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Abstract: Breast cancer is an important cause of morbidity and mortality for women, yet a significant
proportion of variation in individual risk is unexplained. It is reasonable to infer that unexplained
breast cancer risks are caused by a myriad of exposures and their interactions with genetic factors.
Most epidemiological studies investigating environmental contribution to breast cancer risk have
focused on a limited set of exposures and outcomes based on a priori knowledge. We hypothesize that
by measuring a rich set of molecular information with omics (e.g., metabolomics and adductomics)
and comparing these profiles using a case-control design we can pinpoint novel environmental risk
factors. Specifically, exposome-wide association study approaches can be used to compare molecular
profiles between controls and either breast cancer cases or participants with phenotypic measures
associated with breast cancer (e.g., high breast density, chronic inflammation). Current challenges
in annotating compound peaks from biological samples can be addressed by creating libraries of
environmental chemicals that are breast cancer relevant using publicly available high throughput
exposure and toxicity data, and by mass spectra fragmentation. This line of discovery and innovation
will extend understanding of how environmental exposures interact with genetics to affect health,
and provide evidence to support new breast cancer prevention strategies.
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1. Introduction

Breast cancer is the most common cancer in women worldwide, and is a major cause of death for
women in mid-life [1]. In fact, breast cancer in women ages 20–49 is six times more prevalent than
any cancer in men [2]. Despite interest in identifying preventable causes of breast cancer, a significant
proportion of variation in individual breast cancer risk is unexplained [3,4], and so new approaches to
prevention are needed.

Increasing evidence suggests that environmental factors, rather that inherited genetic factors,
are the major causes of chronic diseases, including breast cancer. Studies of cohorts of 44,788 pairs
of Western European monozygotic twins estimated that the genetic population attributable fraction
for breast cancer was 31% (95% CI: 11–51%) [5,6]. In other words, 31% of breast cancer cases were
attributed to inherited genetic factors in this population.

While several environmental factors, including history of hormone replacement therapy,
reproductive history, alcohol consumption, and physical activity are associated with breast cancer
risk [7,8], risk ratios (RRs) or odds ratios (ORs) are modest (e.g., ORs range from 1 to 2). It is reasonable
to infer that unexplained breast cancer risks are caused by a myriad of environmental exposures—the
exposome—and their interactions with genetic factors. Here, the exposome is defined as the cumulative
measure of environmental influences such as dietary factors, drugs, chemical pollutants, behavioral
factors and socio-economic factors, and associated biological responses throughout the lifespan [9].
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Animal studies and epidemiology suggest that environmental chemicals likely play diverse
biological roles in the development of breast cancer, with some exposures important early in life
and others important in mid- or late-life. For example, our recent review of biological evidence and
epidemiologic studies found a higher risk of breast cancer for exposures to dioxins, air pollution,
dichlorodiphenyltrichloroethane (DDT), and perflurooctanesulfonamide (PFOSA) during breast
development, and for occupational exposures to solvents and other mammary carcinogens such
as gasoline components [10].

However, most epidemiological studies investigating environmental contribution to breast
cancer risk have focused on a limited set of exposures and outcomes based on a priori knowledge
and, as a result, are likely to miss important relationships. In addition, these studies have almost
exclusively assessed the risks of exposure to single chemicals. In order to reduce the burden of breast
cancer, there is an urgent need to find the undiscovered environmental risk factors. One promising
approach is to conduct exposome-wide association studies (EWAS) that measure a rich set of molecular
information from both exogenous and endogenous sources in biospecimens and identify associations
with breast cancer [11,12]. Systems-based approaches that utilize “omics” technologies are now
emerging as powerful approaches for mapping the exposome in order to discover features associated
with higher risk.

2. Approaches and Methods

The objective of this research program is to measure a myriad of environmental exposures (i.e.,
the exposome), evaluate their interactions with genetic factors, and assess their associations with health
outcomes and/or biological pathways related to breast cancer (e.g., chronic inflammation, breast density,
and hormones levels) (Figure 1). We hypothesize that by measuring a rich set of molecular information
(e.g., small molecules, protein, and DNA adducts) in archived biospecimens and using a case-control
design where cases have breast cancer or defined by phenotypic measures associated with breast
cancer (e.g., chronic inflammation and breast density), EWAS can pinpoint novel environmental risk
factors associated with these outcomes [13–15]. This approach has been successfully used to discover
novel risk factors for type 2 diabetes [16], blood pressure [17] and all-cause of mortality [18] in the
U.S. Ideally, EWAS should be perform using a prospective study design with molecular information
measured in prediagnostic biospecimens for establishing causality.

2.1. Capturing Molecular Information Using Omics

Metabolomics is recognized as a powerful platform for detecting small molecules in
biospecimens [19,20]. These small molecules can be either substrates or end products of cellular
metabolism and can originate from exogenous sources via inhalation, ingestion and dermal absorption,
or from endogenous processes including human and microbial metabolism. Very few metabolomics
studies have explored associations of environmental exposures with the risk of breast cancer.
A recent nested case-control study has evaluated associations between diet-related metabolites
and postmenopausal breast cancer [21]. Among 113 prediagnostic diet-related metabolites—identified
by computing partial correlations between serum metabolites and food items—three were associated
with overall breast cancer risk (N = 621 cases) and nineteen with estrogen receptor positive breast
cancer (N = 418 cases), including saturated fatty acids (from fats/oils), vitamin E derivatives (from
desserts or vitamin supplements) and androgens (from alcohol), with ORs ranging from 0.6 to 2.2.

The main challenge with the use of non-targeted metabolomics based on high-resolution mass
spectrometry (HRMS) is the annotation (i.e., identification) of small molecules. The first step for the
annotation of metabolomics features relies on matching accurate mass of detected features to known
small molecules present in public databases such as the Human Metabolome Database (HMDB) [22] or
the METLIN database [23]. These databases contain information about more than 100,000 endogenous
and exogenous metabolites, but very few entries are related to environmental chemicals. Therefore,
metabolite databases must be extended by creating databases of environmental chemicals.
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Figure 1. Conceptual diagram. Exposome-wide association studies using a prospective case-control 
design can discover novel environmental risk factors related to breast cancer. The exposome includes 
measurements of a rich set of molecular information in prediagnostic biospecimens. Cases can be 
breast cancer cases or cases with phenotypic measures related to breast cancer. 

Data resources that are now available from the US Environmental Protection Agency (EPA) and 
other sources provide valuable information to help build environmental chemical databases that are 
relevant to breast cancer. To start, very large exogenous chemical libraries are available such as the 
EPA’s Distributed Structure-Searchable Toxicity (DSSTOX; ~875,000 chemicals) [24] or PubChem (6.5 
million unique chemical structures) [25]. While these provide coverage of the chemical space, they 
contain so many chemicals that they may not be helpful in targeting chemicals that are ongoing 
exposures or that are plausible breast carcinogens, and there will be many chemicals matching to the 
mass of each observed peak. Thus, new approaches are needed to narrow these large databases to focus 
on chemicals with likely exposures and likely relevant biological effects. For example, we recently 
applied this approach to identify novel chemical exposures in a cohort of California women firefighters 
and office workers. Metabolomics analysis of serum samples showed tentative matches to more than 
600 chemicals from our in-house database of 740 slightly polar and acidic compounds expected to 
have widespread exposures [26].  

Additional opportunities to develop relevant chemical databases for annotating tentative chemical 
matches would use available data from EPA on expected population exposures and mechanisms of 
toxicity. For example, EPA has used high throughput modeling along with information on 
production volumes, chemical properties, and some chemical use information to predict population 
exposures for almost 500,000 chemicals. These data may be used to prioritize chemicals for a database. 
For example EPA’s modeling predicted 1880 chemicals would have median population exposures 
above 0.1 mg/kg-day [27]. Chemical databases should also be developed that feature chemicals 
shown to be active in breast cancer-related pathways, such as estrogen receptor activation or DNA 

Figure 1. Conceptual diagram. Exposome-wide association studies using a prospective case-control
design can discover novel environmental risk factors related to breast cancer. The exposome includes
measurements of a rich set of molecular information in prediagnostic biospecimens. Cases can be
breast cancer cases or cases with phenotypic measures related to breast cancer.

Data resources that are now available from the US Environmental Protection Agency (EPA) and
other sources provide valuable information to help build environmental chemical databases that
are relevant to breast cancer. To start, very large exogenous chemical libraries are available such as
the EPA’s Distributed Structure-Searchable Toxicity (DSSTOX; ~875,000 chemicals) [24] or PubChem
(6.5 million unique chemical structures) [25]. While these provide coverage of the chemical space,
they contain so many chemicals that they may not be helpful in targeting chemicals that are ongoing
exposures or that are plausible breast carcinogens, and there will be many chemicals matching to the
mass of each observed peak. Thus, new approaches are needed to narrow these large databases to focus
on chemicals with likely exposures and likely relevant biological effects. For example, we recently
applied this approach to identify novel chemical exposures in a cohort of California women firefighters
and office workers. Metabolomics analysis of serum samples showed tentative matches to more than
600 chemicals from our in-house database of 740 slightly polar and acidic compounds expected to have
widespread exposures [26].

Additional opportunities to develop relevant chemical databases for annotating tentative chemical
matches would use available data from EPA on expected population exposures and mechanisms
of toxicity. For example, EPA has used high throughput modeling along with information on
production volumes, chemical properties, and some chemical use information to predict population
exposures for almost 500,000 chemicals. These data may be used to prioritize chemicals for a database.
For example EPA’s modeling predicted 1880 chemicals would have median population exposures
above 0.1 mg/kg-day [27]. Chemical databases should also be developed that feature chemicals shown
to be active in breast cancer-related pathways, such as estrogen receptor activation or DNA damage.
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These chemicals can also be extracted from EPA’s ToxCast data, which includes results from over 700
different in vitro activity assays for 3000 chemicals [24].

Another challenge with annotation of metabolomics features is that it is often not possible to identify
compounds simply based on accurate mass since several molecules with different structures exhibit
similar mass. Therefore, successful studies should utilize HRMS to produce MS/MS fragmentation
spectra. The generated MS/MS spectra will provide structural information specific to each molecule to
guide identification of compounds.

It is also important to note that non-targeted metabolomics analysis using HRMS is less sensitive,
compared to targeted HRMS analysis, and therefore exposures to very low levels of environmental
factors may be missed. New tools and approaches to improve the sensitivity of non-targeted HRMS
metabolomics analysis would be greatly encouraged.

Adductomics is another top-down technique that measures modifications of blood proteins like
hemoglobin (Hb) or human serum albumin (HSA) to characterize exposures to reactive electrophiles
that are inherently toxic but cannot be measured directly in biospecimens [11]. By characterizing
a complete adductome—via non-targeted HRMS analysis of adducts of DNA, HSA, and Hb—it is
possible to map systemic exposures that occurred over the in vivo residence time of the nucleophile
(i.e., blood protein), which can range from hours to months [15,28]. This approach has been recently
used to identify protein modifications of HSA in serum samples from Chinese workers exposed
to benzene [29] as well as adducts produced by microbial metabolites and their relationships with
colorectal cancer in a case-control study of Italian [30].

The integration of data from multiple omics platforms would provide a more holistic understanding
of gene-environment interactions in breast cancer pathogenesis compared to single omics approaches
analyzed in isolation. However, multi-omics integration faces several challenges such as data
harmonization, large number of false positive results, inadequate data visualization tools, and metabolic
pathway databases.

2.2. Resources Needed

This research program would need to be carried out by a multidisciplinary team with expertise
in omics measurements, bioinformatics, breast cancer biology, toxicology (including computational
toxicology), and epidemiology. EPA data on short term toxicity testing and exposure modeling are
publicly available and can be used to build libraries of breast cancer-relevant chemicals. The proposed
research could leverage existing cohorts, which have archived biological specimens and have collected
extensive health information, including known risk factors for breast cancer and breast cancer outcomes
or phenotypes relevant to breast cancer. California is well positioned to carry out this research idea,
with several state-of-the-art omics platforms, researchers with relevant expertise, and access to existing
cohorts of adult women and young girls with archived biological specimens suitable for omics and
information on breast cancer risk factors (e.g., the Child Health and Development Studies CHDS, Avon
Army of Women, and the Sister Study). Projects designed to meet these objectives will need budgets in
the range of $1 M/year for 4–5 years.

3. Expected Results and Discussion

We anticipate that this research program will build and demonstrate a new approach combining
omics and phenotypic measurements to investigate associations of an unprecedentedly wide spectrum
of exposures (i.e., exogenous and endogenous) with phenotypic measures, which will provide unique
opportunities to discover novel environmental risk factors for breast cancer and bring new insights
into molecular mechanisms of these relationships. Two key innovative elements are application and
integration of omics approaches to identify differences between participants with and without breast
cancer or breast cancer risk factors, and the creation of a new breast cancer-related chemical library of
pharmaceuticals, food and consumer product chemicals, and pollutants that have biological activities
similar to known breast carcinogens. The use of MS/MS fragmentation profiles will provide critical
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structural information to get more confident identification of compounds. Use of newly available
databases of short-term toxicity and exposure predictions for thousands of chemicals to identify breast
cancer-related chemicals is also novel as an approach for building a metabolomics compound database.

Findings from this program will provide a newly extended list of breast cancer-related
environmental factors and strengthen scientific support for reducing exposure to such factors
by providing novel data about human exposures from diet, lifestyle factors, and chemicals that
are associated with health outcomes and/or pathways related to breast cancer. We also expect
that this program will identify endogenous mediators of the relationships between exposures and
breast cancer-related phenotypes, providing new insights about molecular mechanisms underlying
exposure–outcome relationships. This will further our understanding of how environmental exposures
interact with genetics and impact women’s health, and will ultimately help develop prevention
strategies and lower the incidence of breast cancer. Projects that would stratify women based on
menopausal status, race/ethnicity and socio-economic level would provide an opportunity to also
evaluate disparities in estimated breast cancer risk from exposure to environmental factors and identify
disproportionately affected populations.

4. Conclusions

We hypothesize that by measuring a rich set of molecular information with omics
(e.g., metabolomics and adductomics) and comparing these profiles using a case-control design
we can pinpoint novel environmental risk factors for breast cancer. Specifically, exposome-wide
association study (EWAS) approaches can be used to compare molecular profiles between controls
and either breast cancer cases or participants with phenotypic measures associated with breast cancer
(e.g., high breast density and chronic inflammation). Current challenges in annotating compound
peaks from biological samples can be addressed by creating libraries of environmental chemicals that
are breast cancer relevant using publicly available high throughput exposure and toxicity data, and by
mass spectra fragmentation. This line of discovery and innovation will extend understanding of how
environmental exposures interact with genetics to affect health, and provide evidence to support new
breast cancer prevention strategies.

Author Contributions: Conceptualization: V.B. and R.A.R. Writing—original draft: V.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was funded by charitable gifts to Silent Spring Institute.

Conflicts of Interest: R.A.R. and V.B. are employed at the Silent Spring Institute, a scientific research organization
dedicated to studying environmental factors in women’s health. The Institute is a 501(c) 3 public charity funded by
federal grants and contracts, foundation grants, and private donations, including from breast cancer organizations.
The authors declare they have no actual or potential competing financial interests.

References

1. Brody, J.G.; Rudel, R.A.; Michels, K.B.; Moysich, K.B.; Bernstein, L.; Attfield, K.R.; Gray, S. Environmental
pollutants, diet, physical activity, body size, and breast cancer. Cancer 2007, 109, 2627–2634. [CrossRef]

2. Ward, E.M.; Sherman, R.L.; Henley, S.J.; Jemal, A.; Siegel, D.A.; Feuer, E.J.; Firth, A.U.; Kohler, B.A.; Scott, S.;
Ma, J.; et al. Annual Report to the Nation on the Status of Cancer, Featuring Cancer in Men and Women Age
20–49 Years. J. Natl. Cancer Inst. 2019, 111, 1279–1297. [CrossRef]

3. Lichtenstein, P.; Holm, N.V.; Verkasalo, P.K.; Iliadou, A.; Kaprio, J.; Koskenvuo, M.; Pukkala, E.; Skytthe, A.;
Hemminki, K. Environmental and heritable factors in the causation of cancer–analyses of cohorts of twins
from Sweden, Denmark, and Finland. N. Engl. J. Med. 2000, 343, 78–85. [CrossRef]

4. Breast Cancer and the Environment: A Life Course Approach: Health and Medicine Division. Available
online: http://www.nationalacademies.org/hmd/Reports/2011/Breast-Cancer-and-the-Environment-A-Life-
Course-Approach.aspx (accessed on 19 December 2019).

5. Rappaport, S.M. Genetic Factors Are Not the Major Causes of Chronic Diseases. PLoS ONE 2016, 11, e0154387.
[CrossRef]

http://dx.doi.org/10.1002/cncr.22656
http://dx.doi.org/10.1093/jnci/djz106
http://dx.doi.org/10.1056/NEJM200007133430201
http://www.nationalacademies.org/hmd/Reports/2011/Breast-Cancer-and-the-Environment-A-Life-Course-Approach.aspx
http://www.nationalacademies.org/hmd/Reports/2011/Breast-Cancer-and-the-Environment-A-Life-Course-Approach.aspx
http://dx.doi.org/10.1371/journal.pone.0154387


Int. J. Environ. Res. Public Health 2020, 17, 189 6 of 7

6. Mucci, L.A.; Hjelmborg, J.B.; Harris, J.R.; Czene, K.; Havelick, D.J.; Scheike, T.; Graff, R.E.; Holst, K.; Möller, S.;
Unger, R.H.; et al. Familial Risk and Heritability of Cancer Among Twins in Nordic Countries. JAMA 2016,
315, 68–76. [CrossRef]

7. Yaghjyan, L.; Mahoney, M.C.; Succop, P.; Wones, R.; Buckholz, J.; Pinney, S.M. Relationship between breast
cancer risk factors and mammographic breast density in the Fernald Community Cohort. Br. J. Cancer 2012,
106, 996–1003. [CrossRef]

8. Huo, C.W.; Chew, G.L.; Britt, K.L.; Ingman, W.V.; Henderson, M.A.; Hopper, J.L.; Thompson, E.W.
Mammographic density–A review on the current understanding of its association with breast cancer.
Breast Cancer Res. Treat. 2014, 144, 479–502. [CrossRef]

9. Miller, G.W.; Jones, D.P. The Nature of Nurture: Refining the Definition of the Exposome. Toxicol. Sci. 2014,
137, 1–2. [CrossRef]

10. Rodgers, K.M.; Udesky, J.O.; Rudel, R.A.; Brody, J.G. Environmental chemicals and breast cancer: An updated
review of epidemiological literature informed by biological mechanisms. Environ. Res. 2018, 160, 152–182.
[CrossRef]

11. Rappaport, S.M. Biomarkers intersect with the exposome. Biomarkers 2012, 17, 483–489. [CrossRef]
12. Wild, C.P.; Scalbert, A.; Herceg, Z. Measuring the exposome: A powerful basis for evaluating environmental

exposures and cancer risk. Environ. Mol. Mutagen. 2013, 54, 480–499. [CrossRef]
13. Rappaport, S.M. Implications of the exposome for exposure science. J. Expo. Sci. Environ. Epidemiol. 2011, 21,

5–9. [CrossRef]
14. Rappaport, S.M.; Barupal, D.K.; Wishart, D.; Vineis, P.; Scalbert, A. The blood exposome and its role in

discovering causes of disease. Environ. Health Perspect. 2014, 122, 769–774. [CrossRef]
15. Bessonneau, V.; Pawliszyn, J.; Rappaport, S.M. The Saliva Exposome for Monitoring of Individuals’ Health

Trajectories. Environ. Health Perspect. 2017, 125. [CrossRef]
16. Patel, C.J.; Bhattacharya, J.; Butte, A.J. An Environment-Wide Association Study (EWAS) on Type 2 Diabetes

Mellitus. PLoS ONE 2010, 5, e10746. [CrossRef]
17. Tzoulaki, I.; Patel, C.J.; Okamura, T.; Chan, Q.; Brown, I.J.; Miura, K.; Ueshima, H.; Zhao, L.; Van Horn, L.;

Daviglus, M.L.; et al. A nutrient-wide association study on blood pressure. Circulation 2012, 126, 2456–2464.
[CrossRef]

18. Patel, C.J.; Rehkopf, D.H.; Leppert, J.T.; Bortz, W.M.; Cullen, M.R.; Chertow, G.M.; Ioannidis, J.P. Systematic
evaluation of environmental and behavioural factors associated with all-cause mortality in the United States
national health and nutrition examination survey. Int. J. Epidemiol. 2013, 42, 1795–1810. [CrossRef]

19. Nicholson, J.K.; Wilson, I.D. Opinion: Understanding “global” systems biology: Metabonomics and the
continuum of metabolism. Nat. Rev. Drug Discov. 2003, 2, 668–676. [CrossRef]

20. German, J.B.; Hammock, B.D.; Watkins, S.M. Metabolomics: Building on a century of biochemistry to guide
human health. Metabolomics 2005, 1, 3–9. [CrossRef]

21. Playdon, M.C.; Ziegler, R.G.; Sampson, J.N.; Stolzenberg-Solomon, R.; Thompson, H.J.; Irwin, M.L.;
Mayne, S.T.; Hoover, R.N.; Moore, S.C. Nutritional metabolomics and breast cancer risk in a prospective
study. Am. J. Clin. Nutr. 2017, 106, 637–649. [CrossRef]

22. Wishart, D.S.; Feunang, Y.D.; Marcu, A.; Guo, A.C.; Liang, K.; Vázquez-Fresno, R.; Sajed, T.; Johnson, D.;
Li, C.; Karu, N.; et al. HMDB 4.0: The human metabolome database for 2018. Nucleic Acids Res. 2018, 46,
D608–D617. [CrossRef] [PubMed]

23. METLIN: A Technology Platform for Identifying Knowns and Unknowns. Available online: https://pubs.acs.
org/doi/pdf/10.1021/acs.analchem.7b04424 (accessed on 25 November 2019).

24. US EPA Organization. Distributed Structure-Searchable Toxicity (DSSTox) Database. Available online:
https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database (accessed
on 6 September 2017).

25. Kim, S.; Thiessen, P.A.; Bolton, E.E.; Chen, J.; Fu, G.; Gindulyte, A.; Han, L.; He, J.; He, S.; Shoemaker, B.A.;
et al. PubChem Substance and Compound databases. Nucleic Acids Res. 2016, 44, D1202–D1213. [CrossRef]
[PubMed]

26. Grashow, R.; Bessonneau, V.; Gerona, R.R.; Wang, A.; Trowbridge, J.; Lin, T.; Buren, H.; Rudel, R.A.;
Morello-Frosch, R. Integrating exposure knowledge and serum suspect screening as a new approach to
biomonitoring: An application in firefighters and office workers. bioRxiv 2019. [CrossRef]

http://dx.doi.org/10.1001/jama.2015.17703
http://dx.doi.org/10.1038/bjc.2012.1
http://dx.doi.org/10.1007/s10549-014-2901-2
http://dx.doi.org/10.1093/toxsci/kft251
http://dx.doi.org/10.1016/j.envres.2017.08.045
http://dx.doi.org/10.3109/1354750X.2012.691553
http://dx.doi.org/10.1002/em.21777
http://dx.doi.org/10.1038/jes.2010.50
http://dx.doi.org/10.1289/ehp.1308015
http://dx.doi.org/10.1289/EHP1011
http://dx.doi.org/10.1371/journal.pone.0010746
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.114058
http://dx.doi.org/10.1093/ije/dyt208
http://dx.doi.org/10.1038/nrd1157
http://dx.doi.org/10.1007/s11306-005-1102-8
http://dx.doi.org/10.3945/ajcn.116.150912
http://dx.doi.org/10.1093/nar/gkx1089
http://www.ncbi.nlm.nih.gov/pubmed/29140435
https://pubs.acs.org/doi/pdf/10.1021/acs.analchem.7b04424
https://pubs.acs.org/doi/pdf/10.1021/acs.analchem.7b04424
https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database
http://dx.doi.org/10.1093/nar/gkv951
http://www.ncbi.nlm.nih.gov/pubmed/26400175
http://dx.doi.org/10.1101/630848


Int. J. Environ. Res. Public Health 2020, 17, 189 7 of 7

27. Ring, C.L.; Arnot, J.A.; Bennett, D.H.; Egeghy, P.P.; Fantke, P.; Huang, L.; Isaacs, K.K.; Jolliet, O.; Phillips, K.A.;
Price, P.S.; et al. Consensus Modeling of Median Chemical Intake for the U.S. Population Based on Predictions
of Exposure Pathways. Environ. Sci. Technol. 2019, 53, 719–732. [CrossRef]

28. Grigoryan, H.; Edmands, W.; Lu, S.S.; Yano, Y.; Regazzoni, L.; Iavarone, A.T.; Williams, E.R.; Rappaport, S.M.
Adductomics Pipeline for Untargeted Analysis of Modifications to Cys34 of Human Serum Albumin.
Anal. Chem. 2016, 88, 10504–10512. [CrossRef]

29. Grigoryan, H.; Edmands, W.M.B.; Lan, Q.; Carlsson, H.; Vermeulen, R.; Zhang, L.; Yin, S.-N.; Li, G.-L.;
Smith, M.T.; Rothman, N.; et al. Adductomic signatures of benzene exposure provide insights into cancer
induction. Carcinogenesis 2018, 39, 661–668. [CrossRef]

30. Grigoryan, H.; Schiffman, C.; Gunter, M.J.; Naccarati, A.; Polidoro, S.; Dagnino, S.; Dudoit, S.; Vineis, P.;
Rappaport, S.M. Cys34 Adductomics Links Colorectal Cancer with the Gut Microbiota and Redox Biology.
Cancer Res. 2019, 79, 6024–6031. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.est.8b04056
http://dx.doi.org/10.1021/acs.analchem.6b02553
http://dx.doi.org/10.1093/carcin/bgy042
http://dx.doi.org/10.1158/0008-5472.CAN-19-1529
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Approaches and Methods 
	Capturing Molecular Information Using Omics 
	Resources Needed 

	Expected Results and Discussion 
	Conclusions 
	References

