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Objectives: Phenothiazines have been shown to exhibit in vitro and in vivo activity against Mycobacterium tu-
berculosis (Mtb) and multidrug-resistant Mtb. They are predicted to target the genetically validated respiratory
chain component type II NADH:quinone oxidoreductase (Ndh). Using a set of compounds containing the
phenothiazine pharmacophore, we have (i) investigated whether chemical validation data support the molecu-
lar target and (i) evaluated pharmacophore tractability for further drug development.

Methods: Recombinant Mtb Ndh was generated and its functionality confirmed by steady-state kinetics. Phar-
macodynamic profiling of the phenothiazines, including antitubercular efficacy in aerobic and O,-limited con-
ditions, time-kill assays and isobole analyses against first-line antituberculars, was performed. Potential
mitochondrial toxicity was assessed in a modified HepG2 cell-line assay and against bovine cytochrome bc;.

Results: Steady-state kinetic analyses revealed a substrate preference for coenzyme Q, and an inability to
utilize NADPH. A positive correlation between recombinant Ndh inhibition and kill of aerobically cultured Mtb
was observed, whilst enhanced potency was demonstrated in a hypoxic model. Time-kill studies revealed
the phenothiazines to be bactericidal whilst isobolograms exposed antagonism with isoniazid, indicative of
intracellular NADH/NAD* couple perturbation. At therapeutic levels, phenothiazine-mediated toxicity was
appreciable; however, specific mitochondrial targeting was excluded.

Conclusions: Data generated support the hypothesis that Ndh is the molecular target of phenothiazines. The
favourable pharmacodynamic properties of the phenothiazines are consistent with a target product profile
that includes activity against dormant/persistent bacilli, rapid bactericidal activity and activity against drug-re-
sistant Mtb by a previously unexploited mode of action. These properties warrant further medicinal chemistry to

improve potency and safety.
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Introduction

Tuberculosis (TB) is a global public health emergency, accounting
for some 1.4 million deaths per annum. Whilst the WHO has re-
cently reported that TB prevalence and associated mortality are
in decline, it is clear that this progress could be jeopardized if the
increasing number of multi- (MDR), extensively (XDR) and totally
drug-resistant TB cases are not tackled.

No new antitubercular drugs, exhibiting novel modes of
action, have been developed for almost half a century.? Recent
additions to the antitubercular armoury have largely been deri-
vatives of existing therapies or repurposing of antimicrobial
agents (e.g. oxazolidinones and carbapenem/B-lactamase inhibi-
tor combinations). In order to circumvent current resistance

mechanisms, novel compounds focused against new targets
must be developed. The current development portfolio contains
several compounds with novel modes of action exhibiting prom-
ising results in initial clinical studies.® For example, the diarylqui-
nolone TMC207 targets the ATP synthase of the Mycobacterium
tuberculosis (Mtb) electron transfer chain (ETC), resulting in dis-
ruption of ATP synthesis. It has been shown to be highly
potent against both replicating and dormant Mtb, with encour-
aging results in murine models and clinical studies.*”® TMC207
highlights the potential of other ETC components as novel drug
targets with utility in treating drug-persistent Mtb.’

The type II NADH:quinone oxidoreductase (Ndh) of Mtb is
one such ETC component showing promise as a drug target.®
Alongside a homologous single subunit protein (NdhA) and a
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conventional complex I, Ndh is postulated to contribute to the
menagquinol/menaquinone and NADH/NAD™ redox pools of Mtb;
however, it is not expected to translocate protons.”'° This may
be of particular benefit under non-replicating conditions, where
cellular energy requirements are low, as it may mitigate
against the accumulation of H* that results from reduced
ATPase activity.>*° Further endorsement of the importance of
Ndh comes from a recent study demonstrating that the antitu-
bercular activity of clofazimine, including against MDR Mtb, is
due to the generation of reactive oxygen species formed as a
consequence of Ndh-mediated reduction of clofazimine.!* The
novelty of the target and the potential role of Ndh during Mtb
dormancy and persistence therefore offer an advantage over
many current antituberculars.'® If successfully developed, Ndh
inhibitors could circumvent current resistance mechanisms and
have utility in shortening treatment times.

The essentiality of Mtb Ndh, which has no human homologue,
could not be confirmed initially.'*** However, a recent deep se-
quencing study of genes required for Mtb growth by Griffin et al.*
suggests that of the three Mtb NADH dehydrogenases, only ndh is
unable to tolerate insertional mutations, thus signalling its potential
essentiality and viability as a novel target. Further evidence for the
essentiality of Mtb Ndh is reported in the study of Rao et al.,'®
wherein the killing of hypoxic, non-growing Mtb was elicited by an
Ndh inhibitor but not a complex I inhibitor.

It has long been recognized that the phenothiazine-derived
antipsychotic agent thioridazine has antitubercular proper-
ties’>'® and studies of inhibitors containing the phenothiazine
pharmacophore identified significant activity against Mtb.*”*
Furthermore, recent clinical studies indicate that 200 mg/day
doses of thioridazine, in combination with moxifloxacin and line-
zolid, have been successfully employed to treat patients with XDR
Mtb.'® Additionally, thioridazine demonstrates significant activity
against MDR TB in a murine model of infection.”® Although data
intimate that phenothiazines effect their antitubercular activity
via Ndh in aerobic and anaerobic in vitro models, these studies
are fragmentary and isolated mainly to thioridazine and
trifluoperazine 819121 1t has been established that Ndh indirect-
ly contributes to the membrane potential (AWm) in hypoxic Mtb
and that thioridazine treatment causes a collapse of the A¥m,
resulting in a concomitant reduction of ATP levels in anoxic
(non-replicating) Mtb as well an increase in the intracellular
NADH/NAD™ ratio.'® Furthermore, Boshoff et al.?? demonstrated
that thioridazine and chlorpromazine elicit a transcriptional
phenotype consistent with a respiratory poison, whilst Weinstein
et al.® showed that, in addition to the inhibition of recombinant
Ndh, trifluoperazine impedes Mtb membrane respiration and acts
upstream of cytochrome ¢ within the ETC.

Whilst phenothiazines are some of the most widely used anti-
psychotic agents, they demonstrate numerous toxicities, includ-
ing QTc interval prolongation.'®?* Mitochondrial toxicity has also
been reported, particularly in the human brain where diminished
oxidative phosphorylation may result in extrapyramidal effects,
such as tardive dyskinesia.”* As such, the development of pheno-
thiazine derivatives as antituberculars must be approached with
appropriate caution.

Here, we describe the pharmacodynamic features of a set of
phenothiazines to (i) generate supportive chemical validation
data for the molecular target and (ii) evaluate the potential of
this class for further antitubercular drug development.

Materials and methods

Molecular biology

The Mtb ndh gene (Rv1854) was amplified from plasmid ndh pET16b
(provided by Professor H. Rubin, University of Pennsylvania). The
forward and reverse primers for the PCR were 5-GGGCATGCC
CATCATCATCATCATCACAGC-3" (Fw, SphI site underlined) and 5'-CC
GGATCCTAGCTGGCCACCTTAGC-3' (Rev, BamHI site underlined), respective-
ly. The resultant N-terminal His-tagged 1431 bp fragment was ligated to
pUC19 to generate the expression plasmid pAW1. Following sequence
verification by automated DNA sequencing, pAW1 was transformed
into the Escherichia coli NADH dehydrogenase knockout strain ANN0222
(nuoB:nptI-sacRB, ndh:tet, a gift from Professor T. Friedrich, University
of Freiburg) for heterologous expression. All molecular biology was per-
formed according to the standard protocols of Sambrook and Russell.?®

Membrane preparations

Membrane preparations were carried out as described by Fisher et al.?®
The resultant membrane pellet was resuspended in buffer contain-
ing 10% (v/v) glycerol, stored at —80°C and typically contained
10-20 mg/mL protein.

Steady-state assays and enzyme inhibition studies

Mtb Ndh-catalysed oxidation of NADH and concomitant reduction of
quinone were measured spectrophotometrically at 340 and 283 nm, re-
spectively, using a Cary 300 Bio UV/visible spectrophotometer (Varian) as
per Fisher et al.”® The K, and Vinax values were determined by fitting with
a Michaelis-Menten rectangular hyperbola using Origin 8.5 (OriginLab
Corp., USA). ICso (50% inhibitory concentration) determinations for the
phenothiazines against recombinant Mtb Ndh were performed using
the steady-state assay. The ICso values were calculated from plots
of log dose versus quinone reduction rate, fitted with a four-parameter
logistic function.

Chemoinformatics compound selection

Compounds were selected by searching the Zinc database of purchasable
compounds (http:/zinc.docking.org) for similarity to trifluoperazine. A
Tanimoto coefficient of >0.7 was used.

bc; inhibition studies

Activities of phenothiazine compounds against bc; were determined
spectrophotometrically as a function of cytochrome c reduction, as per
Fisher et al.?’ using Keilin-Hartree particles.?® Inhibitors were added
prior to reaction initiation with 50 wM decylubiquinol and the ICsq
values determined from plots of log dose versus cytochrome c reduction.

Culture of Mtb, drug susceptibility assays, isobole
analyses and time-kill studies

For drug susceptibility assays, aerobic cultures of Mtb H37Rv were grown
to mid-log phase at 37°Cin 10 mL growth media [Middlebrook 7H9 broth
supplemented with 10% albumin-dextrose-catalase solution (Becton
Dickinson), 0.2% (v/v) glycerol and 0.05% (v/v) Tween 80]. Hypoxic cul-
tures were grown similarly, but the head-space ratio was reduced to
0.5 and cultures were stirred at 120 rpm as per Wayne and Hayes.”®
Mtb drug sensitivities were determined using a microplate Alamar
blue assay (MABA) described by Hartkoorn et al*° Measurements of
well absorbance at 570 and 600 nm recorded using an Opsys MR plate
reader were utilized to calculate ICsg values for the inhibitors. For
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Figure 1. (a) Plot of coenzyme Q, concentration dependence of
recombinant Mtb Ndh, as determined by steady-state kinetic assays.
The reduction of coenzyme Q, was monitored at 283 nm and resultant
data fitted with a rectangular hyperbolic function to determine the
apparent K., of Q, as 10.4+3.4uM and the Vipex as 1080.9+
59.4 nmol/min/mg. (b) Plot of thioridazine concentration against
recombinant Mtb Ndh activity for 1Cso determination. The ICsq for
thioridazine was calculated as 11.4 pM+1.8 using a four-parameter
logistic function (Origin 8.5 software). All assays contained 10-15 mg/
mL protein in 50 mM potassium phosphate, 2 mM EDTA (pH 7.4) with
potassium cyanide and NADH present at final concentrations of 1 mM
and 200 uM, respectively. Inhibitor was introduced prior to reaction
initiation by the addition of 50 uM coenzyme Q.

Table 1. Apparent K, and Viqx values for recombinant Mtb Ndh

anaerobic cultures, plates were sealed within GasPak EZ pouches con-
taining an indicator to ensure anaerobic conditions were maintained.
The plates were subsequently incubated anaerobically at 37°C for
7 days before being moved to an aerobic environment for a further
7 days. The ICsq values were calculated as described for aerobic cultures.

Drug competition assays were performed using the method of
Berenbaum.>! The ICso values for each compound to be tested were
determined by the MABA technique described above.

Time-kill studies were carried out using an adaptation of previous
methods.?**3 Mid-log phase Mtb H37Rv was diluted to 1x107 cfu/mL
and subsequently added to equal volumes of drug-containing growth
media. Drugs were present at final concentrations of 5x ICqo (90% inhibi-
tory concentration), as determined from MABA studies, whilst a drug-free
control was included in order to monitor normal culture growth. Aliquots
of culture were withdrawn over 7 days and pelleted material washed in
drug-free Middlebrook 7H9 media before cfu/mL determination by
colony counting on solid growth media [Middlebrook 7H11 agar plates
supplemented with 10% oleic acid-albumin-dextrose-catalase solution
(Becton Dickinson), 0.2% (v/v) glycerol and 0.05% (v/v) Tween 80].

HepG2 toxicity studies

Cellular toxicities were determined using a modification of the method of
Marroquin et al.>* Briefly, HepG2 cells cultured in glucose media [high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 25 mM
glucose, 1 mM sodium pyruvate, 5 mM HEPES, 10% fetal bovine serum
and 100 pg/mL penicillin/streptomycin] or galactose media (as per
glucose media but using glucose-free DMEM) were added to 96-well
plates (100 L, 1x10* cells/well) and incubated for 24 h at 37°C. The
test compounds were added and incubation continued for a further
24 h. The plates were subsequently incubated for 2 h in the presence
of 1 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
solution. Solubilization buffer, consisting of 50% (v/v) N,N-dimethylforma-
mide and 20% (w/v) SDS, was added before well absorbance at 560 nm
was measured using a Varioskan plate reader (ThermoScientific). The
1Csp values were determined using a four-parameter logistic function.

Results

Steady-state kinetic characterization of recombinant
Mtb Ndh

Initial kinetic characterization of crude membranes containing
recombinant Ndh revealed typical biphasic activity with a fast
linear phase followed by a second, slower phase. Unlike previous
studies of Mtb Ndh®?! no detergent was added to the
membrane preparation, as this has been shown to elicit non-
enzymatic oxidation of NADH.?®

Ndh activity was not diminished by the addition of the trad-
itional complex I inhibitors rotenone and piercidin A at

Coenzyme K (uM) Vimax (NmMol/min/mg) Kenin (Vmax/Km) (/mM/s/mg) Ky (NADH) (M) Vinax (NADH) (nmol/min/mg)
dQ 21.5+45.0 673.3+59.1 0.5 33.6+7.9 441.6+23.8
Q 18.6+2.4 1291.2+65.8 1.2 549+12.2 1236.7+77.1
Q> 10.4+3.4 1140.5+106.9 1.8 69.3+12.9 1080.9+59.4

Values are expressed as the mean of multiple replicates +SD and were calculated using a rectangular hyperbola (Origin 8.5 software). K., values for
the quinones were determined in the presence of 200 M NADH, whilst NADH K, values were determined in the presence of 50 wM of the appropriate

quinone.
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Table 2. ICsq values of phenothiazine-like compounds

[C50+ SEM (uM)

Compound Structure recombinant Ndh Mtb H37Rv (aerobic) Mtb H37Rv (Wayne model)
Chlorpromazine T 70.14+9.6 23.74+4.2 11.742.5
H/N\CHz
[a} N.
O
Flupenthixol “"\/\N/\ 28.6+1.7 13.2+1.2 10.04+0.3
K/N
F,C ‘ -
S S ‘
Fluphenazine ﬁN/\/OH 47.8+3.2 145423 3.440.9
”Q
1009
Perphenazine M 475+6.6 18.8+3.6 6.8+1.4
”Q
1909
Phenothiazine g >200 >100 >100
909
Promazine C‘“z 155.14+17.3 62.1+5.7 10.0+3.8
H/N\CH,
N.
909
Promethazine e 85.3+16.1 50.84+1.6 22.6+4.8
H\CH,
N.
9909
Thioridazine 11.44+1.8 13.442.1 3.9+0.8
o
S
Continued
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Table 2. Continued

ICs0+ SEM (M)

Compound Structure

recombinant Ndh

Mtb H37Rv (aerobic) Mtb H37Rv (Wayne model)

Trifluoperazine

L
00

M 15.6+2.2
9

10.5+1.6 3.6+0.7

Values were calculated spectrophotometrically (recombinant Ndh) or using the MABA assay (Mtb), as described in the Materials and methods section,

and are the mean of at least two replicates.
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Figure 2. Scatterplot of the ICsps of eight phenothiazine-like compounds
against recombinant Mtb Ndh and aerobically cultured Mtb, as detailed in
Table 2. The data demonstrate a strong positive correlation between
enzyme inhibition and in vitro antitubercular activity. Data for
phenothiazine are not included, as accurate ICsg determinations could
not be made.

concentrations >50 pM. Ndh demonstrates a preference for
NADH and shows no discernible activity in the presence of
NADPH or deamino-NADH. In replication of the work of Yano
et al.,*! apparent K., data for substrate analogues, selected for
the variations in the structures of their aliphatic chains, were
determined. The data (Figure 1a) identify a rank-order preference
for coenzyme Q, (Qy, C19H2604) >coenzyme Qi (Qq, C14H1504) >
decylubiquinone (dQ, C19H3004) (Table 1). Viax data indicate a
~2-fold activity decrease for dQ compared with Q; and Q,. As
per Yano et al.,*! the determination of kinetic parameters using
coenzyme Q, and the endogenous substrate menaquinone
were not possible under the described assay conditions.

The apparent K., and Vex values for NADH in the presence of
the three quinone analogues detailed in Table 1 show that NADH
binding is dependent upon the electron acceptor present, with

the tightest binding observed for dQ. Viex data show a similar
trend to those of the quinone analogue study (Table 1).

Inhibition of Ndh by phenothiazines is correlated
to Mtb killing

Inhibition studies for a range of commercially available phe-
nothiazines, selected due to diversity of the side chain at
the thiazine nitrogen, against recombinant Ndh identified
concentration-dependent attenuation of the conversion of
quinone to quinol (Figure 1b). The ICso values ranged between
10 and 160 puM, with a rank order of potency of thioridazine >
trifluoperazine > flupenthixol > perphenazine > fluphenazine >
chlorpromazine > promethazine>promazine (Table 2). Pheno-
thiazine did not exhibit an inhibitory effect.

Against Mtb under aerobic and anaerobic growth conditions
(validated by an idiosyncratic improvement in metronidazole ac-
tivity®®), the phenothiazines exhibited significant concentration-
dependent activity and the ICso values were determined for all
compounds except phenothiazine (Table 2). A plot of recombin-
ant Mtb Ndh ICso against Mtb ICsy (aerobically cultured,
Figure 2) indicates a positive correlation; an observation echoed
for anaerobic studies.

Phenothiazines exhibit rapid bactericidal activity
in time-kill studies

The bactericidal/static nature of eight phenothiazines was deter-
mined by time-dependent kill kinetic studies under aerobic condi-
tions (Figure 3). All of the phenothiazines caused significant
reductions in cfu/mL within the first 48 h and by day 4 no viable
organisms remained. The order in which the phenothiazines
reduced cfu/mL to zero was established as chlorpromazine=
perphenazine (1 day)>trifluoperazine=thioridazine (2 days)>
promethazine=promazine=flupenthixol=fluphenazine (4 days).
Streptomycin (not shown) and isoniazid reduced colony counts
to zero within a similar time frame, whilst ethambutol failed to
completely attenuate growth.
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Figure 3. Time-kill curves for untreated cells (control), thioridazine, trifluoperazine, fluphenazine, flupenthixol, promazine, promethazine,
chlorpromazine, perphenazine, isoniazid and ethambutol. Compounds were present at 5x ICqo (established from MABA assays) and cfu/mL were
determined at the appropriate timepoints (as described in the Materials and methods section). Data are the mean of two experiments.

Phenothiazines display a degree of antagonism

with isoniazid

The isobolograms (Figure 4) demonstrate significantly varied
responses dependent upon the drug combination tested.
In combinations of thioridazine or trifluoperazine with rifampicin,
isoboles remained very close to the additive line. Similar
responses were observed with streptomycin and ethambutol
and indicate that the three Mtb therapies act in an additive
manner with the tested phenothiazines. The isoniazid isoboles
show considerable convexity with fractional inhibitory concentra-
tion values >2, indicating a degree of antagonism.>*

Cellular toxicity of phenothiazines appears not
to be associated with mitochondrial dysfunction

Mitochondrial toxicity can be identified by the differing responses
observed for HepG2 cells grown in glucose-containing media,
which favours glycolysis, or galactose-containing media, which
promotes reliance upon oxidative phosphorylation.®* The toxicity
of tamoxifen (Figure 5a) is observed to be unaltered by a
change of growth media, as is expected for a compound with
no known mitochondrial toxicity. Conversely, the mitochondrial
complex I inhibitor rotenone is not significantly toxic in glucose
media but demonstrates severe toxicity in galactose media
(Figure 5b), thus indicting disruption of oxidative phosphorylation.
The majority of the phenothiazines (Figure 5c) demonstrated com-
parable toxicity to the non-mitochondrial toxicant tamoxifen
(IC50=19.88 uM) for HepG2 cells cultured in glucose-containing
media. The toxicities of promazine (not shown) and promethazine
were ~2-fold less (ICso=39.15 and 41.85 uM, respectively) than
other phenothiazine-like compounds, whilst minimal toxicity was
observed for phenothiazine and rotenone at 100 and 1 uM,
respectively. In galactose-containing media, toxicities of the

phenothiazines and tamoxifen remained largely unchanged. For
example, the ICsq values for fluphenazine in glucose and galact-
ose media were 20.76 and 23.15 uM, respectively, (not shown).
Phenothiazine showed little or no toxicity at 100 uM, whilst a sig-
nificant increase in rotenone toxicity was observed (0.07 uM).

The phenothiazines were counterscreened against bovine
cytochrome bc; due to concerns of complex III-mediated
cardiotoxicity; however, only minimal inhibitory activity of
these compounds was observed.® ICso values of 58.96 and
90.45 pM were recorded for thioridazine and trifluoperazine,
respectively, whilst chlorpromazine and flupenthixol showed
insignificant levels of inhibition at concentrations of 150 pM
(data not shown).

Discussion

The findings of this kinetic characterization are consistent with
previous studies wherein Mtb Ndh catalyses the conversion of
quinone to quinol with concomitant NADH oxidation, complex I
inhibitors demonstrate no efficacy and NADH is the preferred co-
enzyme over NADPH.%2! Mtb Ndh appears somewhat unusual in
this respect as other organisms, including Saccharomyces cerevi-
siae and Corynebacterium glutamicum, demonstrate an ability to
utilize NADPH and deamino-NADH in addition to NADH.?”:3®
Whilst the physiological reason for these differences is not
clear, structural differences in the NAD(P)H binding site are the
most likely cause for a lack of activity with NADPH. The inability
of deamino-NADH, which is only subtly structurally distinct
from NADH, to supply reducing equivalents to Mtb Ndh is unlikely
to be a consequence of an unfavourable redox potential, as it is
expected to have a potential identical to that of NADH.*?

The preference of Q,>Q;>dQ in this study is also difficult to
attribute to redox potential differences. The redox potentials of
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Figure 4. Isobolograms for thioridazine in combination with (a) rifampicin, (b) streptomycin, (c) ethambutol and (d) isoniazid. Panels (e-h) show
isobolograms for trifluoperazine in combination with the aforementioned antitubercular compounds, respectively. Fixed ratios of each pair of
compounds were prepared and used to determine ICso values for each compound. Subsequently, the 50% fractional inhibitory concentration (FIC)
for each compound in combination was calculated (see the Materials and methods section) and plotted as an isobologram. Compounds
demonstrating an additive effect have a summed FIC~1 (dashed line), whilst antagonistic and synergistic combinations have values >4 and

<0.5, respectively.®’

the three coenzymes are not significantly different (+40, +113
and +90 mV for Q,, Q; and dQ, respectively*®~“%) and without
a detailed understanding of the electron transfer mechanism
in operation (i.e. whether or not a semiquinone intermediate is
involved), the significance of quinone redox potentials cannot
be clearly ascertained. Whilst the extended hydrophobic tail
of Q, may be an important determiner of selectivity in the
binding site, the Kinin values determined (Table 1) suggest that
solubility is significant. They indicate that catalytic efficiency is
less with dQ, which has the least favourable clogP for assays per-
formed in aqueous media, although the differing activities of the
quinones may also be a consequence of critical micelle concen-
trations and, hence, variability in the availability of monomeric
forms in solution.

The orders of coenzyme preference in this study (Q,>
Q;>dQ) and the study of Yano et al.’’ (dQ>Q,>Qq) are

discordant. The differences most likely derive from performing
assays using Ndh purified to differing degrees and that this
study directly monitors the conversion of quinone to quinol
rather than NADH oxidation. The latter may have additional
electron acceptors (including oxygen) and may be adversely
influenced by the presence of detergent.’®

Alternative modes of action, including the inhibition of efflux
pumps and/or calcium-binding proteins, have been suggested
for the antitubercular properties of the phenothiazines.****
Whilst this study cannot rule out the possibility of multiple cellu-
lar targets, the drug susceptibility data presented herein demon-
strate that the inhibition of Mtb Ndh by the phenothiazine class
of compounds directly correlates to the antitubercular activity
under aerobic and anaerobic growth conditions (Figures 1b and
2 and Table 2); thus, further supporting the hypothesis that a
key molecular target for this class is Ndh.
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Figure 4. Continued

The diversity of potency amongst these compounds is mani-
fold and may in part be explained by structural variations. The
lack of activity demonstrated by phenothiazine is likely due to
the absence of aromatic ring substitution and/or the absence
of a side chain at the thiazine nitrogen. As noted by Bate
et al.,'” the 2-position of the phenothiazine structure appears
significant to inhibitor binding, as adornments at this position
appreciably increase potency (e.g. chlorpromazine compared
with promazine). It should also be noted that such seemingly
trivial structural modifications have been shown to be res-
ponsible for the differing modes of action of the antitubercular
pyrazinamide (uncertain mode of action) and its derivative 5-
chloropyrazinamide (a confirmed fatty acid synthase I inhibi-
tor).*> Activity is further improved by the addition of an aliphatic
chain at the 10-position nitrogen (promazine and promethazine)
and the subsequent addition of a piperazine ring (flupenthixol,
fluphenazine and trifluoperazine) or a piperidine ring (thiorida-
zine) to this chain.

Interestingly, a slight enhancement in potency is observed for
the phenothiazines in the hypoxia model in comparison with
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FIC (trifluoperazine)

T T~ T T T T T T~ 1 T T T T T T "1
00 02 04 06 08 10 12 14 16 18 20
FIC (isoniazid)

aerobic conditions. It has been previously noted that a number
of phenothiazine analogues are equally potent in both
models'®'” and, as such, these two datasets further validate
the hypothesis that Ndh is the primary NADH dehydrogenase in
non-replicating Mtb. This is highly encouraging, as the ability to
target non-replicating Mtb is a key aspect of the target product
profile (TPP).

The time-kill data show that unlike ethambutol (which is bac-
teriostatic), the tested phenothiazines are bactericidal, rapidly
eliminating all Mtb organisms from liquid culture within 4 days
(a time period comparable to that of streptomycin and isoniazid).
This finding, which confirms previous data for trifluoperazine and
chlorpromazine,®“® is significant, as current TPPs for novel ther-
apies include a desire for compounds to be bactericidal to min-
imize resistance development and to act rapidly in order that
treatment regimens may be shortened.” The data presented
here clearly illustrate that the phenothiazines fulfil both these
criteria.

The isobole data generated for rifampicin, ethambutol and
streptomycin  with the phenothiazines demonstrate non-
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Figure 5. Percentage viability of HepG2 cell versus drug concentration (M) cultured in glucose (glu) and galactose (gal) media. Panels (a) and (b)
illustrate the responses elicited by a switch in media for the non-mitochondrial toxicant tamoxifen and the respiratory poison rotenone,
respectively. (c) The responses for phenothiazine, promethazine and thioridazine in glucose and galactose media. In (c) the dashed vertical line
represents the therapeutic maximum plasma concentration of thioridazine, whilst the dotted line indicates the concentration of thioridazine
required to kill phagocytosed Mtb.>*>3
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antagonistic effects. Considering the differing modes of actions
for these compounds, it is unsurprising that there is no synergism
or antagonism with the respiratory chain-inhibiting phenothia-
zines. The antagonism observed between isoniazid and the phe-
nothiazines may at first sight appear curious; however, prior to
the inhibition of the target enzyme InhA, isoniazid is required
to form an adduct with NAD*, catalysed by the catalase perox-
idase KatG.*”*® Inhibition of Mtb Ndh would be expected to
modulate intracellular NADH/NAD™ ratios, resulting in the accu-
mulation of NADH, which may directly compete with the
isoniazid-NAD™ adduct at the InhA active site or, as NADH is a
peroxidase substrate, competitively inhibit the adduct formation
catalysed by KatG.*”>° However, it should be noted that this
finding may contraindicate the use of isoniazid in conjunction
with a phenothiazine derivative, as it may result in a suboptimal
therapeutic response.

Due to unexpected cardiotoxicity, promising compounds (e.g.
the Plasmodium falciparum cytochrome bc; inhibitor GW844520)
have subsequently been withdrawn from development®! and
therefore early assessment of potential toxicity is paramount
when designing novel drugs against respiratory chain targets.
The data presented herein identify that the inhibitory effects
against bovine bc; mediated by the phenothiazine compounds
are >5-10-fold lower than for Mtb Ndh and are, hence, unlikely
to elicit the levels of cardiotoxicity witnessed for bci-specific
compounds.

The response of HepG2 cells exposed to the phenothiazines
(Figure 5c) is similar in magnitude to that observed for ta-
moxifen and is not appreciably altered by the respiratory
pathway in operation. Significantly, the therapeutic maxi-
mum plasma concentration for thioridazine, when used as
an antipsychotic, is ~1.2-2.5 uM,”* which is >10-fold less
than the concentrations required to elicit significant toxicity
in HepG2 cells.

Whilst the concentrations of phenothiazines determined in
this study that effect a complete in vitro Mtb kill (e.g. >50 uM
for thioridazine) will elicit significant toxicity in humans, concen-
trations required to clear Mtb from macrophages may be
appreciably lower. Indeed, Ordway et al.>® demonstrated accu-
mulation of thioridazine and chlorpromazine within macro-
phages and established that concentrations of these drugs in
the order of 0.25uM were sufficient to kill phagocytosed
antibiotic-susceptible and MDR Mtb in vitro. It is noteworthy
that the drug penetration of anti-infectives into the pulmonary
epithelial lining fluid is often not consistent with plasma drug
levels.”*>> For some drugs it is therefore difficult to predict
in vivo drug efficacy from in vitro data; a case exemplified by
the recent clinical study of linezolid, which demonstrated efficacy
for the treatment of chronic XDR Mtb despite having modest
in vitro and in vivo (rodent models) activity.”®

In conclusion, this work further validates the respiratory chain
of Mtb and, more specifically, its type 1T NADH:quinone oxidore-
ductase as a viable target for the development of novel antitu-
berculars. Furthermore, our data support the hypothesis that
Ndh is a key molecular drug target for phenothiazine-based deri-
vatives. The favourable pharmacodynamic properties of the
phenothiazines, as shown here, are consistent with a TPP that
includes activity against dormant/persistent bacilli, rapid bacteri-
cidal activity and activity against drug-resistant Mtb by virtue of a
novel mode of action.
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