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Figure 1. The structure and physiological functions of leptin. A. The structure of human leptin protein 

shows a four-helix bundles similar to that of the long-chain helical cytokine family [20]. B. Leptin is 

produced by a variety of tissues, for instance by white adipose tissues (in the middle) and it has diverse 

functions in several organs and molecules. Figure 1B is similar to the figure of Zabeau et al., 2016 [21]. 
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https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/molecular-interaction
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Figure 2 (following page). Zebrafish as an excellent model organism for tuberculosis studies. Zebrafish 

embryos were injected with 30 colony forming units of M. marinum bacteria into the yolk at 4 hours post 

fertilization. Images were acquired at 5 days post infection. M. marinum strain M was transformed with a 

plasmid encoding the green fluorescent Wasabi protein, therefore it can be visualized with a fluorescent 

microscope. A. A whole zebrafish larva showing M. marinum infection in the yolk and tail (Y. Ding 

unpublished data). B. An enlargement of a mycobacterial cluster in the tail of the zebrafish larva. C. A 
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schematic diagram illustrates the morphology of the granuloma. The diagram is adapted from Masud et 

al., 2017 [72].  
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Figure 3 (previous page). Leptin signaling pathways. The figure is adapted from Kwon et al., 2016 [93]. 

Leptin binds to leptin receptor resulting in the activation of JAK-STAT, SHP2-ERK and IRS-PI3K pathways. 

The activated JAK prompts the phosphorylation of tyrosine residues which is involved in the dimerization 

of STAT3 and STAT5. Dimerized STAT3 and STAT5 then translocate into the nucleus and mediate the 

transcriptional expression of the targeted genes including POMC, which is involved in the regulation of 

appetite and body weight. In addition, the activation of tyrosine residues recruits SHP2 and GRB2, leading 

to the phosphorylation of ERK. The activated ERK translocates into the nucleus and regulates the 

expression of genes associated with energy homeostasis. Furthermore, upon leptin binding, activated JAK 

phosphorylates IRS, resulting in the activation of PI3K and AKT. This, on one hand, leads to the inactivation 

of FoxO1 by sequestering from nucleus to cytoplasm. On the other hand, AKT activates mTORC1 that 

subsequently activates S6K causing the phosphorylation of the AMPK α subunit and inhibition of AMPK 

activity. This pathway plays important roles in control of appetite and protein metabolism. 
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Figure 4. Leptin mediates a glucose-fatty acid cycle to maintain glucose homeostasis in starvation. The 

figure is adapted from Perry et al., 2018 [94]. In prolonged starvation, glucose generated from hepatic 

glycogenolysis is reduced, resulting in a decrease of plasma insulin and leptin concentrations. 

Hypoleptinemia is a critical signal to increase WAT lipolysis via the HPA axis activity. This accordingly results 

in an increase of hepatic acetyl-CoA content, ketogenesis and hepatic pyruvate carboxylase activity, 

therefore maintaining the glucose homeostasis during starvation. Orange arrows mean an increase and 

blue arrows mean a decrease. HPA: hypothalamic-pituitary-adrenal axis, WAT: white adipose tissues.  
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Figure 5 (previous page). Short-read, long-read and direct RNA-seq technologies and workflows. The 

figure is adapted from Stark 2019 et al [120]. A. An overview of library preparation methods for different 

RNA-seq methods. Black: short-read sequencing. Green: long-read cDNA sequencing. Blue: long-read 

direct RNA sequencing. B. An overview is shown of three main sequencing technologies for RNA-seq. C. 

Comparison of short-read, long-read and direct RNA-seq analysis.  
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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. 
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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. 
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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
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Leptin is a hormone which functions in the regulation of energy homeostasis 
via suppression of appetite. In zebrafish, there are two paralogous genes 
encoding leptin, called lepa and lepb. In a gene expression study, we found that 
the lepb gene, not the lepa gene, was significantly downregulated under the 
state of insulin-resistance in zebrafish larvae, suggesting that the lepb plays a 
role in glucose homeostasis. In the current study, we characterized lepb-
deficient (lepb−/−) adult zebrafish generated via a CRISPR-CAS9 gene editing 
approach by investigating whether the disruption of the lepb gene would 
result in the development of type 2 diabetes mellitus (T2DM) and diabetic 
complications. We observed that lepb−/− adult zebrafish had an increase in 
body weight, length and visceral fat accumulation, compared to age-matched 
control zebrafish. In addition, lepb−/− zebrafish had significantly higher blood 
glucose levels compared to control zebrafish. These data collectively indicate 
that lepb−/− adult zebrafish display the features of T2DM. Furthermore, we 
showed that lepb−/− adult zebrafish had glomerular hypertrophy and 
thickening of the glomerular basement membrane, compared to control 
zebrafish, suggesting that lepb−/− adult zebrafish develop early signs of 
diabetic nephropathy. In conclusion, our results demonstrate that lepb 
regulates glucose homeostasis and adiposity in zebrafish, and suggest that 
lepb−/− mutant zebrafish are a promising model to investigate the role of leptin 
in the development of T2DM and are an attractive model to perform 
mechanistic and therapeutic research in T2DM and its complications. 

 

Key Words  leptin, glucose homeostasis, adiposity, diabetic nephropathy, 
adult zebrafish 
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Figure 1. Body weight, length and blood glucose levels in control and lepb-deficient adult zebrafish. (A) 
The body weight of control and lepb−/− female (**p < 0.01) and male (*p < 0.05) adult zebrafish. (B) The 
body length of control and lepb−/− female (*p < 0.05) and male (**p < 0.01) adult zebrafish. (C) Two hours 
postprandial blood glucose levels in control and lepb−/− female and male (*p < 0.05) adult zebrafish. Ctr, 
control zebrafish; lepb−, lepb−/− zebrafish; F, female; M, male. 
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Figure 2. Magnetic resonance anatomical imaging and selective fat imaging in control and lepb-deficient 
female and male adult zebrafish. (A, B, C and D) Successive slices (top to bottom) in the coronal plane 
obtained using T2 weighted RARE pulse sequence at a magnetic field strength of 300MHz (7T). (A′, B′, C′ 
and D′) Successive images (top to bottom) of fat distribution in the coronal plane, acquired with Chemical 
Shift Selective (CHESS) pulse sequence at a magnetic field strength of 300MHz. (A, A′) Control female; (B, 
B′) lepb−/− female; (C, C′) Control male; (D, D′) lepb−/− male adult zebrafish. A substantial visceral fat 
accumulation was seen in lepb−/− adult zebrafish (arrows) as compared to control adult zebrafish (female 
and male). Scale bar: 2.5 mm. (E) Quantification of body fat in control and lepb−/− female (***p < 0.001) 
and male (***p < 0.001) adult zebrafish was measured from CHESS MR images. Ctr, control zebrafish; 
lepb−, lepb−/− zebrafish; F, female; M, male. 
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Figure 3. Lepb-deficient male adult zebrafish develop glomerular hypertrophy. (A and B) Representative 
images of the glomeruli of control (A) and lepb−/− (B) male adult zebrafish; the scale bars represent 50 μm; 
PAS staining. (C) Summary of the surface areas of Bowman’s capsule of control and lepb−/− male adult 
zebrafish (**p < 0.01). (D) Summary of the surface areas of Glomerular tuft of control and lepb−/− male 
adult zebrafish (**p < 0.01). (E) Summary of the surface areas of Bowman’s space of control and lepb−/− 
male adult zebrafish. (F and G) Representative images of the tubules of control (F) and lepb−/− (G) male 
adult zebrafish; the scale bars represent 50 μm; HE staining. Ctr, control zebrafish; lepb−, lepb−/− zebrafish; 
M, male; G, glomeruli; PT, proximal tubule; DT, distal tubule. 
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Figure 4. Transmission electron microscopy pictures of glomeruli and tubules from control and lepb-deficient male 
adult zebrafish. (A and B) Representative images of glomeruli from control (A) and lepb−/− (B) male adult zebrafish; 
magnification 5000×. (C and D) High magnification view of one segment of a glomerular capillary from control (C) and 
lepb−/− (D) male adult zebrafish (the thickness of GBM was marked by black lines); magnification 25,000×. (E and F) 
Representative images of the tubular brash border of the proximal tubule of control (E) and lepb−/− (F) male adult 
zebrafish; magnification 5000×. (G) High magnification of the fibrillar mesangial matrix in lepb−/− male adult zebrafish 
(black arrowheads); magnification 50,000×. (H) Summary of the thickness of GBM in the control and lepb−/− male 
adult zebrafish. The thickness of GBM in lepb−/− male zebrafish is 2.6 times thicker than that in control male zebrafish 
(***p < 0.001). Ctr, control zebrafish; lepb−: lepb−/− zebrafish; M, male; GBM, glomerular basement membrane; P, 
podocytes; EC, endothelial cells; PB, proximal tubular brush border. 
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Supplementary Figure 1. Lepb-deficient zebrafish line (A) The wild type zebrafish (Ctr) is showing a partial 
sequence of the lepb gene. Seven base pairs (TAGAGGG) were deleted in lepb7-/7- zebrafish and eight base 
pairs (TAGAGGGC) were deleted in lepb8-/8- zebrafish. The arrowheads show the start point of the deletion. 
(B) The wild type lepb gene translates into the predicted 19.1 kDa lepb protein in zebrafish. The seven base 
pairs deletion creates a premature stop codon UAG in exon 2, which results in a truncated 16.5 kDa protein. 
And the eight base pairs deletion causes a premature stop codon UAA in exon 2, which results in a 
truncated 13.3 kDa protein. (C) Homozygous F1 carriers were outcrossed once against the wild type 
zebrafish (ABTL) and the offspring (heterozygote lepb+/-) were subsequently incrossed, resulting in the 
used lepb+/+ and lepb-/- siblings. Because of the limitations of the number of adult zebrafish during this 
study, we used adult WT-ABTL (Ctr) and all lepb-/- (lepb7-/7-, lepb8-/8- and lepb7-/8-) for the experiments. 

 

 

  

Supplementary Figure 2. Blood glucose levels in 
lepb+/+ adult zebrafish and age-matched ABTL 
control zebrafish Two hours postprandial blood 
glucose levels in ABTL control and lepb+/+ zebrafish 
(female and male). Ctr: ABTL control zebrafish; 
lepb+: lepb+/+ zebrafish; F: female; M: male. 
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Supplementary Figure 3. Body weight, length, BMI and blood glucose levels in different lepb-/- mutants 

(A) The body weight of control and lepb-/- female (**p < 0.01) and male (*p < 0.05) adult zebrafish. (B) 

The body length of control and lepb-/- female (*p < 0.05) and male (**p < 0.01) adult zebrafish. (C) The 

BMI of control and lepb-/- female and male adult zebrafish. (D) Two hours postprandial blood glucose 

levels in control and lepb-/- female and male (*p < 0.05) adult zebrafish. Different lepb-/- mutants were 

marked in different colors. lepb7-/7- in red, lepb8-/8- in blue and lepb7-/8- in green. Ctr: control zebrafish; 

lepb-: lepb-/- zebrafish; F: female; M: male. 

 

Supplementary Figure 4. Fasting blood glucose 

levels in control and lepb-deficient adult zebrafish 

(*p < 0.05). Ctr: control zebrafish; lepb-: lepb-/- 

zebrafish; F: female; M: male. 
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Background 
Leptin plays a critical role in the regulation of metabolic homeostasis. 
However, the molecular mechanism and cross talks between leptin and 
metabolic pathways leading to metabolic homeostasis across different 
species are not clear. This study aims to explore the effects of leptin in mice 
and zebrafish larvae by integration of metabolomics and transcriptomics. 
Different metabolomic approaches including mass spectrometry, nuclear 
magnetic resonance (NMR) and high-resolution magic-angle-spinning NMR 
spectroscopy were used to investigate the metabolic changes caused by 
leptin deficiency in mutant ob/ob adult mice and lepb zebrafish larvae. For 
transcriptome studies, deep RNA sequencing was used. 
 
Results 
Thirteen metabolites were identified as common biomarkers discriminating 
ob/ob mice and lepb zebrafish larvae from their respective wild type controls: 
alanine, citrulline, ethanolamine, glutamine, glycine, histidine, isoleucine, 
leucine, methionine, phenylalanine, putrescine, serine and threonine. 
Moreover, we also observed that glucose and lipid levels were increased in 
lepb zebrafish larvae compared to the lepb group. Deep sequencing showed 
that many genes involved in proteolysis and arachidonic acid metabolism 
were dysregulated in ob/ob mice heads and lepb mutant zebrafish larvae 
compared to their wild type controls, respectively. 
 
Conclusions 
Leptin deficiency leads to highly similar metabolic alterations in metabolites 
in both mice and zebrafish larvae. These metabolic changes show similar 
features as observed during progression of tuberculosis in human patients, 
mice and zebrafish larvae. In addition, by studying the transcriptome, we 
found similar changes in gene regulation related to proteolysis and 
arachidonic acid metabolism in these two different in vivo models. 
 
Keywords: Ob/ob mice, Leptin mutant zebrafish, Diabetes, Metabolomics, 
Transcriptomics, Wasting syndrome 
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Figure 1. Metabolic profiles of blood from ob/ob and wild type C57BL/6 mice measured by mass 
spectrometry. A PLS-DA analysis of wild type and ob/ob mice, n = 15 in total, each replicate represents 
one mouse. PLS-DA partial least square discriminant analysis. WT wild type. B Heat map of 30 statistically 
significant biochemical markers profiled in this mice study. C A Venn diagram showing the overlap of the 
30 metabolites of B with the set of wasting syndrome biomarkers published by Ding et al [26]. 
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Figure 2. One-dimensional 1H NMR spectra and PLS-DA analysis of extracted lepb mutant zebrafish 
larvae. A The representative spectra of extracted larvae from wild type and lepb mutant groups measured 
by solution NMR spectrometry. Spectra from chemical shift 0.5–4.4 were assigned to specific metabolites. 
Acet acetate, Ala alanine, Arg arginine, Asp aspartate, Cho choline, Chol cholesterol, Cit citrulline, Eta 
ethanolamine, FA fatty acid, Glc glucose, Gln glutamine, Glu glutamate, Gly glycine, Ile isoleucine, Kyn 
kynurenine, Lac lactate, Leu leucine, Lys lysine, Met methionine, m-Ins myo-inositol, Ser serine, Tau taurine, 
tCr total creatine (creatine + phosphocreatine), Trp tryptophan, NMR nuclear magnetic resonance. B PLS-
DA analysis of wild type and lepb mutant groups, n = 4, each replicate represents 105 pooled larvae. PLS-
DA partial least square discriminant analysis. C A Venn diagram is shown of the common 19 metabolites 
that changed significantly towards lepb deficiency in extracted zebrafish larvae and tuberculosis caused by 
M. marinum infection in extracted zebrafish larvae published by Ding et al [26]. 
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Figure 3. One-dimensional 1H HR-MAS NMR spectra and PLS-DA analysis of intact lepb mutant zebrafish 
larvae. A The representative spectra of intact larvae from wild type and lepb mutant groups measured by 
HR-MAS NMR spectrometry. Spectra from chemical shift 0.5–4.4 were assigned to specific metabolites. 
Acet acetate, Ala alanine, Asp aspartate, Cho choline, Chol cholesterol, Cit citrulline, Cys cysteine, Eta 
ethanolamine, FA fatty acid, Glc glucose, Gln glutamine, Glu glutamate, Gly glycine, His histidine, Ile 
isoleucine, Lac lactate, Leu leucine, Lys lysine, Met methionine, m-Ins myo-inositol, Pu putrescine, Ser 
serine, Tau taurine, tCr total creatine (creatine + phosphocreatine), Thr threonine, TAMO trimethylamine 
N-oxide, HR-MAS NMR high-resolution magic-angle-spinning nuclear magnetic resonance. B PLS-DA 
analysis of intact larvae from wild type and lepb mutant groups, n = 3, three times measurements, each 
replicate represents 120 pooled larvae. PLS-DA partial least square discriminant analysis. C A Venn diagram 
is shown of the common 25 metabolites that are significantly changed both in extracted zebrafish larvae 
measured by 1H solution NMR and intact larvae measured by 1H HR-MAS NMR. 
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Figure 4. Quantification of the common 25 metabolites that are significantly changed in zebrafish larvae. 
A The concentration of amino acids and amines of wild type and lepb mutant in extracted larvae. B The 
concentration of ATP, carbohydrates and organic acids of wild type and lepb mutant in extracted larvae. C 
The concentration of amino acids and amines of wild type and lepb mutant in intact larvae. D The 
concentration of ATP, carbohydrates and organic acids of wild type and lepb mutant in intact larvae. *p < 
0.05, **p < 0.01, ***p < 0.0005, ****p < 0.0001. 
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Figure 5. Common biomarkers for leptin deficiency in ob/ob mice, extracted and intact zebrafish larvae. 
A A Venn diagram shows that 13 common metabolites are significantly changed after leptin knockdown in 
mice blood, extracted and intact zebrafish larvae. B The ratio of leptin mutant versus wild type of the 13 
common metabolites in the three metabolomic datasets. 
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Figure 6. Lipid profiles of lepb mutant zebrafish larvae compared to wild type siblings. A The 
representative spectra of total lipid extracts from wild type and lepb mutant zebrafish larvae obtained by 
1H NMR spectroscopy. The assignments of the peak numbers were shown in Additional file 1: Table S2. 
NMR nuclear magnetic resonance. B PLS-DA analysis of lepb mutant and wild type zebrafish larvae, n = 3, 
each replicate represents 105 pooled larvae. PLS-DA partial least square discriminant analysis. C The 
relative concentration of the signal 14 FA in A. FA fatty acids. D The relative concentration of the signal 18 
PC in A. PC phosphatidylcholines. E The relative concentration of the signal 15 DHA in A. DHA 
docosahexaenoic acid. *p < 0.05. 
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Figure 7 (following page). Transcriptome signature sets of mice and zebrafish larvae. A A Volcano plot 
showing a graphical representation of the significance (p < 0.05) in ob/ob mice head compared to C57BL/6 
mice head. The transcripts with fold change over 1.5 are highlighted in red. Fifteen significant genes in 
mice head out of the fold change in X axis are excluded to make the graph look well. B A Venn diagram 
showing the comparison of the number of significantly changed genes between ob/ob mice head and mice 
liver published by Kokaji et al. C The top eight GO terms of biological process (BP) with lowest p adjusted 
values and highest numbers of genes representatives in mice head and the overlap of B. GO gene ontology. 
D Number of genes in classification of GO term proteolysis in the signature set of mice head. E A Volcano 
plot showing a graphical representation of the significance (p < 0.05) in lepb mutant zebrafish larvae 
compared to wild type siblings. The transcripts with fold change over 1.5 are highlighted in green. Twenty-
two significant genes in zebrafish larvae out of the fold change in X axis are excluded to make the graph 
look well. F A Venn diagram showing the comparison of the number of significantly changed genes from 
human homologs of the signature gene sets of zebrafish larvae and ob/ob mice head. G The top eight GO 
terms of BP with lowest p adjusted values and highest numbers of genes representatives in zebrafish larvae 
and the overlap of F. H Number of genes in classification of GO term proteolysis in the signature set of 
zebrafish larvae. 
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Figure 8. Genes involved in arachidonic acid pathway in human orthologs of the three transcriptome 
signature sets. Dashed lines means indirect regulation. Red color represents genes significantly changed 
in ob/ob mice head compared to control. Blue color represents genes significantly changed in ob/ob mice 
liver compared to wild type published by Kokaji et al. Green color represents genes significantly changed 
in lepb mutant zebrafish larvae compared to wild type siblings. COX cyclo-oxygenase, LOX lipoxygenase, 
EOX epoxygenase, DHA docosahexaenoic acid. 
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Supplementary Figure S2. Quantifications of the common biomarkers of the blood from ob/ob mice and 

wild type mice. The original and normalized value of the 25 biomarkers showing in Figure 1C were 

significantly (p < 0.05) decreased in ob/ob mice blood compared to wild type mice blood. Sample 

normalization was performed automatically by chosen log transformation and auto scaling in 

MetaboAnalyst 4.0. WT: Wild type. 

 

Supplementary Figure S1. 

Body weight of ob/ob and 

wild type C57BL/6 mice 

from week 6 to week 14. 

WT: Wild type. ****p < 

0.0001. 
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Supplementary Figure S3. Quantifications of the common biomarkers from extracted lepb mutant 

zebrafish larvae and wild type siblings. Quantifications of the common 19 biomarkers in Figure 2C that 

are significantly changed in lepb mutant zebrafish larvae versus wild type. WT: Wild type. *p < 0.05, **p < 

0.01, ***p < 0.0001. 
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Supplementary Figure S4. A Volcano plot of 

published transcriptomes of mice liver. A 

Volcano plot showing a graphical 

representation of the significance (p < 0.05) 

in ob/ob mice liver compared to C57BL/6 

mice liver. The transcripts with fold change 

over 1.5 are highlighted in blue. Thirty-six 

significant genes in mice liver out of the fold 

change in X axis were excluded to make the 

graph look well.  

Supplementary Figure S5. 

Validation of gene mRNA 

expression level from RNAseq data 

in Zebrafish larvae using qPCR. A. 

Gene LO018181.1, ensembl code 

ENSDARG00000113971. B. Gene 

Si:dkey-14d8.5, ensembl code 

ENSDARG00000045835. C. Gene 

Amy2al2, ensembl code, 

ENSDARG00000009443. *p < 0.05, 

**p < 0.01. 
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Supplementary Table S1. Ratio of metabolite quantities in blood of ob/ob mice compared to the control 

group. The levels of 30 metabolites are significantly decreased in the ob/ob mice compared to the wild 

type C57BL/6 mice.  
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Supplementary Table S2. Overview of assigned lipid signals in Figure 6 from zebrafish larvae. S: singlet, 

d: doublet, t: triplet, m: multiplet, quin: quintet; dd: double doublet, bs: broad singlet, bm: broad multiplet, 

Chol: cholesterol, EPA: eicosapentaenoic acid, AA: arachidonic acid, DHA: docosahexaenoic acid, FA: fatty 

acids, PC: phosphatidylcholine, PLs: phospholipids, PUFA: polyunsaturated fatty acid. 
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Supplementary Table S3: Gene lists and classification of GO term proteolysis from transcriptomes of 

mice head. 
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Supplementary Table S4: Gene lists and classification of GO term proteolysis from transcriptomes of 

zebrafish larvae. 
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Supplementary Table S5: Gene lists of GO term arachidonic acid metabolism from transcriptomes of 

mice head. 
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Supplementary Table S6: Gene lists of GO term arachidonic acid metabolism from transcriptomes of 

published mice liver. 
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Supplementary Table S7: Gene lists of GO term arachidonic acid metabolism from transcriptomes of 

zebrafish larvae. 
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Supplementary Table S8: Gene signature sets of mice head, mice liver and zebrafish larvae in Figure 8.
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The leptin signaling pathway, originally discovered as one of the major 

factors that controls food intake, has been subsequently shown to play an 

evolutionary conserved role in regulating glucose homeostasis and system 

metabolism. Furthermore, it plays an important role as a key regulator of 

cellular and systemic inflammatory responses. In accordance, the leptin 

gene plays a role in many diseases such as cancer, tuberculosis and 

diabetes. In this study, we investigated the metabolism of a leptin mutant 

in the absence and presence of mycobacterial infection in mice and 

zebrafish larvae. Metabolites in the blood of ob/ob mice and entire lepb 

mutant zebrafish larvae were studied using mass spectrometry and HR-

MAS NMR spectrometry, respectively. The results show that leptin 

mutation leads to a similar metabolic syndrome as caused by 

mycobacterial infection in the two species, characterized by the decrease 

of 11 amine metabolites. In both species, this metabolic syndrome is not 

aggravated when the leptin mutant is infected by mycobacteria. 

Therefore, we conclude that leptin and mycobacterial infection are both 

impacting metabolism non-synergistically. In addition, we studied the 

transcriptomes of lepb mutant zebrafish larvae and wild type siblings after 

mycobacterial infection. The transcriptome studies in zebrafish larvae 

show that mycobacteria induce a very distinct transcriptome signature in 

the lepb mutant compared to the wild type sibling control. Apparently, 

different transcriptomic responses can lead to the same metabolic end 

states.  

A
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S
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R
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C
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Figure 1. Bacterial loads and metabolic profiles of lepb+/+ and lepb-/-  zebrafish larvae with and without 

M. marinum infection. A. Representative bright field and fluorescent images of 5dpf zebrafish larvae from 

the lepb+/+ and lepb-/- group in the absence and presence of infection. B. Quantifications of bacterial pixels 

of the four groups. **p<0.01, ****p<0.0001. C. PLS-DA analysis of metabolic profiles from the four groups. 

PLS-DA: Partial least square discriminant analysis. D. The representative HR-MAS NMR spectra of the four 

groups. Acet: acetate, Ala: alanine, Arg: arginine, Asp: aspartate, Chol: cholesterol, Cit: citrulline, Cys: 

cysteine, Eta: ethanolamine, FA: fatty acid, Glc: Glucose, Gln: glutamine, Glu: glutamate, Gly: glycine, His: 

Histidine, Ile: isoleucine, Lac: lactate, Leu: leucine, Lys: lysine, Met: methionine, Phe: phenylalanine, Pu: 

putrescine, Ser: serine, Tau: taurine, Thr: threonine, tCr: total creatine (creatine + phosphocreatine), Trp: 

Tryptophan, Tyr: tyrosine, NMR: Nuclear magnetic resonance.  
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Figure 2. Venn diagrams show the number of metabolites in response to infection in the lepb+/+ and lepb-

/- zebrafish larvae. A. A Venn diagram shows the number of metabolites in response to M. marinum 

infection in the lepb+/+ and lepb-/- larvae with p<0.05. B. Quantification of the one metabolite lactate in 

Figure 2A. *p<0.05. ns, non-significant. C. A Venn diagram shows the number of metabolites in response 

to M. marinum infection in the lepb+/+ and lepb-/- larvae with p<0.05 and |FC|>1.5. FC: fold change. D. 

Quantification of the one metabolite trimethylamine N-oxide in Figure 2C. **p<0.01, ***p<0.001. E. 

Quantification of the common 6 metabolites in Figure 2C. ****p<0.0001. 
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Figure 3. Venn diagrams show the number of metabolites between the lepb-/-  and lepb+/+ in the 

uninfected control and infected conditions. A. A Venn diagram shows the number of metabolites between 

the lepb-/-  and lepb+/+ in the uninfected control and infected conditions with p<0.05. B. A Venn diagram 

shows the number of metabolites between the lepb-/-  and lepb+/+ in the uninfected control and infected 

conditions with p<0.05 and |FC|>1.5. FC: fold change. C. Quantification of the one metabolite mannose in 

Figure 3B. *p<0.05, ***p<0.001. D. Quantification of the seven metabolites in Figure 3B. **p<0.01, 

****p<0.0001. ns, non-significant. 
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Figure 4. Bacterial loads and metabolic profiles of the blood of wild type and ob/ob mice with and 

without Mtb infection. A. Total CFU (1:100 diluted) of the lungs from the WT and ob/ob mice in the 

absence and presence of infection. CFU: colony-forming unit. WT: wild type. *p<0.05,**p<0.01, 

****p<0.0001. B. Total CFU (undiluted) of the spleen from the four groups. ***p<0.001. C. PLS-DA analysis 

of the blood metabolic profiles of the four groups. PLS-DA: Partial least square discriminant analysis. D. 

Heatmap analysis of the four groups.  
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Figure 5. Venn diagrams show the number of metabolites in response to infection in the wild type and 

ob/ob mice. A. A Venn diagram shows the number of metabolites in response to Mtb infection in the WT 

and ob/ob mice with p<0.05. WT, wild type. B. Quantification of the one metabolite 3-aminoisobutyric acid 

in Figure 5A. *p<0.05. ns, non-significant. C. Quantification of the two common metabolites arginine and 

ornithine in Figure 5A. *p<0.05,**p<0.01, ***p<0.001. D. A Venn diagram shows the number of 

metabolites in response to Mtb infection in the wild type and ob/ob mice with p<0.05 and |FC|>1.5. FC: 

fold change.  
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Figure 6. Venn diagrams show the number of metabolites between the wild type and ob/ob mice in the 

uninfected control and infected conditions. A. A Venn diagram shows the number of metabolites between 

the WT and ob/ob mice in the uninfected control and infected conditions with p<0.05. WT, wild type. B. A 

Venn diagram shows the number of metabolites between the WT and ob/ob mice in the uninfected control 

and infected conditions with p<0.05 and |FC|>1.5. FC: fold change. C. Quantification of the one metabolite 

putrescine in Figure 6A and B. ****p<0.0001. ns, non-significant. 

lepb
+/+

lepb
-/- WT ob/ob

Glycine ↓ ↓ ↓ ✕

Histidine ↓ ↓ ↓ ✕

Leucine ↓ ↓ ↓ ✕

Threonine ↓ ↓ ↓ ✕

Cysteine ↓ ↓ ↓ ✕

Methionine ↓ ✕ ↓ ✕

Asparagine ↓ ✕ ↓ ✕

Isoleucine ↓ ✕ ↓ ✕

Tryptophan ↓ ✕ ↓ ✕

Metabolite

Infected vs  control

Zebrafish Mice
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Table 1. The changes of 9 common metabolites in response to infection between the wild type and leptin 

mutant in zebrafish larvae and mice. ↑p<0.05, upregulated, FC<1.5; ↓p<0.05, downregulated, |FC|>1.5; 

↓p<0.05, downregulated, |FC|<1.5; ✕ nonsignificant. 

 

Figure 7 (following page). Transcriptome signature sets of lepb-/- and lepb+/+ zebrafish larvae in the 

absence and presence of M. marinum infection. A. A volcano plot of the signature set of lepb+/+ infected 

larvae compared to the lepb+/+ uninfected control. We used p<0.05 and |FC|>1.5 as cutoff values for all 

the figures. B. A volcano plot of the signature set of lepb-/- infected larvae compared to the lepb-/- 

uninfected control. C. A Venn diagram shows the number of differentially expressed genes (DEGs) in 

response to infection in the lepb+/+ and lepb-/- larvae. D. The FC and p value of the three groups of genes, 

shown in Figure 7C, belonging to the two GO terms “response to bacterium” and “inflammatory 

responses”. E. A volcano plot of the signature set of lepb-/- compared to lepb+/+ larvae in the uninfected 

control situation. F. A volcano plot of the signature set of lepb-/- compared to lepb+/+ larvae in the infected 

situation. G. A Venn diagram shows the number of DEGs between the lepb-/- and lepb+/+ in the uninfected 
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control and infected conditions. H. The FC and p value of the three groups of genes, shown in Figure 7G, 

belonging to the two GO terms “response to bacterium” and “inflammatory responses”.  

 



143 
 

Figure 8 (following page). Genes regulated in glycolysis and gluconeogenesis pathway. A. The 

differentially expressed genes (DEGs) in response to infection in the lepb+/+ and lepb-/- larvae. B. The DEGs 

between the lepb-/- and lepb+/+ in the uninfected control and infected conditions.  
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Supplementary Figure 1. Comparison of the number of 
biomarkers in intact and extracted zebrafish larvae due to 
M. marinum infection. A Venn diagram is shown of the 
overlap of the 20 metabolites of Intact wild type zebrafish 
larvae after M.marinum infection measured by HR-MAS 
NMR in this study with the set of infection biomarkers in 
extracted zebrafish larvae measured by solution NMR 
published by Ding et al, 2020. 

Supplementary Figure 2. Common biomarkers for 
leptin mutation and mycobacteria infection in 
zebrafish larvae and mice. A Venn diagram shows that 
11 common metabolites are significantly changed in 
both leptin mutation and mycobacteria infection in 
zebrafish larvae and mice. Common biomarkers of 
leptin mutation and infection in mice are from Ding et 
al, 2021. The 11 common metabolites are alanine, 
citrulline, ethanolamine, glycine, histidine, isoleucine, 
leucine, methionine, phenylalanine, serine and 
threonine. Three anti-correlated metabolites namely 
ATP, tyrosine and tryptophan are excluded.  
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Supplementary Figure S3. A Venn 
diagram and GO terms. A. A Venn 
diagram shows the number of 
differentially expressed genes 
(DEGs) in response to infection in 
the lepb+/+ and lepb-/- larvae with 
p<0.05 and 1.5-FC. B. Gene 
ontology (GO) enrichment analysis 
using DAVID resulted in significantly 
(p<0.05) enriched GO terms for 
biological process of the three 
different groups in the Venn 
diagram of Supplementary Figure 
S3A.  
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FC p  value FC p  value FC p  value FC p  value

2-Aminobutyrate -1.25 * -1.12 ns -1.13 ns -1.01 ns

Acetate -2.08 ** -1.04 ns -2.02 ** -1.01 ns

Alanine -2.16 *** -1.54 ** -1.39 * 1.01 ns

Arginine -1.22 * -1.47 * 1.29 ns 1.07 ns

Asparagine -1.40 ** 1.04 ns -1.22 * 1.20 ns

Aspartate -1.77 **** -1.66 **** -1.33 ** -1.25 *

ATP -1.13 ns -1.21 ns 1.38 * 1.29 ns

Choline -1.74 *** -1.38 * -1.45 ** -1.15 ns

Citrulline -1.68 **** -1.60 *** -1.67 **** -1.59 ***

Creatine -1.18 ns 1.01 ns -1.21 * -1.02 ns

Cysteine -1.79 **** -1.27 * -1.24 * 1.13 ns

Ethanolamine -1.26 * -1.35 ** -1.33 * -1.42 **

Glucose 1.29 * 1.22 ** 1.25 * 1.18 *

Glutamate -1.53 ** -1.24 * -1.53 ** -1.24 **

Glutamine -1.75 ** -1.26 ** -1.58 * -1.14 *

Glycine -1.60 **** -1.25 * -1.88 **** -1.47 ***

Histidine -1.89 ** -1.42 **** -1.46 * -1.10 ns

Isoleucine -1.42 ** -1.03 ns -1.26 * 1.10 ns

Kynurenine -1.06 ns -1.27 ns 1.81 * 1.50 ns

Lactate -1.16 ns 1.26 * -1.41 ** 1.03 ns

Leucine -1.59 ** -1.33 * -1.38 * -1.15 *

Lysine -1.90 * -1.69 *** -1.14 ns -1.01 ns

Mannose -1.32 * 1.00 ns 1.21 * 1.60 ***

Methionine -1.64 ** 1.06 ns -1.39 * 1.25 *

myo-Inositol -1.92 ** -1.28 * -1.39 * 1.08 ns

NADH -1.39 ns -1.16 ns 1.01 ns 1.21 ns

Phenylalanine -1.77 ** -1.51 **** -1.47 * -1.25 *

Putrescine -1.73 ** -1.31 ** -1.57 ** -1.19 ns

Sarcosine -1.13 ns -1.04 ns -1.00 ns 1.07 ns

Serine -1.42 ** -1.41 *** -1.26 * -1.26 *

Taurine -1.47 *** -1.36 ** -1.18 * -1.10 ns

Threonine -1.58 ** -1.37 ** -1.34 * -1.16 *

Trimethylamine 

N-oxide
1.21 ** 1.65 *** -1.21 * 1.14 ns

Tryptophan -1.38 * -1.06 ns 1.73 ** 2.24 ****

Tyrosine -1.50 * -2.03 *** 1.55 * 1.15 ns

Lepb +/+_infected vs 

control

Lepb -/-_infected vs 

control

Control_lepb -/- vs 

lepb +/+

Infected_lepb -/- vs 

lepb +/+Metabolite

 

Supplementary table S1. The fold change and p value of all the 35 quantified metabolites in the four 
different comparisons in zebrafish larvae. ns, not significant. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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FC p  value FC p  value FC p  value FC p  value

2-aminoadipic acid -2.53 ** -1.68 ns -3.11 ** -2.07 **

3-aminoisobutyric acid 1.03 ns 1.13 * -1.06 ns 1.03 ns

4-hydroxy-proline -1.13 ns -1.16 ns -3.51 **** -3.59 ****

Alanine -1.64 ** -1.19 ns -1.69 ** -1.22 ns

Alpha-aminobutyric acid -1.53 ** -1.14 ns -1.75 ** -1.30 **

Arginine -1.63 ** 1.41 * -4.36 **** -1.90 ***

Asparagine -1.44 * -1.10 ns -1.39 ns -1.06 ns

Aspartic acid -1.20 ns -1.27 ns 1.09 ns 1.02 ns

Citrulline -1.76 ** -1.21 ns -2.20 *** -1.51 **

Cysteine -1.04 * -1.01 ns 1.01 ns 1.04 ns

Ethanolamine -1.48 ** -1.21 ns -1.51 ns -1.23 ns

Gamma-aminobutyric acid -1.76 ** -1.34 ns 1.19 ns 1.57 ns

gamma-glutamyl-alanine -2.13 ** -1.22 ns -3.38 *** -1.93 **

Glutamic acid -1.56 * -1.52 ns 1.01 ns 1.04 ns

Glutamine -1.20 ns 1.06 ns -2.43 **** -1.90 ***

Glutathione 1.05 ns 1.06 ns -1.04 ns -1.04 ns

Glycine -1.59 ** -1.19 ns -2.41 **** -1.79 ****

Histidine -1.52 *** -1.06 ns -2.21 **** -1.55 **

Homoserine -1.70 ** -1.20 ns -2.02 *** -1.43 *

Hydroxylysine -1.34 ns -1.18 ns -2.17 *** -1.91 **

Isoleucine -1.75 ** -1.15 ns -1.87 ** -1.22 ns

Kynurenine -1.83 ** -1.15 ns -2.78 *** -1.74 ***

Leucine -1.82 ** -1.14 ns -2.07 *** -1.30 ns

Lysine -1.68 ** -1.28 ns -2.30 *** -1.75 **

Methionine -1.58 * -1.20 ns -2.38 ** -1.81 ***

Methionine sulfoxide -1.95 ** -1.26 ns -2.81 *** -1.82 ****

Methyldopa -1.92 ** 1.01 ns -1.99 ** -1.03 ns

O-Phosphoethanolamine -1.28 ns -1.54 ns -1.19 ns -1.43 ns

Ornithine -1.94 *** -1.59 * -1.04 ns 1.18 ns

Phenylalanine -1.78 ** -1.07 ns -2.05 ** -1.23 ns

Proline -1.89 *** -1.05 ns -2.26 *** -1.26 ns

Putrescine -1.23 ns -2.19 ns -1.69 ns -3.01 ****

Sarcosine -2.82 *** -1.67 ns -3.06 *** -1.82 **

Serine -1.58 *** -1.13 ns -1.38 ns 1.01 ns

Serotonine -3.25 ns -1.17 ns -4.56 * -1.64 ns

Spermidine -2.03 * -1.80 ns -2.38 * -2.11 ns

Taurine -1.23 ns -1.26 ns -1.28 ns -1.31 ns

Threonine -1.85 ** -1.29 ns -2.20 ** -1.54 **

Tryptophan -2.10 ** -1.05 ns -2.38 ** -1.19 ns

Tyrosine -1.94 ** 1.44 ns -2.22 ** 1.26 ns

Valine -1.85 ** -1.21 ns -2.01 ** -1.31 ns

WT_infected vs 

control

ob/ob _infected vs 

control

Control_ob/ob  vs 

WT

Infected_ob/ob  vs 

WTMetabolite
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Supplementary table S2. The fold change and p value of all the 41 detectable metabolites in the four 
different comparisons in mice. ns, not significant. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

lepb +/+ lepb -/- WT ob/ob

Glycine ↓ ↓ ↓ ✕

Histidine ↓ ↓ ↓ ✕

Leucine ↓ ↓ ↓ ✕

Threonine ↓ ↓ ↓ ✕

Cysteine ↓ ↓ ↓ ✕

Methionine ↓ ✕ ↓ ✕

Asparagine ↓ ✕ ↓ ✕

Isoleucine ↓ ✕ ↓ ✕

Tryptophan ↓ ✕ ↓ ✕

Alanine ↓ ↓ ↓ ↓

Citrulline ↓ ↓ ↓ ✕

Lysine ↓ ↓ ↓ ✕

Phenylalanine ↓ ↓ ↓ ✕

Tyrosine ↓ ↓ ↓ ✕

Ethanolamine ↓ ↓ ↓ ✕

Serine ↓ ↓ ↓ ✕

Arginine ↓ ↓ ↓ ↑

Sarcosine ✕ ✕ ↓ ✕

Kynurenine ✕ ✕ ↓ ✕

Putrescine ↓ ↓ ✕ ✕

Taurine ↓ ↓ ✕ ✕

Glutamine ↓ ↓ ✕ ✕

Cat.1

Cat.2

Cat.3

Category Metabolite

Infected vs  control

Zebrafish Mice

 

Supplementary table S3. The changes of 22 common metabolites in zebrafish and mice in response to 

infection between the wild type and leptin mutants. ↑ p<0.05, upregulated, FC<1.5; ↓ p<0.05, 

downregulated, |FC|>1.5; ↓ p<0.05, downregulated, |FC|<1.5; ✕ nonsignificant.
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