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Abstract
Antifolates inhibit de novo folate biosynthesis, whereas ethionamide targets the mycolate synthetic
pathway in Mycobacterium tuberculosis. These antibiotics are effective against M. tuberculosis
but their use has been hampered by concerns over toxicity and low therapeutic indexes. With the
increasing spread of drug-resistant forms, interest in using old drugs for tuberculosis treatment has
been renewed. Specific inhibitors targeting resistance mechanisms could sensitize M. tuberculosis
to these available, clinically approved drugs. This review discusses recently developed strategies
to boost the antituberculous activity of ethionamide and antifolates. These approaches might help
broaden the currently limited chemotherapeutic options of not only drug-resistant but also drug-
susceptible tuberculosis, which still remains one of the most common infectious diseases in the
developing world.
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The currently available options for chemotherapeutic treatment of tuberculosis (TB) are
severely restricted [1]. The five available first-line TB drugs are over 60 years old, and
treatment regimens usually consist of daily doses of four out of the five drugs for 6–9
months. Poor patient adherence leads to the repeated exposure of the bacterium to
subinhibitory drug concentrations that promote the acquisition of resistance mutations [1,2].
As a result, multiple drug-resistant (MDR) and extensively drug resistant (XDR) TB strains
are now emerging [101]. Treatment of drug-resistant TB requires even longer regimens
using second-line drugs that are expensive, difficult to administer and typically lead to
severe toxic side-effects in patients [1,3]. Some XDR strains are virtually impossible to treat
with the current TB drugs [4–6].

Despite the profound intrinsic resistance of Mycobacterium tuberculosis, available ‘non-TB’
drugs that are active against this bacillus may not be as rare as commonly assumed. Many
antibiotics, which are routinely used in other infections, have never undergone trials for TB
treatment for varying reasons: cytotoxicity, low therapeutic indexes and ignorance due to
lack of motivation. Indeed, many of them were considered promising against M.
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tuberculosis but later abandoned and never explored again after more effective drugs, such
as isoniazid and rifampicin, were introduced [7,8]. Other drugs have never even been
examined for activity against TB [8,9]. Experiences with resistance in other bacteria also
discouraged trials for some drugs [8,9]. Considering the urgent need for alternative TB
treatment strategies and the fact that new drug development is lengthy and costly [10], such
old, abandoned drugs need to be re-examined, repurposed or reused in more effective ways
[7,11]. These drugs would at least be useful in cases of drug-resistant TB to which first-line
drugs have become inactive. Furthermore, concerns over toxicity and low therapeutic
indexes might be addressed through chemical modifications or potentiation approaches [12–
15]. Drug potentiation through inactivation of resistance mechanisms has been used for
antibiotics in the β-lactam family. β-lactams are now commonly prescribed for the treatment
of many non-mycobacterial infections in combination with inhibitors of β-lactamases that
are key determinants of β-lactam resistance. This approach has extended the life of β-lactams
for more than 30 years and will continue to for many more years to come [15,16]. With
similar strategies applied to other drugs, potentiators, which are inhibitors of resistance
mechanisms, might not only help to prevent loss of drug efficacy due to emerging resistant
strains but also to make available for the first time a large pool of well-characterized, US
FDA-approved antibiotics. This approach, therefore, presents an attractive solution that
could provide quick relief to the current epidemic of drug-resistant TB [15,17,18].

Ethionamide
Ethionamide (ETH or 2-ethylthioisonicotinamide) is a thioamide analog of the first-line
tuberculosis drug isoniazid (INH), and like INH, ETH is a prodrug that must be activated
within the M. tuberculosis cytosol to exert anti-TB activity. The gene responsible for this
activation step is ethA, which encodes an NADPH-specific FAD-containing monooxygenase
that oxidizes ETH [19–23]. The oxidized form of ETH can then form adducts with NAD+,
which bind and inhibit InhA (Figure 1) [19,22,24–26]. The targeted enzyme, InhA, which is
also targeted by INH, is an NADH-dependent enoyl-acyl carrier protein reductase of the
fatty acid biosynthesis II system required for mycolic acid synthesis [19,22,24–27].
Inhibition of InhA typically leads to cell wall defects that rapidly kill M. tuberculosis
[19,22,24–27]. Interestingly, ETH and INH cross-resistance occurs in only 13% of the cases,
indicating that different sites are affected within InhA and that inhA mutations are not the
main ETH resistance mechanism [28,29]. Similarly, most INH resistance mutations in
clinical isolates of M. tuberculosis have been mapped to other chromosomal loci (katG, ndh
and aphC), while mutations in inhA only account for 15–43% of mutations [30,31].
Although ETH is quite effective in killing both drug-susceptible and drug-resistant strains of
M. tuberculosis, its current use in the clinic remains restricted. The biggest concern lies in its
high toxicity, caused by toxic S-oxides that are produced through the oxidation catalyzed by
host flavin-containing monooxygenase, even at the lowest doses required to kill M.
tuberculosis [12–14,32]. Common side effects include hepatitis and gastrointestinal
discomfort, which make ETH difficult to use and often lead to poor patient adherence,
thereby granting opportunity for acquired resistance [33]. Therefore, ETH is currently used
only as a second-line drug to treat TB cases caused by MDR and XDR M. tuberculosis
strains.

Ethionamide resistance mechanisms in M. tuberculosis
Clinically acquired mutations conferring ETH resistance are commonly mapped in one or
more of four chromosomal loci: ethA, ethR, inhA, or its promoter region [19,20,22,28,34].
Specifically, mutations within the ethA open reading frame reduce the catalytic activity of
the encoded enzyme, leading to lowered activation of the prodrug ETH, hence reducing
InhA inhibition [19,20]. Similarly, ethR encodes a repressor of ethA transcription, and
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mutations in ethR typically produce mutant EthR proteins with higher binding affinity to the
ethA promoter, resulting in reduced production of EthA and lowered ETH activation [19,28].
Besides the ETH activation, mutations in inhA produce mutant enzymes with lowered
binding activity to activated ETH, whereas mutations in the inhA promoter lead to InhA
overexpression, thus deluging ETH-NAD with massive amounts of its target (Figure 1)
[19,22,34]. Studies have also attributed ETH resistance to some other genes: ndh, dfrA and
mshA [19]. ndh, a gene encoding an NADH dehydrogenase, might be overexpressed in
resistant strains, resulting in higher levels of NAD+ that outcompetes ETH-NAD in the
binding to InhA [35]. This mechanism was shown to increase ETH resistance in
Mycobacterium bovis BCG and Mycobacterium smegmatis, but it has never been observed
in M. tuberculosis [19]. mshA, a gene encoding a glycosyltransferase in mycothiol synthesis,
has been suggested to be involved in the EthA-mediated activation of ETH [19,25,36].
Mutations in mshA conferring ETH resistance were observed in M. tuberculosis grown in
suboptimal ETH levels in vitro, but no clinical strains with mshA mutations have been
isolated [19].

The limiting step of ETH antimycobacterial action is its activation by EthA. If activation
within the M. tuberculosis cytosol is limited, higher amounts of ETH would be required to
produce a bactericidal level of ETH-NAD, which results in higher cytotoxicity to the host
cell. By contrast, given the fact that EthA-mediated activation of ETH is absolutely required
for antimycobacterial activity, pharmaceutical stimulation of EthA expression could be used
to enhance ETH activity. In fact, it has been shown that in trans overexpression of EthA led
to higher susceptibility to ETH and deficient mycolic acid synthesis in M. smegmatis
[22,37]. However, attempts at overexpression of EthA in M. tuberculosis have so far failed
[20,22]. The most attractive step for enhanced activation of ETH is the inhibition of ethA
transcription by EthR (Figure 1). EthR controls expression of ethA by binding to the ethA
promoter located within the intergenic region between ethR and ethA, thus preventing its
transcription [28,29]. Indeed, in trans overexpression of ethR leads to reduced levels of
intracellular EthA and reduced ETH susceptibility, whereas deletion of ethR leads to
increased ETH susceptibility [22,28,38,39]. In vitro studies showed that multimers of EthR,
a member of the TetR/CamR transcription-repressor family, assemble cooperatively on a 55
base pair operator, OethR, located within the ethA promoter to block access of RNA
polymerase to the ethA promoter [21,24,37,39,40]. Like all TetR/CamR repressors, EthR
forms a homodimer with two functional domains, each composed of nine α-helices (Figure
2) [21,37,38]. Helices 1–3 form the classical helix-turn-helix motif of DNA-binding proteins
and interact with OethR, while helices 4–9 at the C-terminus of EthR form a hydrophobic
tunnel (Figure 2) [21,37,41]. This hydrophobic tunnel comprises the ligand-binding site of
the otherwise hydrophilic protein, thereby controlling EthR conformation and its DNA-
binding capacity [21,37, 41]. Dimerization occurs through interaction of helices from both
monomers in a 4-helix bundle. Earlier studies showed that EthR forms crystals with
hexadecyl octanoate (HexOc), a hydrophobic molecule that occupies the hydrophobic tunnel
of EthR through hydrogen bonds as well as hydrophobic interactions (Figure 2) [21,37,41].
The binding tunnel is buried within the monomer cores and contains numerous aromatic
residues, resulting in a hydrophobic milieu [37,38]. Binding of EthR to HexOc, which
results in a conformational alteration that increases the distance of the DNA-binding
domains of the monomers by 18 Å, results in decreased binding ability of EthR to OEthR
[21,37,41]. Recent mutagenesis studies showed that residues phenylalanine 110 (located in
helix 5) and alanine 95 (located near helices 4 and 5) of M. tuberculosis EthR contribute to
the ligand-binding domain and the point mutations altered the ligand-binding capacity of
EthR [19]. More importantly, glycine 106 (located in helix 5) functions as a molecular
switch to shift between conformations of EthR upon ligand binding [42]. The mutation of
glycine 106 to tryptophan mimics the ligand binding that releases EthR from OethR and thus
derepresses ethA transcription (Figure 1) [42]. Ligands such as HexOc could therefore prove
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to be powerful potentiators of ETH by inhibiting EthR repression of ethA transcription.
Effective EthR inhibitors would help to resensitize ETH resistant M. tuberculosis strains, or
lower the intrinsic resistance level of susceptible strains. Following this, the enhanced
therapeutic index would allow for the lowering of effective dosages that would minimize
toxic effects to the host. Furthermore, reduced toxicity would also improve patient
adherence, thus preventing further acquisition of resistance mutations.

Development of ethionamide potentiators
To design such clinically applicable ETH potentiators, it is crucial to understand optimal
conditions for ligand interactions within the EthR binding pocket, as well as chemical
compositions required for maximal bioavailability. For example, the hydro-phobic ester
ligand HexOc co-crystalized with EthR might be too hydrophobic for its delivery to the
intracellular M. tuberculosis. Nevertheless, HexOc serves well as a lead in the search for
more effective inhibitors. Since the structure of the EthR-HexOc complex was solved,
several groups have tried to derive hydrophobic esters to identify more effective EthR
inhibitors. Initial studies using more-hydrophilic ketones as EthR ligands identified
benzylacetone, which exhibits pronounced inhibition of M. smegmatis growth at 5 μg ml-1

ETH, threefold lower than the normal ETH concentration required to kill the bacterium
[21,27]. However, benzylacetone was still far from ideal, considering that the chemical
would have to travel through the membranes of the macrophage and the phagosome as well
as the impermeable mycobacterial cell wall before it reaches its target EthR [40,43].

An elegant mammalian cell-based reporter system was introduced by the Fussenegger group
to screen for compounds that not only derepress ethA transcription but are also able to reach
their target effectively [40]. Conveniently, the system can also monitor cell toxicity at the
same time [40]. In this reporter system, the ethA promoter was fused to a reporter gene and
introduced into the mammalian genome. An efficient ligand of EthR, upon binding, would
release EthR from OethR, thus resulting in expression of the measurable reporter protein.
Screening a library of synthesized hydrophilic esters using this reporter system, a licensed
food additive, 2-phenylethyl-butyrate, was found to be an efficient EthR inhibitor [40]. 2-
phenylethyl-butyrate could clearly sensitize M. tuberculosis to ETH in vitro, although the
level of sensitivity increase remains unknown [40]. To demonstrate bioavailability of 2-
phenylethyl-butyrate at whole body level, human embryonic kidney cells carrying the
reporter system were implanted into mice. The chemical was fed to the mice and was able to
reach EthR in the human embryonic kidney cells to activate the reporter system [40]. More
recently, it was demonstrated that 2-phenylethyl-butyrate effectively increases susceptibility
of not only susceptible strains but also ETH-resistant M. tuberculosis strains with mutations
leading to overexpression of inhA [44].

In an independent study, a pharmacore model was devised to screen for EthR ligands.
Knowledge of the ligand-binding tunnel of EthR, together with its residues required for
hydrogen bond formation and hydrophobic interactions, was used to design a model for a
ligand consisting of a 4.6-Å linker between two hydrophilic ends that should bind inside the
hydrophobic cavity and form hydrogen bonds with asparagine residues 176 and 179 [37].
Screening of a drug-like chemical library identified 131 compounds fitting the designed
model [37]. After surface plasmon resonance analysis and cocrystallization, compound
BDM14500 emerged as a lead that reduces binding of EthR to the ethA promoter by more
than 50% [37]. BDM14500 significantly increases ETH susceptibility of M. tuberculosis in
vitro, indicating potential for optimization to produce more efficient inhibitors [37].
Optimization of this 1,2,4-oxadiazole lead compound produced two thiophen-2-yl-1,2,4-
oxadiazole compounds with increased stability and binding affinity, BDM31343 and
BDM31381 [33,37]. Plasmon surface resonance analysis and cocrystallization with EthR
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confirmed efficient binding [33,37]. Kinetic studies showed that BDM31343 and
BDM31381 inhibit EthR binding with nanomolar and micromolar IC50 values, respectively
[33,37]. More importantly, both compounds boosted ETH activity against M. tuberculosis,
achieving a 10- and 20-fold reduction of ETH minimum inhibitory concentrations (MICs)
[33]. BDM31381 treatment increased the level of ethA mRNA in M. tuberculosis cultures by
35-fold, suggesting highly efficient binding between the compound and EthR, which may be
due to a novel hydrogen bond formed with the asparagine 179 residue of EthR [33,40].
Combinations of ETH and either of these compounds were used to treat mice infected with
M. tuberculosis. Compared with mice treated with ETH alone, the BDM31381-ETH
combination exhibited moderate decreases in bacterial loads in the lungs after 3 weeks of
treatment, whereas the BDM31343-ETH combination tripled the effect of ETH, indicating
effective potentiating activity [33,40]. To further optimize EthR inhibition, a series of
modifications of the heterocycles of this compound were instilled and tested for EthR
binding and ETH potentiation in vitro and in vivo. This process finally yielded compound
BDM41906, which showed improved stability in mice [45]. This compound potentiated
ETH activity tenfold against intracellular M. tuberculosis [45]. While ETH potentiation in
mice will still have to be determined, stability in mice livers indicated that this compound
may be a promising, efficient potentiator of ETH [45].

Antifolates
Cells need folate as a vitamin. This is because folate species are essential cofactors in a wide
variety of one-carbon transfer reactions that are involved in important cellular processes,
such as the synthesis of purines, thymidine, pantothenate and amino acids (Figure 3A)
[15,46–48]. Folate deficiency results in suspension of key metabolic pathways; DNA and
protein synthesis, methylations, homocysteine homeostatic control and others, leading to an
arrest of cell division and eventually cell death. Folate molecules are characterized by a two-
ring pteridine group to which para-aminobenzoic acid (pABA) and one or more glutamate
residues are fused sequentially during tetrahydrofolate (H4PteGlu) biosynthesis (Figure 3).
Cellular tetrahydrofolate species differ by one-carbon groups attached at positions N5 and/or
N10 (Figure 3B).

Unlike most bacteria and plants, which are able to synthesize folate de novo, mammals lack
enzymes for complete de novo folate biosynthesis, and thus have to rely on folate from their
diet. Therefore, de novo folate synthesis presents an attractive target for development of
antibacterial drugs [49]. Antifolates were the frst chemotherapeutic agents effectively used
to treat bacterial infections. They were used extensively between the 1930s and 1960s, after
which new antibiotics with lower toxicity and better efficiency replaced them in standard
treatment regimens [50,51]. Nevertheless, antifolate combinations such as co-trimoxazole
(sulfamethoxazole plus trimethoprim) are still commonly used to treat many bacterial
infections, including urinary tract infection and those caused by Shigella, Pneumococcus and
Staphylococcus [8,51–53]. While reactions involved in folate metabolism are well known,
currently only two steps of the de novo synthesis are targeted by antibacterial antifolates.
Dihydrofolate reductase (DHFR) is inhibited by trimethoprim, while dihydropteroate
synthase (DHPS) is targeted by sulfonamides and sulfones that outcompete pABA in the
condensation with the pteridine moiety (Figure 3A) [49,54,55].

Antifolates as antimycobacterial drugs
Antifolates were regarded as promising anti-TB drugs during the 1930s. Indeed, early
experiments using animal models proved that sulfonamides are effective in curing TB [8].
However, the 1943 discovery of streptomycin, which is less toxic and more effective against
TB, brought an end to these efforts [8]. These drugs were then abandoned and no longer
considered as useful against M. tuberculosis [8]. However, with the current worldwide

Wolff and Nguyen Page 5

Expert Rev Anti Infect Ther. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



epidemic of MDR and XDR TB, the search for alternative treatment strategies has re-
awakened interest in this group of forgotten compounds [15]. In fact, the sulfone drug
dapsone has been used to treat leprosy for many decades, and interestingly, some of the
current frontline TB drugs may target enzymes of folate metabolism. Despite its toxicity
causing gastrointestinal ailments, para-aminosalicylic acid (PAS) has been commonly used
to treat TB [56,102]. Its mechanism of action has remained unknown, but recent work
suggested that PAS resistance is mediated through the thymidylate synthase ThyA [57] that
catalyzes two chemical conversions; deoxyuridine monophosphate (dUMP) to
deoxythymidine monophosphate (dTMP), and 5,10-methylene-tetrahydrofolate to
dihydrofolate [58]. A lack of dTMP has been known to cause the so-called ‘thymineless
death’ [59], whereas the ability to convert 5,10-methylene-tetrahydrofolate back to
dihydrofolate might contribute to cellular folate homeostasis (Figure 3A) [57]. This study
indicated that PAS inhibits unknown components in folate metabolism. This would further
prove that folate metabolism is a valid target for drug development for bacterial infections
including TB. It is important to note that M. tuberculosis simultaneously expresses another
thymidilate synthase, ThyX, at lower levels (Figure 3A) [60,61]. However, ThyX is both
structurally and mechanistically distinct from ThyA [62,63]. Whereas thyX is essential,
deletion of thyA confers PAS resistance [60,64]. Besides the thymidylate synthase enzymatic
activity, ThyX probably catalyzes other cellular functions that are essential in M.
tuberculosis [60,63]. Whether ThyX is involved in the PAS resistance of M. tuberculosis
remains to be established.

Interestingly, recent reports suggested that INH, similar to ETH, may not only target the
InhA enzyme of mycolate synthesis [65], but also DHFR, thus inhibiting folate biosynthesis
in the same step affected by trimethoprim [66,67]. Proteomic studies showed that expression
of DHFR in M. tuberculosis is induced by INH exposure [66,67]. Moreover, INH was
shown to be able to inhibit DHFR in vitro [66,67]. When the M. tuberculosis DHFR-
encoding gene was in trans overexpressed in M. smegmatis, INH resistance was increased
by twofold in one study [66]. However, a contrary paper showed that overexpression of M.
tuberculosis DHFR in M. tuberculosis or M. smegmatis did not alter INH resistance, while
trimethoprim resistance was clearly increased in M. smegmatis [68]. Furthermore, the latter
paper showed that no interaction between activated INH and DHFR could be observed in an
Escherichia coli cell-based system [68], thus suggesting that DHFR may not be a target for
INH in M. tuberculosis. Further work will need to clarify this controversial issue.

Many recent studies provided convincing evidence that sulfonamides could be used for TB
treatment [69–72]. Clinical isolates of M. tuberculosis were shown to be commonly
susceptible to co-trimoxazole (sulfamethoxazole plus trimethoprim) [69], or even
sulfamethoxazole alone [71] at clinically achievable levels. These works clearly confirmed
the initial studies done with Promin, a sulfa drug used in the 1930s [8]. In addition, clinical
isolates, including MDR strains, collected over 12 years in Taiwan all exhibited sensitivity
to sulfamethoxazole without acquisition of resistance [70]. Interestingly, a case report of an
81-year-old patient described treatment with co-trimoxazole without the knowledge of his
TB condition [69]; over 2.5 weeks of treatment, his condition improved steadily. Although
the treatment was switched to a standard TB regimen and co-trimoxazole was discontinued
after TB was found, the symptomatic improvement that resulted from the 2.5 weeks of co-
trimoxazole treatment indicates a curing effect of antifolates. This was supported by the fact
that the M. tuberculosis strain isolated from the patient was found susceptible to co-
trimoxazole in vitro [69].
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New sulfonamide potentiators are needed for M. tuberculosis
The antifolate combination of co-trimoxazole is based on the idea of potentiation.
Sulfamethoxazole, which targets DHPS in de novo folate biosynthesis, is synergized by
trimethoprim that inhibits DHFR required for the reduction of dihydrofolate (Figure 3A)
[49,51,54]. Trimethoprim is the only sulfonamide potentiator currently available. In
addition, potentiation of sulfonamides by trimethoprim does not work for some bacteria,
including M. tuberculosis for unknown reasons. Recent studies have revisited the synergy of
trimethoprim–sulfonamides in M. tuberculosis. While Forgacs et al. showed that co-
trimoxazole is effective against M. tuberculosis, two other studies indicated that the anti-
mycobacterial activity of co-trimoxazole is solely attributable to sulfamethoxazole [69–71].

The M. tuberculosis genome clearly contains a copy of dfrA (rv2763c or folA) [73,74]. It has
also been shown in numerous studies that the gene product is a functional DHFR, which can
be inhibited by trimethoprim in vitro [66,68,73,75,76]. Therefore, it remains unknown why
trimethoprim does not work against M. tuberculosis [71]. MICs of trimethoprim required to
inhibit M. tuberculosis exceed 128 μg ml-1, at least 100-fold higher than the MICs of M.
smegmatis [77,78]. It is possible that M. tuberculosis is not entirely dependent on DHFR for
the reduction of dihydrofolate to tetrahydrofolate. Similar to bacteria lacking genes encoding
DHFRs [79], other as-yet-unidentified trimethoprim-resistant reductases may help catalyze
the dihydrofolate reduction activity. It is important to note that dfrA was implicated to be
essential, and expression of DHFR in M. tuberculosis was detected by mass spectrometric
analysis [80,81]. Another possibility is that expression of DHFR in M. tuberculosis vastly
exceeds the amount required for its function in folate biosynthesis. This high cellular
concentration of DHFR, together with other intrinsic resistance mechanisms, such as cell
wall exclusion, efflux pumps or modifying enzymes, neutralize the activity of trimethoprim.
In M. smegmatis, up to 97% of the wild-type DHFR expression levels could be depleted
with no effect on growth, but the depletion led to trimethoprim hypersusceptibility [82].
Metabolic profiling of DHFR-depleted cells showed a pattern similar to that obtained after
exposure of nondepleted M. smegmatis to subinhibitory concentrations of trimethoprim [82].
In vitro kinetic studies also suggested that M. tuberculosis DHFR might have a lower
affinity to trimethoprim compared with the homologous enzymes in other bacteria. The IC50
of M. tuberculosis DHFR inhibited by trimethoprim is approximately 100-fold higher than
E. coli DHFR, and its ki is 20-fold higher than that of the M. smegmatis enzyme
[74,78,83,84].

The lack of effective sulfonamide potentiators poses a potential risk for rapid emergence of
resistant strains. In fact, it has been shown in other bacteria commonly treated with
sulfonamides that a single point mutation at conserved residues corresponding to serine 53
or proline 55 of M. tuberculosis DHPS confers complete sulfonamide resistance [85,86].
Resistant strains of Mycobacterium leprae with these mutations have been isolated,
indicating the possibility that M. tuberculosis may rapidly acquire them as well [85,86].
Since the WHO has issued recommendations of using co-trimoxazole for prophylactic
treatment of AIDS patients [87], who are often coinfected with M. tuberculosis [88],
sulfonamide resistance in M. tuberculosis may arise even before they can be widely used for
TB treatment [89]. Clearly, it is critical to identify alternative sulfonamide potentiators that
would allow us to not only prolong the lifespan of these valuable drugs against M.
tuberculosis, but also to lower treatment doses, thus reducing side effects.

As the structure of M. tuberculosis DHFR, with and without various inhibitors, has been
obtained and compared with human DHFR, a wealth of information for targeted design of
DHFR inhibitors is available [66,73]. Indeed, several efforts to develop inhibitors of M.
tuberculosis DHFR have been reported [74,75,76,78,90,91]. Derivatives of pyrimidine-2,4-
diamines designed from crystal structure information displayed improved inhibition of M.
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tuberculosis DHFR expressed in Saccharomyces cerevisiae compared with trimethoprim,
but showed low activity towards the human DHFR [76]. Several lipophilic deazapteridine
compounds also showed improved in vitro MICs (10- to 100-fold lower) compared with
trimethoprim, while displaying low affinity for mammalian DHFR [78,91]. While such
studies are encouraging, many of them were done outside the M. tuberculosis cell, therefore
excluding M. tuberculosis specific resistance mechanisms as well as the issue of excessive
DHFR expression.

Future directions in sulfonamide potentiator development
Given the possibility that DHFR might not be the major reductase responsible for the
reduction of dihydrofolate to tetrahydrofolate, future studies should address the identity of
the unknown reductases responsible for this essential reaction, followed by the development
of inhibitors and testing their sulfonamides-potentiating activity against M. tuberculosis. A
recent study of whole-genome antifolate-resistance determinants in mycobacteria may help
to identify these alternate DHFRs [92]. Besides targeting DHFR, this work could help to
identify nontraditional targets for sulfonamide potentiation in M. tuberculosis [92]. Fifty
antifolate-resistance determinants have been identified thus far, and many of these
determinants proved to be responsible for the high intrinsic sulfonamide-resistance in
mycobacteria including M. tuberculosis [Unpublished Data]. A recent paper reported the
role of 5,10-methenyltetrahydrofolate synthase (MTHFS) as an enzyme required for the
utilization of storage form of folate, called 5-formyltetrahydrofolate [92]. It was proposed
that bacteria including M. tuberculosis use this storage form to survive during the limited
new synthesis caused by classical antifolates. Lack of MTHFS results in 64-fold increased
susceptibility to sulfonamides–trimethoprim combinations [92]. Inhibitors of MTHFS could,
therefore, block the conversion of 5-formyltetrahydrofolate to metabolically active folate
species, thereby rapidly exhausting cellular folate species required for metabolically
essential reactions.

Finally, as the current frontline TB drugs INH, ETH and PAS were shown as potential
inhibitors of the folate biosynthetic pathway [66–68], they should be tested in combinations
with sulfonamides to determine potentiation effects. These combinations, in which effective
doses and side effects of sulfonamides are reduced, may quickly find their way into clinical
trials because they are all already-approved drugs.

Conclusion
With the current crisis of the drug-resistant TB epidemic, we need to focus not only on the
development of new drugs, but also on the systematic re-evaluation and repurposing of
available drugs that have been thus far disregarded for clinical trials and possible
optimization. Among these forgotten drugs, ETH and classical antifolates are emerging as
promising candidates for pharmaceutical potentiation. They have been shown to be active
against M. tuberculosis, and strategies are already in place for further development of
effective potentiators. While much remains to be done in terms of compound optimization
and clinical trials, many compounds have been identified as promising leads. Studies
searching for potential methods to reapply these drugs to the clinic should be encouraged
and supported. Potentiators of ETH and antifolates would help to boost the efficacy of these
drugs, thus allowing for lower doses and reduction of side effects. This would provide a
safer and more effective implementation of these drugs in TB treatment.

Expert commentary
Many old drugs such as ETH and antifolates have been vastly underused or even abandoned,
as there is a lack of effective methods for enhancing efficacy. We must reverse our old way
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of thinking and attempt to make use of the potential held by these compounds. By
developing inhibitors to known resistance mechanisms employed by M. tuberculosis, it is
possible to circumvent the bacterial defense mechanisms to both increase efficacy of
existing drugs and lower cytotoxicity. While EthR inhibition proved to be a valid strategy
for ETH potentiation, chemical optimization to increase both target binding affinity and
bioavailability must be the foremost focus in this area. Concerning antifolates, research must
clarify which targets are most promising for potentiation. DHFR might not be an effective
target given differential outcomes observed with trimethoprim activity in vitro and in whole-
cell assays. Alternatively, efforts could be focused on the development of inhibitors to other
steps in both de novo folate biosynthesis and one-carbon metabolic reactions. Development
of novel cocktails composed of sulfonamides and folate-targeting TB drugs such as INH,
ETH and PAS might hold exciting future discoveries.

Five-year view
Much work has been done laying important groundwork that establishes ETH and
antifolates as potential old drugs to be recharged against M. tuberculosis, but equally much
remains to be done to implement the potentiation strategies for these drugs into TB
therapies. The next 5 years will probably see EthR inhibitors moving into animal
experiments and clinical trials. Reliability of DHFR as a valid target for development of
sulfonamide potentiators should be investigated. At the same time, alternative targets should
be identified and their potential investigated. This area of research could bring important
breakthroughs to the implementation of sulfonamides into the treatment of both drug-
resistant and drug-susceptible TB. Novel regimens in which PAS, ETH or INH are used to
synergize sulfonamides might be explored to shorten the current TB treatment courses.
Finally, further testing of candidates from the antifolate-resistance determinant screen and
design of inhibitors against good candidates will be focused on in the next 5 years.
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Key issues

• Potentiation uses knowledge of resistance mechanisms to develop inhibitors to
resistance mechanisms in order to (re)sensitize bacteria to available drugs.

• Due to the severely limited arsenal of drugs effective against multiple drug-
resistant and extensively drug resistant tuberculosis (TB), old drugs need to be
repurposed for the treatment of these infections.

• Ethionamide (ETH) is effective against TB; but due to its high toxicity, it is only
used as a second-line drug. Potentiation could lower required ETH
concentrations and decrease toxic side effects.

• EthR represses activation of the prodrug ETH, and inhibitors to EthR potentiate
ETH by increasing levels of active drug through increased expression of EthA.

• EthR inhibitors show ETH potentiation in vitro, but only a few have been tested
with varying success in mice. Further testing in animal models and patients is
required.

• Classical antifolates were considered effective against Mycobacterium
tuberculosis in animal models, and are used to treat mycobacterial infections
such as leprosy, but were disregarded due to the emergence of more effective,
less toxic anti-TB drugs.

• Sulfonamides have been shown to be useful against multiple strains of drug
resistant and extensively drug resistant TB, but the only available potentiator,
trimethoprim, does not have a synergistic effect against M. tuberculosis.

• M. tuberculosis dihydrofolate reductase may not be a good target for
development of sulfonamide potentiators.

• Other antifolate resistance determinants could provide effective targets for
sulfonamide potentiators.
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Figure 1. Potentiation of ethionamide by targeting EthR
The binding of inhibitors releases EthR from its interaction with the ethA promoter. This
derepresses the flavoprotein EthA, which is responsible for oxidizing and thus converting
ETH to its active form, ETH-NAD. The activated drug then binds to InhA and inhibits its
activity in mycolate biosynthesis. EthR inhibitors could thereby function as ETH
potentiators.
ETH: Ethionamide.
Adapted with permission from [15].
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Figure 2. Crystal structure of a hexadecyl octanoate-bound EthR homodimer
Each EthR monomer consists of nine helices (α1–α9). The first three helices at the N-
terminus (blue) form a three-helix bundle DNA-binding domain in which α2–α3 form a
helix–turn–helix motif that is stabilized by α1. The six C-terminal helices (α4–α9, red) are
involved in dimerization. They form a hydrophobic tunnel that binds ligands. The DNA
recognition helices (α3 and α3′) are separated by 52 Å. The hexadecyl octanoate ligand is
shown as yellow and red spheres.
Reproduced with permission from [21].
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Figure 3. Folate metabolism and antagonism in mycobacteria
(A) Simplified interconversions of folate derivatives in de novo folate synthesis and one-
carbon metabolic network. DHPS and DHFR are inhibited by current antifolates. (B)
Chemical structure of monoglutamylated tetrahydrofolate and its derivatives carrying one-
carbon groups at various levels of oxidation attached to N10 and/or N5.
DHFR: Dihydrofolate reductase; DHFS: Dihydrofolate synthase; DHPS: Dihydropteroate
synthase; ETH: Ethionamide; INH: Isoniazid; MS: Methionine synthase; MTHFS: 5,10-
methenyltetrahydrofolate synthase; pABA: Para-aminobenzoic acid; SHMT: Serine
hydroxymethyltransferase; TIM: Trimethoprim; TS: Thymidylate synthase.
Adapted with permission from [15].
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