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Background: Tuberculosis (TB) is still the single pathogen infectious disease with the largest number of deaths worldwide. The
relationship that intestinal microbiota disorder and de novo fatty acid synthesis metabolism have with disease progression in multi-
drug resistant TB (MDR-TB) has not yet been fully studied.

Objective: To investigate the effects of long periods of MDR-TB, pre-extensively drug-resistant TB (pre-XDR-TB), or rifampicin-
resistant TB (RR-TB) on gut microbiome dysbiosis and advanced disease.

Methods: The sample was chosen between March 2019 and September 2019 in Wenzhou Central Hospital and comprised 11 patients
with pre-XDR-TB, 23 patients with RR-TB, and 28 patients with MDR-TB. Healthy individuals were chosen as the control group (CK
group). An overnight fast blood sample was drawn via venipuncture into tubes without anticoagulant. For analysis, 300 mg of faeces
from patients from the same group was mixed and analysed using DNA extraction, NGS sequencing, and bioinformatics. A QIAamp
Fecal DNA Mini Kit was used to isolate the DNA. The extracted DNA was stored at —20°C.

Results: Advanced TB was concurrent with an elevated level of the proportions of acetyl-CoA carboxylase (ACC1) to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and fatty acid synthase (FASN) to GAPDH in de novo fatty acids
synthesis, and Eubacterium, Faecalibacterium, Roseburia, and Ruminococcus were increased significantly in RR-TB patients
compared to healthy individuals, whereas their abundance in the pre-XDR-TB and MDR-TB groups showed little change in
comparison with the control group. Proteobacteria levels were greatly increased in the RR-TB and MDR-TB patient groups but
not in the patients with pre-XDR-TB or the healthy subjects. The pre-XDR-TB group exhibited alterations of the intestinal
microbiome: coliform flora showed the highest abundance of Verrucomicrobiales, Enterobacteriales, Bifidobacteriales and
Lactobacillales. De novo fatty acids synthesis was enhanced in patients and was associated with the gut microbiome dysbiosis
induced by the antimicrobials, with Bacteroidetes, Bacteroidales, and Bacteroidaceae displaying the most important correlations
on a phylum, order, and family level, respectively.

Conclusion: The progression to advanced TB was observed to be a result of the interaction between multiple interrelated pathways,
with gut-lung crosstalk potentially playing a role in patients with drug-resistant TB.
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Background

Tuberculosis (TB) is the main cause of death from a single infectious disease, ranking before HIV/AIDS. It usually
affects the lungs (TB), but it can also affect other parts of the body (extrapulmonary TB)."! Drug-resistant TB is an
ongoing public health threat. In 2018, there were approximately 500,000 new cases of rifampicin-resistant TB (RR-TB),
78% of which were multi-drug resistant TB (MDR-TB).?

Studies on the effect of pulmonary and intestinal flora imbalance on Mycobacterium TB have provided relatively limited
evidence.® Antibiotics are the main cause of all microbiome disorders; however, first-line TB antibacterial agents, such as
pyrazinamide and isoniazid, are prodrugs that are only activated in Mycobacterium TB.* The direct dysregulated effect of
Mycobacterium TB on the lung-gut microbial axis remains to be determined. Important indicator phyla and species, such as
Bacteroides, Firmicutes, and Verrucomicrobia, in healthy patients and patients with TB should be tracked to determine their
role and the potential benefits they could provide for fighting, slowing down, or preventing the pathogenesis of TB.°

Antibiotics are still the main and most powerful factor causing ecological disorders because they indiscriminately
destroy all bacteria, both beneficial and harmful.” Rifampicin produces more extensive changes in intestinal flora
imbalance, indicating that the type of TB antimicrobial agent used can affect the degree of flora imbalance.® Another
important issue regarding the interaction between antibiotics and microbiota is the transformation of metabolic pathways
that affect fatty acids biosynthesis. In patients receiving treatment, fatty acids oxidation and biosynthesis decreased,
indicating that the function/metabolism of anti-TB drugs had an impact on intestinal microbes.’ These findings illustrate
the relationship between the metabolic kinetics of intestinal function and the pathogenesis of TB as the consumption of
important nutrients may cause the host to lose the necessary components to resist TB.'’

A growing body of evidence highlights the significance of free fatty acids in human health, including their interaction
with the metabolic states and the immune system.'' An altered serum fatty acid profile has been found to be related to
several metabolic conditions, although the underlying mechanism remains unclear. Recent studies also reveal a link
between the microbiota in the gut or lung and the host’s metabolism.'? However, although most of these studies'*'*
focus on different clinical conditions, there is a lack of evidence concerning the role these mediators play in patients with
drug-resistant, extensively drug-resistant (XDR-TB), or MDR-TB. In addition, the underlying cause of the change in the
composition of the fatty acids pool is still not clear.

Based on these, it is hypothesised that changes in the composition of the intestinal flora and metabolic activities may
be related to changes in the level of nascent fatty acid synthesis, which in turn may be related to inflammation or certain
mediators of the immune system. To understand the combined effects of these factors in MDR-TB and pre-XDR-TB, the
relationship between selected microbiota and serum nascent fatty acid synthesis levels was examined. The main purpose
of this study is to evaluate whether specific gut microbial characteristics are related to changes in the level of nascent
fatty acid synthesis in patients with drug-resistant TB, XDR-TB, and MDR-TB.

Methods
Ethical Approval

This research has been approved by the Ethics Committee of Wenzhou Central Hospital and was republished on
7 April 2020 (L2020-02-003X) in accordance with the Chinese Declaration. All participants were fully informed and
signed an informed consent form before taking part in this study.

Subjects
Sixty-two subjects were recruited from the patient population of Wenzhou Central Hospital in China and divided into two
groups, one of patients with TB and the other comprising healthy individuals. The patient group was further divided into
three subgroups. The demographic characteristics of the included population are summarised below. Of the 62 patients
with active TB, 11 had XDR-TB, 23 had drug-resistant TB, and 28 had MDR-TB. The subjects’ basic information is
presented in Table 1.

Probability sampling was used to select five healthy individuals. Their families were asked about their previous
exposure to TB or TB symptoms. All participants were examined by a well-trained doctor. At the start of the experiment
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Table | Basic information of 62 patients with active TB

Gender Females Males
13 49

Average age 511

BMI (Body Mass Index) 22.42+3.99

Nutritional status (g/L, mean % SD)

Hb 131.5%£23.54

ALB 37.61+0.38

TP 66.2216.50

Note: Data are represented as means * SD of three independent experiments.
Abbreviations: Hb, Hemoglobin; ALB, Albumin; TP, Tot Prot.

and in the second, fourth, and sixth month, they were screened for any potential diseases and infections. The age and
gender of the participants were equivalent. On 10 May 2019, the healthy participants, comprising three men and two
women, had a physical examination at Wenzhou Central Hospital. Their basic information is exhibited in Table 2.

TB samples were collected from the confirmed TB patients, who were being treated in TB centres and hospitals.
A sample was taken from each participant at the start of anti-TB treatment and three months after the start of treatment.
All these patients received anti-TB treatment in accordance with the World Health Organization guidelines followed by
the Tuberculosis Center of Wenzhou Central Hospital.

Study Design

The sample selected included 11 former XDR-TB patients, 23 drug-resistant TB patients, and 28 MDR-TB patients who
were being treated at Wenzhou Central Hospital between March 2019 and September 2019. The exclusion criteria were at
least one of the following: chronic kidney disease, mechanical ventilation, intestinal obstruction, perioperative period,
pregnant, positive for AIDS, cancer diagnosis, or changed metabolic conditions and current (in the past six months) use
of metabolic agents, probiotics, or antibiotics. The sample was divided into two groups: healthy individuals (CK group)
and patients with drug-resistant TB, pre-XDR-TB, and MDR-TB. Venipuncture without anticoagulant was used to obtain
fast overnight coagulation. After clotting, the serum was collected and stored at —80°C. A basic serum biochemical
analysis was performed using standardized procedures. Stool samples were collected for analysis before and after the
experiment. During processing, these were stored at —80°C for observation without interruption.

Table 2 Basic information of healthy individuals

Gender Females Males
2 3

Average age 36-59

BMI (Body Mass Index) 24.12%3.14

Nutritional status (g/L, mean £ SD)

Hb 157.5+7.45

ALB 46.9+1.78

TP 74.13+3.93

Note: Data are represented as means + SD of three independent experiments.
Abbreviations: Hb, Hemoglobin; ALB, Albumin; TP, Tot Prot.
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Stool Sample and Faecal DNA Extraction

To collect the samples, sterile stool sample tubes, frozen biohazard bags, sample collection instructions, foam coolers,
and ice packs were given to the subjects’ caregivers. These caregivers were instructed to collect stool samples within
one day of each time point, namely at two and eight weeks, and immediately store them in frozen biohazard bags. The
samples were then frozen and stored in a refrigerator at —80°C until analysis. For analysis, 300 mg of faeces collected
from the same group of individuals was mixed and analyzed via DNA extraction, high-throughput sequencing, and
bioinformatics. Following the manufacturer’s instructions, the QIAamp Fecal DNA Mini Kit (Qiagen, USA) was used to
isolate metagenomic DNA from the mixed faeces. The extracted DNA was divided into four test tubes to avoid multiple
gels and was then stored at —20°C.

Characteristics of Intestinal Microbiota
High-throughput sequencing and intestinal bacterial bioinformatics analysis methods were used to analyse the character-
istics of the intestinal microbiota. The high-throughput intestinal genomic DNA that was extracted was divided into
appropriate sizes. DNA fragments were connected into complete DNA molecules. After the primer was hydrolyzed, the
primer on the lead chain became a completely new chain to realize bridge amplification.'> RDP classifier software
(v2.10.1), which is based on the Bergey classification method, was used to classify the processed sequences for species
classification, and the naive Bayesian allocation algorithm was used to calculate the p-value for each sequence, with the
ranking being performed at different levels. The classification results were mostly reliable (P>0.8). Using Bergey’s
Systematic Classification, the dominant bacteria were classified according to their phylum, order, and family.

The empirical research methods used by this study are mainly in accordance with the bioinformatics analysis of

microbial identification, evolution, and drug resistance of high-throughput sequencing.'®'”

Assay of mRNA Expression of CPT|, GAPDH, FASN, and ACCI

A spin column blood total RNA purification kit, which was purchased from Sangon Biotech, Shanghai, China, was used
to isolate the total RNA from the blood samples, and a BeyoRT™ III First Strand cDNA Synthesis Kit, which was
purchased from Beytime, Shanghai, China, was used to reverse transcribe the extracted RNA into cDNA. The qRT-PCR
method was used to detect the relative mRNA abundance, and the primer sequences can be seen in Table 3. The reaction
conditions were 95°C for 5 minutes, 95°C for 15 seconds, 60°C for 30 seconds, 72°C for 30 seconds, and 40 cycles. All
samples were repeated in triplicate. To evaluate the success of the PCR amplification, a melting curve analysis was
performed at the end of the amplification cycle. The expression level was calculated via the ACt method normalized to
the internal reference gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression.

Statistical Analysis

A one-way variance A test was used to determine the statistically significant relationship between the CK group and the
patient group. P < 0.05 demonstrated a significant difference. Statistical analysis software, SPSS (version 13.0) was used
to perform the data analysis.

Table 3 Primer Sequences for Real-Time PCR

Target Gene Sequences (5’-3’)
ACCI F: TACCTTCTTCTACTGGCGGCTGAG
R: GCCTTCACTGTTCCTTCCACTTCC
CPTIA F: CAGACACCATCCAGCACATGAGAG
R: TGAGGCTCCGAGGTATTGTCCAG
FASN F: CTCAGCCGCCATCTACAACATCG
R: GCCAGCGTCTTCCACACTATGC
GADPH F: CTCCTGTTCGACAGTCAGCC
R: CGCCCAATACGACCAAATCC
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Results

Faecal Bacterial Communities in Patients with TB Compared to Healthy Individuals

A total of 62 patients with TB, aged between 36 and 59 years, was included in the scope of this study. Of these patients,
49 (79%) were males and 13 (21%) were females. The mean BMI of these patients was 24.12 kg/m”. All patients were
monitored for three consecutive months. As shown in Figure 1, the diversity of the samples from the patients with
RR-TB, pre-XDR-TB, and MDR-TB and the healthy participants was sufficient, which indicates that the sampling was
reasonable.

The a-diversity of each subject, which is a measure of species richness, including chaol, ACE, and the Shannon and
Simpson index, was different for the control group and the subject sample with TB. Chaol and the ACE index represent
the gut microbiome varieties in the groups of patients with RR-TB, pre-XDR-TB, and MDR-TB and the group of healthy
participants. The results concerning the total variety of bacteria range from those with RR-TB having the most variety to
those with pre-XDR-TB to those with MDR-TB and finally to the healthy participants. The bacteria varieties found in the
results of the different groups of patients with TB were quite different, while the healthy participants’ results were the
least variable in terms of gut microbiome varieties. In contrast, the trend shown by the Shannon and Simpson index was
the reverse, with it increasing from those with RR-TB to those with pre-XDR-TB to those with MDR-TB and finally to
the healthy participants. Based on the principal analysis, the Shannon and Simpson diversity index suggests that the
bacterial diversity of the intestinal microbiome is impacted by treatment (Figure 2).

The relative abundance of the intestinal microbiome distributions among the RR-TB, pre-XDR-TB, and MDR-TB
patients was also studied and compared with those of the healthy participants at different levels. At the phylum level, the
proportion of Firmicutes in the gut increased significantly in the patients with RR-TB compared to the healthy
participants, whereas their prevalence in the pre-XDR-TB and MDR-TB groups showed little difference to the CK
group (Figure 3).
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Figure | Diversity of gut microbiota in each patients with RR-TB, Pre-XDR, MDR-TB and healthy individuals.
Abbreviations: MDR-TB, multi-drug resistant TB; pre-XDR-TB, pre-extensively drug-resistant TB; RR-TB, rifampicin-resistant TB, Con, control.
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Figure 2 Variety differences of gut microbiome (different treatments vs healthy individuals).
Notes: Data are represented as means * SD of three independent experiments. *p < 0.05.
Abbreviations: MDR-TB, multi-drug resistant TB; pre-XDR-TB, pre-extensively drug-resistant TB; RR-TB, rifampicin-resistant TB, Con, control.
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Figure 3 Distribution of gut microbiome in different subjects at the phylum level.
Abbreviations: MDR-TB, multi-drug resistant TB; pre-XDR-TB, pre-extensively drug-resistant TB; RR-TB, rifampicin-resistant TB, Con, control.

The Compositions of the Patients’ Gut Microbiome Profiles Were Shifted by the
Exposure to Multiple Drugs

Great differences were also found between the participants at the order level linked to the different drug resistance status
of the groups, some of which appeared in the RR-TB, pre-XDR-TB, or MDR-TB patients. These signature changes may
correlate with the patients’ metabolism. The intestinal bacteria showing the biggest shifts in the patient group at the order
level was Bacteroidales (Figure 4). The prevalence of Enterobacterials was strongly positively correlated with enhanced
relative multi-drug resistance in the RR-TB and MDR-TB patients. As shown in Figure 4, the patients with increased
resistance TB tended to have more abundant Enterobacterials. A similar but weaker correlation was observed between
Clostidiales in the gut microbiome and an increase in multi-drug resistance (Figure 4). The beneficial gut microbiota
detected were Bacteroidales (65%), Clostridiales (32%), and Selenomonadales (1%), which accounted for more than
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Figure 4 Distribution of gut microbiome in different subjects at the order level.
Abbreviations: MDR-TB, multi-drug resistant TB; pre-XDR-TB, pre-extensively drug-resistant TB; RR-TB, rifampicin-resistant TB, Con, control.

97% of the total bacteria in healthy individuals at the order level. This was quite different from the RR-TB (51%), pre-
XDR-TB (26%), and MDR-TB (37%) patient groups at treatment initiation, but their levels increased over time during
anti-TB treatment. The main bacteria seen in the patients with MDR-TB at the order level were Bacteroidales,
Bifidobacteriales, Erysipelotrichales, Coriobacteriales, Clostridiales, and Selenomonadales. The gut microbiome dis-
tributions in the patients with RR-TB were similar to those with MDR-TB and only differentiated by their abundance.
Both had the same order of Bifidobacteriales, Clostridiales, and Enterobacterials. In addition, interestingly, the patients
with pre-XDR-TB had alterations of the intestinal microbiome and coliform flora and showed the highest abundance of
Verrucomicrobiales (41%), which is responsible for the interaction of the treatments and corollary resulting from the
multiple drugs. The same seemed to be the case for Enterobacteriales, Bifidobacteriales, and Lactobacillales. In
particular, the disappearance of Bacteroidales was seen in the patients with RR-TB, pre-XDR-TB, and MDR-TB,
which differed slightly from the subjects being treated (Figure 4).

Early studies in this field have shown that faccal samples contain a relatively high abundance of pathogens (called
dominant bacteria), indicating an increased risk of blood infection due to these dominant bacteria.'® The relative gut
microbiome variety of the patient groups at the family level was also compared. The abundance of Lachnospiraceae,
Ruminococcaceae, Bifidobacteriaceae, and Prevotellaceae in the intestinal flora of the CK group was greater than that of
the patient groups (Figure 5). As noted previously, the presence of the Bacteroidaceae bacteria in the intestine has been
shown to have great advantages for body health. This was characterised by the increased number of common pathogens
causing nosocomial infection, for example Enterobacteriaceae.'® When the samples of the patient group and the control
group were collected and analysed, it was found that the study samples were attenuated with Ruminococcaceae and
Bifidobacteriaceae  and  enriched with  Erysipelotrichaceae,  Enterobacteriaceae,  Lachnospiraceae, and
Enterobacteriaceae. Interestingly, all these taxa were dominant in the patients, but the populations of
Verrucomicrobiaceae were dominant in the pre-XDR-TB group. These results show that the gut microbiome of those
in the patient groups underwent great changes. Clear multi-drug-induced microbiomic changes were observed in most
participants, excluding individual differences.

De novo Synthesis of Fatty Acids in the Patient Groups and the Healthy Participants
To address the relationship between gut microbial populations and the de novo synthesis of fatty acids in the patient
groups and the healthy participants in this study, the quantitative and qualitative differences in the mRNA expression of
CPT1 (carnitine palmitoyl transferase 1), GAPDH, FASN (fatty acid synthase), and ACC1 (acetyl-CoA carboxylase 1)
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Figure 5 Distribution of gut microbiome in different subjects at the family level.
Abbreviations: MDR-TB, multi-drug resistant TB; pre-XDR-TB, pre-extensively drug-resistant TB; RR-TB, rifampicin-resistant TB, Con, control.

among the study subjects were investigated (Figure 6). These are the key enzymes in the pathway of the de novo
synthesis of fatty acids. As shown in Figure 6, differences were observed in the mRNA expression of CPT1, GAPDH,
FASN, and ACCI in the de novo synthesis of fatty acids. It was found that the proportions of ACC1 to GAPDH and
FASN to GAPDH showed similar tendencies in the study’s subjects, becoming gradually less in the following order:
MDR-TB > pre-XDR-TB > RR-TB > healthy participants.

It can be speculated that the symbiotic balance between the gut microbiome and the host might to some extent
promote the proportions of ACC1 to GAPDH and FASN to GAPDH in de novo fatty acids synthesis in patients with
multi-drug resistance (Figure 6). However, it is highly probable that some other factor affects the microbiota, for example
the immune system of the host.

From this sample analysis, it can be said that the enhancement of de novo fatty acids synthesis was probably caused
by the large variety of gut microbiome, with Bacteroidetes, Bacteroidales, and Bacteroidaceae being the most abundant
in the healthy participants but also the most variable at a phylum, order, and family level, respectively. CPT1A is the rate-
limiting enzyme for fatty acids oxidation, catalysing the esterification of long-chain acyls with carnitine to form
acylcarnitine and allowing fatty acid moiety to be transported into the mitochondrial matrix to finally generate adenosine
triphosphate.”® A CPT1A to GAPDH axis was required for common augmentation of the de novo fatty acids synthesis
responses in the study’s subjects, especially in the patients with RR-TB (Figure 6), which further demonstrates that
CPTI1A is necessary for reduced immunity. Therefore, it can be concluded that this study found that de novo fatty acids
synthesis was enhanced in the patients involved in its investigations and that this had something to do with the gut
microbiome dysbiosis induced by antimicrobials, with Bacteroidetes, Bacteroidales, and Bacteroidaceae being the most
important correlations at a phylum, order, and family level.

Discussion

The structure of the gut microbiome plays an important role in maintaining the intestinal environment. Under normal
conditions, the bacterial structure of the human body is relatively stable and does not provide any indication about the
host. Beneficial bacteria account for 70% in the intestines of healthy people and 25% in the intestines of ordinary
people.?"*? The intestinal flora can regulate lipids metabolism, and an intestinal flora imbalance can trigger and promote
low-grade chronic inflammation, affect the structure and function of the mucosal barrier, and regulate the mucosal barrier

system.>

24,25
\], >

The Firmicutes include many genera belonging to Clostridium clusters IV and XI with some prominent

members being Eubacterium, Faecalibacterium, Roseburia, and Ruminococcu. High levels of Proteobacteria appeared
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Figure 6 Differences of mMRNA expression of CPT/, GAPDH, FASN and ACC/ in de novo synthesis of fatty acids.
Notes: Data are represented as means + SD of three independent experiments.*p < 0.05 and **p < 0.01.
Abbreviations: MDR-TB, multi-drug resistant TB; pre-XDR-TB, pre-extensively drug-resistant TB; RR-TB, rifampicin-resistant TB, Con, control.

in the patients with RR-TB and MDR-TB, but not in the patients with pre-XDR-TB or the healthy participants.
Interestingly, Verrucomicrobia was produced abundantly in the patients with pre-XDR-TB, but this was not explored
in the other groups. In addition, Bacteroidetes, including bacteria belonging to the genera Bacteroides and Prevotella,
were only found in the healthy participants.’® The major genus belonging to the phylum Actinobacteria in the human gut
is Bifidobacterium, which plays an extraordinary regulatory role in the prevention and treatment of metabolic disease
shifts.””

So far, few studies have covered the biological significance of antimicrobials and the mechanism of fatty acids
metabolism. The profiles and compositions of FASN in serum are an important impact factor in the regulation of fatty
acids absorption and metabolism, but little attention has been paid to investigating the de novo synthesis of fatty acids in
patients with RR-TB, pre-XDR-TB, and MDR-TB.

This study found that the abundance of Bacteroidetes, Bacteroidales, and Bacteroidaceae, as the most important
correlations at a phylum, order, and family level at 1-3%, 1-2%, and 0-2%, respectively, was significantly lower in the
faeces of the patient groups than in the CK group. The proportions of ACC1 to GAPDH and FASN to GAPDH showed
similar tendencies in the study’s subjects, reducing gradually in the following order: MDR-TB > pre-XDR-TB > RR-TB >
healthy participants. The proportions in the faeces of the patient groups varied and were higher than in the CK group,
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demonstrating that antimicrobials can modulate the gut microbiome composition and enhance de novo fatty acids synthesis.
The pathway for interactions of de novo fatty acids synthesis and the gut microbiome is summarised in Figure 7.

ACC1 encodes the acetyl-CoA carboxylase and regulates the de novo biosynthesis of fatty acids,”® while FASN is
a key enzyme in lipids synthesis and is the only enzyme in the human body capable of converting metabolised sugar into
the fatty acid palmitate.>® This saturated fatty acid building block is used to make longer chains, creating polyunsaturated
fatty acids used by the cell for energy production and is itself an important component of cellular signal transduction
pathways. GAPDH has multiple functions independent of its role in energy metabolism.>* Although increased GAPDH
gene expression and enzymatic function have been associated with cell proliferation, conditions such as oxidative stress
can impair GAPDH catalytic activity and lead to cellular aging and apoptosis.

Symbiotic gut bacteria can positively influence human immunity, energy expenditure, drug metabolism, and cognitive
function, resulting in health benefits. This study has found that the role of intestinal microbiota in health and in disease is
different. At present, the research and development of microbial functional genomics and innovative anti-infection drugs
are being carried out. For example, the anti-TB drug might have an impact on the composition of the intestinal
microbiome. A recent study reports that the a-diversity of intestinal microbiota will decrease after a Mycobacterium
TB infection. Further, the decreased o-diversity of intestinal microbiota has been generally observed in the relative

abundance of species in Bacteroides.*

Conclusions

This study examined (1) the relationship between intestinal flora and various levels of MDR-TB, (2) the potential for the
use of microbiome biosignature alterations to discriminate MDR-TB disease from active TB patients, and (3) the short-
term effects of short-term TB antibiotic therapy on the intestinal flora and health of patients based on the alterations of de
novo fatty acids synthesis metabolism in patients with MDR-TB, as well as a possible link between shifts of de novo
fatty acids synthesis metabolism and TB recrudescence following successful cure. A recommended pathway of de novo
synthesis of fatty acids was also discussed, whereby the gut microbiome could serve as a target for clinical manipulation
to have an impact on MDR-TB.

In general, this study compares patients with healthy participants, providing a theoretical basis for larger well-
designed trials. It is possible that the provision of anti-TB drugs to different patients with drug-resistant forms of the
disease could negatively impact the clinical outcomes for chronically ill patients due to the discriminative alterations of
the gut microbiome and de novo fatty acids synthesis shifts. In addition, further studies need to be conducted to confirm
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the factors associated with increased susceptibility to MDR-TB, including changes in de novo fatty acids synthesis and
intestinal microbiota caused by long-term anti-TB antibiotic therapy. This may speed up the treatment of TB and improve
the cure rate, and it could be a breakthrough in the treatment of drug-resistant TB.

Abbreviations

TB, tuberculosis; MDR-TB, multi-drug resistant TB; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; FASN, fatty
acid synthase; ACC1, acetyl-CoA carboxylase 1; pre-XDR-TB, pre-extensively drug-resistant TB; RR-TB, rifampicin
resistant TB.
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