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Purpose: Distinguishing latent tuberculosis infection (LTBI) from active tuberculosis (ATB) is important to control the prevalence of
tuberculosis; however, there is currently no effective method. The aim of this study was to discover specific metabolites through fecal
untargeted metabolomics to discriminate ATB, individuals with LTBI, and healthy controls (HC) and to probe the metabolic
perturbation associated with the progression of tuberculosis.

Patients and Methods: Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was performed to comprehensively detect
compounds in fecal samples from HC, LTBI, and ATB patients. Differential metabolites between the two groups were screened, and
their underlying biological functions were explored. Candidate metabolites were selected and enrolled in LASSO regression analysis
to construct diagnostic signatures for discriminating between HC, LTBI, and ATB. A receiver operating characteristic (ROC) curve
was applied to evaluate diagnostic value. A nomogram was constructed to predict the risk of progression of LTBI.

Results: A total of 35 metabolites were found to exist differentially in HC, LTBI, and ATB, and eight biomarkers were selected. Three
diagnostic signatures based on the eight biomarkers were constructed to distinguish between HC, LTBI, and ATB, demonstrating excellent
discrimination performance in ROC analysis. A nomogram was successfully constructed to evaluate the risk of progression of LTBI to ATB.
Moreover, 3,4-dimethylbenzoic acid has been shown to distinguish ATB patients with different responses to etiological tests.
Conclusion: This study constructed diagnostic signatures based on fecal metabolic biomarkers that effectively discriminated HC,
LTBI, and ATB, and established a predictive model to evaluate the risk of progression of LTBI to ATB. The results provide
scientific evidence for establishing an accurate, sensitive, and noninvasive differential diagnosis scheme for tuberculosis.
Keywords: feces, latent tuberculosis infection, active tuberculosis, biomarkers, progression, metabolomics

Introduction

Tuberculosis (TB), an infectious disease caused by Mycobacterium tuberculosis (M.tb), is still a worldwide plague.’
Although the incidence of TB is decreasing worldwide, its mortality rate remains high,? partly due to the lack of simple
and effective diagnostic methods resulting in misdiagnosis and missed diagnosis. According to the “Classification of
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Tuberculosis” (WS 196-2017) standard issued by the National Health Commission of the People’s Republic of China,’
TB can be categorized into latent tuberculosis infection (LTBI), active tuberculosis (ATB), and non-active tuberculosis.
Accurately diagnosing LTBI and providing early prophylactic treatment are important measures for controlling the spread
of TB. However, the prognosis of LTBI is highly unstable, posing significant challenges to the control of the TB
epidemic.® It has been reported that approximately 5-15% of LTBI will progress to ATB if no preventive measures are
taken.” The major immunological methods currently employed to diagnose LTBI are the tuberculin skin test (TST) and
the interferon-release assay (IGRA),® however their specificity and sensitivity are insufficient.” In addition, LTBI usually
does not have any clinical symptoms or characteristic chest imaging changes,® making it difficult to differentiate from
healthy controls (HC) and further increasing the difficulty of diagnosing LTBI. Early identification and treatment are of
great significance for improving the prognosis of ATB. Although there are many methods available for diagnosing ATB,
including immunological detection,® genomic detection,” and molecular marker detection,'® these methods are not
accurate enough and cannot effectively differentiate between LTBI and ATB.' Therefore, there is an urgent need for
effective biomarkers to differentiate HC, LTBI, and ATB in order to achieve early diagnosis and treatment of various
types of TB.

Metabolomics is a science that aims to explore how organisms change their metabolism under external stimuli by
obtaining fingerprints of all metabolites in tested samples, and has emerged as an effective tool for identifying biomarkers
of various diseases.'' Certain metabolites found in biological specimens such as serum, urine, and pleural effusion have
been discovered in recent years and may be possible indicators of TB infection, treatment efficacy, and prognosis.'* '
However, the current amount of research is still limited, and few studies have focused on fecal metabolites to elucidate
the pathological alterations and discover new diagnostic markers of TB. In addition, certain intestinal metabolites (such
as short-chain fatty acids) have been found to regulate lung immunity and are involved in several respiratory diseases,
including chronic obstructive pulmonary disease and asthma.'” However, little is known concerning the involvement of
intestinal metabolites in the pathogenesis or progression of tuberculosis. Based on previous studies, we hypothesized that
specific changes in fecal metabolites may provide novel pathological insights into TB development, and that some
metabolites may be applied as biomarkers for distinguishing HC, LTBI, and ATB.

In this study, liquid chromatography-tandem mass spectrometry (LC-MS/MS) was applied to screen fecal metabolites
in HC, LTBI, and ATB. Multivariate analyses were used to identify biomarkers that could discriminate between the three
groups. We further analyzed the effectiveness of biomarkers in discriminating between ATB patients with different
responses to etiological tests. Finally, we developed a model to predict the risk of progression of LTBI. These findings
provide a theoretical basis for establishing an accurate, sensitive, and non-invasive differential diagnosis scheme for TB.

Materials and Methods

Study Cohort

Between January 2022 and June 2022, 30 fecal samples from HC (age 49.1 [range 23—70] years; males, n = 15 [42.9%]),
30 samples from individuals with LTBI (age 45.7 [range 18—68] years; males, n = 13 [36.1%]), and 33 samples from
patients newly diagnosed with ATB (age 48.3 [range 18—72] years; males, n = 13 [39.4%]) were collected in Pingnan
People’s Hospital, Guigang, Guangxi Zhuang Autonomous Region. The samples were collected in the next morning after
definite diagnosis and before taking the medication. Samples enrolled in this study met the following criteria: (1) the
patients with ATB were all incident cases and had no previous history of TB; (2) the enrolled individuals with LTBI must
have tested positive in both the IGRA and TST tests to exclude BCG-induced positive TST response; (3) treatment or
preventive therapy was administered after fecal samples were collected; (4) fresh fecal samples (100 mg) from the three
groups were retrieved in the morning to minimize the impact of confounding factors, then frozen instantly in liquid
nitrogen and stored at —80 °C.

The diagnostic criteria of patients involved in this study were formulated according to the Technical Guidelines for
Tuberculosis Prevention and Control in China issued by the Chinese Center for Disease Control and Prevention (CDC) in
2021."® Of the ATB patients enrolled in this study, only 19 tested positive for etiology, whereas the remaining 14 tested
negative for etiology. Among ATB patients, 19 patients with a positive etiology met at least one of the following three
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inclusion criteria: (1) M. tuberculosis was identified by sputum microscopy, (2) M. tuberculosis could be identified after
sputum culture, and (3) the results of PCR for M. tuberculosis were positive. The 14 patients who tested negative for
etiology met none of the above three criteria but had typical symptoms and characteristic changes of TB on chest
imaging. After fecal samples were collected, anti-TB treatment was administered immediately, and the therapeutic
strategy was effective. The enrolled patients with LTBI met the following criteria: (1) no previous history of TB, (2) no
clinical symptoms and signs related to ATB, (3) no abnormality on chest imaging examination, (4) negative pathogenic
examination of sputum samples, and (5) positive IGRA and TST tests. There was no difference in the three groups’
baseline characteristics. (p > 0.05). Table 1 shows the general diagnostic criteria for the individuals enrolled in this study.

All individuals enrolled in this study signed informed consent forms, and the study protocol was approved by the
Ethics Committee on Human Research of Guangxi University of Chinese Medicine.

Metabolites Extraction

Individual fecal samples (100 mg) were crushed with liquid nitrogen, and the homogenate was vortexed in prechilled
80% methanol. The samples were placed on ice for 5 minutes before being centrifuged at 15,000 g for 20 minutes at 4
°C. LC-MS/MS grade water was used to dilute some of the supernatant to a final concentration of 53% methanol. The
samples were then transferred to new Eppendorf tubes and centrifuged at 15,000 g for 20 minutes at 4 °C. The
supernatant was then fed into the LC-MS/MS apparatus for analysis.'® To evaluate the stability of LC-MS/MS analysis,
quality control (QC) samples were created by pooling equal quantities of each sample.

LC-MS/MS Analysis

To detect as many metabolites as possible, LC-MS/MS analysis was performed in both positive and negative ion mode.
LC-MS/MS analyses were carried out at Novogene Co. Ltd. (Beijing, China) utilizing a Vanquish UHPLC system
(Thermo Fisher, Germany) in conjunction with an Orbitrap Q Exactive TMHF-X mass spectrometer (Thermo Fisher,
Germany). Using a 12-min linear gradient at a flow rate of 0.2 mL/min, samples were injected onto a Hypersil Gold
column (100 2.1 mm, 1.9 m). Eluents A (0.1% FA in water) and B (methanol) were used for the positive polarity mode.
Eluents A (5 mM ammonium acetate, pH 9.0) and B (methanol) were used for the negative polarity mode. The solvent
gradient was set to be as follows: 2% B for 1.5 minutes; 2-85% B for 3 minutes; 85-100% B for 10 minutes; 100—2%
B for 10.1 minutes; 2% B for 12 minutes. The spray voltage of 3.5 kV, capillary temperature of 320 °C, sheath gas flow
rate of 35 psi, auxiliary gas flow rate of 10 L/min, S-lens RF level of 60, and auxiliary gas heater temperature of 350 °C
were used to run the Q ExactiveTM HF-X mass spectrometer in both positive and negative polarity modes.

Table | Clinical Characteristics of the Enrolled Individuals

HC LTBI ATB
Etiology Etiology

*) O]
Baseline characters
Total subjects 30 30 33
Age 49.1 [23-70] | 45.7 [18-68] 48.3 [18-72]
Sex (male) 15 13 13
Sex (female) 15 17 20
Diagnosis
Clinical symptoms and signs - -
Abnormality in chest imaging - -
Etiology (sputum smear/culture/PCR) - - + -
TST and IGRA - + NA* NA*

Notes: *NA: Among the results of TST and IGRA, at least one result is positive.
Abbreviations: HC, healthy controls; LTBI, latent tuberculosis infection; ATB, active tuberculosis; TST, tuberculin skin
test; IGRA, interferon-y release assay.

Infection and Drug Resistance 2023:16 hetps: 6123

Dove:


https://www.dovepress.com
https://www.dovepress.com

Luo et al Dove

The experimental and QC samples were delivered to the apparatus in a specified order. The first three QC samples
delivered at the beginning of LC-MS/MS analysis were used to monitor the working status of the experimental apparatus
and balance the LC-MS/MS system. Three additional QC samples were subsequently scanned, and their secondary
spectrograms were employed for qualitative analysis of metabolites along with the experimental samples. After the
experimental samples were delivered to the apparatus, a QC sample was interspersed every 10 samples to assess the
stability during the entire LC-MS/MS analysis.

Data Processing and Metabolite Identification

The raw data files from the LC-MS/MS were processed using a Thermo Fisher Compound Discoverer 3.1 (CD3.1) to perform
peak alignment, peak selection, and quantification of each metabolite. The following were the primary parameters: retention
time tolerance =0.2 minutes; real mass tolerance =5 ppm; signal intensity tolerance =30%; signal/noise ratio =3; and minimum
intensity =100,000. Peak intensity was normalized to total spectral intensity. The molecular formulas were predicted using
normalized data based on additive ions, molecular ion peaks, and fragment ions. To acquire precise qualitative and quantitative

results, the peaks were matched using the mzCloud (https://www.mzcloud.org/), mzVault, and MassList databases. Statistical

studies were carried out using the statistical tools R (version R-3.4.3), Python (version 2.7.6), and CentOS (CentOS release
6.6). When the data were not normally distributed, the area-normalization method was used to try normal transformations.

Statistical Analysis
The KEGG database (https://www.genome.jp/kegg/pathway.html), the HMDB database (https://hmdb.ca/metabolites),
and the LIPIDMaps database (http://www.lipidmaps.org/) were used to annotate these metabolites. Principal components

analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were completed at metaX (a flexible and
comprehensive software for processing metabolomics data).’’ We applied univariate analysis (¢-test) to calculate the
statistical significance (P-value). Metabolites with VIP > 1 and p-value< 0.05 and fold change (FC) >1.5 or FC <0.667
were considered to be differential metabolites. Using the “ggplot2” package of R language (4.2.2), volcano plots were
used to visualize the differential metabolites selected between every two groups based on log2(FoldChange) and -log10
(p-value) of metabolites, and “pheatmap” package of R language (4.2.2) was applied to exhibit the intersected differential
metabolites and candidate biomarkers.

The correlation between various metabolites was investigated using cor () in R (method = Pearson). The cor.mtest()
function in R (4.2.2) was used to calculate statistically significant correlations between various metabolites. The
statistical significance level was set at p<0.05, and correlation graphs were created in R using the corrplot tool. The
KEGG database was used to investigate the roles of these metabolites and metabolic pathways. Metabolic pathway
enrichment of differential metabolites was done, and the metabolic route was termed enriched when the ratio x/n > y/N
was satisfied. The metabolic pathways were regarded substantially enriched when the p-value was less than 0.05. The
“glmnet” package of R language (4.2.2) was used to compute the least absolute shrinkage and selection operator
(LASSO) regression analysis and 10-fold cross validation was set. The value of the penalty parameter (1) was calculated
based on the lowest partial likelihood deviation, and a combined signature was constructed. Nomogram was plotted by

the “rms” package of R language (4.2.2).

Results

Data Quality Control

PCA was performed on all samples, including QC samples, in both positive and negative ion modes (ESI+ and ESI-). The
stability of the detection process and the quality of the data were ensured since the dots in Figure 1A and B, which
represent the QC samples, were aggregated and showed tiny variations between QC samples. Additionally, in both modes,
all Pearson correlation values across QC samples were higher than 0.9, demonstrating excellent stability during the
detection process (Figure 1C and D).
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Figure | Data quality control. PCA analysis of all samples in (A) ESI— and (B) ESI+. The purple dots grouped together represent QC samples; The heatmaps of correlation
analysis of QC samples in (C) ESI- and (D) ESI+.
Abbreviations: QC, quality control; ESI-, negative ion mode; ESI+, positive ion mode; PCA, principal component analysis.

Comparative Analysis of Metabolic Profiles of ATB Group, LTBI Group and HC Group
The metabolic differences between the ATB, LTBI, and HC groups in both ESI+ and ESI were investigated using PCA and
PLS-DA. The three groups in the PCA models could not be separated from one another (Figure 2). The PLS—DA models
demonstrated that the three groups were clearly separated, particularly the ATB and HC groups. Permutation tests of the PLS
—DA models were conducted, illustrating the high predictive efficacy and lack of overfitting of these models (Figure 3).

Screening Out of Differential Metabolites Between Different Groups

Based on PLS-DA models, differential metabolites between several groups were retrieved. Differential metabolites were
discovered between the two groups in both ion modes following filtering utilizing the difference criteria of p < 0.05, FC
>1.5, or FC <0.667 and VIP >1.0. These metabolites were then further displayed using volcano plots. A total of 223
metabolites with different abundances were acquired between the LTBI and HC groups, including 46 up-regulated and
177 down-regulated metabolites in the LTBI group (Figure 4A, Supplementary Table S1). In the comparison of the ATB
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Figure 2 PCA scores scatter plots of the three groups. The horizontal axis PC| and vertical axis PC2 represent the scores of the first and second ranked principal
components, respectively. Scatters of different colors represent samples from different experimental groups, and ellipses represent 95% confidence intervals. (A) LTBI vs HC
in ESI—; (B) LTBI vs HC in ESI+; (C) ATB vs LTBI in ESI—; (D) ATB vs LTBI in ESI+; (E) ATB vs HC in ESI—; (F) ATB vs HC in ESI+.

Abbreviations: PCA, principal component analysis; PC, principal component; HC, healthy controls; LTBI, latent tuberculosis infection; ATB, active tuberculosis; ESI—,
negative ion mode; ESI+, positive ion mode.

and LTBI groups, 438 metabolites were differentially expressed, and there were 127 up-regulated and 311 down-
regulated metabolites in the ATB group relative to the LTBI group (Figure 4B, Supplementary Table S2). There were
555 differential metabolites between the ATB and HC groups, of which 125 were up-regulated and 430 were down-
regulated in the ATB group (Figure 4C, Supplementary Table S3).

Functional Enrichment Analysis of Differential Metabolites

In order to look into the biological and pathological alterations connected with the progression, differential metabolites
that were filtered out in both ESI- and ESI+ were employed in the KEGG enrichment analysis. The results showed that
purine metabolism was highlighted in all three comparison groups (LTBI vs HC, ATB vs LTBI, and ATB vs HC) and was
the most frequently enriched metabolic pathway (Figure 4D-F, and Table 2). Pyrimidine metabolism was the most
significant pathway in the two comparison groups (LTBI vs HC, and ATB vs HC). The results showed that purine and
pyrimidine metabolism in the gut may be associated with the pathogenesis (Figure 4D-F, and Table 2).

Screening of the Intersected Differential Metabolites

By intersecting the metabolite lists of the three comparison groups (LTBI vs HC, ATB vs LTBI, and ATB vs HC), 35
overlapping differential metabolites (26 in ESI- and 9 in ESI+) were obtained (Figure SA—C). Supplementary Table S4
presents these metabolites and comprehensively ranks them in order of fold-change values, VIP scores, and p-values.

Selection and Evaluation of Certain Metabolites as Potential Biomarkers
The top eight metabolites in Supplementary Table S4 were selected and viewed as candidate biomarkers for discriminat-
ing HC, LTBI, and ATB, including hypoxanthine, 13,14-dihydro-15-keto-tetranor prostaglandin D2, deoxycholic acid,
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Figure 3 PLS—DA score scatter plots and permutation test results of the three groups. In the scatter plots of PLS-DA models, the horizontal axis represents the score of
the sample on the first principal component, and the vertical axis represents the score of the sample on the second principal component. In the line graphs of permutation
tests, R2Y represents the explanatory power of the model, while Q2Y is used to evaluate the predictive ability of the PLS-DA model. (A) LTBI vs HC in ESI—; (B) LTBI vs HC
in ESI+; (C) ATB vs LTBI in ESI—; (D) ATB vs LTBI in ESI+; (E) ATB vs HC in ESI—; (F) ATB vs HC in ESI+.

Abbreviations: PLS—DA, partial least squares discriminant analysis; HC, healthy controls; LTBI, latent tuberculosis infection; ATB, active tuberculosis; ESI—, negative ion

mode; ESI+, positive ion mode.

N8-acetylspermidine, xanthosine, lysoPC 12:1, (5-L-glutamyl)-L-amino acid, and 3,4-dimethylbenzoic acid. A scatter
plot (Figure 6A) and heatmap (Figure 6B) demonstrate the content differences of these eight metabolites between the HC,
LTBI, and ATB groups. In comparison to the HC group, the content of 3,4-dimethylbenzoic acid in the LTBI and ATB
groups was decreased, whereas the rest seven metabolites were increased (Figure 6A). When compared with the LTBI
group, all metabolites except 3,4-dimethylbenzoic acid were up-regulated, while 3,4-dimethylbenzoic acid was down-
regulated in the ATB group (Figure 6A).

To assess the diagnostic value of these eight candidate biomarkers, a classical univariate receiver operating
characteristic curve (ROC) analysis was performed. When distinguishing between the LTBI and HC groups, only
hypoxanthine (AUC = 0.83), xanthosine (AUC = 0.821), and (5-L-glutamyl)-L-amino acid (AUC = 0.75) showed
great efficacy in differential diagnosis (Table 3). When discriminating between the ATB and LTBI groups, only
lysoPC 12:1 (AUC = 0.847), N8-acetylspermidine (AUC = 0.784), and 3,4-dimethylbenzoic acid (AUC = 0.773) showed
excellent diagnostic performance (Table 3). When discriminating between the ATB and HC groups, the AUC values for
hypoxanthine, 13,14-dihydro-15-keto-tetranor prostaglandin D2, deoxycholic acid, N8-acetylspermidine, xanthosine,
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group vs HC group. Metabolites up-regulated in ATB group were labeled red. (D) Enriched metabolic pathways between LTBI and HC; (E) Enriched metabolic pathways
between ATB and LTBI; (F) Enriched metabolic pathways between ATB and HC.

Abbreviations: HC, healthy controls; LTBI, latent tuberculosis infection; ATB, active tuberculosis.

lysoPC 12:1, (5-L-glutamyl)-L-amino acid, and 3,4-dimethylbenzoic acid were 0.930, 0.920, 0.912, 0.909, 0.909, 0904,
0.893, and 0.889, respectively, all of which exhibited high diagnostic performance (Table 3).

To further improve the diagnostic efficacy of the candidate biomarkers, LASSO regression was performed for each
distinction to select optimal biomarkers. Using 10-fold cross validation, the value of the penalty parameter (1) was calculated
based on the lowest partial likelihood deviation, and a combined signature was constructed. When comparing LTBI and HC,
five metabolites were identified to improve discrimination: 13,14-dihydro-15-keto-tetranor prostaglandin D2, hypoxanthine,
xanthosine, N8-acetylspermidine and 3,4-dimethylbenzoic acid. When comparing ATB and LTBI, two metabolites were
tightly associated with the distinction, LysoPC 12:1 and 3,4-dimethylbenzoic acid. Comparing ATB and HC, six metabolites
were identified: deoxycholic acid, 13,14-dihydro-15-keto-tetranor prostaglandin D2, hypoxanthine, xanthosine, N8§-
acetylspermidine and 3,4-dimethylbenzoic acid. The coefficients are presented in Table 4. The diagnostic efficacy of each
LASSO regression equation was evaluated using the ROC curve. The results indicated that the AUC values of all equations
exceeded 0.9, indicating the excellent performance of the LASSO regression equations (Figure 7A—C).

Construction of Nomogram for Predicting the Risk of Progressing into ATB Among
Individuals with LTBI

To quantitatively evaluate the risk of progression to ATB in individuals with LTBI, a nomogram was constructed based
on the metabolites identified through LASSO regression, lysoPC 12:1 and 3,4-dimethylbenzoic acid, as well as sex (1,

6128 e Infection and Drug Resistance 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dovepress Luo et al

Table 2 Enriched Metabolic Pathways Between Every Two Groups

Pathway Name Match Status p -log(p) FDR Impact
LTBI/HC

Pyrimidine metabolism 9/39 4.99E-06 5.3017 4.19E-04 0.35164
Purine metabolism 9/65 3.62E-04 34411 0.015212 0.10595
Glyoxylate and dicarboxylate metabolism 4/32 0.025875 1.5871 0.60292 0.14551
Pantothenate and CoA biosynthesis 3/19 0.02871 1.542 0.60292 0.05
ATB/LTBI

Purine metabolism 11/65 1.99E-04 3.7003 0.016749 0.16269
Nicotinate and nicotinamide metabolism 5/15 5.07E-04 3.2946 0.021311 0.41667
Beta-Alanine metabolism 4/21 0.016912 1.7718 0.41823 0.16045
Pentose phosphate pathway 4/22 0.019916 1.7008 0.41823 0.13874
ATB/HC

Pyrimidine metabolism 12/39 6.93E-06 5.1593 5.82E-04 0.49095
Purine metabolism 14/65 1.02E-04 3.9904 0.0042934 0.11991
Nicotinate and nicotinamide metabolism 5/15 0.002779 2.5561 0.077811 0.38509
Arginine biosynthesis 4/14 0.013793 1.8603 0.28966 0.30457

Abbreviations: HC, healthy controls; LTBI, latent tuberculosis infection; ATB, active tuberculosis.

male; 0, female) and age. (Figure 7D). A calibration curve was generated by plotting the actual probability of progression
(y-axis) against the predicted probability (x-axis), and the results indicated a good correlation between the actual
probability and prediction, indicating the successful construction of this nomogram model (Figure 7E).
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Figure 6 Scatter plot and heatmap of 8 candidate biomarkers among HC, LTBI and ATB group. (A) Scatter plot; (B) heatmap (*p-value < 0.05; ** p-value < 0.01; *** p-value
< 0.001; *¥*** pvalue < 0.0001; ns: p-value > 0.05).
Abbreviations: HC, healthy controls; LTBI, latent tuberculosis infection; ATB, active tuberculosis.

Hypoxanthine

Xanthosine

Correlation Between the Eight Metabolites

Pearson correlation analysis was used to investigate the correlations between the eight metabolites listed above. As
shown in Figure 8, deoxycholic acid was positively associated with 13,14-dihydro-15-keto-tetranor prostaglandin D2,
lysoPC 12:1, (5-L-glutamyl)-L-amino acid, and xanthosine in the HC group, LTBI group and ATB group (p < 0.05). In
addition, hypoxanthine positively correlated with xanthosine in all three groups (p < 0.01). LysoPC 12:1 was positively
correlated with hypoxanthine levels in the HC group and LTBI group (p < 0.001), but the correlation was not significant
in the ATB group (p > 0.05).
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Table 3 The AUC and 95% CI of the 8 Candidate Biomarkers

Metabolites LTBI vs HC ATB vs LTBI ATB vs HC
AUC 95% CI AUC 95% CI AUC 95% CI

Deoxycholic Acid 0.714 0.5849-0.8440 0.741 0.6160-0.8668 0912 0.8425-0.9818
13, 14-dihydro-15-keto-tetranor Prostaglandin D2 0.727 0.5965-0.8569 0.731 0.5995-0.863 | 0.920 0.8458-0.9946
LysoPC 12:1 0.661 0.5211-0.8012 0.847 0.7535-0.9415 0.904 0.8316-0.9765
(5-L-Glutamyl)-L-Amino Acid 0.750 0.6244-0.8756 0.741 0.6141-0.8687 0.893 0.8145-0.9713
Hypoxanthine 0.830 0.7252-0.9348 0.708 0.5747-0.8414 0.929 0.8634-0.9952
Xanthosine 0.821 0.7141-0.9282 0.691 0.5585-0.8253 0.909 0.8381-0.9801
NB8-Acetylspermidine 0.723 0.5921-0.8546 0.783 0.6639-0.9038 0.909 0.8267-0.9915
3,4-Dimethylbenzoic acid 0.740 0.6126-0.8674 0.773 0.6526-0.8929 0.889 0.8097-0.9681

Abbreviations: HC, healthy controls; LTBI, latent tuberculosis infection; ATB, active tuberculosis; AUC, area under the curve; Cl, confidence interval.

Table 4 Coefficients of Candidate Biomarkers in LASSO Regression Analysis

Metabolites Coefficient

LTBI vs HC | ATB vs LTBI | ATB vs HC
Deoxycholic Acid 0 0 —0.117
13,14-dihydro-15-keto-tetranor Prostaglandin D2 —0.031 0 —0.384
LysoPC 12:1 0 -0.749 0
(5-L-Glutamyl)-L-Amino Acid 0 0 0
Hypoxanthine —0.932 0 -0311
Xanthosine —0.241 0 —0.181
N8-Acetylspermidine —-0.107 0 —0.402
3,4-Dimethylbenzoic acid 1.074 0.668 0.871

Abbreviations: HC, healthy controls; LTBI, latent tuberculosis infection; ATB, active tuberculosis.

The Potential of 3,4-Dimethylbenzoic Acid in Diagnosing ATB Patients Presenting

Negative in Etiological Detection

Given the fact that 14 patients from the ATB group tested negative for etiology, we divided the patients of ATB group
into two subgroups based on their response to the etiological test and compared the contents of the eight metabolites
mentioned above in the two subgroups. Only one metabolite, 3,4-dimethylbenzoic acid, showed a statistically significant
difference between “positive” and “negative” groups (p < 0.01) (Figure 9A). In ROC analysis, 3,4-dimethylbenzoic acid
demonstrated its capacity in distinguishing between the “positive” group and “negative” group (AUC: 0.759; 95% CI:
0.5886-0.9302) (Figure 9B).

Discussion

TB has become an infectious issue that disturbs global public health, especially in developing countries.' This situation
partly results from the lack of effective diagnostic methods to discriminate between TB patients in different pathological
stages.* Therefore, it is extremely critical to search for valid biomarkers to distinguish ATB patients, individuals with
LTBI, and HC. Based on advanced LC-MS/MS techniques, our study innovatively used feces to characterize intestinal
metabolic changes associated with different TB infection statuses and to probe the diagnostic value of certain fecal
metabolites.

In this study, hypoxanthine and xanthine levels were lower in the LTBI group than in the HC group, and lower in the
TB group than in the LTBI group. At the functional level, purine metabolism was significantly highlighted in all three
comparison groups. Ye et al compared the composition of gut microbes between pulmonary TB patients and healthy
controls and discovered that Lactobacillus was found in substantial amounts in the feces of pulmonary tuberculosis
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patients.”! Purines, acting as the precursors for DNA synthesis, are vital to the growth and propagation of
Lactobacillus.*> And it was proved that Lactobacillus could inhibit the absorption of purines through intestinal epithelial
cells, including hypoxanthine, IMP, and inosine; therefore, this bacterial strain has the ability to enhance the health of
hyperuricemia patients.”>** These findings suggest that the decreased levels of purines in the feces of TB patients may be
due to the enrichment of Lactobacillus in the gut, which could explain the results of our study. Besides, purines were
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Abbreviations: ATB, active tuberculosis; ROC curve, receiver operating characteristic curve.

found to be absorbed largely by M.tb to synthesize DNA.** And The key enzyme in purine salvage pathway, hypox-
anthine-guanine phosphoribosyltransferase (HGPRT), is indispensable to the survival and propagation of M.tb.*
Additionally, HGPRT inhibitors may be the new anti-TB drugs for its interference with the process of purine utilization
in M.th.*>2° In the study of Huang H et al, it was discovered that the level of xanthine in plasma was lower in TB
patients, which further confirmed the above findings.”> Therefore, according to the “gut-lung axis” theory, we assumed
that the decrease of intestinal purines, especially hypoxanthine and xanthine, corresponded with the large consumption of
purines in M.tb and may be the risk markers indicating the aggravation of TB.

In our study, deoxycholic acid, which is strongly associated with the intestinal flora, was identified as a biomarker for
discrimination. Intestinal Lactobacillus was reported to reduce the levels of deoxycholic acid in gut.** Meanwhile,
Clostridiales and Bacteroidales were able to transform cholic acid into deoxycholic acid.?’>° According to previous
research focused on the alteration of gut microbes in patients with TB, Lactobacillus was enriched in patients with ATB,
while Clostridiales and Bacteroidales were relatively enriched in HC.>**® This suggests a decrease in deoxycholic acid
in the intestines of patients with ATB compared with those of HC, which is in line with our results.

N8-Acetylspermidine, a derivative of spermidine, belongs to the polyamine family. Spermidine is reported to inhibit
systemic inflammatory responses extensively in various tissues, including colonic epithelial cells, myocardial cells, and
lung tissues.** > It is shown that the spermidine levels in bronchoalveolar lavages from asthma patients were decreased
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compared with those from healthy controls, and the secretion of cytokines derived from NF-«kB activation were inhibited
by spermidine.’” Moderate accumulation of spermidine was also observed to promote the repair process of bronchial
epithelial cells in the mouse model of asthma.>® Interestingly, oral intake of spermidine can significantly reduce airway
inflammation.®” These findings suggest a protective effect of spermidine in inflammatory respiratory diseases, and that
enteric spermidine may be transported to the lungs and fulfill its function. In the study of Guilhermina M. Carriche,
intestinal Th17 and Treg were vital in resisting infection and restraining excessive inflammation, respectively, and
intestinal spermidine was found to down-regulate IL-17 secreted from Th17 and induce the differentiation of Treg cells,
a process further balanced the homeostasis between Th17 and Treg and prevented detrimental inflammation in the gut.*®
This suggests that spermidine is capable of controlling unrestrained inflammation via regulating the equilibrium between
Th17 and Treg, two immune cells that are also important in the inflammation course of TB.?® Increased infiltration of
Th17 and secretion of IL-17 were reported to be involved in the pathogenesis of TB, based on their role in inducing and
maintaining ultra inflammation.>* However, uncontrolled inflammation contributed to the progression of TB, which is
characterized by impairment of lung tissue and even pulmonary dysfunction.**** More importantly, Treg extracted from
ATB patients showed its function in mTOR inhibition, which could prevent the initiation of pro-inflammatory
responses.*> What is more, in the study of Marcin Wawrzyniak, it was assumed that intestinal spermidine have indirect
impacts on the lungs by influencing the immune infiltration in impaired lung tissues based on their succession of
research.’”**** Thus, these findings indicate that enteric spermidine may have the potential to halt the progression of TB
by coordinating the balance of Th17 and Treg and thus controlling excessive inflammation. In our study, the level of N§-
acetylspermidine was significantly down-regulated in the ATB group than that in the LTBI group, further demonstrating
its role in alleviating inflammation and impeding TB progression.

(5-L-Glutamyl)-L-amino acids can be degraded to 5-oxoproline and L-amino acids. Plasma 5-oxoproline was
reported to decrease in patients with ATB, and the decrease in 5-oxoproline was linked to lung damage caused by
TB.*® Our study showed that (5-L-glutamyl)-L-amino acid demonstrated a descending trend from the HC group to the
LTBI group and then to the ATB group, indicating that fecal 5-oxoproline may have the same trend. Although it is
unknown whether the variation in fecal (5-L-glutamyl)-L-amino acids is concordant with that in serum 5-oxoproline, our
results further revealed the importance of (5-L-glutamyl)-L-amino acids and 5-oxoproline in TB pathogenesis. LysoPC
12:1 belongs to the lysophosphatidylcholine (LPC) family. According to previous research, decreased serum lysopho-
sphatidylcholines have been found in patients with TB.*® However, the available literature on the etiology of this finding
remains limited. The variation trend of lysoPC 12:1 in our study was the same as that of (5-L-glutamyl)-L-amino acids,
which may also give insights into the pathophysiology of TB. 13,14-dihydro-15-keto-tetranor prostaglandin D2 is
derived from prostaglandin D2. However, to the best of our knowledge, no research have investigated its function. 15-
Deoxy-D-A'*""-prostaglandin J2 (15d-PGJ2), reported to have anti-inflammatory effects, was also derived from pros-
taglandin D2 and has a similar structure to 13,14-dihydro-15-keto-tetranor prostaglandin D2.*7 Although these metabo-
lites have not been thoroughly studied, they showed great diagnostic capacity in discriminating between every two
groups in the ROC analysis.

Among the eight selected biomarkers, 3,4-dimethylbenzoic acid was the only metabolite that showed an upward trend
in the ranking of HC, LTBI, and ATB. Unfortunately, literature on the elucidation of the function of 3,4-dimethylbenzoic
acid is limited. In the study conducted by Swiercz et al, 3,4-dimethylbenzoic acid was detected in the urine of Wistar rats
after inhalation of pseudocumene and the urinal level of 3,4-dimethylbenzoic acid was significantly positively linked
with the exposure concentration of pseudocumene, which indicated that 3,4-dimethylbenzoic acid may be the end product
of the toxic agent, pseudocumene.*® It was shown that the injury of intestinal epithelial cells caused by intestinal
epithelial cells aggravated when exposed to 3,4-dimethylbenzoic acid.*” Besides, Chen et al revealed that serum
3,4-dimethylbenzoic acid was predicted to become an effective biomarker for the advanced pulmonary fibrosis.”® In
our study, 3,4-dimethylbenzoic acid was assumed to be a potential biomarker of ATB. These findings suggest that
3,4-dimethylbenzoic acid may be a health risk factor. In addition, after dividing ATB patients into two subgroups
according to their response to etiological tests, the fecal level of 3,4-dimethylbenzoic acid in the group that tested

positive for etiology was up-regulated compared to that in the group that tested negative for etiology, and it was expected
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to be a diagnostic biomarker for distinguishing between ATB patients that tested positive for etiology. However, the
mechanism requires further investigation.

Although various studies have analyzed the metabolic changes associated with TB infection in various specimens and
identified several biomarkers, our study represents one of the first constructions of diagnostic models based on fecal
metabolites that can effectively distinguish HC, LTBI, and ATB.'*'*!>5! The operation of feces collection is simple and
non-invasive compared to drawing blood or thoracentesis, thus making our research findings possible to translate into
clinical practice. What is more, the AUC value of three diagnostic signatures all exceed 0.9, which means that early and
accurate screening of TB may be achieved based on such great discriminative performance. However, the diagnostic
models in most similar studies based on other biological samples did not exhibit such performance. In this study, eight
fecal metabolites were eventually chosen as biomarkers, and LASSO regression analysis was conducted to select the
optimal markers for each distinction. This combination of optimal markers strengthened the distinction between the HC,
LTBI, and ATB groups compared to a single biomarker. Notably, the AUC value was 0.990 in discriminating the ATB
and HC groups after combining the six optimal biomarkers, exhibiting excellent specificity and sensitivity. Interestingly,
Huang et al identified serum xanthine as a novel biomarker for pulmonary TB.** And in a study conducted by Conde
et al, serum hypoxanthine was found to enable the diagnosis of TB.> Among the eight metabolites in our study,
hypoxanthine and xanthine showed great efficacy in discriminating between every two groups, and the value of AUC
even exceeded 0.9 in the distinction between the ATB and LTBI groups. Additionally, hypoxanthine and xanthine were
positively correlated with xanthosine in the HC, LTBI, and ATB groups (p < 0.01) in the Pearson correlation analysis.
Hypoxanthine and xanthine are strongly linked to the pathogenesis and progression of TB, and their value in diagnosing
TB in different states requires further exploration and validation. 3,4-dimethylbenzoic acid also showed great diagnostic
value in both groups (AUC > 0.7). Importantly, it can discriminate between ATB patients with different responses to
etiological tests. 3,4-Dimethylbenzoic acid may have an advantage in identifying patients who test negative for etiology,
which is promising for facilitating the accurate diagnosis of TB patients. This exciting result has not yet been reported,
and we will further explore its function and diagnostic efficacy.

It should be noted that this study had some limitations. First, the number of patients enrolled was relatively small.
Further studies in multiple research units with larger sample sizes are required. Second, although LC-MS/MS enables
the identification of as many molecules as possible, metabolites with relative molecular weights less than 100 are
difficult to screen. Hence, further exploration can apply other techniques, such as NMR or GS-MS, in a more
comprehensive manner. Finally, our study lacked validation of the eight selected biomarkers; therefore, further

verification is required.

Conclusion

In summary, this study aimed to gain a better understanding of the pathogenesis and progression of TB from the
perspective of fecal metabolic alterations. Eight metabolites with the potential to be novel diagnostic indices for patients
with LTBI and ATB were selected, and the optimal diagnostic biomarkers among these eight metabolites were further
chosen for better discrimination for every two groups. Two fecal metabolites associated with sex and age were used to
evaluate the risk of progression in individuals with LTBI. However, further exploration and validation are required. Our
findings provide scientific evidence for establishing an accurate, sensitive, and non-invasive differential diagnosis scheme
for tuberculosis.
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