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Ezzati M & Riboli E New Engl J Med 2013

Epidemiological context



Tzoulaki et al. Circulation 2016; 133:2314-33
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To a systems biologist pathology is just a change in phenotype!

Most human diseases are connected at some genetic level

Cardio-

vascular

Cancer
Metabolic

Disease gene network

Barabasi et al (2007)



To a systems biologist pathology is just a change in phenotype!

Most human diseases are connected at some genetic level

Cardio-

vascular

Cancer
Metabolic

Disease gene network

Barabasi et al (2007)

“Genetics loads the gun, but 
Environment pulls the trigger”

After Elliott Proctor Joslin MD, Br Med J 1991; 302: 1231



While genetic data are a (fixed) digital 

read-out...

Environmental/lifestyle exposure data 

vary over the lifecourse, are continuously 

distributed, with wide dynamic range... 

…and difficult to measure

New approaches required to capture 

effects of environmental exposures on 

NCD risk!

Challenge
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After Rappaport & Smith Science  2010; 330:460-1

http://cmgm.stanford.edu/biochem/gfx/images/brown_arrayimage.jpg
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Metabolome…



Metabolomics
• Measurement of small molecules in biological 

samples (e.g. blood, urine)

• Metabolites represent downstream 
biochemical end products that are close to the 
phenotype

• Link between environmental stressors, intrinsic 
metabolism, genetic information, health and 
disease

Genome

Polymorphisms, 
SNPs, copy 

number 
variation

Epigenome

DNA 
methylation

Transcriptome

RNA seq, exome,

microarrays

Proteome

Proteomics 
(MS)

Metabolome

Metabolomics 
(NMR, MS)

Metabolic 
pathways

Phenome

Disease 
phenotype

Age, gender, ethnicity, diet, physical 
activity, stress, in utero effects,  air 

pollution, geographic location, drugs, 
gut microflora

Tzoulaki et al AJE 2014 

Exposome



Metabolic Profiling

System  Environment

CELL

STRESSOR

Knock-out / strain

Disease

Toxicity

GUT MICROBES 
DIET 
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BIOFLUID

DRUGS & 
OTHER 
CHEMICALS

METABOLIC 
PROFILE

LC-MS

NMR

Urinary NMR spectrum 

http://www.proinformatix.com/mk8.html


The Challenge of Metabolomic Data

~1000s signals,100s metabolites

NMR LC-MS

~10,000s signals,1000s (?) metabolites

• Complex, but information rich

• How do we retrieve the information?



Analytics

NMR / MS

Putative Biomarker 

Identification

Structural

Elucidation

Independent Cohort 

Validation
Pharmacokinetics

Biomarker

Discovery

Biomarker

Validation

Biomarker

Characterization

Measuring The Metabolome

Untargeted metabolomics 

can lead to novel metabolic 

biomarker discovery. BUT 

requires structural elucidation 

and validation.



Steps in the analysis

• State-of-the-art (mass spectrometric 
and NMR spectroscopic) analyses for 
metabolic finger-printing of biofluids

• Combine metabolic profiling with 
clinical, lifestyle and other –omics 
datasets 

• Bioinformatic and pathway analyses

• International phenome centres –
common methods & 
standardization
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Metabolic phenotyping -1H NMR analysis of 

24-hr urine samples: INTERMAP Study (1996-9)

• 4,680 men & women ages 

40-59

• 17 population samples, 

UK, USA, China, Japan

– Eight BP measurements

– Four 24-hr dietary recalls 

– Two 24-hr urine collections (3-6 

weeks apart)
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China (n= 416) Japan (n= 570) UK (n= 265) USA (n= 1,085)

Sugar (%kcal)

Starch (%kcal)

Trans fatty acids (%kcal)

SFA (%kcal)

PFA (%kcal)

MFA (%kcal)

Vegetable protein (%kcal)

Animal protein (%kcal)

Alcohol (%kcal)

2,278 kcal2,345 kcal 2,471 kcal 2,611 kcal
Nature 2008; 493:396-400



Population Metabolic Phenotype Mapping (INTERMAP)
China, Japan, UK, USA - 17 sub-populations, male/female, N = 4630 (24-h urine)

China

Japan

UK

USA

USA

Holmes et al Nature 2008;493:396-400



N China
Shanxi

S China

Guangxi

Mean (SD)

Trait N China (N=523) S China (N=244)

SBP mm Hg 123.8 (18.6) 115.4 (13.0)

Ur Na mmol/24h 271.4 (88.3) 139.2 (55.5)

Ur Na/K ratio 7.8 (2.4) 3.7 (1.5)

Ca mg/1000 kcal 136.5 (48.4) 175.0 (62.5)

Mg mg/1000 kcal 133.2 (38.7) 198.2 (27.2)

INTERMAP Study – Chinese samples

Yap et al. J Proteome Res 2010;9(12):6647-54



METABOLOME WIDE ASSOCIATION STUDIES: METABOLIC 

PHENOTYPE LINKAGE TO HUMAN BLOOD PRESURE

“Metabolome-Wide Association Studies” 
for novel hypothesis generation…

e.g.….a possible new role for formate in 

human BP regulation?

CFEX

**N methyl-nicotinate

Holmes et al Nature 2008;493:396-400



1: ketoleucine, 2: leucine, 3: valine, 4: 2-hydroxyisobutyrate, 5: alanine, 6: lysine, 7: N-acetyl signals from urinary 

glycoproteins, 8: N-acetyl neuraminate, 9: phenylacetylglutamine, 10: glutamine, 11: proline betaine, 12: 4-cresyl 

sulfate,13: succinate, 14: citrate, 15: dimethylamine, 16: TMA, 17: dimethylglycine, 18: creatinine, 19: ethanolamine, 

20: O-acetyl carnitine, 21: glucose, 22: 3-methylhistidine, 23: glycine, 24: hippurate, 25: pseudouridine, 26: NMNA, 

27: 3-hydroxymandelate, 28: tyrosine, 29: 4-hydroxymandelate, 30: formate, U1 to U26 unidentified



“METABONETWORKS”: VISUALIZATION SYSTEM FOR BMI BIOMARKERS
Minimally-structured symbiotic metabolic network connecting BMI biomarkers, n=1880 US citizens
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Nutriome…



Tzoulaki et al. Circulation 2012;126:2456-2464
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Am J Clin Nutr 2010;92:436–43 hippurate carnitine tartrate

Diet 1 higher (healthy)

Diet 4 higher (unhealthy)

Dietary metabolome



Cohorts…



UKB 500k

EPIC 500k

Lifelines NL 

150k

Constances

France 65k

Airwave UK 50k

Estonia 50k

Million Vets 1M

Precision Medicine 

Initiative 1M

CARTaGENE

50k

Kadoorie study 

500k

Biobank Japan 

200k

Korea

500k

Large cohort studies (examples)

German National 

Cohort 200k
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500k men & women ages 40-69

• GWAS, biochemistry for all 500k

• Imaging visit (MRI, DXA, carotid, eye) for 100k

• Prospective follow up over many years

Elliott & Peakman Int J Epidemiol 2008; 37: 234-44

Sudlow et al PLoS Med 2015; 12(3):e1001779

Plus Tempus tube (RNA) and saliva
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Death registries Cancer registries

Hospital records
Primary care data

Pharmacy records

Pathology records

Screening programmes

Environmental data

Employment records

Built environment

UK Biobank: Record linkage 

Courtesy M Landray



The Systems Biology Lesson –
Integration Takes Effort

Bio-medical data
Biologists, Clinicians

Models
Numerical scientists

Data integration
Models
Hypothesis testing

Bridging skills: 
Understanding

Programming
Data types
Metadata
Methodologies
Software

interpretation

Interdisciplinary 
Training and skillset building



Key Takeaways

• New approaches (omics) to capitalise  on well-

phenotyped cohorts and biobanks with long-

term follow-up

• New insights on pathways and mechanisms 

linking environmental exposures to disease 

(exposome)

• Integrating, analysing and obtaining new 

knowledge from this wealth of information ─ 
computational challenge! 

• Requires new ways of working and integrated 

inter-disciplinary approaches

Genome

Gene Regulation

Proteins Metabolism

MetabolomicsProteomics

Transcriptomics


