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Summary
Mycobacterium tuberculosis has an on-going impact on global public health and new therapeutics
to treat tuberculosis are urgently required. The emergence of drug resistant tuberculosis poses a
serious threat to the control of this pathogen, and the development of drugs that are active against
the resistant strains is vital. A medium-throughput assay using the Alamar Blue reagent was set-up
to identify novel inhibitors of M. tuberculosis from a library of known drugs, for which there has
already been extensive research investigating their suitability and safety as human therapeutics. Of
the 1514 compounds screened, 53 were demonstrated to possess inhibitory properties against M.
tuberculosis at a concentration of 5 μM or below. Of these, 17 were novel inhibitors while 36
were known tuberculosis drugs or had been previously described as possessing anti-tuberculosis
activity. Five compounds were selected as those which represent the most promising starting
points for new anti-tuberculosis agents. It was demonstrated that all five were active against
intracellular M. tuberculosis in a macrophage model of infection. The anti-tuberculosis agents
identified in this screen represent promising new scaffolds on which future drug development
efforts can be focused.
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Introduction
There is an urgent need to develop new anti-tuberculosis drugs: highlighted by the on-going
rise in tuberculosis (TB) cases worldwide. One worrying factor in the current TB problem is
the prevalence of multi-drug resistant (MDR) strains, which emerged as a threat to TB
control over 10 years ago. Yet, despite on-going attempts to control the worldwide problem,
the situation appears to have escalated further 1, 2. Mycobacterium tuberculosis strains
resistant not only to the front-line drugs isoniazid and rifampicin, but also to an increasing
number of second-line drugs, are becoming more common 3, 4. These strains, termed
extensively drug resistant (XDR) TB, are virtually untreatable using current therapeutics
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and, without the strengthening of the current TB control measures combined with a drive to
introduce new anti-tuberculosis drugs, the situation is only set to worsen.

The high cost of developing a new drug combined with the past hesitation of pharmaceutical
companies to take on a TB drug discovery program, has resulted in few new anti-
tuberculosis therapeutics being brought to market during the last decade. However, a new
drive towards TB drug development is currently underway, with a large number of academic
research groups working towards the identification of suitable TB drug targets, and a range
of companies investing in TB programs. This has resulted in several promising new drug
candidates making their way through the drug development pipeline, such as moxifloxacin 5

and other fluoroquinolones 6. Fluoroquinolones represent an example of a drug previously
originally introduced for the treatment of another infection being found to also be useful as a
tuberculosis drug. In fact, since the introduction of rifampicin over 40 years ago, all
tuberculosis therapeutics developed have been either old drugs with a new use, or new
formulations of existing agents 7.

In the present study, we have used a library of known drugs and pharmacologically active
compounds as the basis for a screening approach against Mycobacterium tuberculosis. The
extensive evaluation of many of the agents in the Johns Hopkins Clinical Compound Library
(JHCCL) for their suitability and safety as human drugs could aid in the rapid identification
of a novel anti-tuberculosis agent. In addition, it is hoped that the screening of a large range
of compounds will lead to the discovery of novel scaffolds suitable for optimisation and
further development as TB drugs.

Material and methods
Strains and growth conditions

M. tuberculosis H37Rv wild-type strain was grown at 37°C in Dubos broth supplemented
with 0.05% (vol/vol) Tween 80, 0.2% (vol/vol) glycerol, and 4% (vol/vol) Dubos medium
albumin (Becton Dickinson), either in 100 ml volumes in a Bellco roll-in incubator (2 rpm)
or in 10 ml volumes in static universals. Stocks of bacteria were prepared for use in the
Alamar blue assay by first growing to an optical density of 0.5 to 0.6 at 600 nm. Cells were
harvested and washed 3 times in 100 ml and resuspended in a final volume of 10 ml of
phosphate-buffered saline. The stocks were frozen at −80°C and the colony forming units
per ml determined upon thawing for use in the Alamar blue assay.

Chemicals and media
Kanamycin, streptomycin, isoniazid, ethambutol and rifampicin were obtained from Sigma.
Drugs were solubilised in distilled water and filter sterilized (0.22-μm pore size). The Johns
Hopkins Clinical Compound Library (JHCCL) contains a collection of 1514 known drugs,
of which 1082 are FDA approved drugs and 432 are foreign approved drugs (FAD). The
JHCCL was provided by Johns Hopkins University in a 96 well plate format with 25 μL
aliquots of 10 mM stocks of drug in either water or dimethylsulfoxide. The compounds were
diluted in DMSO to a concentration of 500 μM. The highest concentration used in the
assays was 5 μM, corresponding to a 1% final DMSO concentration, well below the 5%
determined to be inhibitory against M. tuberculosis (data not shown). The Alamar blue
reagent was purchased from Promega (Cell Titre-Blue) and used according to the
manufacturer’s recommendations.

Alamar blue susceptibility assay
Black, clear-bottomed, 96-well plates (Corning) to minimize background fluorescence were
inoculated with 90 μl of the drug dilution at a single concentration for the initial medium-

Lougheed et al. Page 2

Tuberculosis (Edinb). Author manuscript; available in PMC 2010 November 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



throughput screening assay, and a 2-fold dilution series performed for the subsequent MIC
(Minimal inhibitory concentration) determinations. Drug dilutions were initially made in
DMSO or distilled water and diluted into Dubos media plus albumin and glycerol
supplements (No Tween 80). Wells containing the drug only were used as controls to detect
auto-fluorescence of the compounds, and drug-only wells were also tested to determine that
the compounds had no effect on the Alamar blue dye itself. The outer wells were inoculated
with sterile water to minimize evaporation from the sample wells. 10 μl H37Rv diluted to
give approximately 1 × 105 cells per well was added to each well and the plates incubated at
37°C for 7 days. Prior to the completion of the experiment, 20 μl of the Alamar blue reagent
(CellTiter-Blue, Promega) and 12.5 μl 20% Tween 80 was added to each well. Plates were
observed after 6 hours and incubated for a further 18 hours if the colour change was not
sufficient. Fluorescence was measured with an excitation at 530 nm and emission at 590 nm
in a Polarstar Galaxy (BMG Labtechnologies, Germany). Percent inhibition was defined as
1- (test well FU/mean FU triplicate bacteria only well) × 100. The MIC was taken to be the
lowest concentration of a drug capable of causing ≥90% inhibition compared to the
untreated bacteria only controls.

Statistical analysis
Data from this study was analyzed in Excel. Z-prime values were used as a measure of assay
quality, using the following formula: Z’ = 1− 3×SSD/R, where SSD is the sum of the
Standard Deviation of the negative controls and Standard Deviation of the positive controls,
and R is the mean of the maximum signal control minus the mean of the negative signal
control 7.

Bone marrow-derived macrophage infections
Bone marrow cells were flushed from the hind legs of 8 week old female BALB/C mice as
previously described 8. Cells were differentiated for 7 days in RPMI 1640 medium plus 20%
L-cell conditioned supernatant, 10% fetal calf serum, 0.02 mM L-glutamine, 10 mM sodium
pyruvate, 0.1 mM HEPES and 0.5 μM β-mercaptoethanol at 37°C and 5% CO2 atmosphere.
Macrophages were seeded overnight in 24-well plates at 2 × 105 cells/well in fresh medium
containing 5% L-cell conditioned supernatant and then infected at a multiplicity of infection
of 0.5:1 (0.5 bacteria per macrophage) for 6 hours. Extracellular bacteria were removed by
washing three times with PBS, and fresh pre-warmed medium containing the drug dilutions
was added to the wells. After 5 days, intracellular bacteria were enumerated by lysing the
macrophages with water plus 0.05% Tween-80 and plating on Middlebrook 7H11 agar
plates containing Middlebrook OADC supplement for viable counts. To determine if the
drugs were toxic to macrophages, uninfected cells were incubated with the drugs dilutions in
96-well plates for 5 days. 20 μl Alamar blue was then added to the wells, incubated at 37°C
for 6 hours and the fluorescence determined as above for the M. tuberculosis Alamar blue
assay. Compound toxicity to macrophages was considered acceptable if the fluorescence
was within 80% of that observed for the untreated macrophages.

Results
The Alamar Blue oxidation-reduction dye is used as an indicator of cell viability. The blue,
non-fluorescent compound, reseazurin, is reduced to the pink, fluorescent resorufin within
the cytoplasm of a viable cell, and the fluorescence is directly proportional to cell number 9.
A fluorometric microplate-based Alamar blue assay has previously been demonstrated to be
a rapid and inexpensive method for the medium-throughput screening of compounds for
anti-tuberculosis activity 10. Preliminary experiments (data not shown) demonstrated that
this method is accurate in the determination of antibiotic MICs, yielding results
representative of those published by Collins and Franzblau 10. Briefly, 2-fold dilutions of the
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known anti-tuberculosis drugs kanamycin, rifampicin, streptomycin, isoniazid and
ethambutol were incubated at 37°C with approximately 1 × 105 cells per well in 96-well
microplates for 7 days. Untreated M. tuberculosis and media only controls were included on
every plate. The Alamar blue reagent was added on the final day of the incubation, and the
fluorescence measured at the completion of the experiment. The visual determination of the
antibiotic MICs was seen to agree with the results from the fluorescence readings. The cut-
offs between inhibited and non-inhibited wells was observed to be fairly sharp in most cases,
with a clear visual and fluorescence difference between the MIC of the drug and the
following dilution. On average, the media only control was observed to give fluorescence
readings 95% less than those seen for the untreated M. tuberculosis wells. A 90% inhibition
of fluorescence compared to the untreated control was chosen as the cut-off for the
determination of inhibitory concentrations. It should be noted that in some cases,
particularly where the drug was known to possess bacteriostatic rather than bacteriocidal
activities, the concentration of drug immediately below the MIC did yield a fluorescent
signal greater than the no bacteria controls but less than the 90% cut-off. It is thought that at
these concentrations, the drug was incapable of completely sterilizing the well, but was
sufficient to significantly impair the bacterial growth over the time period tested.

The initial screen was performed at a single concentration of 5 μM. Z-prime values were
determined using the triplicate positive and negative control wells present on every plate,
with a median value of 0.85 being obtained; indicating that the quality of the results was
generally high. Z-prime is commonly used as a measure of assay quality, with a maximum
of 1.0, and values >0.5 being taken to indicate a reliable assay 7.

While a 90% inhibition of fluorescence, relative to the positive control, was chosen as the
cut-off for the determination of inhibitory concentrations, compounds which displayed any
inhibition greater than 50% in the initial medium-throughput screen were chosen for further
evaluation. A lower cut-off was decided upon after observing the relatively small proportion
of the library resulting in any inhibition of M. tuberculosis growth at 5 μM. While this did
mean that a large number of these potential candidates were rapidly removed during the
more rigorous down-stream screening steps, it reduced the likelihood that any inaccuracies
in the medium-throughput screening would lead to compounds being wrongly discarded in
the early screening stages.

In total, 87 compounds were chosen to be screened in duplicate at a range of concentrations
from 5 μM to 0.02 μM to determine the MIC of each (Figure 1). Fifty-five compounds
exhibited significant inhibition of M. tuberculosis growth as determined by an inhibition of
fluorescence units of greater than 80% at 5 μM or lower. Of these, 43 led to a greater than
90% inhibition in fluorescence units when compared with the untreated positive control at 1
or more drug concentrations. Of the 32 compounds which did not meet the requirements to
be defined as possessing inhibitory properties in the 2nd more robust screen, some were
observed to lead to a slight inhibition of fluorescence units but were not considered suitable
for further investigation. Those compounds observed to be inhibitory in the second screen
were re-tested to confirm the MIC values.

Literature searches were conducted to determine the current therapeutic uses of the 53
compounds identified in the 2nd screen, particularly to allow identification of those
compounds already shown in the literature to possess anti-tuberculosis activity (Table 1).
Thirty-six compounds proved to be previously known anti-tuberculosis agents, providing an
excellent validation of the screening assay. It should be noted that the identity of the
inhibitors was unknown at the time of the screening: compounds were identified only by
well number until positive hits had been identified in the initial screen. Seventeen

Lougheed et al. Page 4

Tuberculosis (Edinb). Author manuscript; available in PMC 2010 November 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



compounds were identified as having no known anti-tuberculosis application, and to our
knowledge, this is the first time these compounds have been investigated.

Inhibitors with known anti-tuberculosis activity
Thirty-six of the 55 hit compounds were found to possess known anti-tuberculosis activity
and a number were current anti-tuberculosis drugs. The current treatment for new TB cases,
as recommended by the World Health Organization, consists of a standardized regime
involving a combination of front-line drugs 11. Isoniazid, rifampicin, pyrazinamide, and
ethambutol are the most common, taken daily for two months, followed by four to six
months of just two drugs daily (usually rifampicin and isoniazid). Drug resistance requires
the use of the reserve or second-line TB drugs, of which there are 6 classes:
aminoglycosides (amikacin, kanamycin), polypeptides (capreomycin, viomycin,
enviomycin), fluoroquinolones (ciprofloxacin, moxifloxacin), cycloserine and p-
aminosalicylic acid. Other TB drugs are available, such as rifabutin, clarithromycin,
thioacetazone and linexolid, although these are not on the list of WHO recommended drugs.
Of these known anti-tuberculosis drugs, a number were present in the JHCCL. Isoniazid and
rifampicin were among the most inhibitory drugs in the screen. Both were also included in
the initial validation of the assay using a number of known TB drugs; ethambutol was also
used in the validation, but was not in the JHCCL. A number of the second-line tuberculosis
drugs were also included in the medium-throughput screen, including amikacin, kanamycin,
a number of fluoroquinolones, cycloserine, thiacetazone and p-aminosalicylic acid, all of
which were seen to inhibit the growth of M. tuberculosis. It is important to mention that, of
all the known anti-tuberculosis drugs present in the JHCCL, all except one were observed to
possess inhibitory activity against M. tuberculosis in the current screen. The one exception
was seen with cycloserine, a compound which possesses a published MIC against M.
tuberculosis of greater than 5 μM.

The fluoroquinolones require a specific mention as they were very highly represented in the
hits obtained from the initial screen. Fluoroquinolones, which are fluorine-containing
nalidixic acid derivatives, were introduced in the 1980’s and are rapidly emerging as
important drugs for the treatment of tuberculosis 5, 6. Currently, they are recommended as
second-line treatments 12, in combination with other drugs to minimize the emergence of
drug resistance, a common problem with these agents. However, their strong in vitro and in
vivo activity against M. tuberculosis has led to them currently being evaluated as first-line
drugs.

Potential anti-tuberculosis drug scaffolds
Several of the anti-tuberculosis therapeutics identified in this study are topical agents, with
antibacterial, antiseptic, and antifungal applications. Despite their activity against M.
tuberculosis, such compounds are not suitable for use directly as tuberculosis therapeutics as
they cannot be administered internally. This most highly inhibitory, non-tuberculosis drug
identified in this screen was Thiostrepton, a topical agent. This drug is a complex bacterial
natural product that inhibits protein synthesis and was initially used as a topical veterinary
antibiotic. The last decade has seen a number of publications investigating the effect of
thiostrepton on the malaria parasite, Plasmodium falciparum 13. Despite originally being
used as a topical antibiotic, Thiostrepton has been used intravenously to treat malaria
infected mice, leading to clearance of the parasite 14. An equal amount of interest has been
shown in the ability of thiostrepton to specifically target certain human cancer cells 15, with
minimal toxicity against non-cancer cells 16. However, there is little available research
concerning the potential of thiostrepton to inhibit M. tuberculosis 17, and we believe this
could be an interesting area of future investigation.
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Intravenous drugs are also not ideal for the treatment of uncomplicated tuberculosis, which
is currently achieved over a period of up to 9 months using a combination of orally
administered drugs. However, the novel therapeutics identified in this study may represent
interesting starting points for further development as they have already undergone clinical
testing. Hexadimethrine bromide (heparin antidote), protamine choloride, grade V (nerve
gas antidote), gold sodium thiomalate (antirheumatic), methylene blue hydrate
(antimethemoglobinemic), pentamide (antiprotozoal), aurothioglucose (antirheumatic), and
sodium aurothiomalate (antirheumatic) were identified as injectable drugs with inhibitory
effects against M. tuberculosis. Of these compounds, pentamide is the only drug currently
used in the treatment of an infectious disease. We were therefore interested in further
investigating the possibility that it may represent a starting point for a new M. tuberculosis
therapeutic. The mechanism of action of pentamide is currently unknown, although it is
thought that the drug interferes with nuclear metabolism producing inhibition of the
synthesis of DNA, RNA, phospholipids, and proteins. It is used in prophylaxis against
Leishmaniasis and sleeping sickness, as well as for the treatment of HIV-associated
pneumonia due to Pneumocystis carinii. It has also been suggested as a potential anti-cancer
drug 18. It is interesting to note that, in the treatment of P. carinii, aerosolised pentamide is
used over extremely long periods and is well-tolerated 19.

Inhibitors currently administered as oral therapeutics represent ideal starting points for
tuberculosis drug development. Such compounds have been clinically tested and formulated
to allow delivery orally. A number of the agents in the JHCCL fall into this category.
Pyrvinium pamoate (antihelmintic), bismuth subnitrate (antacid), nialamide (antidepressant),
and primaquine (antimalarial), were identified as orally administered drugs capable of
inhibiting M. tuberculosis growth. Bismuth subnitrate, whilst being an oral agent, is poorly
absorbed gastrointestinally, with less than 0.005% estimated to be taken up systemically:
this limits the compound from having any useful anti-tuberculosis activity.

On further investigation, nialamide was found to be a derivative of the front-line
tuberculosis drug, Isoniazid. A few publications from the 1960s mention nialamides
possessing anti-tuberculosis activity 20-22, and one investigated the cross-resistance of
isoniazid resistant isolates to nialamide 23. Isoniazid itself is a pro-drug which is
metabolically activated within the bacterial cell. There is limited evidence that pro-drugs of
isoniazid can have improved anti-tuberculosis activity due to better mycobacterial cell wall
permeability 24. It is thought that nialamide may prove to be a good starting point for further
work in this area, potentially yielding new isoniazid derivatives with improved anti-
tubercular activity.

Pyrvinium pamoate possessed strong anti-tuberculosis activity in this study. The
biochemical mechanisms underlying the anti-helmintic action of this drug are not fully
understood, but it is considered to exert its killing effects through the inhibition of glucose
and glycogen utilization 25. It may be interesting in terms of an anti-tuberculosis agent in
that there is also some evidence to suggest that it inhibits fumarate reductase activity in
worms 26. M. tuberculosis fumarate reductase plays a central role in the tricarboxylic acid
pathway during hypoxia. Genes suspected of having an involvement in survival under low
oxygen conditions represent interesting drug targets because of their likely importance in a
latent tuberculosis infection, although it remains to be determined whether the anti-
tuberculosis activity of pyrvinium pamoate is related to its inhibition of fumarate reductase.
The long period of treatment required to cure an M. tuberculosis infection does raise the
issue of toxicity when considering pyrvinium pamoate as an anti-tuberculosis drug: for the
treatment of helminth infections it is administered as a single dose repeated after 14 days.
However, this compound appears to be structurally different from all other known anti-
tuberculosis agents, and we propose that it represents a promising new starting point for
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future drug development. This drug has also recently been demonstrated to have interesting
anti-cancer properties 26.

The anti-tuberculosis activity of primaquine appears to be a novel finding. In addition, this
anti-malarial agent possesses a structure not seen among known tuberculosis drugs, raising
the possibility that it could represent a new drug template with possibly a novel mechanism
of action against M. tuberculosis. Primaquine’s anti-malarial mechanism of action is not
well understood, and may involve the generation of reactive oxygen species or interference
with electron transport. While toxicity issues associated with this compound must be
addressed when considering primaquine’s suitability as a new tuberculosis therapeutic, it is
hoped that it may represent a novel scaffold from which a new therapeutic can be developed.

Intracellular Activity
Five of the drugs with anti-tuberculosis activity were chosen for further investigation as we
believe they represent the strongest starting points for a new tuberculosis therapeutic.
Thiostrepton, primaquine, pentamide, nialamide and pyrvinium pamoate were tested for
their ability to inhibit growth of M. tuberculosis in an intracellular macrophage model of
infection. The majority of the drugs with novel anti-tuberculosis activity were ruled out for
further investigation due to their toxicity, and these compounds would require chemical
optimisation before they could be tested in an intracellular model of infection. The
shortlisted drugs were applied to M. tuberculosis infected bone marrow-derived
macrophages at a range of concentrations. The infected monolayers were lysed after 5 days
and the viable bacteria enumerated by colony counts. In untreated control wells, viable
bacteria increased in numbers by more than 10-fold (colony count increasing from 8.2×103

at T=0 to 9.8×104, representative of three repeats). Isoniazid, included as a control example
of a bacteriostatic anti-tuberculosis agent, prevented intracellular growth of M. tuberculosis
at concentrations up to 1 μg/ml.

All of the compounds tested were inhibitory to growth of intracellular M. tuberculosis
(Figure 2). Not all drugs were capable of completely preventing growth of the bacteria, and
only thiostrepton appeared to have a bacteriocidal effect. Pyrvinium pamoate and pentamide
did not result in complete inhibition of growth compared to the untreated control at
concentrations up to 20 μM, although growth of intracellular bacteria was inhibited to some
degree at concentrations above 2.5 μM. Nialamide inhibted growth of intracellular bacteria
at 10 μM, while Primaquine and Thiostrepton were inhibitory at 5 μM. Thiostrepton also
had some bactericidal activity at 10 μM, reducing the initial colony count by 4 fold.

None of the compounds were observed to have any effect on viability of the macrophages at
the concentrations inhibitory in the intracellular assay, as tested with the Alamar blue
reagent (results not shown), indicating that the reduction in colony count was a result of the
bactericidal effect of the drugs, rather than a non-specific lethal effect on the macrophages.

Discussion
Screening for novel anti-tuberculosis agents is important to the drug discovery effort. The
growth inhibition assay described here has been demonstrated to be appropriate for the
screening of potential inhibitory compounds against M. tuberculosis. In this study, we have
used the Alamar blue-based assay to screen a library of 1,514 known drugs and
pharmacologically active compounds, identifying several novel inhibitors of M.
tuberculosis. The large number of known M. tuberculosis drugs highlighted during the
screen serves to confirm that the assay is suitable for the detection of compounds with anti-
tuberculosis activity. In addition to the known tuberculosis drugs identified in this
experiment, a large number of anti-bacterials with previously described anti-tuberculosis
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activity were also highlighted. Although these have been demonstrated to inhibit M.
tuberculosis, not all have been used in the treatment of TB. While many are not sufficiently
active against M. tuberculosis to present viable drug options in their present state, they could
perhaps represent some interesting starting points for further development.

In the past, efforts to identify new tuberculosis therapeutics have considered the possibility
of re-working existing antibacterial agents to target tuberculosis. It was such an approach
that has recently demonstrated the usefulness of fluoroquinolones and their newer
derivatives as anti-tubercular agents 12. By revisiting some of the early antibiotic structures,
it may be possible to find new scaffolds on which improved anti-tuberculosis drugs can be
based. It should be remembered that a key problem for any M. tuberculosis therapeutic is
that it must be capable of gaining entry to the cell by crossing the highly hydrophobic cell
wall. Therefore, those drugs capable of entering the cell and inhibiting growth, even only at
higher concentrations, should not be immediately discounted before attempts at improving
their inhibitory action have been made.

A number of oral agents with anti-tubercular activity were identified in this study;
primaquine, nialamide and pyrvinium pamoate represent the most promising potential
inhibitors. Both nialamide and primaquine were inhibitory in an intracellular model of
infection. While not suitable for the treatment of tuberculosis in their current state, it is
hoped that they will yield interesting starting points for drug development. In addition to
these oral agents, the intravenous and topical inhibitors identified should not be discounted.
Pentamide and Nialamide were both observed to possess anti-mycobacterial activity, both in
vitro and against intracellular bacteria. While the current treatment for uncomplicated
tuberculosis relies on a long regimen of oral therapeutics, injectable agents are
recommended for drug resistant cases 27. One possibility is that injectable agents identified
in this study, or compounds derived from them, could be used as a final mode of attack to
combat infections in the developed world that have failed to respond to all other
therapeutics, such as in HIV sufferers or cases of extreme drug resistance.

Topical agents may also prove to have useful activities against mycobacterial infections and
it is hoped that some topical agents identified in this study may possess structures that can
easily be altered to provide an agent capable of being administered orally. Thiostrepton is
one such agent, which has already been demonstrated to have the potential for intravenous
use in the treatment of other infectious diseases and cancer 15. Another intriguing possibility
is that topical agents may be suitable for the treatment of certain mycobacterial skin
infections in their current formulation. Mycobacterium ulcerans is a slow-growing organism,
which causes a little understood tropical disease known as Buruli ulcer 28. Infection leads to
skin and soft tissue destruction, which can leave patients with long-term disability if not
treated early. The limited knowledge of this disease poses a problem for its prevention,
diagnosis and treatment, particularly because it mainly affects poor rural communities with
little access to adequate healthcare. Currently, treatment for this condition requires a
combination of the tuberculosis drugs rifampicin and streptomycin or amikacin, taken for 8
weeks 29. In addition, surgery is often required to remove the infected portions of tissue. The
use of a topical agent to treat this condition, combined with better diagnosis to detect cases
early in infection, may enable patients to be treated at home, minimizing their loss of
earnings during long stays in hospital. The potential use of topical agents against M.
ulcerans has been reported 30, and a small study demonstrated that topical nitrogen oxides
are efficacious against Buruli ulcer 31. However, there is yet to be any topical agent
introduced as a treatment for this neglected disease.

Following the successful identification of a number of inhibitory agents which will be
further investigated to determine their usefulness as scaffolds for future anti-tuberculosis
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drug development efforts, the screening of a number of additional libraries is also being
planned. It is hoped that, through the screening of less well characterized and diverse
compounds, it will be possible to identify additional scaffolds for future drug development.
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Figure 1.
Distribution of anti-tuberculosis activity in the Johns Hopkins Library of known drugs: 53
compounds exhibited more than 80% growth inhibition at 5 μM. Of these, 17 compounds
were novel anti-tuberculosis agents: 3 of these were oral, 6 were intravenous and 8 were
topical therapeutics.
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Figure 2.
Intracellular activity of Johns Hopkins drugs in a bone marrow derived macrophage model
of infection. Primaquine (A), Pentamide (B), Nialamide (C), Pyrvinium pamoate (D),
Thiostrepton (E), and Isoniazid (F) were incubated with macrophages for 5 days and the
surviving bacilli enumerated by colony counts. Inhibition of growth is shown as a
percentage of the untreated control.
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Table 1

Compounds with greater than 80% growth inhibition of M. tuberculosis at 5 μM.

i. WHO recommended drugs

Compound Current Use Route of
delivery

Anti-tuberculosis
MIC (μM)

Rifampicin (Rifampin) Antibacterial (First-line anti-
tuberculosis agent)

Oral 0.02

3-formyl Rifamycin Antibacterial (Anti-tuberculosis
agent)

Oral 0.08

Isoniazid (Isonicotinic
acid hydrazide)

Antibacterial (First-line anti-
tuberculosis agent)

Oral 0.16

Moxifloxacin HCl Antibiotic (Fluoroquinolone –
anti-tuberculosis agent)

Oral 0.16

Amikacin Antibiotic (Anti-tuberculosis
agent)

Intravenous 0.31

Ofloxacin Antibiotic (Fluoroquinolone –
anti-tuberculosis agent)

Oral 0.63

Clofazimine Antibacterial (Anti-tuberculosis
agent)

Oral 1.25

Gatifloxacin Antibiotic (Fluoroquinolone –
anti-tuberculosis agent)

Oral 1.25

Levofloxacin HCl Antibiotic (Fluoroquinolone –
anti-tuberculosis agent)

Oral 1.25

Ofloxacin Antibiotic (Fluoroquinolone –
anti-tuberculosis agent)

Oral 2.5

Protionamide Antibacterial (Second-line
anti-tuberculosis agent)

Oral >5uM

Rifamycin sv Antibacterial (First-line anti-
tuberculosis agent)

Oral >5uM

Thiacetazone
(Amithiozone)

Antibacterial (Second-line
anti-tuberculosis agent)

Oral >5uM

p-Aminosalicylic acid Antibacterial (Second-line
anti-tuberculosis agent)

Oral >5uM

Kanamycin B sulfate salt Antibiotic (Anti-tuberculosis
agent)

Intravenous >5uM

ii. Anti-tuberculosis drugs – compounds with known anti-mycobacterial activity

Compound Current Use Route of
delivery

Anti-tuberculosis
MIC (μM)

Thiostrepton Antibiotic Topical 0.08

Rifaximin Antibiotic Oral (Non-
systemic)

0.08

Sparfloxacin32, 33 Antibiotic (Fluoroquinolone) Oral 0.08

Doxycycline hyclate Antibiotic (Anti-mycobacterial
agent)

Oral 0.16

Clinafloxacin HCl 34 Antibiotic (Fluoroquinolone) Oral 0.31

Minocycline
hydrochloride salt 35

Antibiotic (Anti-mycobacterial
agent)

Oral 0.31

Aconiazide 36 Antibacterial (Anti-tuberculosis
agent)

Oral 0.63
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ii. Anti-tuberculosis drugs – compounds with known anti-mycobacterial activity

Compound Current Use Route of
delivery

Anti-tuberculosis
MIC (μM)

Doxycycline Antibiotic (Anti-mycobacterial
agent)

Oral 0.63

Vancomycin HCl
hydrate 35

Antibiotic (Agent) Oral 0.63

Enrofloxacin Antibiotic (Fluoroquinolone) Oral 1.25

Tetracycline 37 Antibiotic Oral 1.25

Fleroxacin 38 Antibiotic (Fluoroquinolone) Oral 2.5

Tosufloxacin Antibiotic (Fluoroquinolone) Oral 2.5

Lomefloxacin33, 39 Antibiotic (Fluoroquinolone) Oral 5

Nialamide21, 22 Antidepressant Oral 5

Pazufloxacin 40 Antibiotic (Fluoroquinolone) Oral 5

Sarafloxacin HCl 41 Antibiotic (Fluoroquinolone) Oral 5

Chlorhexidine
gluconate 42

Antiseptic Topical 5

Methylene blue hydrate 43 Antimethemoglobinemic Intravenous >5uM

Miconazole 44 Antifungal Topical >5uM

Sulfathiazole Antibiotic (Anti-mycobacterial
agent)

Oral >5uM

iii. Novel anti-tuberculosis drugs

Compound Current Use Route of
delivery

Anti-tuberculosis
MIC (μM)

Pyrvinium pamoate Antihelmintic (Agent) Oral 0.31

Bismuth subnitrate Antacid Oral 2.5

Cefmenoxime
hydrochloride

Antibiotic Intravenous 2.5

Pyrithione zinc (1-
Hydroxypyridine-2-thione
Zinc Salt)

Antibacterial Topical 2.5

Cetalkonium chloride
(Benzyldimethylhexadecyl
ammonium chloride)

Antibacterial Topical 5

Hexadimethrine bromide Antidote Intravenous 5

Methylbenzethonium
chloride

Antiseptic Topical 5

Primaquine Antimalarial Oral 5

Protamine chloride, grade
V

Antidote Intravenous 5

Thonzonium bromide Antiseptic Topical 5

Triple dye (Brilliant green
FW 482.64, Gentian
violate FW 408, Proflavine
hemisulfate FW 258.29)

Antiseptic Topical 5

Pentamide Antiprotozoal Intravenous >5uM

Aurothioglucose Antirheumatic Intravenous >5uM
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iii. Novel anti-tuberculosis drugs

Compound Current Use Route of
delivery

Anti-tuberculosis
MIC (μM)

Brilliant Blue Antiseptic Topical >5uM

Demecarium bromide Cholinergic Topical
(ophthalmic)

>5uM

Gold sodium thiomalate Antirheumatic Intravenous >5uM

Oxiconazole nitrate Antifungal Topical >5uM

Sodium aurothiomalate Antirheumatic Intravenous >5uM

Tuberculosis (Edinb). Author manuscript; available in PMC 2010 November 16.


