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Commentary

Using Exposomics to Assess Cumulative Risks and
Promote Health

Martyn T. Smith,* Rosemarie de la Rosa, and Sarah I. Daniels
Superfund Research Program, Division of Environmental Health Sciences,

School of Public Health, University of California, Berkeley, California
94720-7360

Under the exposome paradigm all nongenetic
factors contributing to disease are considered to
be ‘environmental’ including chemicals, drugs,
infectious agents, and psychosocial stress. We
can consider these collectively as environmental
stressors. Exposomics is the comprehensive analy-
sis of exposure to all environmental stressors and
should yield a more thorough understanding of
chronic disease development. We can operation-
alize exposomics by studying all the small mole-
cules in the body and their influence on
biological pathways that lead to impaired health.
Here, we describe methods by which this may
be achieved and discuss the application of expo-
somics to cumulative risk assessment in vulnera-
ble populations. Since the goal of cumulative
risk assessment is to analyze, characterize, and
quantify the combined risks to health from expo-
sures to multiple agents or stressors, it seems
that exposomics is perfectly poised to advance

this important area of environmental health sci-
ence. We should therefore support development
of tools for exposomic analysis and begin to
engage impacted communities in participatory
exposome research. A first step may be to apply
exposomics to vulnerable populations already
studied by more conventional cumulative risk
approaches. We further propose that recent
migrants, low socioeconomic groups with high
environmental chemical exposures, and pregnant
women should be high priority populations for
study by exposomics. Moreover, exposomics
allows us to study interactions between chronic
stress and environmental chemicals that disrupt
stress response pathways (i.e., ‘stressogens’).
Exploring the impact of early life exposures and
maternal stress may be an interesting and acces-
sible topic for investigation by exposomics using
biobanked samples. Environ. Mol. Mutagen.
56:715–723, 2015. VC 2015 Wiley Periodicals, Inc.

Key words: exposome; risk assessment; biomarkers; stress; early life exposure

2014 ALEXANDER HOLLAENDER AWARD

The Environmental Mutagenesis and
Genomics Society conferred this award
to Dr. Martyn T. Smith for his outstand-
ing contributions to the field of environ-
mental toxicology. Dr. Smith’s research
has focused on the mechanisms by
which environmental agents, such as

benzene, pesticides, and arsenic, exert genotoxic effects rel-
evant to cancer. Many of the major advances in understand-
ing the adverse effects of benzene have been derived from
Dr. Smith’s research. He has been a pioneer in the use of
genomic, proteomic and epigenomic approaches to fully
characterize changes occurring in workers exposed to envi-
ronmental toxicants and in promoting the exposome para-
digm. Dr. Smith has contributed to public health protection
through his efforts on advisory panels and expert working
groups and his research contributions have resulted in pub-
lic health-protective regulatory actions around the world.

THE EXPOSOME AND THE NEW FIELD OF EXPOSOMICS

Several definitions of the exposome now exist. Wild
originally defined the “exposome” as representing all
environmental exposures (including those from diet, life-
style, and endogenous sources) from conception onwards,
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as a quantity of critical interest to disease etiology [Wild,
2005]. His goal in doing so was to articulate the need for
new tools to assess environmental exposures from all
sources for studies of adverse gene-environment interac-
tions as causative factors in chronic disease.

As toxicologists we recognize that adverse effects on the
body’s tissues and organs are related to the concentration
of chemical agents circulating in the biofluids that bathe
the tissues, notably the blood plasma and lymph. This
internal dose of the chemical or drug is directly related to
the toxicity and biological effects at given concentrations.
Thus, when Rappaport and Smith considered how Wild’s
original exposome concept could be measured, they con-
cluded that this could best be achieved by monitoring the
internal chemical environment of the human body during
critical windows of exposure (i.e., measuring “snapshots”)
[Rappaport and Smith, 2010]. They also recognized that all
chemical and nonchemical stressors mediate effects on the
body via signaling of small molecules that alter cellular
activity and physiological processes. For example, during
emotional stress our adrenal glands release adrenaline (also
known as epinephrine) and other hormones into the blood-
stream that increase breathing, heart rate, and blood pres-
sure. Thus, if one wants to consider all nongenetic factors
that influence health, it is reasonable to consider the
“environment” as the body’s internal chemical environment
and “exposures” as the amounts of biologically active
chemicals (small molecules) in this internal environment
that stem from both exogenous and endogenous sources.

The new field of exposomics should therefore attempt
to measure as many small molecules as possible in human
bodily fluids. A million molecule exposome is a potential
goal that is not too unrealistic. Further, it should attempt
to link the presence of these small molecules with func-
tional changes in biology leading to chronic illnesses. The
internal measurements made in exposomics could be of
individual chemicals, groups of chemicals or the totality
of chemicals acting on a particular receptor or biological
pathway in a functional assay. Hence, exposomics can be
operationalized by studying all the small molecules in the
body and their influence on biological pathways that lead
to impaired health. This concept of exposomics fits with
the revised definition of the exposome proposed by Miller
and Jones that explicitly incorporates the body’s response
to environmental influences [Miller and Jones, 2014].
They argue that the exposome and biology are interactive
and that changes in biology due to the environment may
change one’s vulnerability to subsequent exposures. Fur-
ther, Miller and Jones argue that by studying the effects
of exposures we may gain insight into past chemical
exposures as they may leave a molecular fingerprint.
Thus, through linking exposures to specific biological
responses, exposomics could serve as an approach to gain
insight into the mechanistic connections between a culmi-

nation of exposures and risk of adverse health outcomes
that occur over a lifetime.

ENVIRONMENTAL STRESSORS, EXPOSURE ASSESSMENT,
AND THE EXPOSOME

Another, entirely different approach to examine the
relationships between environmental exposures and dis-
ease is to measure exposures to various environmental
stressors through wearable and regional sensors and sur-
vey instruments. These are being used, for example, to
measure exposure to air pollution and drinking water con-
taminants; to better assess the diet through smartphone
capture of dietary habits; and, to evaluate exercise
through pedometers and other devices. This is how mea-
surement of the exposome was conceptualized in a NAS
committee report on exposure science and was expanded
to the term eco-exposome so as to include wildlife as
well as humans [Committee on Human and Environmen-
tal Exposure Science in the 21st Century and Board on
Environmental Studies and Toxicology, 2012]. Sensors
and 21st century exposure science tools are, of course,
useful for improving exposure assessment in targeted epi-
demiology studies of specific risk factors, such as physi-
cal exercise, diet, and air pollution and for avoiding
known risks through smartphone applications and other
mechanisms. These exposure science tools are limited,
however, in their ability to identify novel environmental
causes of disease, but in combination with internal expo-
somics tools they could be a powerful approach to assess-
ing an individual or community’s exposome.

TOWARDSMEASUREMENTOFA COMMUNITY’S
EXPOSOME AT THE INDIVIDUAL ANDGROUP LEVELS

Measuring environmental pollutants has become a sub-
set of an even broader initiative termed the “Public
Health Exposome”, coined by Juarez, which captures an
assessment of risk at the community level, including the
influences of the natural, built, social, and policy environ-
ment [Juarez et al., 2014]. The natural environment
includes chemicals in air, water, soil, and food. The built
environment includes quality of the workplace, educa-
tional centers, places of worship, and playgrounds as well
as access to commercial businesses and public transporta-
tion. The social environment includes rates of discrimina-
tion, poverty, crime, unemployment in the surrounding
area and moderating factors such as social networks, capi-
tal, and integration. Lastly, the policy environment repre-
sents local rules and regulations that influence the quality
of public health services and exposures.

This public health exposome approach incorporates
exposures at the ecological-level to determine the impact
on the overall health of a population within a particular
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region. One of the first studies on the public health expo-
some, included over 600 variables for counties throughout
the US to better understand determinants of preterm birth
[Kershenbaum et al., 2014]. Interestingly, a unique clus-
tering method distinguished between “resilient counties”
with low preterm birth rates nestled within high-risk
regions. Hence, identification of resilient versus suscepti-
ble sub-groups may be key in deciding optimal target
populations for comparison or intervention studies in
exposomics.

The public health exposome can uncover plausible
sources of social determinants of health that contribute to
the internal exposome. In Table I, we expand upon this
framework proposed by Juarez et al. by providing exam-
ples of biological mechanisms disrupted through various
community level exposures. Exposomics would allow
detection of these biological responses and, furthermore,
assessment of the overall health impacts (Table I). This
may be a particularly novel approach for assessing cumu-
lative risk in the community setting.

USING EXPOSOMICS TOASSESS CUMULATIVE
EXPOSURES AND CUMULATIVE RISK

From this discussion, one can see that the health of a
given community, and the individuals within it, is
dependent on a variety of environmental and social fac-
tors. The EPA defines cumulative risk assessment as,
“Combined risks from aggregate exposures to multiple
agents or stressors, where agents or stressors may include
chemical and nonchemical stressors” [US EPA, 2003].
This is essentially the exposome paradigm where all non-
genetic environmental stressors are considered. Therefore,
cumulative risk assessment, where the impact of all stres-
sors on a population is assessed, could be operationalized
by exposomics (Fig. 1).

TABLE I. Exposomics in the Context of the “Public Health Exposome” [Juarez et al., 2014]

Environment
type Examples Biological response Health impact

Natural ! Quality of air, water, soil,
food

! Chemical contamination

! Inflammation, reactive oxygen
species, protein/DNA adducts,

! Methylation and gene expression
changes

Chronic diseases including
cancer and diabetes

Built ! Quality of workplace and

housing
! Presence of educational

centers, places of worship,
playgrounds
! Access to fresh produce,

commercial businesses, public
transportation, greenery

! Proximity to roadways

! Increased responsiveness to cortisol

and “stressogen” on the glucocorticoid
receptor

! Changes in sex hormone levels and
receptor responses

Stress and chronic health issues

induced by poor living
quality, and lack of resources

and social interaction

Social ! Rates of discrimination,
poverty, crime, violence,

unemployment, gentrification,
de facto segregation
! Access to capital, loans,

social services, law enforcement,
education, and health care

! Increased adrenaline, resting heart rate,
and blood pressure (vasoconstriction)

! Altered brain function, structure and
plasticity
! Increased pro-inflammatory cytokine

secretion

Psychological effects due to
unsafe settings and turbulent

activities near the home
coupled with a lack of
economic and community

support

Policy ! Impacts of state and federal
regulations and laws
! Restrictive city ordinances

! Local rules
! Voting rights

! Housing laws
! Evident corruption
! Voice within town council

! Changes in concentrations of
neurotransmitters (ie. dopamine,
serotonin, GABA)

Emotional insecurity and feelings
of hopelessness due to
inequality, disenfranchisement

and lack of political
representation

Fig. 1. Cumulative risk framework including the exposome (based on

[Morello-Frosch and Shenassa, 2006]).
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There has been little effort so far to examine the total-
ity of both chemical and nonchemical stressors on a pop-
ulation. Initial observations of low-income, race, and
other socioeconomic factors exacerbating the effects of
individual chemical exposures have been reported [Shan-
kardass et al., 2009; Zota et al., 2013; Vishnevetsky
et al., 2015]. New agnostic methods can be applied to
identify candidate chemicals that exacerbate disease risk
via interaction with effects of the social environment.
Exposomics could be used for the discovery of environ-
mental chemicals which interfere with stress response
pathways that are chronically activated by adverse social
environments.

Bruce McEwen was the first to propose that prolonged
activation of these stress response pathways causes “wear
and tear” on regulatory mechanisms, adjusting the homeo-
static set point of various physiological systems [McE-
wen, 1998]. This cumulative burden on the body is
referred to as the allostatic load and is quantified using a
cumulative index of physiologic deregulation of the cardi-
ovascular, inflammatory, and endocrine systems (Fig. 1).
While there is evidence that increased allostatic load and
stressful life-experiences enhance vulnerability to the

adverse health and behavioral effects of chemicals [Shan-
kardass et al., 2009; Zota et al., 2013; Vishnevetsky
et al., 2015], it is unclear how these “natural” and
“social” environments work in concert to cause disease.

An exposomics approach would quantify endogenous
primary mediators found in the blood, such as cortisol
and adrenaline, to obtain a measurement of “allostatic
load”. Cortisol, secreted by the adrenal gland in response
to stress, activates the glucocorticoid receptor (GR) and
has systemic effects on the endocrine, metabolic, cardio-
vascular, immune, reproductive, and central nervous sys-
tems [Sapolsky et al., 2000]. Environmental chemicals
that mimic cortisol can disrupt stress response pathways
through altered GR signaling [Odermatt et al., 2006;
Odermatt and Gumy, 2008]. We define these environmen-
tal chemicals that alter stress response pathways as
“stressogens.”

Within the context of exposomics, it is essential to
obtain a measure of the total stressogen burden within
subject samples. Using a functional bioassay that meas-
ures GR activity, we have identified a number of stresso-
gens, including the morning-after pill, RU486, that
perturb the stress response by exerting either agonistic
or antagonistic effects on GR (Fig. 2). We are now
applying this assay to identify additional environmental
chemicals that may act as stressogens and to measure
the totality of chemicals acting on GR in an individuals
blood plasma. Exposomic classification of stressogens
and detection of endogenous stress response mediators
moves us one step closer to developing more holistic
models of attributable risk factors of disease.

TARGETEDANDUNTARGETEDMETHODS TOMEASURE
SNAPSHOTS OF THE EXPOSOME

To measure snapshots of the exposome, we must be
able to quantify exposure to and the impacts of all nonge-
netic factors including chemicals, drugs, dietary compo-
nents and supplements, psycho-social stress, infection,
and ionizing radiation during critical stages in the life
course. This is clearly a major challenge but seemingly
not an impossible one. By focusing on classes of

Fig. 2. Bioassay modeling disrupted glucocorticoid receptor (GR) signal-

ing. Cortisol is a GR agonist. RU486 is a chemical antagonist that inhibits
cortisol activation of GR. The box represents the endogenous cortisol

range of 193–690 nM. Environmental stressogens may act as an agonist
like cortisol or as antagonists like RU486.

TABLE II. Current Techniques for Exposomics

! Metabolomics: "30,000 small molecules in untargeted analysis; targeted analysis of 100–500 compounds.
! Targeted mass spectrometry: Can measure low levels of environmental pollutants.

! Adductomics: measures electrophiles binding to blood proteins.
! Hormone receptor activation in cell based assays: measure endocrine disruptors.
! AhR cell based assay: measures totality of persistent organic pollutants (POPs) and short-term transient activators.

! Mass spectrometry and speciation of metals: "20 easily measured.
! Antibody arrays and subtractive sequencing: measures current and past exposure to infectious agents.

! Assays of telomere length, telomerase activity, CD28 cells, cortisol, amylase: measures stress.
! Oxidative stress markers: isoprostanes etc. (panel).
! Markers of inflammation: cytokines, C-reactive protein (panel).

! Early biomarkers of response/resilience: transcriptome, methylome, cellular immune response, etc.

Environmental and Molecular Mutagenesis. DOI 10.1002/em

718 Smith et al.



chemicals with probable effects such as electrophiles and
chemicals that target specific receptors we may be able to
assess the impacts of many of the chemicals in commerce
(Table II). Further, modern mass spectrometry now allows
us to measure pharmaceuticals, vitamins, and other die-
tary components with relative ease and is being expanded
to untargeted methods which measure thousands of
molecular ions (Table II). Psycho-social stress could be
measured by various markers including telomere length,
cortisol and amylase levels and activity through stress
response pathways such as GR (Table II). It is also
important to measure current and prior exposures to infec-
tious agents, as they can play an important role in chronic
disease development.

There is some debate over the best strategies to use for
exposomics research, given the limitations of both targeted
and untargeted methods. While untargeted methods provide
promise in examining thousands of molecules simultane-
ously, some sensitivity is sacrificed in measurement of low
abundance compounds. It has been previously observed in
the literature that the majority of pollutants are at 100–
1000 times lower concentration than drugs and dietary
components [Rappaport et al., 2014]. While this begets the
need for targeted methods with improved sensitivity, it is
important to incorporate both in exposomics research.

The advantage of untargeted methods is the potential
for discovery of novel analytes while measuring hundreds
to thousands of compounds simultaneously. This technique
has been demonstrated successfully in previous cases
[Wang et al., 2011a,b], however, given the statistical limi-
tations of these methods, the likelihood of obtaining repro-
ducible findings still remains small. To improve upon
characterization of “biologically active” molecules in the
blood by metabolomics, the method could be paired with
other assays to quantify the net potential effect of endoge-
nous and exogenous compounds in human serum. These
preliminary screening methods may allow discrimination
between analytes of interest and background noise that are
measured using untargeted approaches (i.e., metabolo-
mics). An example of such methods is use of receptor-
binding reporter assays in responses to chemicals in
human blood samples. Currently we are using sensitive
CALUX receptor-based reporter bioassays, which measure
the overall net effect of both endogenous and exogenous
molecules acting on a particular receptor simultaneously
(e.g., This includes the GR receptor activity from stresso-
gens, as described earlier.) This high-throughput and inex-
pensive method of detecting total endocrine activity of
serum against a particular receptor can be scaled-up, as
previously done for purposes of chemical screening within
ToxCast and Tox21.

Several methods are being explored to isolate the can-
didate active agonistic/antagonistic compounds from
serum. For example, the serum can be fractionated by
HPLC, and then the fractions can be applied separately to

the receptor assays to measure activity of endogenous
hormones versus exogenous chemicals [Bonefeld-Jorgen-
sen et al., 2011]. Another method is to use receptor affin-
ity extraction liquid chromatography to first isolate the
chemicals that bind to the column and then elute the
bound chemicals for further profiling by LC–MS/MS
[Hock, 2012]. This has been improved upon by immobi-
lizing the receptor ligand binding domain, which has
more stable binding affinity than the entire receptor and
still maintains high sensitivity to xenobiotics. While this
method was originally demonstrated with ERa [Pillon
et al., 2005], it can be expanded to other binding domains
as well [US EPA]. Lastly, active molecules could be
identified by running the serum in tandem on both the
bioassay and an HPLC–MS/MS instrument, and modeling
differences in average peak sizes between comparison
populations in association with reporter signals. These
agnostic methods provide an exposomic approach to
detect novel endogenous and exogenous exposures that
influence cellular function.

Targeted methods of past and current exposures are also
useful for examining chemical compounds that are known
to be pervasive and/or bioaccumulative in the environ-
ment. With improved resolution of instrumentation,
smaller volumes are needed than before to assess levels of
these chemicals in bodily fluids. For example, Agilent
Technologies has recently developed a method using a
quadrupole GC–MS/MS system with only 200 lL of
plasma/serum to measure more than 60 POPs including
PCBs, PBDEs, OCPs, PAHs, furans, and dioxins [Macher-
one et al., 2015]. This has potential for scale-up to mea-
sure even more compounds. Plasma is extracted using
chemical denaturation, liquid–liquid extraction, solid-phase
cleanup, and reconstituted with isooctane. This targeted
GC MS/MS method exemplifies improvements in meas-
uring differential POPs exposure profiles over those previ-
ously used by the CDC (NHANES) and others by
reducing volumes of precious blood samples by at least
10-fold. The limits of detection are 0.005–0.02 ng/mL for
PCB; 0.05–0.15 ng/mL for OCP; 0.0075–0.075 ng/mL for
PBDE. Targeted methods like these should be restricted to
chemicals such as POPs with known persistence in the
environment and association with harmful effects. Interest-
ingly, given the long half-life of these pollutants, previous
exposure and migration patterns can be chronicaled, par-
ticularly among populations that have migrated from
highly exposed to lower exposed areas during their life.

INCLUDINGMEASUREMENTOF EXPOSURE TO
INFECTIOUS AGENTS IN EXPOSOMICS RESEARCH

New advancements in detecting past and current expo-
sure to infectious agents allows for expansion of this
branch of exposomics. Recently, a screening procedure,
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called VirScan, has demonstrated extreme sensitivity and
specificity for detecting antibodies against previous infec-
tions in just 1 lL of serum [Xu et al., 2015]. The VirScan
target library is based on the viral proteome sequence
database within UniPro [Consortium, 2014] and includes
206 known viral species and over 1000 different strains.
Several strategies have been used to discover novel non-
human sequences in the human transcriptome including
digital transcriptome subtraction [Feng et al., 2008]. To
detect such integrated viral sequences, algorithmic meth-
ods, such as VirScan, can screen RNA Seq or whole
genome data for viruses that map to a viral database
[Chen et al., 2013]. Recently, “sequence-based ultrarapid
pathogen identification,” SURPI, was developed to assess
both known and novel bacterial, viral, fungal, and para-
sitic sequences in human tissue samples [Naccache et al.,
2014]. Published NGS data can also be scavenged for dis-
covery of new emerging infectious agents. This was
exemplified using metagenomics data from fecal samples
of twins and their mothers from a public database to dis-
cover a new species of bacteriophage and then validated
in a separate target population of over 900 samples
[Dutilh et al., 2014]. These new techniques to study cur-
rent and previous infections in population studies are
imperative to understanding their relationship with other
exposures and disease onset within the exposome.

Exposomics research relies on understanding the inter-
actions of both past and present exposures to chemical
and nonchemical agents, but there are few studies that
have examined links between environmental exposures
and susceptibility to new or recurrent infection. Previous
work has focused on early-life exposure to individual
environmental pollutants and increased incidence of viral
infections. Associations have been found between early-
life exposure to persistent organic pollutants such as
PAHs, dioxins, and PCBs and increased risk of flu-like
symptoms, and respiratory and ear infections [Winans
et al., 2011]. There is also evidence of altered immune
function with early-life exposures to heavy metals such as
arsenic [Rager et al., 2014], and increased mortality from
infection due to arsenic exposure [Smith et al., 2010].
Exposomics has the capacity to expand upon these find-
ings by examining how interactions between numerous
chemical and nonchemical stressors increase risk of dis-
ease by infectious agents.

INWHICH POPULATIONS SHOULDWE DO
EXPOSOMICS?

If the objective of exposomics is to perform an agnos-
tic search of many different environmental exposures,
populations with the highest “totality of exposures” are of
primary interest. Attention should focus on vulnerable
environmentally-exposed populations, as the risk of

chronic illnesses are higher than in the general popula-
tion. Examples of these “at risk” groups in the U.S. are
undisputedly minority populations living in urban or agri-
cultural settings. This is exemplified by the CalEnvir-
oScreen 2.0 [Faust et al., 2014], which maps scores by
county based on the pollution burden and population
characteristics of the region. Counties with the highest
(most severe) scores are invariably concentrated in low-
income regions of urban city centers or the agricultural
Valleys of California. Thus, these populations could be
sampled and compared to adjacent populations with lower
CalEnviroScreen scores.

Another population that may be well-suited to exposo-
mic analysis is pregnant women and their newborn
infants. Biobanked samples of mid-pregnancy maternal
blood, cord blood, and Guthrie card blood spots could be
used for exposomic analyses in relation to fetal growth,
preterm delivery, birth defects, and other early life out-
comes. Methods for the rapid analysis of these biobanked
samples should be developed and applied in well-
controlled epidemiological studies.

Immigrant populations are another exemplary group for
exposomics research. These populations were exposed to
different environmental and nonchemical stressors in
early-life and may have made changes in behavior due to
acculturation as compared to the native populations in
their new and former residences. This leads to profound
differences in disease incidence rates that could be driven
by both environmental and genetic factors. Given the
unique conditions of immigrant populations, several strat-
egies in study design could be employed to help parse
apart environmental from genetic factors. For instance,
some populations continually immigrate to the same
region for generations, making it possible to measure the
exposomics profiles associated with the number of years
since emigration as compared to first-generation, nonim-
migrant, and nonemigrating populations, all with similar
genetic background. Trans-generational effects on the
immigrant population can be explored as well. Further-
more, differences in exposomic profiles between countries
or regions of emigration could also be used to map
genetic and nongenetic contributions to disease onset.

Using the exposomics approach to conduct cumulative
risk assessments would be an excellent opportunity to
examine differences in disease onset in immigrant popula-
tions. For example, this approach may help to resolve
enigmas such as the “Hispanic Paradox,” which is
described as similar rates of health outcomes (including
infant mortality, life expectancy, and mortality from CVD
and major types of cancer) among immigrant Hispanic
populations compared to whites, despite lower socioeco-
nomic status [Markides and Coreil, 1986]. This effect dis-
sipates with acculturation [Burgos et al., 2005]. Taking an
exposome approach would incorporate previous observa-
tions of differences in early-life nutrients, chemical
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exposures, stressogens, and nonchemical stressors into a
single study, providing a more comprehensive assessment
of exposure.

Another exemplary population for exposomics is the
“South Asian Phenotype” of diabetes. This group is
deserving of further investigation as South Asians are at
fourfold higher risk of type 2 diabetes (T2D) as compared
to Caucasian populations and begin to obtain insulin resist-
ance at a relatively lower BMI and younger age of onset
than Caucasians (reviewed in [Bakker et al., 2013]). While
there has been individual studies to examine effects of
low-birth weight, diet, chemical exposure, the in utero
environment, and even mitochondrial activity in relation to
T2D (reviewed in [Bakker et al., 2013]), an exposomics
approach would take all these factors into account to
explain this unique phenotype in these immigrant
populations.

We are currently pursuing exposomic studies in both
Hispanic and Indian populations. Specifically, our two
study populations of interest are (1) a case–control subset
of foreign-born and native Mexican American women
from the San Francisco Bay Area Breast Cancer Study,
comprising of 5,000 Hispanics, African-Americans, and
non-Hispanic whites 2) a cross-sectional study of Indian
Asian immigrants and native European whites residing in
Greater London and nested within a continuing cohort,
called the London Life Sciences Prospective Population
(LOLIPOP) Study. While distinct outcomes (breast cancer
versus type II diabetes) and populations are considered in
these two studies, the exposomics methodology is similar
for both. Improved understanding of the role of endoge-
nous and exogenous compounds on endocrine response is
imperative for both breast cancer and diabetes. We will
examine hormone receptor activation of all small mole-
cules in the serum using luciferase reporter bioassays.
Then we will profile subjects with extremes of activity by
untargeted high-resolution mass spectrometry (HRMS) of
small molecules in the serum to determine which chro-
matogram peaks may be responsible for the widely-
differing levels of receptor activity and are associated
with disease onset.

For both of these studies, significant inheritable find-
ings have already led to exciting progress in the respec-
tive disease fields. For the Latina population study, a
protective SNP variant was identified 5’ of the estrogen
receptor 1 gene in those of Indigenous American descent
[Fejerman et al., 2014]. For the LOLIPOP cohort, six
unique genetic variant loci in six separate genes were
reported specifically for Indian Asians— three genes were
directly linked to insulin sensitivity and pancreatic beta-
cell function [Kooner et al., 2011]. Given these strong
inheritable components of disease within these susceptible
sample populations, genome 3 exposome interactions
will be of great interest once we obtain exposomics data.

USE OF STRATEGIES FORGENOMICS ANALYSIS TO
INFORM EXPOSOMICS ANALYSIS

Overall, as genomics is the oldest and most advanced
omics field, similar strategies employed for GWAS stud-
ies could be applied to exposomics. For example, the
ease of genome sequencing today has facilitated the study
of pleitrophy, defined as a single locus being responsible
for multiple phenotypic traits. This is an important con-
cept in studying inheritability of complex diseases (e.g.,
mental disorders, metabolic syndrome, and cancers)(re-
viewed in [Yang et al., 2015]). Moreover, pleitrophy in
genomics can lend to novel findings of differences in
environmental exposures. In a recent study using VAR-
IMED (VARiants Informing MEDicine), a manually cura-
ted database of disease–SNP associations, an association
was found between gene variants in three genes, gastric
cancer and serum magnesium levels [Li et al., 2014]. In a
follow-up assessment of medical records, the magnesium
levels were altered 1-year prior to gastric diagnosis. We
must consider how individual chemicals can have multi-
ple targets in the body simultaneously and can increase
risk of multiple phenotypic outcomes. Improved data-
bases, such as ToxCast, that provide evidence of the rela-
tionships between chemical exposures and phenotypic
traits will help guide the direction of appropriate chemical
analysis in exposomics research.

As most chronic illnesses are multi-factorial, it is expected
that multiple exposures may be involved with disease onset.
The idea that particular exposures can be “inherited”
together is an important concept that is likely to be specific
per population. In the analysis phase it is important to con-
sider the similarities of particular chemicals in structure and

Fig. 3. How exposomics could contribute to disease prevention.
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mechanisms of actions against a given biological target, thus
simplifying the combined effects of many exposures. Patel
et al demonstrated correlations between particular exposures
and the importance of recognizing these clusters [Patel and
Manrai, 2014]. The paper draws an analogy to linkage dise-
quilibrium of the genetic code, and how we must not think
of every SNP as unique. This comparison could be expanded
upon in consideration of other traits at the community level,
including social determinants of health as those described by
Juarez et al. [2014]

CONCLUSIONS AND RECOMMENDATIONS

Under the exposome paradigm all nongenetic factors
contributing to disease are considered to be ‘environmen-
tal’ including industrial chemicals, drugs, infectious
agents, and psychosocial stress. It is perhaps best to con-
sider these as environmental stressors.

Exposomics is the comprehensive analysis of exposure
to all environmental stressors and should yield a more
thorough understanding of chronic disease development.
Since exposomics can be performed at the individual as
well as the population level it could have a broad impact
on personalized preventative medicine, policy changes,
and our understanding of disease mechanisms (Fig. 3).

Exposomics can also be used in the context of cumula-
tive risk assessment. Since the goal of cumulative risk
assessment is to analyze, characterize, and quantify the
combined risks to health or the environment from expo-
sures to multiple agents or stressors, it seems that exposo-
mics is perfectly poised to advance this important area of
environmental health science. We should therefore
develop and apply exposomics to issue of cumulative risk
and support development of tools for exposomic analysis.
We should also begin to engage impacted communities
and develop the public health exposome concept of
Juarez and others. A first step may be to apply exposo-
mics to vulnerable populations already studied by more
conventional cumulative risk approaches. Moreover, infer-
ences made from these exposomics studies within the
context of cumulative risk assessment may be translated
to policymakers for promoting change in environmental
exposure regulations.

Exposomics allows us to study interactions between
chronic stress and environmental chemicals and to dis-
cover environmental chemicals that may disrupt stress
response pathways. We have named such chemicals
‘stressogens’ as they have the ability to influence how our
bodies respond to stress. For example, exploring the role
of environmental exposures and chronic stress in preterm
delivery may be an interesting topic for investigation by
an exposomic approach. We further conclude that suscep-
tible groups (migrants, low socioeconomic groups with
high environmental exposures, pregnant women) should

be the study populations of interest for exposomics.
Physicians who work with these populations nationwide
and worldwide can use exposomics to work towards ear-
lier identification of high-risk individuals and commun-
ities and ultimately disease prevention.

Finally, we highlight the importance of not
“reinventing the wheel” when it comes to analysis of
large amounts of data that will clearly be generated by
exposomics studies. Collaboration with bioinformatists
and biostatisticians skilled in analyzing genomics data
and other patterns will be essential. This is an exciting
time for scientific collaboration across disciplines, and
using exposomics research may be transformative in our
understanding of the causes of adverse health outcomes
in human populations.

ACKNOWLEDGMENTS

We thank Luoping Zhang, Sylvia Sanchez, Fenna Sille,
Laura Fejerman, Anthony Macherone, and Martin Khar-
razi for important discussion and insights. Disclosure:
The authors declare no conflicts of interest for the opin-
ions expressed in this article.

REFERENCES

Bakker LEH, Sleddering MA, Schoones JW, Meinders AE, Jazet IM.

2013. Pathogenesis of type 2 diabetes in South Asians. Eur J

Endocrinol Eur Fed Endocrinol Soc 169:R99–R114.

Bonefeld-Jorgensen EC, Long M, Bossi R, Ayotte P, Asmund G, Kr€uger

T, Ghisari M, Mulvad G, Kern P, Nzulumiki P, et al. 2011. Per-

fluorinated compounds are related to breast cancer risk in Green-

landic Inuit: A case–control study. Environ. Health Glob Access

Sci Source 10:88.

Burgos AE, Schetzina KE, Dixon LB, Mendoza FS. 2005. Importance of

generational status in examining access to and utilization of

health care services by Mexican American children. Pediatrics

115:e322–e330.
Chen Y, Yao H, Thompson EJ, Tannir NM, Weinstein JN, Su X. 2013.

VirusSeq: Software to identify viruses and their integration sites

using next-generation sequencing of human cancer tissue. Bioin-

formatics 29:266–267.

Committee on Human and Environmental Exposure Science in the 21st

Century, Board on Environmental Studies and Toxicology. 2012.

Exposure Science in the 21st Century: A Vision and a Strategy.

Washington DC: The National Academies Press.
Consortium TU. 2014. Activities at the Universal Protein Resource (Uni-

Prot). Nucleic Acids Res 42:D191–D198.
Dutilh BE, Cassman N, McNair K, Sanchez SE, Silva GGZ, Boling L,

Barr JJ, Speth DR, Seguritan V, Aziz RK, et al. 2014. A highly

abundant bacteriophage discovered in the unknown sequences of

human faecal metagenomes. Nat Commun 5.

Faust J, August L, Alexeeff G, Bangia K, Cendak R, Cheung-Sutton E,

Cushing L, Kadir T, Leichty J, Milanes C, et al. 2014. California

Communities Enivronmental Health Screening Tool, Version 2.0

(CalEnviroScreen 2.0) Guidance and Screening Tool.
Fejerman L, Ahmadiyeh N, Hu D, Huntsman S, Beckman KB, Caswell

JL, Tsung K, John EM, Torres-Mejia G, Carvajal-Carmona L,

et al. 2014. Genome-wide association study of breast cancer in

Latinas identifies novel protective variants on 6q25. Nat

Commun 5.

Environmental and Molecular Mutagenesis. DOI 10.1002/em

722 Smith et al.



Feng H, Shuda M, Chang Y, Moore PS. 2008. Clonal integration of a

polyomavirus in human merkel cell carcinoma. Science 319:

1096–1100.
Hock B. 2012. Bioresponse-Linked Instrumental Analysis. Berlin:

Springer Science & Business Media.
Juarez PD, Matthews-Juarez P, Hood DB, Im W, Levine RS, Kilbourne

BJ, Langston MA, Al-Hamdan MZ, Crosson WL, Estes MG,

et al. 2014. The public health exposome: A population-based,

exposure science approach to health disparities research. Int J

Environ Res Public Health 11:12866–12895.
Kershenbaum AD, Langston MA, Levine RS, Saxton AM, Oyana TJ,

Kilbourne BJ, Rogers GL, Gittner LS, Baktash SH, Matthews-

Juarez P, et al. 2014. Exploration of preterm birth rates using the

public health exposome database and computational analysis

methods. Int J Environ Res Public Health 11:12346–12366.

Kooner JS, Saleheen D, Sim X, Sehmi J, Zhang W, Frossard P, Been

LF, Chia K-S, Dimas AS, Hassanali N, et al. 2011. Genome-

wide association study in individuals of South Asian ancestry

identifies six new type 2 diabetes susceptibility loci. Nat Genet

43:984–989.

Li L, Ruau DJ, Patel CJ, Weber SC, Chen R, Tatonetti NP, Dudley JT,

Butte AJ. 2014. Disease risk factors identified through shared

genetic architecture and electronic medical records. Sci Transl

Med 6:234ra57.

Macherone A, Daniels S, Maggitti A, Churley M, McMullin M, Smith

MT. 2015. Measuring a slice of the exposome: Targeted GC–

MS/MS analysis of persistent organic pollutants (POPs) in small

volumes of human plasma. Proceedings of the 63rd ASMS Con-

ference on Mass Spectrometry and Allied Topics. Abstract TP

309. St. Louis, MO.
Markides KS, Coreil J. 1986. The health of Hispanics in the southwest-

ern United States: an epidemiologic paradox. Public Health Rep

101:253–265.

McEwen BS. 1998. Stress, adaptation, and disease: Allostasis and allo-

static load. Ann NY Acad Sci 840:33–44.

Miller GW, Jones DP. 2014. The nature of nurture: Refining the defini-

tion of the exposome. Toxicol Sci Off J Soc Toxicol 137:1–2.

Morello-Frosch R, Shenassa ED. 2006. The environmental “riskscape”

and social inequality: Implications for explaining maternal and

child health disparities. Environ Health Perspect 114:1150–1153.
Naccache SN, Federman S, Veeraraghavan N, Zaharia M, Lee D,

Samayoa E, Bouquet J, Greninger AL, Luk K-C, Enge B, et al.

2014. A cloud-compatible bioinformatics pipeline for ultrarapid

pathogen identification from next-generation sequencing of clini-

cal samples. Genome Res. 24:1180–1192.

Odermatt A, Gumy C. 2008. Glucocorticoid and mineralocorticoid

action: Why should we consider influences by environmental

chemicals? Biochem Pharmacol 76:1184–1193.
Odermatt A, Gumy C, Atanasov AG, Dzyakanchuk AA. 2006. Disrup-

tion of glucocorticoid action by environmental chemicals: Poten-

tial mechanisms and relevance. J Steroid Biochem Mol Biol 102:

222–231.

Patel CJ, Manrai AK. 2014. Development of exposome correlation

globes to map out environment-wide associations. In: Biocomput-

ing 2015. Singapore: World Scientific. pp. 231–242.
Pillon A, Boussioux A-M, Escande A, A€ıt-A€ıssa S, Gomez E, Fenet H,

Ruff M, Moras D, Vignon F, Duchesne M-J, et al. 2005. Binding

of estrogenic compounds to recombinant estrogen receptor-alpha:

Application to environmental analysis. Environ Health Perspect
113:278–284.

Rager JE, Yosim A, Fry RC. 2014. Prenatal exposure to arsenic and cad-
mium impacts infectious disease-related genes within the gluco-
corticoid receptor signal transduction pathway. Int J Mol Sci 15:

22374–22391.
Rappaport SM, Barupal DK, Wishart D, Vineis P, Scalbert A. 2014. The

blood exposome and its role in discovering causes of disease.
Environ Health Perspect 122:769–774.

Rappaport SM, Smith MT. 2010. Epidemiology. Environment and dis-

ease risks. Science 330:460–461.
Sapolsky RM, Romero LM, Munck AU. 2000. How do glucocorticoids

influence stress responses? Integrating permissive, suppressive,
stimulatory, and preparative actions. Endocrinol Rev 21:55–89.

Shankardass K, McConnell R, Jerrett M, Milam J, Richardson J,

Berhane K. 2009. Parental stress increases the effect of traffic-
related air pollution on childhood asthma incidence. Proc Natl
Acad Sci 106:12406–12411.

Smith AH, Marshall G, Yuan Y, Liaw J, Ferreccio C, Steinmaus C.
2010. Evidence from chile that arsenic in drinking water may

increase mortality from pulmonary tuberculosis. Am J Epidemiol
kwq383.

US EPA. 2003. Framework for cumulative risk assessment.

US EPA ERC. 2007 Annual report | development of receptor- to
population-level analytical tools for assessing endocrine disruptor

exposure in wastewater-impacted estuarine systems. http://www.
cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.highlight/
abstract/7889/report/2007 [accessed 30 July 2015].

Vishnevetsky J, Tang D, Chang H-W, Roen EL, Wang Y, Rauh V,
Wang S, Miller RL, Herbstman J, Perera FP. 2015. Combined

effects of prenatal polycyclic aromatic hydrocarbons and material
hardship on child IQ. Neurotoxicol Teratol 49:74–80.

Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, McCabe E,

Lewis GD, Fox CS, Jacques PF, Fernandez C, et al. 2011a.
Metabolite profiles and the risk of developing diabetes. Nat
Med 17:448–453.

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B,
Feldstein AE, Britt EB, Fu X, Chung Y-M, et al. 2011b. Gut

flora metabolism of phosphatidylcholine promotes cardiovascular
disease. Nature 472:57–63.

Wild CP. 2005. Complementing the genome with an “exposome”: The

outstanding challenge of environmental exposure measurement in
molecular epidemiology. Cancer Epidemiol Biomarkers Prev 14:

1847–1850.
Winans B, Humble MC, Lawrence BP, Elmsford N. 2011. Environmen-

tal toxicants and the developing immune system: A missing link

in the global battle against infectious disease? Reprod Toxicol
31:327–336.

Xu GJ, Kula T, Xu Q, Li MZ, Vernon SD, Ndung’u T, Ruxrungtham K,
Sanchez J, Brander C, Chung RT, et al. 2015. Comprehensive
serological profiling of human populations using a synthetic

human virome. Science 348:aaa0698.
Yang C, Li C, Wang Q, Chung D, Zhao H. 2015. Implications of pleiot-

ropy: Challenges and opportunities for mining Big Data in bio-

medicine. Front Genet 6:229.
Zota AR, Shenassa ED, Morello-Frosch R. 2013. Allostatic load ampli-

fies the effect of blood lead levels on elevated blood pressure
among middle-aged U.S. adults: A cross-sectional study. Environ
Health Glob Access Sci Source 12:64.

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Using Exposomics to Assess Cumulative Risks 723



Environmental and Molecular Mutagenesis
JOURNAL OF THE ENVIRONMENTAL MUTAGENESIS AND GENOMICS SOCIETY

(FORMERLY ENVIRONMENTAL MUTAGEN SOCIETY)
OFFICERS, ENVIRONMENTAL MUTAGENESIS AND GENOMICS SOCIETY

Journal Executive
President Vice President Past President Secretary Treasurer Editor Director
B. Engelward T. Wilson S. Morris B. Parsons B. Shane F. Marchetti M. Leishman

COUNCILORS

Volker Arlt
King’s College London
London, United Kingdom

Janet E. Baulch
UC Irvine
Irvine, California

Sonja I. Berndt
National Cancer Institute
Bethesda, Maryland

Stefano Bonassi
IRCCS San Raffaele Pisana
Rome, Italy

Kerry L. Dearfield
U.S. Department of Agriculture
Washington, DC

David DeMarini
U.S. EPA
Research Triangle Park,
North Carolina

Stephen Dertinger
Litron Laboratories 
Rochester, New York 

Dana Dolinoy
University of Michigan
Ann Arbor, MI

Azeddine Elhajouji
Novartis Pharma AG
Basel, Switzerland

James C. Fuscoe
FDA/NCTR
Jefferson, Arkansas

Sheila Galloway
Merck Research Laboratories
West Point, Pennsylvania

Robert Heflich
FDA/NCTR
Jefferson, Arkansas

George R. Hoffmann
Holy Cross College
Worcester, Massachusetts

Nina Holland
UC Berkeley
Berkeley, California

Masamitsu Honma
National Institute of Health Sciences
Tokyo, Japan

J. Hu
University of Miami, School of Medicine 
Miami, Florida

George Johnson
Swansea University
Swansea, United Kingdom

William Kaufmann
University of North Carolina
Chapel Hill, NC

Catherine Klein
New York University School of Medicine
Tuxedo, New York

Andrew Kligerman
U.S. EPA
Research Triangle Park, North Carolina

Iain Lambert
Carleton University
Ottawa, Ontario

Qing Lan
NCI
Bethesda, Maryland

R. Stephen Lloyd
Oregon Health & Science University
Portland, Oregon

Carlos Menck
Universidade de São Paulo
São Paulo, Brazil

Joel Meyer
Duke University
Durham, North Carolina

William F. Morgan
Pacific Northwest National Laboratory
Richland, Washington

Hannu Norppa
Finnish Institute of Occupational Health
Helsinki, Finland

Barbara Parsons
FDA/NCTR
Jefferson, Arkansas

R. Julian Preston
U.S. EPA
Research Triangle Park,
North Carolina

Orlando D. Schärer 
Stony Brook University
Stony Brook, New York

Peter Schmezer
German Cancer Research Centre
Heidelberg, Germany

Ronald D. Snyder
RDS Consulting Services
Maineville, Ohio

Robert W. Sobol
University of South Alabama Mitchell Cancer
Institute, Mobile, Alabama

Gisela Umbuzeiro
State University of Campinas – UNICAMP
São Paulo, Brazil

Jan Van Benthem
National Institute for Public Health and the
Environment (RIVM)
Bilthoven, The Netherlands

Karen Vasquez
University of Texas MD Anderson Cancer
Center
Smithville, Texas

Ulla Vogel
Technical University of Denmark
Søborg, Denmark

Paul White
Health Canada
Ottawa, Ontario

Errol Zeiger
Errol Zeiger Consulting
Chapel Hill, North Carolina

Luoping Zhang
University of California Berkeley
Berkeley, California

© 2015 Wiley Periodicals, Inc., a Wiley Company. All rights reserved. No part of this publication may be reproduced, stored or transmitted in any form or by any means without the prior permission
in writing from the copyright holder.  Authorization to photocopy items for internal and personal use is granted by the copyright holder for libraries and other users registered with their local
Reproduction Rights Organisation (RRO), e.g. Copyright Clearance Center (CCC), 222 Rosewood Drive, Danvers, MA 01923, USA (www.copyright.com), provided the appropriate fee is paid direct-
ly to the RRO.  This consent does not extend to other kinds of copying such as copying for general distribution, for advertising or promotional purposes, for creating new collective works or for resale.
Special requests should be addressed to: permissions@wiley.com.

ENVIRONMENTAL AND MOLECULAR MUTAGENESIS (ISSN: 1098-2280 [online] is published monthly in January, March, April, May, June, July, August, October, December by Wiley Periodicals,
Inc., through Wiley Subscription Services, Inc., a Wiley Company, 111 River Street, Hoboken, NJ 07030. Postmaster: Send address changes to ENVIRONMENTAL AND MOLECULAR MUTAGEN-
ESIS, Journal Customer Services, John Wiley & Sons Inc., C/O The Sheridan Press, PO Box 465, Hanover, PA 17331. Send subscription inquiries c/o John Wiley & Sons, Inc., Attn: Journals Admin
Dept UK, 111 River Street, Hoboken, NJ 07030, (201) 748-6645.
Commercial Reprints: Lydia Supple-Pollard (Email: lsupple@wiley.com) Author Reprints (50–500 copies): Order online: http://www.sheridanreprints.com/orderForm.html; Email: chris.jones@sheri-
dan.com. Information for subscribers: Environmental and Molecular Mutagenesis is published in 9 issues per year. Institutional subscription prices for 2016 are: Online: US$1,625 (US), US$1,625
(Canada/Mexico), US$1,625 (Rest of World), €1,051 (Europe), £832 (UK). Prices are exclusive of tax. Asia-Pacific GST, Canadian GST and European VAT will be applied at the appropriate rates. For more
information on current tax rates, please go to www.wileyonlinelibrary. com/tax-vat. The price includes online access to the current and all online back files to January 1st 2012, where available. For other pric-
ing options, including access information and terms and conditions, please visit www.wileyonlinelibrary.com/access. Publisher: Environmental and Molecular Mutagenesis is published by Wiley
Periodicals Inc., 350 Main St., Malden, MA 02148-5020. Journal Customer Services: For ordering information, claims and any enquiry concerning your journal subscription please go to www.wiley-
customerhelp.com/ask or contact your nearest office. Americas: Email: cs-journals@wiley.com; Tel: +1 781 388 8598 or 1 800 835 6770 (Toll free in the USA & Canada); Europe, Middle East and Africa:
Email: cs-journals@ wiley.com; Tel: +44 (0) 1865 778315; Asia Pacific: Email: cs-journals@wiley.com; Tel: +65 6511 8000. Japan: For Japanese-speaking support, Email: cs-japan@wiley.com; Tel: +65
6511 8010 or Tel (toll-free): 005 316 50 480. Visit our Online Customer Help available in 7 languages at www.wileycustomerhelp.com/ask. Environmental and Molecular Mutagenesis accepts articles
for Open Access publication. Please visit http://olabout.wiley.com/WileyCDA/Section/id-406241.html for further information about OnlineOpen. Back issues: Single issues from current and prior year
volumes are available at the current single issue price from cs-journals@wiley.com. Earlier issues may be obtained from Periodicals Service Company, 11 Main Street, Germantown, NY 12526, USA. Tel:
+1 518 537 4700. Fax: +1 518 537 5899, Email: psc@periodicals.com. For submission instructions, subscription and all other information visit: wileyonlinelibrary.com/em. Disclaimer: The Publisher and
Editors cannot be held responsible for errors or any consequences arising from the use of information contained in this journal; the views and opinions expressed do not necessarily reflect those of the
Publisher and Editors, neither does the publication of advertisements constitute any endorsement by the Publisher and Editors of the products advertised. Access to this journal is available free online with-
in institutions in the developing world through the HINARI initiative with the WHO. For information, visit www.healthinternetwork.org. 

ISSN 0893-6692 (Print) 
ISSN 1098-2280 (Online) 
View this journal online at www.wileyonlinelibrary.com/journal/em

ASSOCIATE EDITOR EDITOR-IN-CHIEF ASSOCIATE EDITOR
David M. Wilson III Francesco Marchetti Carole Yauk
National Institute on Aging Health Canada Health Canada
Baltimore, Maryland Ottawa, Ontario Ottawa, Ontario

EDITORIAL BOARD

P. Allard
R. Clewell

M. DeSimone
C. Gibbons

M. Honma
A. Long

M. Manjanatha
M. Myers

M. Pratt
D. Shaughnessy

S. Smith-Roe
R. Sobol

S. Weiner
P. White

R. Young


