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Exposure biology 
Epidemiologists wait for people to die or 
get sick before they can study them.  
Exposure biology connects exposures  to 
hazardous chemicals with early effects of 
these exposures inside the body.   
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Exposure biology requires two types of 
information -  
1. Exposure levels 
2. Biological response (biomarkers) 
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With such data we can do interesting things… 

Lin, Kupper, and Rappaport Occ Environ Med,  62: 750-760 (2005) 

Toxicokinetics                  Toxicodynamics 
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Exposure biology              Molecular  epidemiology 

Biomarkers 

Exposure   Death or disease
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The exposure biology of benzene 
 A blood (hematopoietic) toxin 

o First linked with bone marrow toxicity in 1896 
(Santesson, C. Arch Hyg Berl 31: 337) and with leukemia 
in 1928 (Delore, P. and Borgomano, C. J Med Lyon 9: 227) 

 Mechanism unknown but related to metabolism 
o Uncertain risks, particularly at low exposures 

 Dose-related metabolism poorly characterized 
in humans 
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Benzene exposure and hematopoietic 
damage in U.S. lacquer workers (ca. 1925) 
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Benzene exposure and hematopoietic 
damage in U.S. lacquer workers (ca. 1925) 
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Benzene exposure and hematopoietic 
damage in Chinese workers 
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Benzene exposure and hematopoietic 
damage in Chinese workers 

Lan et al., Science, 306:1774 (2004) 
Vermeulen et al., Ann Occup Hyg, 48:105 (2004) 

3000 personal 
measurements 

3M Organic 
Vapor Monitor 
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Benzene metabolism 



Benzene metabolites in shoe workers 
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Dose-specific benzene metabolism  (mean trend of 
total metabolites adjusted for background levels) 

S. Kim et al., Cancer Epidemiol Biomarkers 
Prevent , 2006, 15(11): 2246-2252. 
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Dose-specific benzene metabolism 

9-fold reduction in slope 

Mean trend based upon data from: S. Kim et al., 
Cancer Epidemiol Biomarkers Prevent, 2006 

Evidence for an unknown 
high-affinity pathway  
responsible for more 
than 70% of metabolism 
below 1 ppm 

Rappaport et al. Env Health Perspect 117: 
946-952 (2009) 
Rappaport et al. Chem Biol Interact  184: 
189-95 (2010) 



Acute myeloid leukemia (AML) pathway  
 

R. Thomas, L. Zhang, M. Smith et 
al., unpublished 
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1st principal comp. for AML  
pathway  response in 125 Chinese 
shoe workers and controls 



Strengths and limitations of 
knowledge-driven research 

• Provides information about human health effects 
and kinetics of known causes of disease, such 
as exposure to benzene or particular genes 

• Requires testable hypotheses related to 
causative factors, kinetics, dose-response, 
mechanisms, etc. 

• Cannot provide information about unknown 
genetic or environmental factors (disease 
etiology) 
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Attributable risks of environmental factors 
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Data from Ezzati et al., “Comparative Quantification of Mortality and Burden of Disease Attributable to 
Selected Risk Factors,” Global Burden of Disease and Risk Factors, Chapter 4, WHO, 2006. 

 70% of chronic-disease risk due to unknown exposures 
  

Urban air 
pollution

Indoor 
smoke

Smoking
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attributed  
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Attributable risks for COPD 
(worldwide, joint PAF=62%)

Chronic obstructive 
pulmonary disease 
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Smoking

Diet & 
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Not 
attributed 
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(worldwide, joint PAF=64%)
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smoke
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Contamin. 
injections Unsafe sex
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Smoking
Not 

attributed 
(65%)

Attributable risks for cancer  
(worldwide, all tumor types,  joint PAF=35%)
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The exposome – promoting discovery 
of environmental causes of disease 

Christopher Wild defined the ‘exposome’, 
representing all environmental exposures 
(including diet, lifestyle, and infections) from 
conception onwards, as a complement to the 
genome in studies of disease etiology. 

Wild, C.P., Cancer Epidemiol Biomarkers Prev 14 (8), 1847-1850 (2005). 
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 The exposome concept promotes data-driven research to 
investigate environmental causes of disease. 
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Emerging Technologies for 
Characterizing Individual 
Exposomes (NAS-Dec. 8-9 2011)  



Capturing exogenous and 
endogenous exposures 
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S.M. Rappaport  and M.T. Smith, Science, 2010: 330:460-461 

The  expos ome 
inc ludes  a ll 
chemica ls   in  the  
in te rna l chemica l 
environment 



Polar views of ‘environmental 
exposure’ 

 Exposome: ‘everything except  the genes’ 
 

 
 
 
 

Environmental science: ‘pollutants in air and water’ 
 

19 
SM Rappaport 

70% of chronic-disease risk 

5% of chronic-disease risk 



Bottom-up strategy 
Identify important exogenous exposures 

 

Background  graphic: United States Department of Energy, Hanford site 

Measure all chemicals in air, water & food 

Characterizing the exposome:  
bottom up or top-down? 

Measure  all chemicals in blood 

Identify all important exposures 
Background  graphic: http://www.flickr.com/photos/paulieparker/246707763/ 
 

Top-down strategy 

S.M. Rappaport, JESEE, 2011, 21: 5-9. 
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Exposome-wide association 
studies (EWAS) 

By applying EWAS to biospecimens from healthy 
and diseased subjects, it should be possible to 
discover causal environmental (i.e. non-genetic) 
exposures.    
But which ‘omes’ offer the most promise for 
EWAS and follow-up studies? 
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The molecular basis of life  
(and disease) 

 
Genome 

(DNA) 
Transcriptome 

(RNA) 
Proteome 

(Large molecules) 
Metabolome 

(Small molecules) 
 

INTERNAL CHEMICAL ENVIRONMENT 
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G = genome 
E = environment 
R = transcriptome (gene expression) 
P = proteome (protein expression) 
M = metabolome (all small molecules and 
metals) 

G Rc Pc 
Disease 

traits Rr Pr 
Secondary 

traits 

E 

Mr 

Mc 

Causal pathway (c) Reactive pathway (r) 

Motivated by: E. Shadt et al., Nat Gen, 2005, 37: 710-717 

Omic connections 
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G = genome 
E = environment 
R = transcriptome (gene expression) 
P = proteome (protein expression) 
M = metabolome (all small molecules and 
metals) 

Post-translational modifications 

G Rc Pc 
Disease 

traits Rr Pr 
Secondary 

traits 

E 

Mr 

Mc 

Epigenetic modifications 
Post-translational modifications 

Genetic modifications (mutations) 

Causal pathway (c) Reactive pathway (r) 

Based on: E. Shadt et al., Nat Gen, 2005, 37: 710-717 

Omic connections 
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Focusing EWAS 
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G Rc Pc 
Disease 

traits 

E 

Causal exposures operate primarily through small 
molecules (Mc) and proteins (Pc).    
• EWAS require metabolomics and proteomics (e.g., serum 

exposome) 
• The transcriptome (Rc) provides no structural information about 

exposures and is more useful for identifying biomarkers of 
disease. 
 

Mc Biomarkers of exposure 
or disease 

Biomarkers of 
disease 



SERUM EXPOSOME 

Metabolome: 
Lipids 
Sugars 

Nucleotides 
Amino acids 
Metabolites 
Xenobiotics 

 Reactive electrophiles: 
Reactive O&N species 

Aldehydes 
Epoxides 
Quinones 

Metals 
Micronutrients Receptor-binding agents: 

Hormones 
Xenoestrogens 

Endocrine disruptors 
 

Microbiome 
products 

The serum exposome 

Drugs 

 Inflammation markers: 
Cytokines 

Chemokines 
Eicosanoids 

Vasoactive amines 
Growth factors 
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Biomarker(s) of exposure 

Serum exposome 

Candidate biomarker(s) 

Diseased vs. healthy  
(case-control studies) 

Diseased vs. healthy 
(prospective-cohort studies) 

DATA-DRIVEN 
DISCOVERY 

Discriminating features 

Chemical 
identification 

Molecular 
epidemiology 

Systems 
biology 

High vs. low exposure 
(genomics, transcriptomics 
& follow-up experiments) 

Identify  
sources  and 
measure 
exposures 

Exposure 
biology 

KNOWLEDGE-
DRIVEN TESTING 

Causal biomarker(s) 
of exposure 

A protocol for EWAS 
and follow-up studies Untargeted 

design 

Targeted 
design 
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Candidate serum biomarkers  
(12 Examples of metabolomics applied to serum/plasma from case-control studies, 
reviewed by Nordstrom and Lewensohn, J Neruoimmune Pharmacol, 2010, 5:4-17) 

Disease Type No. 
Subjects 

Disc.  
features 

Ident.  
features Reference. 

Neurological Huntington's disease 50 15 15 Underwood et al. (2006) 
Neurological Parkinson's disease 88 17 3 Bogdanov et al. (2008) 
Neurological Motor neuron dis. 58 76 0 Rozen et al. (2007) 

Immunological Celiac disease 68 16 16 Bertini et al. (2009) 
Metabolic MMA/PA 42 263 9 Wikoff et al. (2007) 

Cardiological Ischemia 31 5 5 Barba et al. (2008) 
Cardiological Myocardial injury 72 13 13 Lewis et al. (2008) 
Cardiological Myocardial ischemia 36 23 6 Sabatine et al. (2005) 
Cardiological Myocardial ischemia 39 4 4 Lin et al. (2009) 

Cancer Kidney 129 14 14 Gao et al. (2008) 
Cancer Pancreas 190 3 3 Beger et al (2006) 
Cancer Prostate 220 10 10 Osl et al. (2008) 
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Candidate  biomarkers 
Modest numbers of subjects 



An important example 
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Wang et al. Nature (2011) 472: 57-63. 

 From untargeted serum metabolomics, 18 
unknown features were associated with  
cardiovascular disease.  Of these, 3 were 
highly correlated, suggesting a common 
pathway. 

 Trimethylamine oxide  (TMAO) 
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FMO = flavin 
monooxygenase 

Targeted analyses of TMAO 
in serum from 1870 CVD 
patients and controls 

Choline biomarkers and CVD risk 



Context for the findings 
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 Wang et al. Nature (2011) 472: 57-63. CA Pope III et al. Circulation (2009) 120: 941-948. 

Relative Risk 

Cardiovascular disease risks from 
exposure to cigarette smoke and PM 

(15% of global burden of CVD) 

Cardiovascular disease risks 
from exposure to TMAO 



Two exposure agendas 
• Exposure assessment 

o For causative or suspicious chemicals 
o Knowledge-driven, targeted designs  
o Provides feedback for public health 

• The exposome 
o For disease etiology 
o Data-driven, untargeted designs 
o Focus on small molecules and proteins 
o Proof of concept has been established 
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‘Chemicals’ cause disease – 
but which ones?  

•   EPA priority pollutants: 129 
•  CDC environmental pollutants: 300 
• Occupational exposure limits: 500 
•  Human metabolome: 8,000 
•  High-volume chemicals: 80,000 
•  Chemicals from the human microbiome (3M 

genes): 300,000 ? 
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What is needed? 
1. High-throughput omics (mainly metabolomics 

and proteomics) and targeted assays 
o State-of-the-art equipment (mostly mass 

spectrometry) 
2. Prospective -cohort studies with bio-

repositories 
3. Advanced bioinformatics and statistics 
4. Interdisciplinary research teams (epidemiology, 

medicine, analytical chemistry, toxicology, 
exposure science and statistics/bioinformatics)  
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Best wishes 
from Berkeley 

 
 

Major support from NIEHS through grants U54ES016115 and P42ES04705 and 
from the ACC Long-range Research Initiative  
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