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Background: Mycobacterium tuberculosis (MTB) is a global and highly deleterious pathogen that creates an enormous pressure on
global public health. Although several effective drugs have been used to treat tuberculosis, the emergence of multidrug-resistant
Mycobacterium tuberculosis (MDR-MTB) has further increased the public health burden. The aim of this study was to describe in
depth the metabolic changes in clinical isolates of drug-susceptible Mycobacterium tuberculosis (DS-MTB) and MDR-MTB and to
provide clues to the mechanisms of drug resistance based on metabolic pathways.

Methods: Based on the minimum inhibition concentration (MIC) of multiple anti-tuberculosis drugs, two clinical isolates were
selected, one DS-MTB isolate (isoniazid MIC=0.06 mg/L, rifampin MIC=0.25 mg/L) and one MDR-MTB isolate (isoniazid
MIC=4 mg/L, rifampin MIC=8 mg/L). Through high-throughput metabolomics, the metabolic profiles of the DS-MTB isolate and
the MDR-MTB isolate and their cultured supernatants were revealed.

Results: Compared with the DS-MTB isolate, 128 metabolites were significantly altered in the MDR-MTB isolate and 66 metabolites
were significantly altered in the cultured supernatant. The differential metabolites were significantly enriched in pyrimidine metabo-
lism, purine metabolism, nicotinate and nicotinamide metabolism, arginine acid metabolism, and phenylalanine metabolism.
Furthermore, metabolomics analysis of the bacterial cultured supernatants showed a significant increase in 10 amino acids
(L-citrulline, L-glutamic acid, L-aspartic acid, L-norleucine, L-phenylalanine, L-methionine, L-tyrosine, D-tryptophan, valylproline,
and D-methionine) and a significant decrease in 2 amino acids (L-lysine and L-arginine) in MDR-MTB isolate.

Conclusion: The present study provided a metabolite alteration profile as well as a cultured supernatant metabolite alteration profile
of MDR-MTB clinical isolate, providing clues to the potential metabolic pathways and mechanisms of multidrug resistance.
Keywords: Mycobacterium tuberculosis, multidrug-resistantMycobacterium tuberculosis, drug-susceptibleMycobacterium

tuberculosis, metabolomics, metabolic pathway

Background
Tuberculosis (TB) is an ancient human disease caused by MTB, but its global epidemiological trajectory still presents
a rather grim picture.! TB is ranked as a major contributor to the global disease burden, causing more than one million
deaths each year.” There are about a quarter of the world’s population infected with MTB, equivalent to about 2 billion
people.® Globally in 2020, there were an estimated 1.3 million deaths among HIV-negative people, and an additional
214000 deaths among HIV-positive people.’

Concurrently, the treatment of TB has become more difficult and challenging with the emergence of drug-resistant
variants.* Resistance to the first-line antituberculosis drugs isoniazid and rifampicin is of greatest concern. And resistance
to at least both drugs is defined as multidrug-resistant tuberculosis (MDR-TB). Globally in 2020, 71% (2.1/3.0 million)
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of patients diagnosed with pulmonary tuberculosis were tested for rifampicin resistance, identifying 132,222 cases of
MDR-TB or rifampicin-resistant tuberculosis (RR-TB).> And the treatment of MDR/RR-TB is not very promising, with
a treatment success rate of only 59% for MDR/RR-TB in 2018.°

Metabolomics is key to the study of all life-critical metabolites in living organisms and can contribute to the screening
of biomarkers, as well as to revealing regulatory pathways.” Metabolomics focuses on global or system-level study of
small molecules in specific biological systems and is therefore a promising research tool for the study of cell physiology,
and biochemistry within pathogenic microorganisms. Metabolomic studies on MTB are still at an early stage.® Currently,
Xiao et al” analyzed MTB stain H37Rv using non-targeted metabolomics and showed that H37Rv specifically induced
tryptophan metabolism in human macrophages. Through widely targeted metabolite screening, Jiang et al® found that
glutamine is required for M1-like polarization of macrophages in response to MTB infection. Metabolomic analysis
would help to clarify the metabolic signature of the MDR-MTB clinical isolate and generate a deeper understanding of
the metabolic mechanism of drug-resistant mutations.

In this study, metabolomics was carried out on clinical isolates of drug-susceptible Mycobacterium tuberculosis and
multidrug-resistant MTB, as well as on their cultured supernatant, to discover the underlying drug-resistance
mechanisms.

Methods
Isolation and Culture of MTB

Based on the MIC of multiple anti-tuberculosis drugs, two clinical isolates of MTB were sampled for subsequent
experiment: one DS-MTB clinical isolate and one MDR-MTB clinical isolate (Supplemental Figure 1). As shown in

Table 1, the DS-MTB clinical isolate used in the study was susceptible to anti-tuberculosis drugs, such as isoniazid
(MIC=0.06 mg/L) and rifampin (MIC=0.25 mg/L). The MDR-MTB clinical isolate was resistant to multiple anti-
tuberculosis drugs, such as isoniazid (MIC=4 mg/L) and rifampin (MIC=8 mg/L). The isolates were obtained using
a BD BACTEC™ MGIT™ 960 system (Becton Dickinson, Franklin Lakes, NJ, USA). The MIC results were interpreted
based on CLSI breakpoints.”'® All isolates were stored in 7H9 broth (Becton Dickinson, Franklin Lakes, NJ, USA)
containing 15% glycerol in a freezer at —80°C until used.

Samples for metabolomics analysis were obtained from four independent cultures of DS-MTB and MDR-MTB
isolate, respectively. Both isolates were cultured in a biosafety LEVEL 3 laboratory at 37 °C in Middlebrook 7H9 broth
(Difco/Becton Dickinson, Franklin Lakes, NJ) to reach the mid-log phase of growth. After centrifugation, the bacterial

Table | MIC of Multi-Drugs Against DS-MTB and MDR-MTB
Isolate (Mg/L)

DS-MTB Isolate MDR-MTB Isolate
Isoniazid 0.06 4
Rifampin 0.25 8
Ethambutol 0.5 4
Ofloxacin 0.25 |
Levofloxacin 0.125 0.5
Moxifloxacin 0.06 0.5
Amikacin 0.5 2
Kanamycin 0.25 |
Capreomycin 0.5 2
Streptomycin 0.5 2

2668

https:

Dove!

Infection and Drug Resistance 2023:16


https://www.dovepress.com/get_supplementary_file.php?f=405987.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

suspension was divided into two parts, precipitation and supernatant. The supernatant was filtered through a 0.22 pm
filter membrane to filter out the suspended bacteria (supernatant inactivate) so that the samples could be safely taken out
of the LEVEL 3 laboratory.

The present study was approved by the Ethics Committee of Shanghai Pulmonary Hospital (Shanghai, China,
approval no. K16-300). Informed consent was obtained from all study participants. The study was performed in
accordance with the Declaration of Helsinki Principles and informed consent was obtained from all study participants.

Metabolite Extractions

To extract the metabolites, 1200 pL of cold extraction solvent methanol/acetonitrile (1:1, v/v) was added to 300 pL of the
sample and vortexed for 30s. Subsequently, the sample was incubated at-20°C for 1 h and centrifuged at 14000g for
20min.Then the supernatant was collected and dried in a vacuum centrifuge at 4°C. For LC-MS analysis, the sample was
re-dissolved in 100 pL acetonitrile/water (1:1, v/v) solvent and transferred to LC vials.

High Performance Liquid Chromatography and Mass Spectrometric Analysis

Samples were first separated by an ultra-high performance liquid chromatography system Vanquish (Thermo Scientific,
Waltham, Massachusetts, USA) using a HILIC column (Waters, ACQUITY UPLC BEH Amide 1.7 pm, 2.1x100 mm
column). Subsequently, the samples were analyzed using a Q Exactive HF-X mass spectrometer (Thermo Scientific,
Waltham, Massachusetts, USA). Next, the raw data collected by the mass spectrometry analysis were searched in the
database by the Thermo Compound Discoverer software (Version 3.2). Finally, the metabolite identification results of the
samples are obtained. The total ion chromatograms were attached in Supplemental file 2.

Qualitative and Quantitative Analysis of Metabolites
The RAW data (RAW files) collected by mass spectrometry were retrieved by Compound Discoverer software (Thermo
Fisher Scientific Inc., Waltham, Massachusetts, USA) and the identification information of the samples was obtained.

Differential Metabolites Analysis

Based on univariate analysis, all metabolites detected in positive and negative ion mode were analyzed for differences.
The difference screening criteria were p-value<0.05, fold-change >1.5 or fold-change <0.67. All metabolites are
visualized in the form of a volcano map (Supplemental Figure 2). Subsequently, Partial Least Squares Discrimination
Analysis (PLS-DA) and Orthogonal Partial Least Squares Discrimination Analysis (OPLS-DA) were performed to
further screen out differential metabolites associated with sample groupings (Supplemental Figures 3 and 4).
Meanwhile, the permutation test was used to ensure the validity of the PLS-DA and OPLS-DA models. The OPLS-
DA variable importance in the projection (VIP) value of each metabolite was calculated and differential metabolites were
further filtered with VIP value >1.

Results

Differential Metabolite Profiles of Bacterial and Cultured Supernatant
Summary statistics for the differential metabolite profiles of bacterial and cultured supernatant are presented in
Supplementary Tables 1 and 2. Meanwhile, volcano plots were drawn to show the differential metabolite profiles, and

the top 20 metabolites with the largest fold-change values were labeled (Figure 1).

In comparison with the DS-MTB, 74 metabolites were significantly increased, and 54 metabolites were significantly
decreased in MDR-MTB isolate. Metabolites, including cysteic acid, guanine, and D-methionine, were significantly increased.
Interestingly, D-alanyl-D-alanine, an essential component of the intracellular peptidoglycan precursor and an important target
for the development of antibacterial drugs,'' was also increased in the MDR-MTB isolate (Supplemental Figure 5).

Compared to the DS-MTB, 48 metabolites were significantly increased, including L-tyrosine, D-tryptophan, 5°’-
S-methyl-5’-thioadenosine, nordihydroguaiaretic acid, and threonine, and 18 metabolites were significantly decreased in
the MDR-MTB cultured supernatant.
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Figure | Differential metabolite profiles between DS-MTB and MDR-MTB isolate. (A) Bacterial. (B) Cultured supernatant. The red dots represent the increased
metabolites, and the green dots represent the decreased metabolites. The size of the dots represents the log2(fold-change)) value, and the top 20 metabolites with the
highest log2(fold-change) values were labeled.

Subsequently, metabolic pathway enrichment analysis of the differential metabolites was performed using
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/). The results showed that the differential metabolites of bacterial
were mainly enriched in pyrimidine metabolism pathway, purine metabolism pathway, nicotinic acid and nicotinamide
metabolism pathway, phenylalanine, tyrosine and tryptophan biosynthesis pathway, phenylalanine metabolism pathway,
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D-glutamine and D-glutamate metabolism pathway and arginine biosynthesis pathway (Figure 2A, Supplementary
Table 3). And the differential metabolites of cultured supernatant were mainly enriched with aminoacyl-tRNA biosynth-
esis pathway, arginine biosynthesis pathway, cysteine and methionine metabolism pathway, and lysine biosynthesis
pathway (Figure 2B, Supplementary Table 4).

Pyrimidine and Purine Metabolism

Pyrimidine metabolism pathway is the pathway enriched with the most identified differential metabolites, containing
three increased and six decreased metabolites in MDR-MTB isolate. As shown in the metabolic pathway diagram
(Figure 3), important substrates and intermediate metabolites, such as cytosine, uridine, cytidine 5’-monophosphate,
L-glutamine, deoxycytidine and uridine monophosphate (UMP) were significantly decreased in MDR-MTB isolate,
while synthetic products, such as thymidine monophosphate (d{TMP) and thymidine diphosphate (dTDP) and orotic acid,
were significantly increased. Additionally, metabolomic results of the cultured supernatant also showed that uridine and
deoxycytidine was also decreased in MDR-MTB isolate (Supplemental Figure 6). These results suggest that more uridine

and deoxycytidine were consumed to produce more dTMP and dTDP in MDR-MTB isolate.

Purine metabolic pathway was also enriched with nine identified differential metabolites, including six increased and
three decreased in MDR-MTB isolate. Through the metabolic pathway map, a phenomenon similar to the pyrimidine
metabolism pathway can be observed. Compared with DS-MTB, more important substrates and intermediate metabolites,
such as adenosine and adenosine 5’-monophosphate are consumed, producing more adenine and deoxyadenosine
diphosphate (dADP) in MDR-MTB isolate (Figure 4). In addition, deoxyinosine monophosphate (dIMP), deoxyinosine
and guanine were increased, and deoxyguanosine monophosphate (dGMP) was decreased in MDR-MTB isolate.

Nicotinate and Nicotinamide Metabolism Pathway

Nicotinate and nicotinamide metabolism pathways were enriched with four identified differential metabolites, including
three increased and one decreased in MDR-MTB isolate. The results showed that nicotinic acid mononucleotide and
nicotinamide adenine dinucleotide (NAD) were increased while nicotinic acid was decreased (Figure 5). Therefore, it
might be assumed that the conversion of nicotinic acid mononucleotide to nicotinic acid was inhibited and the conversion
to NAD was enhanced in MDR-MTB isolate. In addition, nicotinamide was also increased in the MDR-MTB isolate.

Amino Acid Metabolism

Arginine biosynthesis pathway was enriched with two increased metabolites, ornithine and L-citrulline, and one
decreased metabolite, L-glutamine (Figure 6). Through the metabolic pathway map, it was apparent that the production
of L-citrulline and its intermediate metabolite, ornithine was increased in MDR-MTB isolate. And it is interestingly to
note that arginine biosynthetic pathway was also significantly enriched with the differential metabolites of the cultured
supernatant (Supplementary Table 4). L-citrulline was also significantly increased in MDR-MTB cultured supernatant,
along with the precursors of L-glutamine, L-glutamic acid (KEGG ID: C00025), and L-aspartic acid (KEGG ID: C00049,
Supplemental Figure 7). In addition, an important precursor of L-citrulline, L-arginine (KEGG ID: C00062), was

significantly decreased in the supernatant of MDR-MTB isolate, implying that more L-arginine was consumed to
produce L-citrulline in MDR-MTB isolate.

L-phenylalanine and its key precursor metabolite, phenylpyruvate were the only two metabolites enriched in the
phenylalanine metabolism pathway. Through the metabolic pathway map, it was apparent that increased production of
L-phenylalanine and phenylpyruvate were increased in MDR-MTB isolate (Supplemental Figure 8).

Amino Acid Consumption of the Cultured Supernatant

The results of metabolic profile showed that the differential metabolites in the cultured supernatant were mostly amino
acids, dipeptides, and their derivatives. Therefore, it is reasonable to believe that the type and quantity of amino acids
intake by MDR-MTB isolate are significantly different from those of the DS-MTB isolate in which resistance mechan-
isms may be latent.
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Through heatmap and boxplots, only two amino acids, L-lysine and L-arginine, were significantly decreased in MDR-
MTB cultured supernatant, indicating that more of these two amino acids were consumed in MDR-MTB isolate (Figure 7).
And the other ten amino acids (L-citrulline, L-glutamic acid, L-aspartic acid, L-norleucine, L-phenylalanine, L-methionine,
L-tyrosine, D-tryptophan, valylproline, and D-methionine) were significantly increased, suggesting that MDR-MTB isolate
consumed less of these ten amino acids. These results suggested that MDR-MTB isolate preferred to metabolize L-lysine
and L-arginine rather than the other ten amino acids, and this amino acid metabolic signature might also be related to its

drug resistance.

Discussion

In the present study, metabolomics analysis was performed on one DS-MTB clinical isolate and one MDR-MTB clinical
isolate, as well as their cultured supernatant. The differential metabolites were mainly enriched in pyrimidine metabolism
pathway, purine metabolism pathway, nicotinic acid and nicotinamide metabolism pathway, arginine biosynthesis, and
phenylalanine metabolism pathway. In a recent study, a similar phenomenon was observed by metabolomic study of the
H37Rv strain with or without rifampicin, which significantly altered metabolites associated with pyrimidine, purine,
arginine, phenylalanine, tyrosine and tryptophan metabolic pathways.'” The above study was a complementation to the
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present study, and collectively indicated that drug resistance was related to pyrimidine, purine, arginine, and phenyla-
lanine metabolic pathways.

D-alanyl-D-alanine is a dipeptide comprising D-alanine with a D-alanyl residue attached to the alpha-nitrogen.'* It is
an essential component of the intracellular peptidoglycan precursor, uridine diphosphate-N-acetylcarbamate-
pentapeptide,'* which is vital for the survival of pathogens by maintaining the integrity of bacterial cell walls'>'®
through cross-linking peptidoglycan chains.'” Inhibition of D-alanine-D-alanine ligase (Ddl) would directly lead to
a dramatic decrease of the strength of the bacterial cell wall, potentially leading to bacterial cell rupture.'® D-alanyl-
D-alanine and Dd/ might be important targets for the development of antibacterial drugs.'' There have also been several
research based on Ddl as a potential anti-MTB drug target. Fakhar et al'® reported the biochemical function and
homology modeling of Ddl and assessed the structural quality of the obtained homology modeled target. Yang et al'

developed a colorimetric method for high-throughput screening of Ddl inhibitors for TB-Ddl activity and identified eight
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Figure 7 Amino acids, dipeptides, and amino acid derivatives of the cultured supernatant. (A) Heatmap of the amino acids, dipeptides, and amino acid derivatives of the
cultured supernatant. (B) Boxplots of twelve amino acids of the cultured supernatant. N=4. *Represent p<0.05.

potential interacting proteins of TB-Ddl. It is most likely that the strength of the cell wall was enhanced by increasing

D-alanyl-D-alanine in MDR-MTB isolate, and thus became more resistant to the drugs.
Purine metabolic pathway plays an important role in mycobacterial physiology and is a target for MTB drug
development. MTB has the ability to adopt a growth, slow growth or even non-growth state within the host to survive in

the face of prolonged multidrug therapy, and it has been revealed that the pyrimidine metabolism is a metabolic checkpoint

during MTB adaptation to non-growing state.”’ Furthermore, the pyrimidine salvage pathway has an important role in the

latent state of MTB, as MTB must recover bases and/or nucleosides in order to survive in the harsh environment imposed
by the host.?! Furthermore, TMPK, the enzyme that catalyzes the phosphorylation of dTMP to dTDP, is indispensable for

growth and survival. Therefore it represents a potential target for developing new anti-TB drugs.”
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Purine metabolism pathway plays an essential role in the physiology of MTB and other mycobacteria owing to the
critical importance of the purine salvage enzyme hypoxanthine-guanine phosphate nucleotidyl transferase (HGPRT) for
the growth of MTB in vitro.”> Similar to the pyrimidine metabolism, purine metabolism is also a target for drug
development in MTB, and a large number of potent purine analogs have been designed.”*

Nicotinate and nicotinamide metabolism pathways are vital pathways for the biosynthesis of NAD. It is reported that
nicotinamide nucleotide adenosyltransferase, the enzyme that catalyzes nicotinic acid mononucleotide with ATP to form
NAD, was selected as a potential drug target as it has been proven in vitro to be essential for the growth of MTB.?® This
founding partly explained the result of our study that more nicotinic acid mononucleotide was converted to more NAD in
MDR-MTB isolate. We assumed that MDR-MTB isolate requires more NAD than DS-MTB isolate, so more nicotinic acid
mononucleotide was consumed to synthesize NAD. In addition, nicotinamide was reported to be able to limit the replication
of MTB within macrophages.?® In this study, we found that nicotinamide was also increased in MDR-MTB isolate. Hence,
resistance of MDR-MTB isolate might also be related to its resistance to higher concentrations of nicotinamide.

The DNA replication mechanisms, protein synthesis and cell wall biogenesis of MTB have been targeted for the
development of anti-tuberculosis drugs, but some essential metabolic pathways that are critical for MTB survival have
received little attention. Currently, many amino acid biosynthetic pathways have recently been shown to be critical for
the survival and pathogenesis of MTB,?’ and these amino acid metabolism pathways might be critical in the development
of drug-resistance in MDR-MTB isolate.

Arginine metabolism pathway has been reported to serve as one of the metabolic pathways of drug targets for the
control of TB.?” The arginine biosynthetic enzyme argB (acetylglutamate kinase) is essential for MTB and its homo-
logous gene is missing in humans, therefore this enzyme could be a potential target for drugs.?” The MTB argB and argF
(ornithine carbamoyltransferase) mutants were unable to grow in arginine-deprived medium and can be restored by
supplementation with 1 mM of arginine or by gene complementation. It is reported that arginine deprivation rapidly
sterilizes the MTB through accumulation of reactive oxygen species and DNA damage, and arginine starvation does not
affect the survival of immunodeficient, or immunocompromised mice infected with MTB argB and argF mutants.*®*’
Combined with the results that arginine consumption was significantly higher in MDR-MTB isolate, it is speculated that
arginine metabolism might be involved in the development of drug resistance.

One highlight of this study is that instead of using the standard strain, the clinical isolates were used, which
could more realistically reflect the metabolic status of MTB in the TB patients. Another highlight of this study is
that, unlike other studies that only analyzed the bacterial organism, the cultured supernatant was also analyzed in
this study so that it could (1) enhance the robustness of the study and (2) reveal the intake and consumption of
metabolites in MTB.

There are certainly many limitations in the study. Firstly, standard control strains, such as H37Rv, were not set.
Secondly, only one DS-MTB and one MDR-MTB isolate were analysis, large numbers of samples are needed to
demonstrate the universality of the results. Thirdly, only preliminary screen study was performed, more experiments
such verification are needed to be done to get a more robust and convincing conclusion.

Conclusion

Through high-throughput metabolomics, the metabolic profiles of DS-MTB clinical isolate and MDR-MTB clinical isolate
and their cultured supernatants were revealed. The differential metabolites were associated with pyrimidine metabolism,
purine metabolism, nicotinate and nicotinamide metabolism, arginine acid metabolism, and phenylalanine metabolism.
Furthermore, drug-resistance might relate to the type and quantity of amino acids taken from cultured supernatant.
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