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Abstract
The lack of rapid and efficient diagnostics impedes largely the epidemic control of multidrug-

resistant tuberculosis, andmightmisguide the therapeutic strategies aswell. This study aimed

to identify novel multidrug-resistant tuberculosis biomarkers to improve the early intervention,

symptomatic treatment and control of the prevalence of multidrug-resistant tuberculosis. The

serum small molecule metabolites in healthy controls, patients with drug-susceptible

tuberculosis, and patients with multidrug-resistant tuberculosis were screened using ultra-

high-performance liquid chromatography combined with quadrupole-time-of-flight mass

spectrometry (UPLC-Q-TOF-MS). The differentially abundant metabolites were filtered out

through multidimensional statistical analysis and bioinformatics analysis. Compared with

drug-susceptible tuberculosis patients and healthy controls, the levels of 13 metabolites in

multidrug-resistant tuberculosis patients altered. Among them, the most significant changes

were found in N1-Methyl-2-pyridone-5-carboxamide (N1M2P5C), 1-Myristoyl-sn-glycerol-

3-phosphocholine (MG3P), Caprylic acid (CA), and D-Xylulose (DX). And a multidrug-

resistant tuberculosis/drug-susceptible tuberculosis differential diagnostic model was built

based on these four metabolites, achieved the accuracy, sensitivity, and specificity of

0.928, 86.7%, and 86.7%, respectively. The enrichment analysis of metabolic pathways showed that the phospholipid remodeling

of cell membraneswas active inmultidrug-resistant tuberculosis patients. In addition, in patients with tuberculosis, themetabolites of

dipalmitoyl phosphatidylcholine (DPPC), a major component of pulmonary surfactant, were down-regulated. N1M2P5C, MG3P, CA,

and DX may have the potential to serve as novel multidrug-resistant tuberculosis biomarkers. This research provides a

preliminary experimental basis to further investigate potential multidrug-resistant tuberculosis biomarkers.
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Introduction

Multidrug-resistant tuberculosis (MDR-TB) is defined as
tuberculosis (TB) that is resistant to isoniazid and rifampi-
cin, the two most effective anti-TB drugs, which are

infected by multidrug-resistant Mycobacterium tuberculosis
(MDR-MTB). MDR-TB has characteristics of low awareness
rate (25%), difficult treatment (second-line medication),
long treatment period (at least 18months), low cure rate
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(55%), and high mortality (15%),1 compared to drug-
sensitive tuberculosis (DS-TB), which can directly lead to
the widespread of TB and the failure of anti-TB treatment.
With a high incidence and low detection efficiency, China is
one of the most MDR-TB burdened countries. In 2017, the
number of new MDR/RR-TB (rifampicin-resistance tuber-
culosis) cases in China accounted for 13% of the global
MDR/RR-TB cases, ranking as the second in the world.1

However, the MDR/RR-TB discovery rate in China was
only 19%, which was much lower than the global average
rate (29%).1 Therefore, improving the diagnostic efficiency
of MDR-TB for the control of the TB epidemic has been
regarded as the primary task.

However, the present clinical diagnosis of MDR-TB
is underdeveloped and the detection efficiency is low.
In 2017, globally only 24% of new TB cases were tested
for anti-rifampicin.1 Currently, the drug susceptibility test-
ing (DST) is still considered as the MDR-TB clinical diag-
nostic gold standard. While DST may take three to
eightweeks,2 which can obstruct the timely adjustment of
drug regimens. Moreover, the DST detection rate in Europe
(where DST detection coverage is the highest) was only
57%, while China had an even lower detection rate of
45%.1 The molecular biology-based rapid diagnosis, Xpert
MTB/RIFVR test can diagnosis TB within 90min, but it can
only diagnose the resistance to rifampicin and requires
a high sputum load.3 The diagnostic sensitivity and specif-
icity of the above methods get a significant decrease in non-
open or sputum-negative TB patients, which may delay the
early identification of MDR-TB. Therefore, it is urgent to
identify novel MDR-TB biomarkers with a high sensitivity
and specificity.

Previously, our laboratory studied differentially altered
proteins and miRNAs in MTB patients by Solexa sequenc-
ing and iTRAQ-2D LC-MS/MS.4 However, the interactions
between pathogens and the host body are the basis for
the progression of the disease, while the dynamics of
the interactions between MDR-MTB and the host cannot
be predicted by transcriptomics and proteomics.5

Metabolites are downstream products that are co-
regulated by endogenous and exogenous substrates, repre-
senting the amplified expression changes of upstream
genes and proteins.6 Meanwhile, metabolites can also
reflect the interactions between the genetic materials and
the external environment and are more sensitive to individ-
ualized differentiation.7,8 In addition, biochemical feedback
loops and cyclic processes are commonly found in

biological systems, where the changes in metabolite
concentrations can alter gene and protein function.9

Therefore, the study of characteristic metabolites and
metabolic pathways could help us further understand the
heterogeneity of MDR-TB and the potential response to
treatment.

This study was the first to use ultra-performance liquid
chromatography combined with quadrupole-time-of-flight
mass spectrometry (UPLC-Q-TOF-MS) to screen serum
differential metabolites between healthy controls (HC),
DS-TB patients, andMDR-TB patients. Potential serum bio-
markers and characteristic MDR-TB metabolic profiles
were obtained. This research may provide preliminary
experimental data to identify potential biomarkers of
MDR-TB and deepen the understanding of the pathogenic
mechanism between MDR-MTB and the host.

Material and methods

Clinical subjects

According to the criteria issued by the National Health
Commission of the People’s Republic of China,10 subjects
were diagnosed with TB if they meet one of the following
criteria: 1. Positive sputum test (‹ Two sputum samples
were positive under microscopy. › One sputum sample
was positive under microscopy, with typical chest imaging
changes.fiOne sputum sample was positive under micros-
copy and one for mycobacterial culture). 2. Negative
sputum test, but two mycobacterial cultures were positive,
with typical chest imaging changes. 3. Molecular biology
examination positive for TB with typical imaging chest
changes. 4. The lung specimen presented a pathological
change of TB. 5. Excluding tracheal or bronchial TB or
tuberculous pleurisy. Each TB patient was diagnosed with
MDR-TB or DS-TB after more than two DST for the
Mycobacterium tuberculosis complex (MTBC). Patients with
extrapulmonary TB, HIV infection, malignant tumors, auto-
immune diseases, and chronic metabolic diseases were
excluded.

Between September 2013 and April 2019, the MDR-TB
and DS-TB subjects were enrolled from the First Affiliated
Hospital of Jiaxing University and Shaoxing University
Affiliated Hospital (China), respectively. Additionally,
from the Zhejiang Hospital (China), the HC without
TB and other concomitant diseases were recruited.
Regardless of age or gender, there were no statistically sig-
nificant differences between three groups (Table 1).

Table 1. Characteristics of the MDR-TB patients, DS-TB patients, and health controls.

MDR-TB patients DS-TB patients HC P-value

(N530) (N530) (N530)

Age (mean�SD) 41.46� 13.84 37.47� 14.21 37.67� 11.29 0.4358a

Gender (male/female) 19/11 22/8 16/14 0.2748b

Positive sputum smear (%) 30 (100%) 22 (73.33%) / /

Lung lesion (single/double) 6/24 17/13 / /

Chest X-ray cavity (%) 12 (40%) 8 (26.67%) / /

aP-value among three groups from one-way analysis of variance (ANOVA) test.
bP-value among three groups from the Chi-square test.

N: number of subjects; MDR-TB: multidrug-resistant tuberculosis; DS-TB: drug-sensitive tuberculosis; HC: health controls.
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The morning fasting peripheral blood was collected from
all subjects. After the blood sample was taken, the super-
natant was separated within 1 h, and placed at �80�C.

Metabolite extraction and UPLC-Q-TOF-MS detection

The serum sample was slowly dissolved at 4�C; 400lL of
pre-cooled methanolic acetonitrile (1:1, v/v) was added
into 100 lL serum sample. After that, sample was vortexed
for 60 s, and the precipitated protein was placed for 1 h at
20�C. Subsequently, the sample was centrifuged for 20min,
at 14,000 rcf, 4�C. The supernatant was lyophilized and
stored at �80�C.11 In addition, samples of an equal
amount were mixed to prepare quality control samples,
and the treatment method was the same as described
above.

The UPLC system (1290 Infinity LC, Agilent) was used
to separate metabolites. The flow rate and the column tem-
perature were 0.3mL/min and 25�C, respectively. The
reagents and experiment settings were employed by
HILIC column (2.1mm� 100mm, ACQUITY UPLC BEH
Amide 1.7 lm, Waters). The composition of mobile phase
A was 25mM ammoniaþ 25mM ammonium acetateþ
water, and B was acetonitrile. Gradient elution procedure:
During 0–1min, B was 95%. During 1–14min, B was line-
arly changed from 95% to 65%. During 14–16min, B was
linearly changed from 65% to 40%. During 16–18min, B
was maintained at 40%. During 18–18.1min, B was linearly
changed from 40% to 95%. During 18.1–23min, B was
maintained at 95%. Electrospray ionization (ESI) source
parameters after HILIC chromatographic separation:
Curtain gas (CUR) was 30, Ion Source Gas1 (Gas1) and
Ion Source Gas2 (Gas2) were both 60, IonSapary Voltage
Floating (ISVF) was�5500V, and source temperature (ST)
was 600�C (positive/negative ion mode).

The reagents and experiment settings were employed by
HSS T3 column (2.1� 100mm, ACQUITY UPLC HSS T3
1.8lm, Waters). The composition mobile phase of positive
ion mode: Awas 0.1% aqueous formic acid, and B was 0.1%
formic acid acetonitrile. The composition mobile phase of
negative ion mode: A was 0.5mM aqueous ammonium
fluoride solution, and B was acetonitrile. Gradient elution
procedure: During 0–1.5min, B was 1%. During 1.5–13min,
B was varied linearly from 1% to 99%. During 13–16.5min,
B was maintained at 99%. During 16.5–16.6min, B was
linear from 99% change to 1%. During 16.6–20min, B was
maintained at 1%. ESI source parameters (positive/
negative ion mode) after HSS T3 chromatographic separa-
tion: CUR was 30, Gas1 was 40, Gas2 was 80, ISVF was
�5000V, and ST was 650�C.

The AB Triple TOF 5600 mass spectrometer (AB SCIEX)
was applied to mass spectrometry analysis of samples. The
scanm/z range of product ion and TOFMSwas 25–1000Da
and 60–1000Da, respectively. And the scan accumulation
time of product ion and TOF MS was 0.05 s/spectra and
0.20 s/spectra, respectively. Then, information-dependent
acquisition (IDA) for obtaining the secondary mass spec-
trum was set up as follows: Candidate ions to monitor per
cycle were 6, and exclude isotope was within 4Da.

Collision energy was 35�15 eV and Declustering potential
(DP) was�60V.12

Data adjustment and statistical analysis

ProteoWizard was applied to convert raw data to .mzXML
format. Peakview (V1.2) was used to perform the retention
time correction, peak alignment, and peak area extraction.
The secondary spectral matching was used to identify
metabolite structure in conjunction with accurate mass-
matching (<25ppm) and an internal MS/MS database.
After preprocessing the data with Pareto-scaling, SIMCA
software (V14.1) was applied to multidimensional statisti-
cal analysis. Principal component analysis (PCA) and
orthogonal projections to latent structures-discriminant
analysis (OPLS-DA) were performed in sequence.
Meanwhile, the variable importance in projection (VIP)
values was calculated. The model validity was evaluated
by 7-fold cross-validation and permutation test (n¼ 200).

SPSS software (V16.0) was used to perform statistical
analysis, and P value<0.05 was recognized as statistically
significant. One-way analysis of variance (ANOVA) was
applied to calculate the parameter data of the three
groups, and the composition ratio was tested by Chi-
square test. Student’s t-test was used for single-
dimensional statistical analysis. The volcano map was
drawn by R software. GraphPad Prism 5 was applied to
draw scatter plots. Through the reference database of
Kyoto Encyclopedia of Genes and Genomes (KEGG), the
metabolic pathway was analyzed. MedCalc software
(V12.4.2.0) was used to calculate the receiver operating
characteristic (ROC) curve.

Results

Raw mass spectrometry data preprocessing

The raw mass spectral data were processed by peak label-
ing, baseline filtering, retention time correction, normaliza-
tion, and other standard procedures. For HILIC columns, in
the positive and negative spectrum mode, 7810 and 5497
characteristic ion peaks were detected, respectively. For T3
columns, in positive and negative spectral mode, 7592 and
5250 characteristic ion peaks were detected, respectively.

Difference in MDR-TB/DS-TB group

After multivariate pattern recognition analysis by PCA and
OPLS-DA, the distinct metabolic profiles of MDR-TB dif-
ferent from DS-TB were obtained. The scores for OPLS-DA
analysis of the HILIC column and the T3 column showed
that the model could clearly distinguish between MDR-TB
and DS-TB (Figures 1(a) and (c) and 2(a) and (c)). The
model stability was further evaluated through the permu-
tation test. The results showed that the model did not have
over-fitting and obtained a good predictive performance
(Figures 1(b) and (d) and 2(b) and (d)), and the parameters
are shown in Table 2. Therefore, it could be reliably used to
screen biomarkers.

Then according to the VIP values of OPLS-DA, the var-
iables that distinguished between DS-TB and MDR-TB,
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evidenced by VIP> 1, were selected. Between the two
groups, the Student’s t-test was performed and a substance
with P<0.05 was further selected. The screening results
were shown in the volcano map (Figures 1(e) and (f) and
2(e) and (f)). Subsequently, a primary matching analysis of
the mass spectrum peaks was performed on the primary
screening material with VIP> 1 and P<0.05. Among MDR-
TB/DS-TB, a total of 32 differentially metabolites were
screened, in which 14 were down-regulated and 18 were
up-regulated (Supplementary Table 1). In addition, the
enrichment analysis of KEGG pathway was applied in
the identified differential metabolites. The results showed
that metabolic pathways such as Choline metabolism in

cancer and Biosynthesis of unsaturated fatty acids were
over-represented by differential metabolites (Figure 3).

Difference in MDR-TB/HC group

Similarly, the score map for the OPLS-DA analysis showed
that the model could distinguish between HC andMDR-TB
clearly (Supplementary Figures 1(a) and (c) and 2(a) and
(c)). The model was then subjected to the permutation test.
The results also demonstrated that the OPLS-DAmodel did
not have over-fitting, had a good predictive performance
and a potential to be applied to screen biomarkers (Table 2,
Supplementary Figures 1(b) and (d) and 2(b) and (d)).
Similarly, a quadratic matching analysis of themass spectral

Figure 1. The OPLS-DA model and volcano map of MDR-TB/DS-TB group in HILIC column. The OPLS-DA score scatter plots of ion mode: (a) positive, (c) negative.

The permutation test results of ion mode: (b) positive, (d) negative. The differential metabolite volcano maps of ion mode: (e) positive, (f) negative. The upward trend in

metabolites was indicated by red scatters, the downward trend in metabolites was indicated by blue scatters, and the non-significant trend in metabolites was

indicated by black scatters. (A color version of this figure is available in the online journal.)
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peaks was performed on the differential substances based on
the thresholds of VIP> 1 and P<0.05 (Supplementary
Figures 1(e) and (f) and 2(e) and (f)). Among MDR-TB/HC,
a total of 62 differentiallymetabolites were screened, in which
46 were down-regulated and 16 were up-regulated
(Supplementary Table 2). Moreover, KEGG pathway enrich-
ment analysis revealed that metabolic pathways such as ret-
rograde endocannabinoid signaling and protein digestion
and absorption were overrepresented by the differentially
expressed proteins (Supplementary Figure 3).

Difference in DS-TB/HC group

Similarly, the score map for the OPLS-DA analysis showed
that the model could distinguish between HC and DS-TB

clearly (Supplementary Figures 4(a) and (c) and 5(a) and
(c)). With regard to the predictive robustness, this model
performed similarly to the first two models (Table 2,
Supplementary Figures 4(b) and (d) and 5(b) and (d)).
Again, based on a threshold of VIP> 1 and P<0.05,
the differential substances were screened and subsequently
the mass spectral matching was performed
(Supplementary Figures 4(e) and (f) and 5(e) and (f)).
Among DS-TB/HC, a total of 63 differential metabolites
were screened, in which 42 were down-regulated and 21
were up-regulated (Supplementary Table 3). In addition,
the enrichment analysis of KEGG pathway revealed
that metabolic pathways such as Central carbon metabo-
lism in cancer and Linoleic acid metabolism occupied a

Figure 2. The OPLS-DA model and volcano map of MDR-TB/DS-TB group in T3 column. The OPLS-DA score scatter plots of ion mode: (a) positive, (c) negative. The

permutation test results of ion mode: (b) positive, (d) negative. The differential metabolite volcano maps of ion mode: (e) positive, (f) negative. The upward trend in

metabolites was indicated by red scatters, the downward trend in metabolites was indicated by blue scatters, and the non-significant trend in metabolites was

indicated by black scatters. (A color version of this figure is available in the online journal.)
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great advantage in differential metabolic pathways
(Supplementary Figure 6).

Screening for differential metabolites of MDR-TB

Thirteen characteristic metabolites in MDR-TB were iden-
tified by comparing to HC and DS-TB based on the thresh-
old of P<0.05 and VIP> 1 (Table 3). Subsequently, through
metabolic pathway analysis, it was found that a series of
differentially down-regulated metabolites were concentrat-
ed in the stearoylcholine metabolic pathway. In addition,
it was also found that the metabolites of dipalmitoyl

phosphatidylcholine (DPPC), the main component of pul-
monary surfactant, were also down-regulated in TB
patients compared to HC (Figure 4).

Next, according to fold change>1.3 or<0.7, VIP>1.3,
P<0.01, four differential metabolites, such as N1-Methyl-
2-pyridone-5-carboxamide (N1M2P5C), 1-Myristoyl-sn-
glycerol-3-phosphocholine (MG3P), Caprylic acid (CA),
and D-Xylulose (DX) were filtered out among MDR-TB/
HC and MDR-TB/DS-TB (Figure 5). When N1M2P5C
alone was used as a biomarker, the sensitivity, specificity,
and accuracy of MDR-TB/DS-TB differential model were
90%, 56.7% and 0.758, respectively; and 50%, 76.7%, and

Figure 3. The metabolic pathway map of MDR-TB/DS-TB group. Metabolic pathway map of HILIC column (a), metabolic pathway map of T3 column (b). (A color

version of this figure is available in the online journal.)

Table 2. Permutation test parameters of the OPLS-DA models.

Column Ion mode R2X R2Y Q2

MDR-TB/DS-TB group HILIC POS 0.550 0.987 0.583

NEG 0.308 0.856 0.499

T3 POS 0.428 0.901 0.539

NEG 0.472 0.895 0.563

MDR-TB/HC group HILIC POS 0.394 0.980 0.897

NEG 0.300 0.886 0.755

T3 POS 0.234 0.904 0.830

NEG 0.514 0.934 0.651

DS-TB/HC group HILIC POS 0.498 0.982 0.845

NEG 0.403 0.976 0.781

T3 POS 0.380 0.952 0.821

NEG 0.461 0.927 0.651

POS: positive; NEG: negative; R2X: the interpretability of the model for the categorical variable X; R2Y: the interpretability of the model for the

categorical variable Y；Q2 values: predictability of the model; MDR-TB: multidrug-resistance tuberculosis; DS-TB: drug-sensitive tubercu-

losis; HC: health control.
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0.621 of MDR-TB/DS-TB differential model, respectively.
When MG3P, CA, or DX were used as biomarkers alone,
a similar performance was obtained (Figure 6, Table 4).

Multivariate logistic regression was used to analyze the
effects of using the four differential metabolites in combi-
nation as the MDR-TB biomarker. The sensitivity, specific-
ity, and accuracy of MDR-TB/DS-TB differential model
were 86.7%, 86.7% and 0.928, respectively; and MDR-TB/
HC differential model were 83.3%, 93.3%, and 0.892, respec-
tively (Figure 6, Table 4). Its sensitivity and specificity were
higher than that of any single metabolite and suggested

that these metabolites could be combined as a potential
biomarker for MDR-TB.

Discussion

Infectious drug-resistant MTB, improper drug regimen,
inadequate course of treatment, intermittent medication
are important causes of MDR-TB.13 In 2017, approximately
68% of Chinese TB sputum-negative patients underwent
diagnostic treatment without bacteriological confirmation
and drug-resistance testing.14 Improper diagnostic

Table 3. Differential metabolites in MDR-TB group compared to DS-TB group and HC group.

ID Name
MDR-TB/DS-TB MDR-TB/HC

Column

VIP FC P-value VIP FC P-value

1 Glycerophosphocholine 1.55 0.60 0.0196 2.53 0.49 0.0003 HILIC

2 N1-Methyl-2-pyridone-5-carboxamide 1.40 0.50 0.0002 1.46 1.50 0.0402 HILIC

3 1-Stearoyl-sn-glycerol 3-phosphocholine 1.59 0.75 0.0220 1.34 0.78 0.0202 HILIC

4 1-Myristoyl-sn-glycerol-3-phosphocholine 1.43 0.61 0.0061 1.65 0.58 0.0002 HILIC

5 1-Stearoyl-sn-glycerol 1.69 1.13 0.0363 2.33 1.26 0.0000 HILIC

6 1-Stearoyl-2-hydroxy-sn-glycerol-3-phosphocholine 1.08 0.71 0.0383 1.03 0.69 0.0000 HILIC

7 Tyramine 1.34 0.77 0.0009 2.08 0.84 0.0110 T3

8 L-Carnitine 1.17 0.81 0.0116 1.85 0.85 0.0357 T3

9 Caprylic acid 2.57 2.93 0.0000 2.57 3.06 0.0000 T3

10 D-Xylulose 2.85 8.27 0.0004 2.68 11.10 0.0002 T3

11 Taurochenodeoxycholate 1.22 2.10 0.0004 1.87 3.91 0.0002 T3

12 Inosine 2.52 3.25 0.0178 3.83 30.96 0.0004 T3

13 Deoxycholic acid 2.23 0.73 0.0033 1.55 0.60 0.0002 T3

FC: fold change.

Figure 4. Diagram of differential metabolite enrichment pathways. The upward trend in metabolites was indicated by red rectangles, the downward trend in

metabolites was indicated by blue rectangles, and the non-significant trend in metabolites was indicated by white rectangles. (A color version of this figure is available

in the online journal.)
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treatment not only increases the risk of potential drug resis-
tance but may also cause a declined drug efficacy, excessive
side effects, resulting in decreased patient compliance and
treatment shedding. In addition, China’s labor force popu-
lation is highly mobile, and the directly observed treatment
short-course (DOTS) has not been strictly implemented,
which has increased the source of the MDR-TB spreading.15

Moreover, an epidemiological survey of China showed that

the MDR-TB recurrence rate was approximately 61.3%, sig-
nificantly higher than that of DS-TB (27.9%).16 Therefore,
the investigation of specific MDR-TB biomarkers is essen-
tial to enhance the early diagnostic efficiency and timely
drug regimens adjustment in patients with MDR-TB.

Given the different affinities of each column for different
chemical properties, the use of different types of columns
may expand the range of detection for differential

Figure 5. Relative quantitative values of differential metabolites N1M2P5C, MG3P, CA and DX. The P-value was tested by Student’s t-test. *P< 0.05; **P< 0.01;

***P< 0.001.

Figure 6. ROC analysis for differential metabolites N1M2P5C, MG3P, CA, DX and combinations. (a) the ROC analysis of MDR-TB/DS-TB group, (b) the ROC analysis

of MDR-TB/HC group. (A color version of this figure is available in the online journal.)
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metabolites. The HILIC column and the T3 column are
complementary in terms of the polarity and the pH range
of the retained compound, and the elution order is
reversed. This study used HILIC and T3 columns, com-
pared to a single column, therefore it significantly increased
the number of differential metabolites screened, reducing
the omission of potential biomarkers. After multidimen-
sional statistical analysis, four potential biomarkers of
MDR-TB, N1M2P5C, MG3P, CA, and DX were obtained
which were closely related to the pathophysiological
changes of MDR-TB.

N1M2P5C is one of the metabolites of nicotinamide-
adenine dinucleotide (NADþ) degradation. MTB can
secrete TB necrosis toxin (TNT), hydrolyze the NADþ of
host cells, and initiate the necrotic apoptotic pathway,
thereby evading the immunological killing effect of lyso-
somes.17 In addition, isoniazid must be combined with the
NADþ of the host to synthesize the active conformation
isonicotine-NADH to effectively resist mycobacteria.18

Bhat et al.19 and Vilcheze et al.20 also found that effective
treatment of isoniazid, pyrazinamide, rifampicin, and levo-
floxacin resulted in further accumulation of NADH in host
macrophages. In this study, unlike DS-TB, metabolites of
NADH were down-regulated in MDR-TB. We speculated
the reasonmight be that MDR-MTB has a stronger TNTand
could consume NADþ faster, thereby accelerating apopto-
sis of macrophages to release more replicated MTB. As a
result, there was not enough NADH to combine with
drugs, resulting in the weakened anti-TB effect of the
drug and eventually drug resistance. Thus, N1M2P5C
might predict the sensitivity of MDR-TB patients to drugs.

MG3P is one of the phosphatidylcholines (PC) of the
phospholipid remodeling derivative of sn-glycerol-3-
phosphocholine (G3P) which constitutes the phospholipid
bilayer of the cell membrane. In this study, many PCmetab-
olites in TB showed a downward trend compared with that
in the HC group, and the down-regulation was more sig-
nificant in the MDR-TB group. Ramadurai et al.21 found
that anti-TB drugs such as rifampicin and levofloxacin
could destroy the lipid bilayer membrane structure of
host cells. Therefore, we speculated that cell membrane
phospholipid remodeling in MDR-TB patients might be
more active. More G3P might be consumed for the repair
of lipid bilayers, maintaining membrane stability against

drug penetration. In addition, in TB granuloma, the reduc-
tive stress caused by persistent hypoxia can affect the ion
homeostasis of the cell membrane, causing the transmem-
brane potential to disappear.22 It caused the PC to act as a
second messenger for signal transduction and adhesion
functions,23 which in turn affected the interaction of the
lipid membrane with the drug. Therefore, we speculated
that PCs including MG3P might hinder bactericidal func-
tion of anti-TB drugs.

Caprylic acid (CA) is an important raw material for the
synthesis of lipoic acid. Studies had shown that the prolif-
eration of MTB is dependent on lipoate ester attachment
groups synthesized from endogenously CA moiety.
And the lipB of the octanoyl-[acyl carrier protein]-protein
acyltransferase, encoding this pathway, was significantly
up-regulated in MDR-TB.24 In this study, MDR-TB
showed a significant up-regulation of CA levels compared
to DS-TB and HC, indicating increased CA synthesis in
MDR-TB patients. In addition, high concentrations of CA
have shown fatty acid toxicity and can cause membrane
damage. Royce et al.25 found that E. coli strains with high
tolerance to CA exhibited better membrane fluidity and a
relatively abundant membrane lipid structure. Therefore,
we speculated that MDR-MTB might also have this type
of enhanced resistance membrane. High concentrations of
CA might be a characteristic metabolic mode by which
MDR-MTB can exhibit resistance. So targeted blocking of
the synthesis of lipoic acid linking groups in MDR-MTB
might attenuate the resistance of MDR-MTB.

D-Xylulose (DX) is an intermediate of methylerythritol
phosphate (MEP) pathway, a metabolite of 1-deoxy-d-xylu-
lose-5-phosphate synthase (DXP). Two key enzymes were
involved in this process, containing 1-deoxy-d-xylulose-5-
phosphate reductoisomerase (DXR) and 1-deoxy-d-xylu-
lose-5-phosphate synthase (DXS). MTB relies solely on
the MEP pathway to produce dimethylallyl pyrophosphate
(DMAPP) and its isomer isopentenyl pyrophosphate
(IPP).26 Many secondary metabolites of IPP and DMAPP
are involved in the changes in MTB membrane properties,
electron transport in the respiratory chain, and synthesis of
polyprenyl phosphates that are critical for the MTB cell
wall.27 In this study, MDR-TB showed a significant up-
regulation of DX levels compared to DS-TB and HC. We
speculated that the MEP pathway of MDR-MTB was

Table 4. ROC analysis of N1M2P5C, MG3P, CA, DX, and the combinations.

AUC 95%CI Sensitivity% Specificity%

Distinguishing MDR-TB from DS-TB

Combination 0.928 0.905 to 0.999 86.7 86.7

1-Myristoyl-sn-glycerol-3-phosphocholine 0.714 0.583 to 0.824 63.3 76.7

N1-Methyl-2-pyridone-5-carboxamide 0.758 0.630 to 0.859 90.0 56.7

Caprylic acid 0.760 0.632 to 0.861 63.3 86.7

D-Xylulose 0.707 0.575 to 0.817 56.7 86.7

Distinguishing MDR-TB from HC

Combination 0.892 0.825 to 0.977 83.3 93.3

1-Myristoyl-sn-glycerol-3-phosphocholine 0.798 0.674 to 0.890 60.0 93.3

N1-Methyl-2-pyridone-5-carboxamide 0.621 0.487 to 0.743 50.0 76.7

Caprylic acid 0.745 0.615 to 0.849 60.0 100.0

D-Xylulose 0.685 0.551 to 0.800 50.0 96.7

AUC: area under curve.
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more active, thereby enhancing the viability and resistance
of the strain. In addition, due to the complete absence of the
MEP pathway in human metabolism, studies had shown
that DXS and DXR inhibitors have huge potential for resis-
tance to a wide spectrum of bacteria.28,29 Therefore,
we speculated that DXS and DXR might be promising
new targets for anti-MDR-TB drugs.

Our study also found that the metabolites of DPPC, the
main component of pulmonary surfactant were down-
regulated in TB patients compared to HC. In spite of no
statistically significant difference, the results of MDR-TB
compared to DS-TB showed a downward trend. Dodd
et al. found that pulmonary surfactant-active lipids could
be actively taken up by MTB-infected macrophages
through the scavenger receptor CD36. Meanwhile, they
could inhibit TLR2-mediated TNFa production in host
cells and impair the autoimmune bactericidal effect of the
host.30 In addition, the inhaled anti-TB drugs have been
developed, which can avoid the first-pass elimination,
thereby improving the drug utilization rate. However,
there are no reports of pulmonary surfactant-coated lipid-
inhaled anti-TB drugs. We speculated that the self-uptake
of pulmonary surfactant lipids by infected MTB macro-
phages may be one of the prospects for improving MDR-
TB therapy.

In conclusion, the four metabolites identified in this
study showed abnormal abundance in MDR-TB and
might collectively reflect the viability of MDR-MTB and
the ability to resist sterilization. The accuracy, sensitivity,
and specificity of the combined MDR-TB/DS-TB differen-
tial model built from the four differential metabolites were
0.928, 86.7%, and 86.7%, respectively. It suggested that
MG3P, N1M2P5C, DX, CA might be potential biomarkers
of MDR-TB. Our study provided experimental basis for
understanding the MDR-TB pathogenesis. It also pointed
out a molecular biology research direction for the design of
novel anti-MDR-TB drugs.
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