF and DNF-3 against M. tuberculosis is yet to be

ound. 

The current study revealed a prolonged PAE for DNF-3 com-

ared with INH, STR and EMB, but not RIF. An extended PAE can

llow wider dosing intervals without loss of therapeutic efficacy

14] . In the case of TB treatment, administration of drugs at wider

ntervals would reduce costs and toxicities [15] . Thus, DNF-3 is ex-

ected to be a deserving candidate for TB treatment. In addition,

NF-3 showed a SI > 10 against all seven types of mammalian cell

ines. Thus, DNF-3 might be pharmacologically safe as a suitable

andidate for further evaluation [16] . 

Mycobacterium tuberculosis can enter and replicate within alve-

lar macrophages [17] . Such intracellular localisation protects it

rom some antibiotics. Therefore, the effect of DNF-3 in RAW 264.7

ells infected with M. tuberculosis H37Rv (ATCC 27294) and XDR-

B (KMRC 0 0203-0 0197) was evaluated. The results revealed that

rowth of M. tuberculosis was significantly inhibited by DNF-3, in-

icating its efficacy as a potential choice for TB treatment. 

Along with TB, a new health concern has been raised by NTM

ecause contemporary TB drugs are not very effective against NTM

nfection [18] . In this study, the effect of DNF-3 was also deter-

ined against 27 NTM strains and it 3 showed significant activi-

ies against all of the tested strains. Similar activities of quinone

erivatives have been reported previously [19] . The activities of TB

ontrol drugs against all of the tested NTM strains was not as con-

istent as DNF-3. At a similar concentration of DNF-3, INH, EMB

nd PZA showed less activity against most of the NTM strains. Al-

hough RIF and STR showed superior activity at a lower concen-

ration than DNF-3 against 15 strains, for the remaining 12 strains

heir activities were not as good as DNF-3. These inconsistent re-

ults of control drugs make DNF-3 far better and clearly indicate

hat DNF-3 can also be used as an option for NTM treatment along

ith TB. 

Inspired by previously reported antibacterial activities of naph-

hoquinones and their derivatives, the activity of DNF-3 was deter-

ined against 24 clinically significant bacteria. Surprisingly, DNF-3

lso displayed activity against seven tested Gram-positive bacteria,

ncluding three Streptococcus spp., three Staphylococcus spp. and a

orynebacterium sp., similar to DC-159a, a phase 1 preclinical can-

idate for TB [20] . Although DNF-3 showed no activity against the

emaining 17 Gram-negative bacteria, RIF and STR showed consid-

rable activity against all of the Gram-negative and Gram-positive

acteria. All of the results together signify that DNF-3 not only has

 potential antimycobacterial effect but also has broad-spectrum

ffects against NTM and other Gram-positive bacteria. 

In this study, the antimycobacterial effect of DNF-3 was con-

rmed using different in vitro experiments. However, further stud-

es are required to investigate its efficacy in an animal model as

ell as its mechanism of action. 

. Conclusions 

In summary, DNF-3 alone or in combination with other drugs

ad excellent activity against MDR- and XDR-TB strains . In addi-

ion, DNF-3 had an extended PAE and high SI, clearly demonstrat-

ng its strong antitubercular characteristics. Furthermore, DNF-3

howed high activities against NTM and other pathogens, making

t a powerful candidate to carry out the next phase of experiments
ecessary for new drug development, including preclinical and an-

mal efficacy assays. 
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