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Genome 

Exposome 

10-20% of 
disease risk 

GxE interactions 
account for 80-90% 

of disease risk 

Disease risk is a combination of genomics and exposures 

Jones et al 2012 Annu Rev Nutr 32:183-202 



Outline	  

q  The development of high-resolution metabolomics 
	  
q Metabolic networks and mummichog 

 
q  Broader impacts of metabolomics 



Resolution and mass accuracy of high-resolution mass 
spectrometers allow unprecedented detection of low-abundance 

ions in human plasma and other complex mixtures 

Uppal et al BMC Bioinformatics 2013 4 



Resolution + sensitivity 



High-resolution metabolomics developed at Emory 
measures individual biochemistry with resolution 

approaching that for genomics 
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Measure 20,000 chemicals in 
an individual plasma sample  

Jones et al 2012 Annu Rev Nutr 32:183-202 

Technologies appear to be good 
enough to measure 1 million chemicals 

6	  



What’s in a metabolome? 

Jones, Park Ziegler Annu Rev Nutr 2012 *Metabolome refers to chemicals associated with life 



 Jones 2012 Annu Rev Nutr 32:183-202  

Accurate mass m/z match more than half of metabolites in KEGG human 
metabolic pathways (shown in black); 146 of 154 pathways are represented 
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xMSanalyzer data for 174 serum samples (K Uppal et al BMC:Bioinformatics 2013) 

Missing values 
>8000 had <5% 
missing values 
(enriched in 
intermediary 
metabolites) 
 
Ions with different 
missing values appear 
to reflect variable 
dietary and 
environmental agents 

With triplicate analyses, CV is obtained for each metabolite in each sample: 
          6,247 had median CV < 10%          Mean intensity of ions with CV <10%: 3.0 x 105  

Enriched in 
intermediary 
metabolites  

Ion intensity 
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CV 
Median: 
14.4% 

CV % missing values 

  Intensity 
Mean: 1.2 x 105  
Median: 2.0 x 104  

Summary for C18:  19,383 ions   Range of detection over 5 orders of magnitude of intensity 

Improved data extraction over most approaches:  34,768 ions, triplicate analyses 
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Cross-platform validation 

Comparison C18-LCMS to 
automated amino acid analysis 

Comparison C18-LCMS to 
Metabolon GCMS 

Comparison C18-LCMS to 
Anion Exchange LCMS 



Identity       Mean ± SD (µM) HMDB (µM) 
Arginine   148 ± 39   60 to 140 
Glycine   280 ± 62   212-329 
Histidine   100 ± 12   75 to 143 
Ornithine    83 ± 28   54 to 94 
Phenylalanine  131 ± 18   48 to 88 
Threonine  136  ± 22  102 to 260 
Tryptophan  56 ± 7   44 to 78 
Tyrosine   84 ± 23   54 to 143 
Glucose   4310 ± 1153  3900 to 6100 
Kynurenine  2.0 ± 0.4   1.4 to 2.4 
Carnitine   52 ± 9   30 to 57 
Creatinine  93 ± 13   59 to 109 
Creatine   16 ± 8   8.4 to 65 

HRM metabolite quantification  
in 30 orphan samples  



Select relevant samples 

Pose scientific question (with or 
without hypothesis) 

Analyze samples by high-
resolution MS with advanced data 

extraction algorithms  

Use bioinformatic methods and 
database tools to obtain significant 

metabolites and pathways 

Perform MS/MS and co-elution 
studies to verify metabolites 

Alternate Workflows 

Select analytic target to 
test hypothesis 

Select and test analytic 
method 

Perform power calculation; 
design experiment  

Conduct experiment 

Analyze samples and perform 
statistical analysis 

High-resolution metabolomics Targeted Metabolomics 



Pilot study of pulmonary Tuberculosis 
A"

C"

B"

D"

Frediani, Jennifer K., et al. "Plasma Metabolomics in Human Pulmonary Tuberculosis 
Disease: A Pilot Study." PloS one 9.10 (2014): e108854.	  



Krebs et al. 1938. Biochem Journal. 32:113 

Connecting HRM with metabolic pathways 



Mummichog interpretation of metabolomics data 

Li et al. 2013. PLoS Computational Biology. 9:e10031323 



Li et al. 2013. PLoS Computational Biology. 9:e10031323 

Metabolite network after viral activation 



Experimental validation of mummichog prediction 

Tandem mass spectrometry 
confirmed 9/11 metabolites 

Gene expression supported 
GSH/GSSG depletion and 
Arg/Cit conversion 

Li et al. 2013. PLoS Computational Biology. 9:e10031323 



Mummichog application cases 

Ravindran et al. 2014.  
Science 343:313 

Hoffman et al, 2014. 
Aging Cell 13: 596-604 

Xu et al, 2014. 
Nature Immunology. 15:1152 



Exposure 

Monitoring, trace 
analysis, geography 

Internal dose Bioeffect 

High performance metabolomics 

Gauging environmental exposure  
and bioeffect simultaneously 
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R =  -0.59  

R =  0.56 

PAH metabolites were correlated with 
 targeted analysis of plasma PAHs 

0 1 2 3 4 

Vitamin E metabolism (6/19) 
Carnitine shuttle (3/18) 

Biopterin metabolism (2/12) 
Glycerophospholipid metabolism (3/34) 

Porphyrin metabolism (2/17) 
Squalene and cholesterol biosynthesis (2/18) 

Prostaglandin formation from arachidonate (3/39) 
Urea cycle/amino group metabolism (3/39) 

Aminosugars metabolism (2/19) 

-log(permutation p value) 

Significant pathways via mummichog 

Significant metabolite features via ANOVA 

Courtesy:	  Doug	  Walker	  



Metabolome-wide association study (MWAS)  
of LDL cholesterols 
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Integration of metabolomics  
and transcriptomics 

Unpublished data deleted 



Towards Universal health screen 



Computational metabolomics in the making 



Summary 

•  High-‐resoluBon	  metabolomics	  leads	  to	  new	  
work	  flow	  

•  Mummichog	  is	  an	  effecBve	  tool	  to	  bridge	  
genomics	  and	  metabolomics	  

•  Impacts	  to	  environmental	  sciences,	  
epidemiology,	  systems	  biology,	  medicine…	  

•  Many	  challenges	  ahead	  
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