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Tuberculosis is a highly infectious and potentially fatal disease 

accompanied by wasting symptoms, which cause severe metabolic changes 

in infected people. In this study we have compared the effect of 

mycobacteria infection on the level of metabolites in blood of humans and 

mice and whole zebrafish larvae using one highly standardized mass 

spectrometry pipeline, ensuring technical comparability of the results. 

Quantification of a range of circulating small amines showed that the levels 

of the majority of these compounds were significantly decreased in all three 

groups of infected organisms. Ten of these metabolites were common 

between the three different organisms comprising: methionine, 

asparagine, cysteine, threonine, serine, tryptophan, leucine, citrulline, 

ethanolamine and phenylalanine. The metabolomic changes of zebrafish 

larvae after infection were confirmed by nuclear magnetic resonance 

spectroscopy. Our study identified common biomarkers for tuberculosis 

disease in humans, mice and zebrafish, showing across species 

conservation of metabolic reprogramming processes as a result of disease. 

Apparently, the mechanisms underlying these processes are independent 

of environmental, developmental and vertebrate evolutionary factors. The 

zebrafish larval model is highly suited to further investigate the mechanism 

of metabolic reprogramming and the connection with wasting syndrome 

due to infection by mycobacteria. 
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Figure 1. Partial least squares discriminant analysis and heat map of metabolomic profiles from patients 
with active TB and healthy controls. (A) PLS-DA analysis of blood of the healthy control group (Control), 
patients with active TB disease (TB patient), n = 20. (B) Heat map of the 31 metabolites which have a 
significantly different concentration in TB infected patients and the healthy control group in a T-test with 
p<0.05. 

 



38 
 

 

Figure 2. Partial least squares discriminant analysis and heat map of metabolomic profiles from mice 
with or without Mtb infection. (A) PLS-DA analysis of blood of the wild type mouse strain C57BL/6 after 8 
weeks of nasal infection with M. tuberculosis H37Rv, n = 8. (B) Heat map of the 31 metabolites which have 
a significantly different concentration in Mtb-infected and uninfected mice in a T-test with p<0.05. 
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Figure 3. Common metabolic responses in TB patients, infected mice and zebrafish. (A) A Venn diagram 
is shown of the common metabolites that respond significantly towards infection with mycobacteria in 
patients with TB disease, infected mice and zebrafish larvae. Anti-correlated values are not included in the 
overlap of the Venn diagram. (B) A table shows the ratio of common metabolites in humans, mice and 
zebrafish larvae. Abbreviations: ND, non-detectable; NS, not significant. (1) Metabolites that have been 
reported to have significantly different levels between patients with TB as compared to healthy controls 
[3]. (2) Metabolites of which the levels have been reported to be predictive for the development of TB in 
African patients [11]. (3) Metabolites that are significantly decreased in TB patients [13]. 
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Figure 4. Partial least squares discriminant analysis and heat map of metabolomic profiles from M. 
marinum infected and uninfected zebrafish larvae. (A) PLS-DA analysis of entire zebrafish larvae 
uninfected (Control) or after infection with M. marinum strain E11 in the yolk at 2 h post fertilization 
(Infected). All the larvae were collected at 5 dpf and then measured with mass spectrometry. Each dot 
represents one larva, n = 8. (B) Heat map of the 35 metabolites which have a significantly different 
concentration in zebrafish larvae in the infected and the control group. dpf days post fertilization. 
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Figure 5 (following page). Quantification of the common 10 amino acids that have a decreased 
concentration in the infected groups of humans, mice and zebrafish. The data for the 10 common 
metabolites which all display a significantly decreased concentration (p<0.05) in all the infected groups are 
shown for (A) the patients with active TB disease, (B) mice, and (C) zebrafish larvae, with the original and 
normalized values. 



42 
 

 



43 
 

 

Figure 6. One-dimensional 1H NMR spectra of M. marinum-infected and uninfected zebrafish larvae. (A) 
Zebrafish larvae at 4 h post fertilization were infected with the M. marinum M strain in the yolk and NMR 
measurements were carried out at 5 dpf. Spectra from chemical shift 0.8 to 4.3 were assigned to specific 
metabolites. Thr threonine, Lac lactate, Trp Tryptophan, tCr total creatine (creatine + phosphocreatine), 
Glc Glucose, Ala alanine, Gln glutamine, Glu glutamate, Arg arginine, PC phosphocholine, m-Ins myo-
inositol, Gly glycine, Tau taurine, Tyr tyrosine, Asp aspartate, NAA N-acetyl aspartate, GSH glutathione, 
GABA gammaaminobutyric acid, FA fatty acid, Leu leucine, Lys lysine, Val valine, Chol cholesterol. Lilac 
color stands for a magnification of the chemical shift in the dashed rectangle box. (B) PLS-DA shows a clear 
separation of control and infected groups, n = 3, each replicate represents 120 pooled larvae. 
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Figure 7. Comparison of the effect of M. marinum infection in zebrafish on the metabolic profiles 
measured by 1H NMR spectroscopy and mass spectrometry. (A) Quantification of metabolite 
concentrations obtained by NMR spectroscopy. Values are average ± SE of mean (p<0.05). tCr represents 
total creatine. (B) MS data of the corresponding metabolites shown in Fig.4 and Table S4. (C) Metabolites 
which are significantly changed in concentration identified by NMR, but not by MS. Asterisks represent 
significant p-values obtained by a comparative T-test. *p<0.05, **p<0.01, ***p<0.001. 
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Supplementary Figure S1. Partial least squares discriminant analysis and heat map of metabolomic 
profiles from healthy control, TB patient, and on treatment groups. A. Analysis of blood of the healthy 
control group (Control), patients with active TB disease (TB patients), and the same patients treated for 6 
weeks with antibiotics (On treatment), n=20. B. Heat map of all metabolites of blood of the healthy control 
group (Control), TB infected patients (TB patient) and the same patients treated for 6 weeks with 
antibiotics (On treatment). 
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Supplementary Figure S2. Body weight and total colony forming unit of isolated organs in mice. A. Body 

weight of control and infected mice from week 0 to week 8. B. Total colony forming unit (cfu) (1:100 diluted) 

of isolated lung from control and infected mice after 8 weeks of systemically infection with Mtb. C. Total 

cfu (Undiluted) of isolated spleen from control and infected mice after 8 weeks of systemically infection 

with M.tb. ***p<0.001. Abbreviation: cfu, colony forming unit. 

Supplementary Figure S3. Representative images and quantification of M.m infection in zebrafish larvae. 

A. The representative images of whole larva from control and infected group. B. Quantification of total 

fluorescence of wasabi from whole larva in two groups. C. The representative images of tail part from 

control and infected group. D. Quantification of total fluorescence of wasabi from tail part in two groups. 
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Supplementary Figure S4. Representative high resolution 2D 1H-1H homonuclear correlation spectrum 

in control zebrafish larvae. The extracted metabolites of zebrafish larvae obtained using the chemical shift 

correlated spectroscopic (COSY) sequence. 
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Supplementary Table S1. Gender and age information in healthy people and TB patients. A. Summarized 

gender and age information from two groups. B. Individual gender and age information from two groups. 
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Supplementary Table S2. Ratio of metabolite quantities in blood of TB patients compared to the control 
group. Ratios of metabolite quantities in human blood samples. The levels of 31 metabolites are 
significantly altered in TB disease compared to healthy people.  
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Supplementary Table S3. Ratio of metabolite quantities in blood of Mtb-infected mice compared to the 
control group. Ratios of metabolite quantities in mice blood samples. The levels of 31 metabolites are 
significantly altered in the infected compared to the control group.  
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Supplementary Table S4. Ratio of metabolite quantities in M.marinum-infected zebrafish larvae versus 
control group obtained by MS. The concentration of 35 metabolites that are significantly changed in the 
mycobacterial infected group compared to the control group. ZF ratio: zebrafish larvae with M.marinum 

strain E11 infection compared with control


