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Abstract

Over the last 5 years, there has been a renewed interest in finding new compounds with anti-
TB action. Colistin methanesulfonate or polymyxin E, is a possible anti-TB drug candidate,
which may in future be used either alone or in combination to the current 6 month “directly
observed treatment short-course” (DOTS) regimen. However its mechanism of action has to
date not yet been fully explored, and only described from a histological and genomics
perspective. Considering this, we used a GCxGC-TOFMS metabolomics approach and
identified those metabolite markers characterising Mycobacterium tuberculosis (Mtb) cultured
in the presence of colistin methanesulfonate, in order to better understand or confirm its
mechanism of action. The metabolite markers identified indicated a flux in metabolism of the
colistin methanesulfonate treated Mtb towards fatty acid synthesis and cell wall repair,
confirming previous reports that colistin acts by disrupting the cell wall of mycobacteria.
Accompanying this, is a subsequently elevated glucose uptake, since the latter now serves as
the primary energy substrate for the upregulated glyoxylate cycle, and additionally as a
precursor for further fatty acid synthesis via the glycerolipid metabolic pathway. Furthermore,
the elevated concentrations of those metabolites associated with pentose phosphate, valine,
threonine, and pentanediol metabolism, also confirms a shift towards glucose utilization for

energy production, in the colistin methanesulfonate treated Mtb.
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1. Introduction

In 2015, an approximated 10.5 million new cases of tuberculosis (TB) was reported globally,
which subsequently contributed to 1.4 million deaths [1]. Tuberculosis is caused by the
infectious organism Mycobacterium tuberculosis (Mtb), a mycobacteria bacillus which mainly
targets the lungs [2]. Currently, the WHO approved treatment approach entails a 6 months
combination treatment approach which is called the “directly observed treatment short-course”
(DOTS) regimen [3]. According to the annual WHO report, a significant improvement to current
treatment strategies is going to be a challenge, however the identification of new anti-TB drug
candidates and or alternative treatment regimens, might be a plausible option for speeding up
treatment duration and subsequently lowering the TB prevalence globally [4,5]. Although there
are currently a number of new potential anti-TB drugs undergoing phase Il and Il preclinical
trials, delamanid and bedaquiline are the only two new anti-TB drugs to have been approved
over the last 50 years. These drugs, however, are currently only used for treating adults with
MDR-TB, and considered as last option medications, when no other alternatives prove to be
effective [6]. Considering this, there is still urgent need for new TB drugs and alternative TB
treatment approaches.

Another possible anti-TB drug candidate is the antibiotic colistin methanesulfonate (CMS), an
inactive prodrug of colistin sulfate (CS), also known as polymyxin E [7]. CMS has previously
been shown to have high anti-bacterial activities against P. aeruginosa, A. baumannii, and
Klebsiella pneumoniae, and additionally shown to be resistant to these organisms developing
drug tolerance [8]. CMS is produced via a reaction from commercially synthesised CS with
formaldehyde and sodium bisulphite, resulting in the subsequent addition of a sulfomethylated
group to the primary amine groups of CS [9]. The original reason for modifying CS in this
manner is that the resulting CMS is considered less toxic when administered parenterally [10].
When administered, a hydrolysis reaction occurs, where CMS in an aqueous solution forms
both CS and various partially sulfomethylated derivatives of CS [11]. Apart from the varying
toxicity characteristics of CS and CMS, these two forms of the drug show different
pharmacokinetic characteristics [12-14]. A study conducted by Plachouras et al.,, 2009,

indicated that colistin concentrations increase slowly after the administration of CMS in critically
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ill patients, reaching a steady state after 2 days, suggesting benefits of treatment
commencement with a loading dose [15]. Various colistin derivitives have also been proposed
to promote first line anti-TB drug uptake, by creating pores in the outer membrane of Mtb, after
binding electrostaticly to the outer cell membrane lipopolysaccharides and phospholipids [16].
Very little data however exists describing the antimicrobial action of CMS against Mtb, which
has been decribed to date, was attained solely from a histologicical or genomics approach.
Metabolomics, the latest addition to the “omics” family, is defined as an unbiased identification
and quantification of all metabolites present in a sample, using highly specialised analytical
procedures and a statistical analysis / bioinformatics, by which the most important metabolites
characterising a pertubation (or drug) can be identified [17]. In this investigation, we extracted
the intracellular metabolome of Mtb cultured in the presence and absence of 32 pg/ml CMS,
and analysed these extracts using a 2 dimansional gas chromatography time of flight mass
spectrometry (GCxGC-TOFMS) metabolomics approach, for the purpose of identifying those

metabolite markers best characterising the changes to the Mtb metabolome induced by CMS.

2. Materials and methods

2.1 Cell culture

As described by van Breda et al., (2015), the cell cultures were prepared in the presence and
absence of CMS, with slight modifications. Briefly, Mtb H37Ra ATCC 25177 (obtained from
Ampath Pathology Laboratory Support Services, Centurion, Gauteng, South Africa) was
swabbed onto Middlebrook 7H10 agar (Becton Dickinson, Woodmead, Gauteng, South Africa),
supplemented with 0.5% v/v glycerol (Saarchem, Krugersdorp, Gauteng, South Africa), and
enriched with 10% v/v oleic acid, albumin, dextrose, catalase (OADC) (Becton Dickinson). The
reasons for selecting a H37Ra strain in this experiment, was due to the fact that the original
description of the effects of polymyxins by Rastogi et al., (1986), used H37Ra, and a recent
publication by Bax et al., (2015), described similar results using H37Rv as to what van Breda
et al. (2015) described for H37Ra [16,18,19] .



The stock culture was prepared after three weeks of incubation at 37 °C, by suspending the
cells in 1 x phosphate buffered saline (PBS) (Sigma Aldrich, Kempton Park, Gauteng, South
Africa) containing 0.05% v/v Tween 80 (Saarchem) to a McFarland standard of 3. Aliquots of 1
mL were stored at -80 °C in cryovials, containing 20% v/v glycerol (Saarchem). By using the
TB Ag MPT64 Device (KAT Medical, Roodepoort, Gauteng, South Africa), the presence of Mtb
was confirmed, and the purity was determined by swabbing 100 pL of culture media onto tryptic
soy agar (Merck, Darmstadt, Germany) and incubating at 37 °C for 48 h. Before experimental
investigations, a cryovial of the stored aliquots was allowed to thaw to room temperature,
vortexed and swabbed onto Middlebrook 7H10 agar. Plates were sealed in Ziploc bags and

incubated at 37 °C until mid-log growth was reached (approximately 10 — 14 days).

The mid-log growth culture was suspended to a McFarland standard of 1 (using Sauton media
[16]); approximately 1 x 107 colony-forming units (CFU)/mL. The cell suspension (195uL) was
then added to each well in a 96 well microtiter plate (Eppendorf). The antimicrobials were added
to final concentrations of 0 pug/mL and 32 pg/mL CMS respectively, and the plate was sealed
using sterile ziploc bags, and incubated at 37 °C for 24 hours. The mixture in each well was
subsequently transferred to Eppendorf tubes up to a volume of 1 mL. The 10 samples
containing 32 ug/mL CMS and 7 samples containing no CMS, were centrifuged at 10000 x g
for 1 min and showed no difference in the amounts of viable CFU/mL. The supernatant was
removed and pellet rinsed and resuspended in 1 x PBS (without Tween 80) and then stored at
-80°C.

In the current investigation it is important to note, that the reason Sauton media was used, is
because other media, such as Middlebrook 7H9 for instance, contains the following
components which antagonize the effects of polymyxins 1. BSA (forms complexes with
polymyxins) [20], 2. Mg2+ and Ca2+ [21,22], and hence it was important to use media where
physiological concentrations of these divalent cations can be controlled, i.e., cation-adjusted to
10-12.5mg Mg2+/L and 20-25mg Ca2+/L [23,24], 3. Na+ [25,26], and 4. Catalase, since the
latter is an antioxidant which would inhibit polymyxin induced Fenton reaction mechanisms [27].

Furthermore, it was important to substitute glycerol with 0.2% wi/v glucose, since lower than



normal MICs have been previously observed for Mtb when glycerol was used as the only carbon
source [28], and with 0.05% v/v Tween 80, since Mtb requires the fatty acids present within
Tween 80 for growth [29,30].

2.2 Whole metabolome extraction procedure and derivatization

Prior to GCxGC-TOFMS analysis, 0.5 mg of each of the individually cultured Mtb sample pellets
described above were weighed into an Eppendorf tube, followed by the addition of 50 pL 3-
phenylbutyric acid (0.0175ug/mL) (Sigma-Aldrich (St. Louis, MO, USA)) as internal standard.
Chloroform, methanol (Burdick and Jackson brands (Honeywell International Inc., Muskegon,
MI, USA)) and water were added in a ratio 1:3:1, vortexed for 1 min and then placed in a
vibration mill (Retsch, Haan, Germany) with a 3 mm carbide tungsten bead (Retsch) for 5 min
at 30 Hz/s. Each sample was then centrifuged for 10 min at 10 000xg and the supernatants
transferred to a GC sample vial, and subsequently dried under a nitrogen stream. Each extract
was derivatized using 20uL methoxyamine hydrochloride-(trimethylsilyl)-trifluoroacetamide
(MSTFA) (Sigma-Aldrich (Darmstadt, Germany)) (containing 15 mg/mL pyridine) at 50 °C for
90 min, followed by silylation using 40uL MSTFA with 1 % trimethylchlorosilane (TMCS) at 50
°C for 60 min. These extracts were then transferred to a 0.1 mL insert in a clean GC sample
vial and capped, prior to GCxGC-TOFMS analysis [31].

2.3 GCXGC-TOFMS analyses

The samples (1 puL) were analysed in random sequence, using a Pegasus 4D GCxGC-TOFMS
(LECO Africa (Pty) Ltd, Johannesburg, South Africa), equipped with an Agilent 7890 gas
chromatograph (Agilent, Atlanta, USA), TOFMS (LECO Africa) and Gerstel Multi-Purpose
Sampler (Gerstel GmbH and Co. KG, Milheim an der Ruhr, Germany), in a splitless ratio. The
necessary quality control (QC) samples were also analyzed at regular intervals in order to
correct for any batch effects and also monitor the performance of the analysis over time. A Rxi-
5Sil MS primary capillary column (30 m, 0.25 um film thickness and 250 um internal diameter),
and a Rxi-17 secondary capillary column (1.2 m, 0.25 pm film thickness and 250 pym internal
diameter) where used for GC compound separation. Helium was used as a carrier gas at a flow

of 1 mL/min with the injector temperature held constant at 270 °C for the entire run. The primary
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column temperature was set at 70 °C for 2 min, and then increased at a rate of 4 °C/min to a
final temperature of 300 °C, at which it was maintained for a further 2 min. The temperature of
the secondary oven was programmed at 85 °C for 2 min, then increased at a rate of 4 °C/min
to final temperature of 305 °C, at which it was maintained for a further 4.5 min. The acquisition
voltage of the detector was 1700 V and the filament bias -70 eV. A mass range of 50-800 m/z

was used for the mass spectra, at an acquisition rate of 200 spectra/s.
2.4 Data processing, clean-up and statistics

Mass spectral deconvolution (at a signal to noise ratio of 20), peak alignment and peak
identification, were done on the collected mass spectra using ChromaTOF software (version
4.32). ldentical mass spectra of the compounds in each of the samples were aligned, if they
displayed similar retention times. Compounds were identified by comparison of their mass
fragment patterns and retention times, to that of libraries compiled from previously injected

standards.

Following the data processing steps described above, a standardized metabolomics data clean-
up procedure was conducted [32]. Normalization of each of the detected compounds was done
using the total useful MS signal (TUS) [33] and by calculating the relative concentration of each
compound, using the internal standard as a reference. A 50% filter was applied in order to
remove those compounds showing more than 50% zero values within both groups [34] and the
QC samples used to correct for any batch effects, using quantile equating [35]. Additionally, a
50% QC coefficient of variation (CV) filter was applied [36], and all zero-values were replaced
by a value determined as half of the smallest concentration (i.e. the detection limit) detected in

the entire data set, as these may be due to low abundance rather than being absent [37].

The data were subsequently analysed using a variety of multi- and univariate statistical
methods, using a web based software package supported by the Metabolomics Society:
MetaboAnalyst (based on the statistical package “R”; version 2.10.0), and included principal
components analysis (PCA) [38], partial least squares—discriminant analysis (PLS—-DA) [39], a

t-test and effect size calculations [40].
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Figure 1: PCA differentiation of individually cultured Mtb in the absence (Mtb-control) and presence (Mth-CMS) of
colistin methanesulfonate (32 ug/mL) and analysed via GCxGC-TOFMS. The variances accounted for are

indicated in parenthesis.

3. Results and Discussion

Figure 1 shows clear PCA differentiation of the individually cultured Mtb samples in the
presence and absence of CMS, using the collected GCxGC-TOFMS metabolomics data. The
total amount of variance explained by the first two principal components (PCs) (R2X cum) was
55.9%, of which PC1 accounted for 43.4%, and PC2 accounted for 12.5%. Subsequently, by
compliance with all of the following criteria: a PCA modelling power > 0.5 [38], a PLS-DA VIP
value > 1 [39], a t-test P-value < 0.05 and an effect size > 0.5 [40], the metabolites that

contributed most to this differentiation were selected (Figure 2) and listed in Table 1. These
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Figure 2: Venn diagram illustrating the multi-statistical selection criteria of the 22 metabolite markers best

describing the variation between the individually cultured Mtb sample groups in the presence and absence of CMS.

’ . Mtb Mtb treated Mtb treated Effect Fold
Metabolite name Mtb controls: controls: with CMS: with CMS: PCA PLS-DA sizes t-test Change
Average standard concpé\;]?:ggs standard
(Chemspider ID) concentration error of the n (mglg error of the (Power) (VIP) (d-value) (P-value) (log2)
(mg/g cells) mean cells) mean
Tetramethylhexadecanol (92535) 0,005 0,001 0,011 0,003 0,663 1,087 2,095 0,003 1.14
Methyladipic Acid (5367266) 0,159 0,024 0,204 0,042 0,984 1,592 1,063 <0,001 0.36
Arabitol (84971) 0,554 0,133 0,328 0,062 0,989 1,603 1,703 <0,001 -0.59
Diethylene glycol (DEG) (13835180) 0,072 0,020 0,036 0,008 0,925 1,111 1,870 0,002 -1.00
Dotriacontane (10542) 0,070 0,013 0,053 0,013 0,722 1,147 1,279 0,001 -0.40
Erythrose (84990) 0,166 0,030 0,731 0,289 0,806 1,277 1,955 <0,001 2.14
Glycerol (733) 0.007 0.006 0.023 0.014 0,860 1,034 1,852 0,005 1.72
Hentriacontane (11904) 0,605 0,202 1,007 0,483 0,980 1,574 0,834 <0,001 0.74
Methyldodecanoic acid (92948) 0,045 0,011 0,097 0,010 0,987 1,582 4,830 <0,001 1.11




Methylmaleic acid (553689) 0,078 0,026 0,033 0,011 0,926 1,322 1,731 <0,001 -1.24
Methylglutaric acid (11549) 0,071 0,022 0,043 0,007 0,844 1,184 1,287 0,001 -0.72
Methyltetradecanoic acid (90098) 0,317 0,021 0,840 0,302 0,799 1,010 1,731 0,007 1.41
Monopalmitin (110006) 0,165 0,058 0,220 0,063 0,935 1,472 0,873 <0,001 0.42
Octacosane (11902) 0,046 0,017 0,087 0,035 0,921 1,318 1,201 <0,001 0.92
Octadecane (11145) 0,020 0,011 0,077 0,024 0,982 1,571 2,364 0,000 1.95
Octadecenoic acid (393217) <0,001 <0,001 0,010 0,009 0,925 1,467 1,125 <0,001 3.32
Octanoic acid (370) 0,204 0,192 0,019 0,013 0,903 1,273 0,969 <0,001 -3.43
Oxalate (946) 0,027 0,008 0,113 0,020 0,986 1,572 4,247 <0,001 2.07
Pentanediol (133167) 0,014 0,013 0,028 0,008 0,965 1,580 1,033 <0,001 1.00
Tetradecanol (10714572) 0,016 0,003 0,047 0,013 0,991 1,482 2,380 <0,001 1.56
Threonine (6051) <0,001 <0,001 0,007 0,008 0,859 1,229 0,891 <0,001 2.81
Valine (6050) <0,001 <0,001 0,033 0,041 0,872 1,272 0,822 <0,001 5.04

Table 1: The 22 metabolite markers best explaining the variance between the individually cultured Mtb samples
in the absence (Mtb-Controls) and presence (Mtb-CMS) of colistin methanesulfonate.

metabolite markers were mapped on a metabolic chart as indicated in Figure 3 and discussed
below. As indicated, the metabolomics investigation of the cultured Mtb in the presence and
absence of CMS, led to the identification of various significantly altered metabolite markers.
Glucose uptake was increased in the CMS treated Mtb, as the preferential energy source (as
opposed to fatty acids which are now preferentially being used for cell wall repair) to fuel an
upregulated glyoxylate cycle, and substrate further cell wall fatty acid synthesis via the
glycerolipid metabolic pathway. However, the CMS treated Mtb, also showed comparatively
elevated metabolites associated with pentose phosphate, valine, threonine, and pentanediol
metabolism. These results confirm that CMS disrupts the Mtb cell membrane, and that these
bacteria attempt to compensate for this via upregulation of various metabolic pathways related

to cell wall repair.
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Figure 3: Metabolite markers best describing the variation in the metabolome of the CMS treated Mtb compared
to that of Mtb cultured without CMS, are schematically represented in bold and those metabolites which were not
necessarily significantly elevated using the statistical procedure selected, but still showed significance via
considering their P-values, indicated in italics and underlined. Elevated and reduced concentrations of each
metabolite marker indicated by either A or ¥ and red and green respectively.

Colistin has been previously reported to have a antimicrobial activity, which function by binding
electrostatically to the lipopolysaccharides and phospholipids on the outer cell membrane of
these gram negative bacteria, subsequently displacing the membrane cations (magnesium and
calcium) from the phosphate groups of their membrane lipids, subsequently creating pores,
which results in cell death [41]. This was supported by our previous metabolomics work on the
topic, which showed that elevated fatty acid synthesis and cell wall repair mechanisms are
activated in the CS treated Mtb [42]. As previously described by Bax, et al. (2015) and van
Breda, et al. (2015), the CMS used in the current investigation, also forms colistin once
administered, and hence, would also be expected to result in a structural disruption of the Mtb
cell wall via the same mechanism as to when CS is administered. This is supported by the
elevated levels of the cell wall associated with methylated and unmethylated fatty acids
(methyladipic acid, methyldodecanoic acid, methyltridecanoic, octadecenoic acid) and their
fatty acid associated alcohols and alkanes [43] (tetramethylhexanedecanol, octacosane,
octadecane, tetradecanol, and hentriacontane (Table 1). Additionally, although not selected
using the markers selection statistics approach defined in the methods section,
methyloctadecenoic acid (0.49 vs. 0.42 pg/ml; P > 0.05), hexadecanoic acid (0.859 vs. 0.857
pg/ml; P > 0.05), octadecanoic acid (22.45 vs. 8.07 ug/ml; P > 0.05), tetracosanoic acid (24.54
vs. 14.15 pg/ml; P > 0.05), decanol (0.02 vs. 0.00 pg/ml; P > 0.05), hexadecanol (0.001 vs.
0.000 pg/ml; P > 0.05), decane (0.009 vs. 0.006 pg/ml; P > 0.05), dodecane (0.006 vs. 0.00
pg/ml; P >0.05), hexadecane (0.011 vs. 0.002 pg/ml; P > 0.05) and tetracosane (0.018 vs. 0.00
pg/ml; P > 0.05), were also significantly elevated in the CMS treated Mtb comparatively, when
considering their P-values, further supporting this mechanism (Figure 3). Octanoic acid and
octadecenoic acid, are the well-known substrates for the synthesis of methylated-branched
chain fatty acids and mycolic acids, both important components of arabinogalactan (AG) in the

cell wall of Mtb [44,45]. These methylated branched fatty acids additionally serve as
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hydrophobic modulators for the host’s cellular immune system, and are also considered
virulence factors in the microbe [46]. As indicated in Figure 3, these methylated cell wall
intermediates are synthesised via 3 possible routes: 1. fatty acid methylation via S-
adenosylmethionine (SAM) functioning as the methyl donor [45], 2. methylmalonyl-CoA derived
polyketide synthase complexes, originating from propionyl-CoA and malonyl-CoA [47] and 3.
acetyl-CoA metabolism to butyric acid, which in turn reacts with propionyl-CoA [48].
Additionally, methyladipic acid was found elevated, which is formed from methylhexanoic acid,
one of the metabolites in the branched fatty acid synthesis pathways of Mtb [49].

Similarly as to what we previously saw for the CS treated Mtb [42], glycolysis and its associated
pathways are also upregulated in the CMS treated Mtb. In our previous metabolomics
investigation using CS treated Mtb, elevated levels of glucose, acetic acid and oxalic acid where
detected [50]. This suggests that the CS treated Mtb needed to preferably utilize fatty acids
towards cell wall repair, and subsequently these organisms need to resort to glucose (which
was freely available in the growth media) as the primary energy substrate [51]. Similarly, in the
CMS treated Mtb in the current investigation, elevated levels of oxalate were also detected
(Table 1) in addition to elevated glucose (1.21 vs. 0.88 pg/ml; P > 0.05) and acetic acid (0.218
vs. 0.102 pg/ml; P > 0.05) when considering significance using the latter two compounds P-
values. Additional evidence supporting this and indicated in Table 1 and Figure 3, where
elevated levels of valine, threonine, and pentanediol, which also suggests a shift towards
glucose utilization for energy and fatty acid synthesis in the CMS treated Mtb. Furthermore, the
elevated levels of acetic acid (or acetyl-CoA) can subsequently result in the elevated synthesis
of threonine and pentanediol, detected in the CMS treated Mtb [52]. Also associated directly
with this pathway, is elevated valine synthesis from pyruvate [53], which feeds into the
tricarboxylic acid (TCA) cycle via succinate [54]. Another branch chain amino acid metabolic
pathway affected by CMS in Mtb is that of leucine’s catabolism to acetyl-CoA, and the reduced
amounts of 3-methylgluturic acid attests to an increased flux in this direction [55] and the
subsequent synthesis of cell wall fatty acids or energy [56]. The reduced concentrations of
methylmaleic acid [57] and diethylene glycol in the CMS treated Mtb, serve as further

confirmation for the flux of glucose utilisation for growth and fatty acid synthesis via glycerol
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and monopalmitin, both of which were elevated in the CMS treated Mtb comparatively (Table 1
and Figure 3).

An interesting observation in the CMS treated Mtb, where two metabolite markers associated
with the pentose phosphate pathway namely, a reduced arabinose and an elevated erythrose
(Table 1). As indicated in the supplementary figures, due to the high demand in fatty acid
synthesis for cell repair, and an increased demand for this and energy production via glycolysis,
the pentose phosphate pathways is most likely additionally utilised during such conditions for
generating more intermediates for glycolysis [58], with the reduction in arabitol and elevated
levels of erythrose, indicating a metabolic flux towards glyceraldehyde-3-phosphate and
fructose-6-phosphate synthesis, something which wasn’t previously seen in the CS treated Mtb
[59]. A study conducted by Henry et al. (2015), indicated differentiation of gene expression
following colistin treatment. These results are consistent with that found in the current study,
which also suggests that colistin treatment alters the outer membrane composition and results

in subsequent damage to the outer membrane of Mtb, as previously described [60].

Additionally, the alterations made by CMS to the Mtb cell membrane, results in it becoming less
hydrophobic, hence it could be suggested that CMS be used in synergy with other hydrophilic
drugs, which previously struggle to cross these bacterial membranes. This has been previously
observed by Bax et al. (2015) and van Breda et al (2015). It is possible that disruption of the
hydrophobic barrier of Mtb by INH (inhibiting mycolic acid synthesis) or CS from CMS could
lead to a greater uptake via the self-promoted uptake for CS causing a synergistic effect. In the
case of INH, disruption of the hydrophobic barrier can lead to an uptake of hydrophilic INH.
According to Nasiruddin, Neyaz, & Das (2017), a promising drug delivery model could be to
encapsulate the hydrophilic drugs to be carried over the membrane, however in synergy with
CMS, this may no longer be required [61]. Proof for this hypothesis, are the results by Al-Shaer,
Nazer, & Kherallah (2014), where a combination therapy approach of rifampicin and CMS was
used against MDR A. baumannii, which resulted in the successful treatment of 64% of the

patients, with very little side effects reported [62]. Unfortunately, the results of these
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investigations are limited and no effect is given on the clinical outcomes of rifampicin induced -

hepatotoxicity.

4. Concluding remarks

The most significant metabolite markers identified in this investigation, were the elevated fatty
acids indicating a shift towards fatty acid synthesis and cell wall repair in the CMS treated Mtb.
This is accompanied by an increase in glucose utilisation for energy and an additional flux
towards the upregulation of the glyoxylate cycle (a precursor for cell wall fatty acids via the
glycerolipid metabolic pathway), similarly to what was previously seen when treating Mtb with
CS. Further confirmation of this shift of glucose as an energy source, and unique to this
investigation is the utilization of the pentose phosphate, valine, threonine, and pentanediol
pathways for this purpose. Considering this, it might be possible to use CMS with other first or
second line anti-TB drugs (likely only hydrophilic ones). The feasibility, however, to treat both
drug sensitive and MDR-TB using lower drug concentrations is subject to clinical trials as it is

not known if CMS would be able to successfully target intracellular Mtb.
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Figure: Pentose phosphate pathway indicating an elevated flux in the CMS treated Mtb towards glyceraldehyde-3-phosphate and fructose-
6-phosphate, via the elevated erythrose and reduced arabinose concentrations.
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