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ARTICLE INFO ABSTRACT

Background: The lack of rapid and efficient diagnostic methods has been one of the most frustrating challenges
in controlling the pulmonary tuberculosis (TB) epidemic. This study was aimed to identify novel non-invasive
biomarkers for pulmonary TB.

Methods: The subjects in this study were divided into four groups: the pulmonary TB group, the community-
acquired pneumonia (CAP) group, the lung cancer (LC) group, and the normal control (NC) group. Plasma small
molecule metabolites were investigated in each group by using ultra-high performance liquid chromatography
coupled with Q Exactive mass spectrometry. Multivariate statistical methods and bioinformatics were used to
analyze the data.

Results: We identified three differential plasma metabolites such as, Xanthine, 4-Pyridoxate and p-glutamic acid
in the pulmonary TB group, compared to the other groups (CAP, LC and NC). The pathway enrichment analysis
indicated that the energy source in pulmonary TB was multi-center, which might be involved in maintaining the
reproductive ability and virulence of Mycobacterium tuberculosis.

Conclusion: The results suggested that Xanthine, 4-Pyridoxate, and p-glutamic acid may serve as potential bio-
markers for pulmonary TB. The present study provides experimental basis for developing potential biomarkers of
pulmonary TB.
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1. Introduction number of new TB cases in China was about 889,000, accounting for

8.9% of the total global TB cases (2nd in the world), and there were

Pulmonary tuberculosis (TB) is a chronic infectious disease caused
by Mycobacterium tuberculosis (MTB) that most often affects the lungs.
According to the recent World Health Organization (WHO) global re-
port, there were around 10 million new TB cases and 1.6 million TB
deaths in 2017. The incidence of TB is high in China [1]. In 2017, the

about 37,000 TB deaths in the same year [1]. Since the launch of Di-
rectly Observed Treatment Short-Course (DOTs) strategy in 1995, the
early diagnosis of TB has been recognized as the key to achieving the
end of TB epidemic [2].

The current diagnostic methods are not adequate for early and
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accurate diagnosis of TB. Sputum smear microscopy is only effective in
diagnosing TB when the bacterial load is > 10,000 organisms per ml
sputum sample, and it cannot distinguish other acid-fast staining or-
ganisms. Moreover, the sputum smear positivity rate of TB has been
shown to be only 20-30% [3]. Sputum culture is considered as the gold
standard for detecting MTB, but it may take 4 to 8 weeks to provide
results with the positive rate of only 20-25% [2]. This may lead to
delayed treatment of non-open TB patients. The sensitivity and speci-
ficity of the WHO recommended Xpert technology has been shown to be
significantly reduced in the samples with low bacterial load, such as
sputum-negative TB and childhood TB [4]. Therefore, there is an urgent
need to develop new rapid, effective and simple biomarkers of pul-
monary TB in order to control the TB epidemic.

Unlike sputum, changes in the blood of TB patients have been
shown to be positively correlated with the severity of the disease, and
these changes gradually disappeared after effective treatment [5].
Metabolites can be endogenous (synthesized within the human biolo-
gical system) or exogenous (imported from outside) [6]. The changes in
metabolites cannot be fully predicted from the knowledge of the human
genome, transcriptome and proteome [7]. Therefore, metabolomics can
help to further understand the interaction between MTB and the human
body.

Serum samples have been used previously to detect circulating
metabolic markers for TB [8-10]. However, during serum extraction,
fibrinogen is converted to fibrin due to blood coagulation, resulting in a
decrease in serum fibrinogen content. Our previous study found that
serum fibrinogen degradation products were important for the diag-
nosis of TB [11]. Therefore, there is some bias in the study of bio-
markers for TB based on serum samples. In addition, the internal en-
vironment of the blood that has not coagulated in the body is better
reflected in plasma than in serum. In terms of plasma metabolomics of
TB, Lau S K P et al. identified four differential plasma metabolites in TB
patients compared with the pneumonia patients and normal controls by
using liquid chromatography tandem mass spectrometry (LC-MS). They
speculated that these four differential metabolites could serve as po-
tential biomarkers for TB and constructed a diagnostic model for TB
[12]. The study demonstrated the utility of plasma metabolites as po-
tential biomarkers for TB diagnosis. However, the study lacked identi-
fying the role of these biomarkers in differentiating TB from other lung
diseases such as lung cancer. It is clinically importance to distinguish
pulmonary TB from lung cancer, especially in patients with only a
single TB lesion. Lung cancer often presents with clinical symptoms and
imaging features similar to pulmonary TB. Therefore, metabolic
changes in the plasma of pulmonary TB patients compared with lung
cancer patients need to be further evaluated.

In this study, differentially abundant plasma metabolites were
screened by using the ultra-high performance liquid chromatography
coupled with Q Exactive mass spectrometry (UPLC-QE-MS) in pul-
monary TB patients and normal controls (NC) or patients with other
pulmonary diseases such as, community-acquired pneumonia (CAP)
and lung cancer (LC). Metabolic pathways and potential biomarkers
characterizing pulmonary TB were identified. Our study may provide
experimental data for developing laboratory standards for potential
biomarkers of pulmonary TB.

2. Materials and methods
2.1. Ethics and clinical subjects

This study was performed in compliance with the Declaration of
Helsinki. The study was approved by the Ethics Committee of the
Zhejiang University Medical Department, China. Written informed
consent was obtained from all subjects prior to blood sample collection.

A case-control study was designed and plasma samples were col-
lected for metabolomics analysis. Pulmonary TB patients were diag-
nosed according to the diagnostic criteria for pulmonary TB of the
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National Health Commission of the People's Republic of China [13]. All
patients met one of the following pulmonary TB diagnostic criteria: 1.
positive sputum examinations (smear or culture); 2. negative sputum
examinations and chest X-ray or CT scan revealing evidences typical of
active TB; 3. pathological diagnosis of TB in lung specimens; 4. sus-
pected pulmonary TB after clinical follow-up and X-ray or CT scan
observations after excluding other pulmonary diseases; 5. clinical
elimination of other causes of pleural effusion and diagnosis of tu-
berculosis pleurisy. Diagnostic criteria for CAP was based on the
guidelines for primary care of adult community acquired pneumonia of
China [14]: 1. Community morbidity; 2. Clinical manifestations related
to pneumonia: ©® newly developed symptoms of cough with or without
purulent sputum, chest pain, dyspnea and hemoptysis, @ fever, ® ab-
normal chest sounds on auscultation, ® peripheral white blood cell
count > 10 x 10°/L or < 4 x 10°/L, with or without left shift; 3.
chest X-ray or CT scan revealing findings including new patchy in-
filtrates, segmental changes, or interstitial changes with or without
pleural effusion. Criteria 1 and 3 plus any of the findings in criteria 2,
except for pulmonary TB, lung cancer, non-infectious pulmonary in-
terstitial disease, pulmonary edema, atelectasis, pulmonary embolism,
pulmonary eosinophilic infiltration and pulmonary vasculitis. Patients
with LC were diagnosed by histopathology combined with im-
munohistochemistry of lung lesions. The normal controls (NC) were
healthy subjects. Patients with extra-pulmonary TB, chronic disease,
extra-pulmonary malignancies, HIV infection or autoimmune disease
were excluded from the study.

A total of 136 heparin anti-coagulated plasma samples were col-
lected from all participants between August 2013 and August 2018
including 35 pulmonary TB samples from the Shaoxing Municipal
Hospital (China), 35 NC samples from the Zhejiang Hospital (China), 35
CAP samples from the Zhejiang People's Hospital (China), and 31 LC
samples from the Zhejiang Cancer Hospital (China). Demographic
analysis showed no statistically significant difference in age and gender
between the groups (Table 1).

2.2. Collection of plasma samples and extraction of metabolites

Blood samples were collected from all subjects prior to the start of
the treatment. Morning fasting blood samples were drawn and cen-
trifuged at 4 °C, 3000 r/min for 10 min. The supernatant was aspirated,
and frozen at —80 °C.

The frozen heparin anti-coagulated plasma samples were thawed on
ice and 100 pl of each sample was transferred to a 1.5 ml sterile micro-
centrifuge tube. After the addition of 300 pul of methanol (containing
internal standard L-2-chlorophenylalanine 1 pg/ml), each sample was
vortexed for 30 s, sonicated for 10 min in ice-water bath, and incubated
for 1h at —20°C to precipitate proteins. Then each sample was cen-
trifuged at 12000 rpm for 15min at 4°C [15]. The resulting super-
natants were transferred to LC-MS vials and stored at —80 °C until the
UPLC-QE-MS analysis. Each quality control sample was also prepared
by mixing an equal aliquot of the supernatants from each sample. The
treatment methods were the same as above.

2.3. LC-MS/MS analysis

With the ultra-high performance liquid chromatography (UPLC)
HSS T3 column (2.1 mm X 100 mm, 1.8 um), the LC-MS/MS analysis
was performed using the UPLC system (1290, Agilent Technologies,
USA) coupled with Q Exactive (Orbitrap MS, Thermo, Germany). The
mobile phase A: for positive, it was 0-1% formic acid in water, and
5 mmol/]l ammonium acetate in water for negative. The mobile phase B:
it was acetonitrile. The elution gradient was set as follows: 0 min, 99%
A; 1 min, 99% A; 8 min, 1% A; 10 min, 1% A; 10.1 min, 99% A; 12 min,
99% A. The flow rate was 0.5 ml/min and the injection volume was 2 pl.
During the LC/MS experiment, the Q Exactive mass spectrometer was
used for acquiring the MS/MS spectra on the information-dependent
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Table 1
Characteristics of the pulmonary TB patients, CAP patients, LC patients and normal controls.
TB Normal CAP LC P-Value
Patients Controls Patients Patients
(N = 35) (N = 35) (N = 35) (N =31)
Age, years range 18-64 23-60 15-64 28-64 0.0712°
(Median + IQR) (41.00 = 23.00) (46.00 = 16.00) (46.00 = 22.00) (53.00 = 10.00)
Gender 17 (48.57) 11(31.43) 12 (34.29) 12 (38.71) 0.4745"
Female, no. (%)
Sputum smear: 30(85.71) / / / /
Positive, no. (%)
Lung lesion: 19/16 / / / /
Single/double
Chest X-ray: 6 (17.14) / / / /

Cavity, no. (%)

N: number of subjects; TB: pulmonary tuberculosis; CAP: community acquired pneumonia; LC: lung cancer.

@ P-value among four groups from Kruskal-Wallis H test.
> p-value among four groups from the chi-square test.

basis (IDA). Depending on preselected criteria, the acquisition software
(Xcalibur 4.0.27, Thermo) continuously evaluated the full scan survey
MS data when it collected and triggered the acquisition of MS/MS
spectra in this mode. ESI source conditions were set as following:
Sheath gas flow rate was 45 Arb, Aux gas flow rate was 15Arb, Capillary
temperature at 320 °C, Full ms resolution was 70,000, MS/MS resolu-
tion was 17,500, Collision energy was 20/40/60 eV in NCE model,
Spray Voltage was 3.8kV for positive or —3.1kV for negative, re-
spectively [16].

2.4. Data processing and statistical analysis

MS raw data (.RAW) files were converted to the .mzML format by
Proteo Wizard, and normalization were processed by R package XCMS
(version 3.2). The retention time (RT), mass-to-charge ratio (m/z) va-
lues, and peak intensity were consisted in the generated data matrix of
the preprocessed results. The peak after XCMS data processing was
annotated with in-house MS/MS database by OSI-SMMS (version 1.0,
Dalian Chem Data Solution Information Technology Co. Ltd.).

Multivariate statistical analyses were conducted using the SIMCA
software (V14.1, Sartorius Stedim Data Analytics AB, Umea, Sweden).
The data were subjected to logarithmic (LOG) conversion plus cen-
tralization (CTR) formatting and UV formatting processing, and then
automatically modeled. Principal component analysis (PCA) was per-
formed first, followed by the orthogonal projections to latent structures-
discriminant analysis (OPLS-DA) for the first principal component. The
model quality was tested using a seven-fold cross validation. In addi-
tion, the parameters R%Y (the interpretability of the model for the ca-
tegorical variable Y) and Q? (predictability of the model) were used to
evaluate the validity of the model. Finally, through the permutation
test, the order of the categorical variables Y was randomly changed
multiple times to obtain different random Q? values to further test the
validity of the model [17].

Statistical analysis was performed using SPSS software (SPSS 18.0,
Chicago, IL, USA). Parametric data were tested by Student's t-test and
chi-square test for the composition ratios. Nonparametric analysis was
carried out using the Mann-Whitney U test for two groups and Kruskal-
Wallis H test for three or more groups. The two-tailed P values < 0.05
were considered statistically significant. Metabolic pathways were
analyzed by the Kyoto Encyclopedia of Genes and Genomes pathway
database (https://www.kegg.jp/kegg/pathway.html). Scatter plots
were drawn using GraphPad Prism 5 software.

3. Results
3.1. Raw mass spectrometry data preprocessing

By using UPLC-QE-MS, the MS data of 136 heparin anti-coagulated
plasma samples in four experimental groups were labeled. After base-
line filtering, peak identification, integration, retention time correction,
peak alignment and normalization, 3973 and 4043 peak characteristics
were detected, respectively, in the positive and negative spectral
modes.

In order to separate the important features of significant differences
between TB and non-TB groups, the OPLS-DA model was established
and the variable importance in projection (VIP) value of each feature
was obtained. First, the reliability of the OPLS-DA model was evaluated.
The OPLS-DA score plots showed that the characteristics of metabolite
were able to clearly distinguish the TB group from the NC group, the
CAP group, and the LC group (Fig. 1). The permutation test showed that
the performance of OPLS-DA model data was consistent with that of the
standard parameters (Table 2). Moreover, the OPLS-DA model ex-
hibited a good robustness and no over-fitting (Supplementary Fig. 1).
Therefore, it can be effectively and reliably applied to biomarker
screening.

3.2. Identification of plasma metabolites

The Student's t-test was used to determine the difference between
groups (TB/NC groups, TB/CAP groups, and TB/LC groups) for the
features in which the VIP value was > 1 in the OPLS-DA model. And
features that satisfied p < 0.05 and VIP > 1 were filtered out.
Between the TB/NC groups, 1024 features were screened by positive
spectra and 1362 features by negative spectra; between the TB/CAP
groups, 752 features were screened by positive spectra and 771 by
negative spectra; between the TB/LC groups, 940 features were
screened by positive spectra and 1048 features by negative spectra. The
results were displayed in the form of volcano plots (Fig. 2).

The differentially abundant metabolites were further identified by
MS/MS  spectrum matching (p < 0.05, and VIP > 1.2)
(Supplementary Tables 1, 2, 3). Among them, 60 differentially abun-
dant metabolites (17 up-regulated and 43 down-regulated metabolites)
were identified between the TB group and the NC group, 38 differen-
tially abundant metabolites (25 up-regulated and 13 down-regulated
metabolites) were identified between the TB group and the CAP group,
and 53 differentially abundant metabolites (14 up-regulated and 39
down-regulated metabolites) were identified between the TB group and
the LC group.
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Fig. 1. The OPLS-DA models. For the TB/NC group in positive (A) and negative (B) ion mode, for the TB/CAP group in positive (C) and negative (D) ion mode, for the

TB/LC group in positive (E) and negative (F) ion mode.

Table 2
Permutation test results of the OPLS-DA models.
Ion mode R*X R%Y Q?
TB/NC group POS 0.145 0.971 0.917
NEG 0.222 0.946 0.876
TB/CAP group POS 0.137 0.877 0.666
NEG 0.147 0.860 0.656
TB/LC group POS 0.174 0.919 0.749
NEG 0.163 0.910 0.703

POS, positive; NEG, negative; R2X, the interpretability of the model for the
categorical variable X; R?Y, the interpretability of the model for the categorical
variable Y ; Q2 values , predictability of the model; TB: pulmonary tubercu-
losis; CAP: community acquired pneumonia; LC: lung cancer.

3.3. Metabolomics and bioinformatics analysis

Furthermore, comprehensive analysis of metabolic pathways in-
dicated that compared with the NC group, differentially abundant
metabolites in the TB group were mainly enriched in aminoacyl-tRNA
biosynthesis, primary bile acid biosynthesis, and purine metabolism.
Interestingly, metabolic pathways over-represented by differentially
abundant metabolites between the TB and CAP/LC groups were distinct
from the TB group compared with the NC group. For instance, bu-
tanoate, phenylalanine, caffeine metabolism, citrate (TCA) cycle, ala-
nine, aspartate, and glutamate metabolism were metabolic pathways
outlined by the metabolite signature identified from the comparison
between the TB and the CAP group; while nitrogen, tyrosine, vitamin
B6 metabolism, ubiquinone and other terpenoid-quinone biosynthesis
were unique pathways highlighted by differentially abundant

138
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Fig. 2. Volcanic map of differential metabolites. For the TB/NC group in positive (A) and negative (B) ion mode, for the TB/CAP group in positive (C) and negative
(D) ion mode, for the TB/LC group in positive (E) and negative (F) ion mode. The abscissa represented the fold change of the group compared to each substance (take
the base 2 logarithm), the ordinate represented the P-value (take the base 10 logarithm), and the scatter size represented the VIP value of the OPLS-DA model. The
larger the scattering, the larger the VIP value. The scatter color represented the final screening result. Significantly up-regulated metabolites are shown in red,
significantly down-regulated metabolites are shown in blue, and non-significant differential metabolites are shown in gray. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

metabolites between the TB group and the LC group (Fig. 3).

3.4. Differentially abundant metabolites in pulmonary TB

Next, the abnormally abundant metabolites in the pulmonary TB
compared with the other three groups were sought by studying all
metabolites in the pulmonary TB group, the NC group, the CAP group,
and the LC group. These differentially abundant metabolites had
VIP > 1.2 and P < 0.05. Based on these criteria, three differential
metabolites were identified, including Xanthine, 4-Pyridoxate, and b-
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glutamic acid (G-Glu) (Fig. 4). The plasma level of xanthine was sig-
nificantly down-regulated in the pulmonary TB group compared with
the NC group and the LC group, while the level of xanthine was sig-
nificantly up-regulated in the pulmonary TB group compared with the
CAP group. In addition, the plasma levels of 4-Pyridoxate and p-Glu
were significantly down-regulated in the pulmonary TB group, com-
pared with the NC, CAP, and LC groups.
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Fig. 3. Pathway analysis of differential metabolites. For the TB/NC group in positive (A) and negative (B) ion mode, for the TB/CAP group in positive (C) and
negative (D) ion mode, for the TB/LC group in positive (E) and negative (F) ion mode.

4. Discussion

Pulmonary TB can be transmitted by droplet nuclei that contain the
pathogen MTB through coughing, sneezing and talking [18]. However,
it is estimated that delayed or misdiagnosis can occur in 10-50% of TB
patients [19]. In a multicenter cross-sectional study from Iran, only

12.8% of patients were diagnosed with TB for the first time, and most of
these patients eventually entered the TB treatment process through
three or four physicians [20]. A survey from eastern province in China
showed that 33.6% of TB patients could not receive timely medical
treatment due to delayed diagnosis [21]. Therefore, screening the
specific small molecule metabolites in the blood has potential to
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Fig. 4. Plasma relative quantification of three differential metabolites. Among TB patients (N = 35), CAP patients (N = 35), LC patients (N = 31) and normal
controls (N = 35). Median values are shown by a horizontal line. P-values were calculated with Mann-Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001.

improve the diagnostic accuracy and may provide unified diagnostic
criteria for pulmonary TB.

In this study, the pathway analysis indicated that TB is a con-
sumptive disease, and the energy conversion process in human body is
accelerated after MTB infection. Upon entry into macrophages, the
major carbon and energy sources of MTB are transformed from carbo-
hydrates to lipids [22]. And the intermediates of various amino acids
and purine metabolism can participate in the nitrogen metabolism and
remedial synthesis pathway of MTB [23-26]. Increased biosynthesis of
ubiquinone and other terpenoid-quinone may not only serve as im-
portant hydrogen donor in the respiratory chain, but could also inhibit
the activation of polymorphic neutrophils [10] and can down-regulate
the level of superoxide in lipid beta oxidation [27]. Therefore, MTB
could utilize the carbon and nitrogen sources in the host to maintain its
own reproduction and virulence, and it may also imply one of the ways
by which the host clears MTB. The metabolic changes in the blood of
pulmonary TB patients may provide the basis for identifying potential
biomarkers.

We identified three differentially abundant metabolites that were
involved in the pathological process of pulmonary TB and can reflect
the MTB pathogenicity. Hypoxanthine is catalyzed by xanthine oxidase
(XO) to produce Xanthine [28]. MTB in macrophages relies on hypox-
anthine-guanine phosphoribosyltransferase (HGPRT; EC 2.4.2.8) to re-
cover hypoxanthine from the host for salvage synthesis pathways [29].
HGPRT has been shown to be a target for new anti-MTB drugs [30]. The
down-regulation of Xanthine in the TB/NC group may be due to the
consumption of upstream hypoxanthine by MTB in large quantities to
synthesize the DNA. In cancer tissue, cells proliferate rapidly [31] and
purine metabolism is stronger than TB, which is consistent with the
results of our study. The level of xanthine in the TB/NC group and the
CAP/NC group was down-regulated. However, the degree of decline in
the CAP group was greater than the TB group, indicating that the level
of xanthine in the TB group was higher than that of the CAP group.
Xanthine has been shown to be a possible marker of hypoxia and an
association with necrotic processes [32].Unlike pulmonary TB, the lung
tissue destruction in acute inflammatory pneumonia is faster and se-
vere. During pneumonia, a large amount of xanthine may enter the
blood stream in a short period of time and is decomposed by XO en-
zyme. However, in the present study, no significant difference was
observed in the final product (uric acid) in each group, which may be
due to the purine nucleotide repair pathway in the body [33]. Because
Xanthine is closely related to the reproduction of MTB, it may reflect
the amount of MTB in the body and could predict the severity of TB
infection in the lungs.

4-Pyridoxate is a decomposition product of vitamin B6. In the body
fluid circulation, vitamin B6 is mainly present in the active form of
pyridoxal-5’-phosphate (PLP) [34]. Dick T et al. found that MTB can

directly synthesize PLP using host vitamin B6. It has also been de-
monstrated in the Apdx1 mutant mouse model that MTB lacking PLP
could not cause any significant pathological damage in the lung [35]. In
this study, the level of 4-Pyridoxate was decreased in the TB group,
compared with the non-TB groups. It may be due to the utilization of a
large amount of vitamin B6 by MTB to maintain its own replication and
virulence. In addition, the lack of vitamin B6 in the body can reduce the
number of blood lymphocytes, especially T helper (Th) cells [36].
However, specific Thl responses are critical for MTB control [37].
Therefore, the consumption of vitamin B6 by MTB in large quantity
may affect the normal function of human cellular immunity and indulge
the spread of TB. So, 4-Pyridoxate may reflect the virulence of MTB,
and could predict the extent of pathological damage in the body after
MTB infection.

p-Glu is derived from food intake in humans. Since the human body
cannot decompose and utilize p-Glu, free p-Glu is present in tissue fluid
at a surprisingly high level [38]. The peptidoglycan (PGN) is the major
constituent of the MTB cell wall and contains the specific structure of
amidated free carboxylic acid of p-Glu. In this study, the level of p-Glu
in the TB group was significantly lower than that of the non-TB groups.
p-Glu, which is amidated in the PGN peptide of MTB, has been reported
to strongly reduce the activation of the human nucleotide-binding oli-
gomerization domain-containing protein 1 (NOD1) [39]. NOD1 is an
intracellular pattern recognition receptor, which can recognize PGN
and activates macrophages to produce large amounts of tumor necrosis
factor (TNF), interleukin (IL)-6 and IL-1(3 [40,41]. Therefore, con-
sumption of a large amount of p-Glu may also be a key factor for MTB to
avoid host sterilization. p-Glu may be associated with the severity of TB
infection and could suggest the change in the body's immunity to MTB.

In conclusion, we identified three differential plasma metabolites
that underwent significant changes after MTB infection. Given the role
of these three metabolites in the pulmonary TB group, we hypothesized
that MTB could potentially consume energy through multiple pathways
in order to maintain its own reproduction and virulence. These meta-
bolites may reflect the severity of MTB infection in patients with TB and
the strength of the body's immune defense. Therefore, Xanthine, 4-
Pyridoxate and p-Glu may serve as potential biomarkers for pulmonary
TB. The present study provided experimental data for developing la-
boratory standards for potential biomarkers of pulmonary TB.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.08.017.
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