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Abstract: The emergence of drug-resistant tuberculosis forced the development of new drugs and screnning of
more effective or less toxic analogs. Mycolic acids biosynthesis is targeted by several antituberculosis drugs
toped by the isoniazid being one of the most important in tuberculosis therapy. Recently, perchlozone, acting on
another step in FAS-II cycle, received official approval and was included in the Russian national clinical
guidelines. Using the serial dilution method on agar 7H10 plates for perchlozone and Sensititre MYCOTB
microdilution plate we analyzed the phenotypic properties of primary M. tuberculosis clinical isolates and
analyzed the molecular determinants of resistance to isoniazid, ethionamide and perchlozone. We found a wide
variation in the MIC of perchlozone from 2 to 64 mg/L, correlating with the overall resistance profile: the MIC
was higher for MDR and pre-XDR isolates. The cross-resistance between the ethionamide and the perchlozone
was driven by mutations in ethA gene encoding monooxygenase responsible for activation of both drugs.
Presumably susceptible to perchlozone wild-type strains had MICs ranged 2-4 mg/L, and the breakpoint
estimated to be at 4 or 8 mg/L. In conclusion, susceptibility to perchlozone retained for a part of MDR strains, as
does suceptibility to ethionamide, providing the possibility of therapy for such cases based on phenotypic or

molecular analysis.

Keywords: tuberculosis; drug resistance; molecular determinants; perchlozone; ethionamide; isoniazid;
thioacetozone

1. Introduction

Tuberculosis currently remains a major public health problem worldwide. The transmission of
drug-resistant strains of M. tuberculosis are becoming common in many regions of the world. The
numbers of multidrug-resistant (MDR) and extensively drug-resistant (XDR) tuberculosis primary
cases are steadily increasing. The chemotherapy regimens for such patients need to be modified in a
timely manner to include effective drugs.

Thiosemicarbazones are a group of chemical compounds with mycobactericidal activity,
discovered upon the systematic investigation of sulfonamides and thiazoles as anti-tuberculosis
agents [1]. The best known representative of this group was thioacetazone, also known as Tibione or
Tb 1, the first synthetic anti-tuberculosis drug, which began be used in the late 1940s. It was widely
tested and used in postwar Europe, despite adverse reactions such as severe gastrointestinal, hepatic,
and renal disorders. Subsequently, the high toxicity of tibone forced the search for less toxic analogs.
In 1952, three isomeric forms of nicotinaldehyde thiosemicarbazone in the alpha, beta and gamma
positions were produced [2]. The betta and gamma forms were less toxic than thioacetazone. The
thiosemicarbazone isonicotinaldehyde (gamma isomer) obtained at that time is the precursor of the
modern perchlozone. However, simultaneously, the high anti-tuberculosis activity of isonicotine
hydrazine (isoniazid), which has lower toxicity, was also shown [3]. This led to an intensive study on
isoniazid as one of the most effective anti-tuberculosis drugs of the time.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The emergence of drug-resistant tuberculosis has pushed forward the development of new
drugs, also as the studies of repurposed and previously described less effective drugs [4].
Thioureidominomethylpyridinium perchlorate or perchlozone received official approval in
November 2012 and was included in the Russian national clinical guidelines as a treatment for
multidrug-resistant and extensively drug-resistant tuberculosis patients. However, only a few
studies on perchlozone MICs for clinical M. tuberculosis strains and their molecular mechanisms of
action have been performed [5].

The mechanism of action of the perchlozone was revealed by Pooja Gopal and Thomas Dick,
who found that HadABC is the target of perchlozone activated in the cell by EthA (Figure 1) [6]. The
activation path by EthA monooxygenase is also shared by thioacetazone and ethionamide, and the
possibility of cross-resistance between perchlozone, thioacetazone and ethionamide by inactivating
mutations in the ethA locus has also been proposed [6].
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Figure 1. Simplified model of isoniazid, ethionamide, perchlozone an thioacetazone action on M.
tuberculosis. The drugs are activated either by EthA monooxygenase or KatG katalase-peroxidase
activities. Ethionamide is also could be activated by MymA, Rv0565¢c, and Rv077c, thioaceatazone
could also be activated by MmaA4. Toxic drug adducts with NADH inhibit the enzymes of FAS-II
cycle of mycolic acid biosynthesis. The transcription of the inhA gene is driven by the promoter
located upstream the fabG1 gene. Pyridine ans thiosemicarbazone groups are marked with red and
blue colors, respectvely.

In this report, we describe the phenotypic and genetic characteristics of clinical isolates of M.
tuberculosis from the Moscow region with variable susceptibility to perchlozone, ethionamide, and
isoniazid. Combining phenotypic and molecular data, we estimated the proportion of drug-resistant
isolates suitable for perchlozone treatment.

2. Results

Clinical isolates from 22 patients were analyzed in this study. Samples were obtained in 2017-
2018 from patients who attended the Moscow Research and Clinical Center for Tuberculosis Control.
Eight of the 22 patients had susceptible form of tuberculosis, twelve patients had MDR-TB, and two
had pre-XDR-TB, detrmined as additional resistance to fluoroquinolones (Table S1).

Isolates were genotyped by the 24-loci MIRU-VNTR method, and all samples belonged to the L2
Beijing lineage. Most of the isolates were from the modern clonal complexes CC1 and CC2 (Table S1)
[7]. Seven isolates Central Asian/Russian Beijing cluster 94-32 were predominately susceptible,
whereas six isolates of Beijing BO/W-148 cluster (MIRU type 100-32) were MDR of pre-XDR.
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Resistance to ethionamide and high MICs of perchlozone were identified only in MDR isolates.
The observed MIC of perchlozone spanned from 2 to 64 mg/L, with a statistically insignificant
difference in isolate numbers at each concentration.

Common activation path of perchlozone and ethionamide by EthA lead to at least partial cross-
resistance between these drugs (Figure 2). All ethionamide-resistant isolates had also high
perchlozone MIC. Most of resistant isolates had an altered ethA sequence. However, two samples
with mutations in ethA and a high MIC of perchlozone (16 and 32 mg/L) retained low ethionamide
MIC of 0.6 and 2.5 mg/L, which were below the breakpoint. One of them bore EthA L440P
substitution with an unknown effect on protein function, while the other had a frameshift mutation
at 880 position. The latter was resistant to ethionamide as determined by critical concentration at 5
mg/L.

Pairwise correlation of isoniazid and perchlozone MIC revealed partial cross-correlation (Figure
2b). Isoniazid resistance could be explained by KatG S315T substitution in 13 of 14 isolates. Only one
resistant isolate had Pmc: mutation and InhA 1194V substituon. Two isoniazid-resistant and
presumably perchlozone-susceptible isolates had perchlozone MIC of 2 mg/L. No other mutations
besides KatG S315T were found.

Two isolates had an ‘intermediate’ perchlozone MIC of 8 mg/L. One was susceptible to isoniazid
and had F97L substitution in InhA. It was not previously described in resistant isolates and could be
neutral. The second was isoniazid-resistant and had S315T substitution in KatG.
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Figure 2. Pairwise MIC correlation of perchlozone with ethionamide (a) and isoniazid (b). Each isolate
is shown with diamond. Isolates with wild-type sequences are marked with gray. Isolates with
mutations in ethA are represented by a gray diamond with orange label. Isolates with mutations in
inhA are given in blue label. Isolates with mutations in katG are given in purple label and with
mutations in fabG1 promoter are given in green label. Isolates with two main multi-locus variable
number tandem repeat analysis (MLVA) types 94-32 and 100-32 are marked with green and red ovals.

Some discrepancies between ethA mutations and phenotype existed for three isolates with
perchlozone MIC of 16mg/L. One strain had no mutations in the ethA gene, and high MICs of
ethionamide and isoniazid could be explained by frequently identified promoter Prc: mutation c(-
15)t and InhA substituton 1194V. Additional sequencing of the hadABC locus did not reveal any
mutations, thus, high perchlozone MIC is caused by alterations in other genomic loci.

Nine presumable susceptible to perchlozone isolates with MICs of 2-4 mg/L had no mutations
in ethA. They are also characterized by low ethionamide MICs ranging from 0.6 to 2.5 mg/L (Figure
2). Control M. tuberculosis H37Rv strain had perchlozone MIC of 4 mg/L.
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3. Discussion

Treatment of MDR-TB is challenging due to the limited number of effective drugs available and
severe adverse drug reactions. Additionaly, cross-resistance between antituberculosis drugs may
limit their efficacy. Besides a common target of action for structurally similar drugs, such as in the
rifamycins or fluoroquinolones groups, cross-resistance mechanisms may be due to common
pathways of drug efflux or prodrug activation. For example, mutations in the transcriptional
repressor gene rv0678 lead to cross-resistance to bedaquiline and clofazimine due to derepression of
mmpL5-mmpS5 efflux pump operon [8]. Even more frightening is a recent report that the same type
of mutations may also lead to low-level resistance to promising new drugs in the benzothiazinone
group PBTZ169 and BTZ043 [9].

Perchlozone is a relatively new drug approved and used in the Russian Federation since 2012.
Being a member of the thiosemicarbazone family, it has a mechanism of action similar to that of
thioacetozone, according to the experiments on in vitro selection of resistant mutants [6]. Perchlozone
is a prodrug and is activated by EthA monooxygenase also as ethionamide, thioacetazone, and isoxyl
[10], so cross-resistance between currently used in tuberculosis treatment perchlozone and
ethionamide has been suggested [6].

We found a wide variation in the MIC of perchlozone from 2 to 64 mg/L, correlating with the
overall resistance profile of unexposed clinical strain: the MIC was higher for MDR and pre-XDR
isolates. For presumably susceptible wild-type strains, the MIC of perchlozone was 2—4 mg/L. Gopal
and Dick reported the perchlozone MICso value measured by optical density in 7H9 liquid medium
equal to 0.04 mg/L for M. tuberculosis and 3.6 mg/L for M. bovis BCG. These values are underestimated
in comparison to the MIC defined in the standard way [6]. The data for agar medium were based on
99% growth inhibition and for M. bovis the MIC of perchlozone was 18.2 mg/L. In an in vitro efficacy
study of thioacetasone analogs, the MIC of for a structurally matched compound (ID=7) for M.
tuberculosis strain H37Rv was 0.8 mg/L, which is comparable to our data [11]. It is worth noting that
perchlozone was 20 times less effective than thioacetazone in the Gopal study [6] and 8 times less
effective in the Alahari study [11]. The average plasma concentrations from pharmacokinetic studies
at doses ranging from 800 to 1600 mg/day for patients of different body weights was 23.4 mg/L [12].
Thus, the preliminary breakpoint concentration of perchlozone on Middlebrook 7H10 agar medium
could be estimated as 4-8 mg/L.

In our work, we showed the cross-resistance between the ethionamide and the perchlozone in
the primary non-exposed to perchlozone M. tuberculosis clinical isolates. Mutations associated with
resistance were localized in the gene encoding EthA monooxygenase, and all strains with a high MIC
of ethionamide also had a high MIC of the perchlozone. A previous study on a set of clinical isolates
lacked phenotypic data on perchlozone susceptibility, which limits the interpretation of the results
[13]. However, in one case, in concordance with the proposal by Gopal and Dick and our findings,
an additional frameshift mutation in the ethA gene emerged during treatment with the perchlozone.
It could be proposed that isolates with elevated MIC of ethionamide and frameshift mutations in the
ethA gene should be considered resistant and such cases should not be treated with the perchlozone.

The observed incomplete cross-resistance between isoniazid and perchlozone was due to the
properties of the strains chosen for the study, since all strains with high MIC of isoniazid and
perchlozone carry mutations in ethA and were resistant to ethionamide. Generally, susceptibility to
perchlozone retained for a part of MDR strains, as does suceptibility to ethionamide [14-16],
providing the possibility of therapy for such cases based on phenotypic or molecular analysis.

Other mutations could be the cause of elevated perchlozone MIC. We analyzed the sequence of
HadABC locus in one isolate with MIC of 8 mg/L and wild-type ethA, but it was also unmutated.
Another possible mechanism could be caused by the structural similarity of perchlozone and
thioacetazone. Alahari, 2007 showed the effect of thioacetazone on the cyclopropane mycolic acid
synthases family of mycobacterial enzymes responsible for the synthesis of different subtypes of
mycolic acids. In the proposed model, thioacetozone inhibits MmaA2 and activated by MmaA4
[11,17], which are involved in the production of the mycolic keto acids. An independent confirmation
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was obtained by in vitro selection of resistant M. tuberculosis strains, and obtained strains bore
mutations in hadA, hadC, and mmaA4 [18].

A limitation of this study is the relatively small sample size of 22 isolates. Nevertheless, this is
the first study of clinical M. tuberculosis clinical isolates, that combined phenotypic and molecular
data and confirmed the basic assumptions about the mechanisms of perchlozone resistance.

4. Materials and Methods

4.1. Mycobacterium tuberculosis Strains

The M. tuberculosis isolates were obtained from clinical specimens collected from patients with
TB at the Moscow Research and Clinical Center for Tuberculosis Control. All clinical strains were
isolated in 2017-2018 from sputum of newly diagnosed patients before the start of anti-tuberculosis
therapy or its long-term lasting no more than one month. The laboratory reference strain M.
tuberculosis H37Rv was used as a control strain. For molecular analysis samples were isolated
sequentially, one isolate from one patient, before treatment initiation. Drug susceptibility testing for
rifampicin, isoniazid, streptomycin, ethambutol, pyrazinamide, ofloxacin, moxifloxacin, kanamycin,
capreomycin, and amikacin, PAS, ethionamide was performed using Bactec MGIT 960 as previously
described [19,20]. Sensititre MYCOTB MIC determination was performed as described in [21]. The
MIC of perchlozone was determined using serial dilutions method on Middlerook 7H10 agar plates
supple-mented with the drug at the following concentrations: 0.5, 1, 2, 4, 8, 16, 32, 64 mg/L.

4.2. DNA Isolation and Sequencing

DNA isolation and sequencing of the ethA, inhA and PfabG1 fragments were performed as
previously described [48]. The following PCR primers were used: ethAR-F1: 5'-cgacgttgaaatcacgctgg-
3', ethAR-R1: 5'-gtgaccgacaccattgaacg-3; ethAR-F2: 5'-ttcaaccccgttgcggtaat-3; ethAR-R2: 5'-
ctctttctgtgeageggeta-3'; ethAR-F3: 5'-atgatcggceccgacgaaatc-3'; ethAR-R3: 5'-ccctggceagcttactacgtg-3';
PfabG1-F:  5'-cctcgctgeeccagaaaggga-3;  PfabGl-R:  5'-atcccecggtttectecggt-3';  inhA-F2:  5'-
gagctatatctccggtgegg-3'; inhA-R2: 5'-gcgaccgtcatccagttgta-3'; inhA-F3: 5'-ccacatctcggegtattegt-3;
inhA-R3: 5'-cggtgataccccaccgaaat-3'.

4.3. MIRU-VNIR typing

Twenty-four loci MIRU-VNTR typing was made according to [22]. Profiles in the article are
given in the following order: MIRUO4(ETRD-1), MIRU26, MIRU40, MIRU10, MIRU16,
MIRU31(ETRE), Mtub04, ETRC, ETR-A, Mtub30, Mtub39, Qub4156, Qubllb, Mtub21, Qub26,
MIRU02, MIRU23, MIRU39, MIRU20, MIRU24, MIRU27 (Qub5), Mtub29, ETRB, Mtub34. The MLVA
types were compared to MIRU-VNTRplus online (http://www.miru-vntrplus.org/) [23].

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: Summary of characterized clinical M. tuberculosis isolates.
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