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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.  
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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”.  
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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.


