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Exposome in human health: Utopia or wonderland?
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The current human exposome primarily emphasizes the total environ-
mental exposure during an entire life. The characteristics of “lifelong”
and “all environmental factors” make it very challenging to bring the ex-
posomic study into real-life applications. Herein, we mainly discuss the
typical application scenarios of exposomics and how to conduct an ex-
posomic study to establish relationships between the exposome and hu-
man health. To increase the feasibility and efficiency, we propose that
(1) an exposomic study can start with health events during critical-win-
dow periods; (2) both data- and hypothesis-driven exposomics should be
combined to prioritize the risk of environmental factors; and (3) reliable
statistical analysis of high-dimensional data of external and internal
exposure factors are urgently needed. With standardization of the expo-
somic study, it will be critical to build a “wonderland” for human health.
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There are increasing evidences that environmental factors make enor-
mous contributions to human health. Exposome was originally defined as
something that encompassed the life-course environmental exposure from
the prenatal period onward,1 or the cumulative measure of environmental in-
fluences and associated biological responses throughout the lifespan, of
which exposures can be from the environment, diet, behavior, and endoge-
nous processes.2 Briefly, exposome, developed as a partner of the genome
to reveal the causes of diseases, aims to characterize all lifelong environ-
mental exposure factors and predict their impacts on human health end-
points such as various diseases, of which the study is called exposomics.
The exposome can include all physical, chemical, microbiological factors,
and even social activities. Comparedwith conventional environmental health
risk assessment, the exposome aims to provide a ’perfect’ solution by char-
acterizing all environmental factors andminimizing the confounding effects.3

However, due to its ambitious aim of including the total environmental expo-
sure during an entire life, it is very challenging to bring exposomics into real-
life applications. Here, we discuss the following three questions and propose
possible ways to improve the feasibility of exposomic studies.
WHATTYPEOF STUDIESCAN EXPOSOMICSBEAPPLIED TO?
Exposomics can be applied to any studies with health outcomes that are

known to be probably affected bymultiple environmental factors. Exposomic
studies could facilitate causal inference, especially for those endpoints with
complex or unknown causes, such as the development of children, aging,
and diseases of metabolic, cardio-pulmonary, and reproductive systems.
To conduct any exposomic studies, an epidemiological study should be de-
signed first. At the same time, a systematicmeta-analysis of previous studies
ll
that examine one or several environmental factors can provide information
for further exposomic studies. In addition, more analysis is needed to under-
stand the critical development window of a disease of concern or adverse
health outcome. The critical window can be the important development
stages of one disease or other health outcomes. For example, the Human
Early-Life Exposome (HELIX) study combined six existing longitudinal
population-based birth cohort studies in Europe, aiming to implement novel
exposure assessment and associate it with child health outcomes (https://
humanexposomeproject.com/). In contrast with the lifelong concept, we
consider that exposomics can be applied to studies of causal events occur-
ring during relatively short periods or its critical window, although the human
exposome is very diverse, dynamic, and spatiotemporally driven.4,5 With
proper manipulation of the cohort to minimize the dynamic changes in envi-
ronmental exposure, it should be useful to conduct such researchwith limited
time points. The lessons we learn from a short time window can also help us
designmore appropriate lifelong exposomic studies. Furthermore, due to the
high cost and duration of exposomic studies and the high likelihood of failure,
one exposomic study should consider multiple health outcomes if possible.
In sum, we consider that exposomics has great potential to associate one or
multiple health endpointswith complex or unknown causes during the critical
development window of one disease or other health outcomes.
WHAT FACTORS SHOULD BE CONSIDERED AND HOW
SHOULD THEY BE MONITORED IN AN EXPOSOMIC STUDY?

Previous exposure studies such as ongoing exposome projects (https://
humanexposomeproject.com/) have investigated both the external (e.g.,
persistent organic pollutants, endocrine disrupters, metals, ambient air
pollutants, bacteria, and noise) and internal (e.g., epigenome, transcriptome,
proteome, metabolome, gut microflora, inflammation, and oxidative stress)
exposome. Among them, chemical exposure is the biggest challenge. The lat-
est EPA ToxCast database contains over 800,000 compounds (https://www.
epa.gov/chemical-research/comptox-chemicals-dashboard). Together with
the bioactivation of those chemicals, it is almost impossible to characterize
all the exposure chemicals. Therefore, an exposomic study needs to consider
a few rules of thumb. First, the scope of exposome should be well defined
during the early experimental design, which requires tailored selection
depending on the health outcome. Although the current exposome mainly
emphasizes the global nontargeted analysis using an advanced analytical
platform such as high-resolution mass spectrometry, we believe both tar-
geted and untargeted environmental factors should be equally important. A
substantial portion of the targeted environmental factors might not be able
to be captured by the global nontargeted analysis due to the limitation of
eachmethod. It is necessary to collect all previous epidemiological or toxico-
logical information on the environmental factors related to the health
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Figure 1. Critical-window exposome with prioritized exposure factors increases the feasibility of the conventional exposome in human health risk assessment. The
critical window can be defined by the development of one specific disease. The risk importance of exposome factors from both exogenous and endogenous processes for
the specific disease should be meta-analyzed and prioritized. To achieve this goal, appropriate epidemiological design, followed by exposure prioritization, biomarker
databases, analytical platforms, statistical analysis, computational toxicity, experimental validation, and even policy evaluation, needs to be further standardized.
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outcome. Such targeted lists together with the available untargeted charac-
terization from advanced analysis can increase the chance of success in
an exposomic study. Second, it is important to prioritize the exposure factors
by ranking their potential risk. Both exposure and toxicity or adverse out-
comes can be considered for the risk ranking. Although the experimental
or epidemiological informationmight not be available formost environmental
factors, such prioritization is possible using advanced quantitative structure-
activity relationship models, toxicology datasets, and exposure models.6

Third, more efforts are needed to characterize and quantify exposure bio-
markers of environmental chemicals, diet, behavior, and endogenous physi-
ological processes. Due to the xenobiotic transformation in human, exposure
biomarkers of most environmental factors have not been well characterized.
More time-effective exposure biomarker identification platforms such as the
integration of biotransformation prediction, in vitro bioactivation, and human
monitoring can be adopted in the future to fill the gap. Surrogate biomarkers
for groups of compounds with similar exposure trends can be considered to
reduce the target numbers. Regarding the analytical methods, besides the
non-target identification, the development of targeted or suspect screening
methods should also be emphasized. More technologically feasible and
cost-effective methods are still needed to meet the requirements of large
samples in exposomic studies to enable routine analysis. Fourth, besides
the external exposure, the internal change should also be characterized
with cutting-edge high-throughput omics technologies (e.g., proteomics
and metabolomics) by using different bio-specimens (e.g., urine and blood).
Last, the sampling frequency and spatial resolution are other important fac-
tors to be considered in the exposomic study. The stability of the exposed
environmental factors determines how often they should be monitored. For
2 The Innovation 2, 100172, November 28, 2021
example, the monitoring for persistent organic compounds can be less
frequent than for the labile chemicals. Some factors, such as meteorological
parameters and atmospheric pollutions, can be potentially characterized us-
ing regional monitoring,7 while most chemical exposure needs more person-
alized monitoring. Geographic information system, personalized sampling,
and wireless sensing techniques for common exposure factors can also
be involved to increase the spatiotemporal resolution.8

HOW DOES ONE ESTABLISH RELATIONSHIPS BETWEEN THE
EXPOSOME AND HUMAN HEALTH?

A relevant epidemiological study design, especially one with strong ability
of causal inference, is also important for establishing relationships between
the exposome and health endpoints. For thousands of features detected in
the exposomic analyses,3 advanced statistical tools should be the primary
driver for associating the exposome with human health. Multiple dimension
data, including external exposome, internal exposome, and health outcomes,
should be integrated and associated. In addition, the interactions of expo-
some factors such as chemical-chemical, chemical-microbe, and chemi-
cal-behavior factors should be taken into consideration.3 The correlation in
the high-dimension data is still the key driver in associating all exposome fac-
tors. These analytical methods can go beyond traditional epidemiological
methods and borrow experiences from genome-wide association studies
(GWAS) associating huge genetic variants with a specific trait. For example,
an analytical framework for multivariate mediation analysis was introduced
to identify mediation pathways of 61 mediators in the relationship between
38 environmental toxicants (phthalates, phenols, polycyclic aromatic hydro-
carbons, and metals) and gestational age at delivery.9 More method
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development and standardization are needed. Additionally, for exposomic
studies, macro-scale, multi-factor, multi-indicator, and long-term consider-
ations are usually adopted to coordinate the enormous challenges of human
health, which is easy to criticize, because the causal contributions of some
screened variables cannot be validated efficiently, especially distinguishing
the confounding effects. Therefore, theoretical and experimental validation
to confirm causal correlations is also necessary. For example, computational
toxicity tools and in vitroor in vivo screening can be used to estimatepotential
risk at the exposome level by studying the effect of low-level environmental
mixtures.10

In conclusion, exposomics has great application potential for studies with
one or multiple health endpoints with complex or unknown causes and can
help find a critical exposure window for policy intervention. Although exposo-
mic studies are still in their infancy with many unknowns, they are highly ex-
pected to start booming in the historical context of human health. However, it
is still impossible to accomplish a lifelong exposomeof the total environment
at present, and the eraof data-driven study is still far away,which seems to be
overly emphasized in the current definitions.1,2 To increase its operability and
reduce public confusion, we prefer to propose that (1) the current exposomic
studies should focus more on the causal relations occurring during the crit-
ical time window or any suitable health outcome that can be investigated
with a feasible/acceptable time window; (2) the multi-factor hypothesis-
driven exposomic studies should be the mainstream to address human
health issues; and (3) more standardizations of exposomic study and high-
dimensional data analysis or visualization are urgently needed, which can
only be completed with active collaboration between epidemiologists, biolo-
gists, clinicians, statisticians, chemists, economists, and sociologists. Sup-
ported by advanced monitoring technology of exposomics to overcome
various barriers, human health assessment can evolve from the conventional
health risk assessment to its next generation (Figure 1). In this way, we
believe that the exposome is one of the best ways to build a “wonderland”
for human health.
ll
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