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Abstract
The aetiology of every human disease lies in a combination of
genetic and environmental factors, each contributing in varying
proportions. While genomics investigates the former, a com-
parable holistic paradigm was proposed for environmental
exposures in 2005, marking the onset of exposome research.
Since then, the exposome definition has broadened to include
a wide array of physical, chemical, and psychosocial factors
that interact with the human body and potentially alter the
epigenome, the transcriptome, the proteome, and the metab-
olome. The chemical exposome, deeply intertwined with the
metabolome, includes all small molecules originating from diet
as well as pharmaceuticals, personal care and consumer
products, or pollutants in air and water. The set of techniques
to interrogate these exposures, primarily mass spectrometry
and nuclear magnetic resonance spectroscopy, are also
extensively used in metabolomics. Recent advances in untar-
geted metabolomics using high resolution mass spectrometry
have paved the way for the development of methods able to
provide in depth characterisation of both the internal chemical
exposome and the endogenous metabolome simultaneously.
Herein we review the available tools, databases, and work-
flows currently available for such work, and discuss how these
can bridge the gap between the study of the metabolome and
the exposome.
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Introduction
The exposome is defined as the aggregation of all contacts
between external exposures and the human body
throughout its lifetime [1e3]. This definition encom-
passes exposure to diet and dietary supplements, me-
dicinal and recreational drugs, personal care and
consumer products (PCCPs), air and water pollution
[4], physical activity, noise, radiation, as well as non-
physical factors such as socioeconomic status [5],

access to green [6] or blue spaces [7], or perception of
one’s surroundings [8]. Since the exposome concept was
coined by Wild in 2005 [1], we have witnessed exposomics
maturing as a scientific field and becoming a new
‘-omics’ layer in its own right [9e11]. The paradigm on
which exposomics is erected relies fundamentally on
three main pillars (Figure 1a): (1) Measuring the
exposome (with a variety of tools ranging from mass
spectrometry-based approaches, geospatial models,
portable sensors, to questionnaires [10]); (2) Measuring
human adverse health outcomes potentially caused by

environmental exposures (at any scale from precision
medicine to public health); and (3) Statistically evalu-
ating the associations between exposure signatures and
adverse health outcomes, and identifying the molecular
mechanisms or pathways driving exposure-disease as-
sociations. The latter can be achieved by strategies that
include the definition of adverseeoutcome pathways
(AOPs) [12] and the integration with other -omics
layers [13,14].

Exposome research has revealed environmental expo-

sures as key contributors to major human diseases and
health conditions, including cancer [15,16], immune-
mediated diseases [17,18], cardiometabolic health
[19], hepatic health [20] or mental health [7]. In
addition to studies considering disease prevention in the
general population [19], sub-populations with abnormal
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Abbreviations
AOP Adverse outcome pathway
EDC Endocrine-disrupting chemical
ExWAS Exposome-wide association study
GC Gas chromatography
HRMS High-resolution mass spectrometry
LC liquid chromatography

MRM Multiple reaction monitoring
MS Mass spectrometry
MWAS Metabolome-wide association study
NMR Nuclear magnetic resonance
PCA Principal component analysis
PCCP Personal care and consumer products
PCDD Polychlorinated dibenzodioxins
PFAS Perfluoro-alkylated substances
QqQ Triple-quadrupole
VOC Volatile organic compounds
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exposure or disease risk profiles have been studied in
exposome research e.g., those with geographical [21,22]

or occupational [23,24] exposure or during pregnancy
and early life [25,26], due to the crucial and longer-term
impact that chemical exposures can have during these
vulnerable periods. In this regard, extensive data on
chemical exposure, omics, and health outcomes are
being collected in multiple large-scale mother-child
longitudinal cohorts and research infrastructures across
the globe [25e27], including the characterization of
pregnancy-related biofluids such as cord blood [28],
amniotic fluid [29], or breast milk [30e33].

A significant subset of the exposome is what we often
refer to as the chemical exposome. This subset encom-
passes all chemical species (and their associated trans-
formation products), either from biological or synthetic
origin, capable of entering the human body through
different pathways such as ingestion, inhalation, or
dermal absorption. These molecules can arise from
sources such as diet, drugs, and dietary supplements,
PCCPs, as well as water and airborne substances. The
most suitable techniques to measure these chemicals in
human tissues or biofluids involve the use of LC (liquid

chromatography) and GC (gas chromatography),
coupled to either tandem or high-resolution mass
spectrometry (MS/MS or HRMS, respectively), and
nuclear magnetic resonance (NMR) spectroscopy.
Importantly, these techniques constitute the primary
methodologies used in metabolomics, defined as the
holistic measurement of any small molecules (<2 kDa)
present in a living system, regardless of origin [34]. As
reviewed elsewhere [3,34], a certain chemical space and
semantic overlap exists between both omics, with the
metabolomics and exposome research communities
referring to a common set of molecules with different

semantics and research focus angle (Figure 1b). For this
Current Opinion in Chemical Biology 2024, 78:102407
reason, and particularly with the emergence of untar-
geted approaches, the analytical boundaries between
metabolomics and chemical exposomics are
rapidly blurring.
Can we simultaneously measure the
endogenous metabolome and the internal
chemical exposome effectively?
Untargeted metabolomics workflows designed to iden-
tify the metabolic signatures of diseases such as cancer
[35], cardiometabolic health and obesity [36], or
neurodegeneration [37] often deliberately filter out any
detected features that are not of a clear human endog-

enous origin. Even if retained, these often remain un-
annotated because the libraries used for compound
identification in metabolomics are biased towards the
endogenous human metabolome whereas the food
metabolome and xenobiotics are often under-
represented. Indeed, the endogenous metabolome of
the most analysed human biospecimens such as blood
[38] or urine [39] has been described in detail, making
the exclusion of unknowns or exogenous compounds
straight-forward.

Whereas untargeted methods are more prevalent in the
metabolomics research field and targeted metabolomics
is mostly prevalent in clinical settings, exposomics
research remains split more evenly between highly
targeted methods (Table 1), broad scope targeted with
multiple analyte families per assay (Table 2) and fully
untargeted approaches (Table 3). Targeted, quantitative
methods are still widely used when measuring the
chemical exposome, due to need for reliable bio-
monitoring data and the desire to define quantitative
exposure-adverse health outcome associations for regu-
latory authorities and policymakers. Numerous govern-

mental agencies or national laboratories worldwide
publish exposure biomonitoring data of their popula-
tions periodically [40,41].

Most targeted analytical methods employed to charac-
terize the exposome are tailored to distinct groups of
established exposures (as outlined in Table 1). Typically,
these methods measure either single or up to a few 10’s
of compounds. Such methods are usually validated for a
specific biofluid or matrix. Notably, most of the MS
instrumentation and chromatographic columns shown in

Table 1 are routinely used in metabolomics studies [42],
and as MS instrumentation improves, broader targeted
methods have been reported that can simultaneously
measure different families of exposures in different
matrices ranging from >50 analytes [31] to hundreds of
analytes [43] (Table 2).

This expansion of coverage now includes suspect
screening [71,72], based on specific families of expo-
sures (e.g., pesticides [72], endocrine-disrupting
www.sciencedirect.com
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Figure 1

The relationship between the exposome, the metabolome and human health.
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chemicals (EDCs) [29] or PFAS [24,28]), and

completely untargeted approaches [5]. These methods
are becoming crucial to identify and characterize pre-
viously unknown exposures, exposure families and
exposure metabolites.

Notably, a major proportion of exposome studies report
endogenous metabolism and exogenous chemicals in
human biofluids in separate assays [13,73e76], either
targeted [13] or untargeted (Table 3). In some cases,
either the endogenous or the exogenous [5,77] infor-
mation is deliberately excluded from the reported re-

sults, with the potential concomitant loss of mechanistic
insight into the biological response to exposures. The
main motivations for opting for separate assays may be
the existence of previously established chromatographic
methods in the metabolomics or environmental
www.sciencedirect.com
analytical chemistry fields, fields with traditionally little

overlap or interaction, or the inclusion of GC-based
approaches to increase the coverage for exogenous
chemicals [78] (Table 1). However, an increasing
number of studies are showing promising results that
pave the way for the joint endogenous-exogenous ven-
ture in a single assay [14,27,75,77,79], as reviewed in the
next sections.

The combination of metabolome and chemical expo-
some determination in a single analytical run or work-
flow is gaining ground in untargeted studies

[14,22,27,77,79] (Table 3), but also in targeted studies
[31,43] (Table 2). Table 3 also shows a clear trend in
the community of combining HRMS assays with com-
plementary chromatographic approaches such as GC
and LC, or LC reversed-phase and HILIC. We believe
Current Opinion in Chemical Biology 2024, 78:102407
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Table 1

Examples of targeted assays for established families of chemical exposures.

Main source Exposure family Matrix Chromatography MS LOD

PLASTICIZERS Phthalates [44] U LC Chromolith Flash RP-18e Thermo TSQ Quantum QqQ MS 0.2–0.4 ng/ml
NATURAL PRODUCTS Mycotoxins [30] BM LC Waters ACQUITY HSS T3 Sciex 6500 0.005–4.6 ng/ml

Phytoestrogens [45] S LC Synergi Polar-RP 2.5 micron Sciex API 4000 2 ng/ml (LOQ)
COMBUSTION PRODUCTS Polycyclic Aromatic Hydrocarbon

Metabolites [46]
U LC Chromolith High Resolution RP-18 Sciex 5500 and 6500 QqQ MS 0.008–0.09 ng/ml

TOBACCO SMOKE Tobacco-specific nitrosamines
(TSNA) [47]

U LC Phenomenex Gemini-NX C18 Sciex API 5500 QTRAP 0.4–10 pg/ml

Cotinine [48] S, SV LC Waters Symmetry C18 Sciex API III + QqQ MS NA
Heterocyclic Aromatic Amines [49] U LC Agilent Zorbax Eclipse Plus C18 Sciex API 5500 QTRAP system 0.31–0.83 pg/ml

PESTICIDES, INSECTICIDES,
AND INSECT REPELLENTS

Pyrethroids [50] U LC Thermo Betasil C18 Thermo Quantum Ultra QqQ MS 0.03–0.4 ng/ml
Organochlorine Pesticides and
Metabolites [32]

BM GC DB-35MS Agilent 7000 MS 0.066–1.8 ng/kg wet weight

Dialkyl phosphate pesticides [51] U LC Waters ACQUITY BEH C18 Waters Xevo GS-2 QTOF MS 0.15–1.2 ng/ml
Other organophosphate
insecticides [52]

U LC Thermo Betasil phenyl Sciex API 4000 0.1–1.5 ng/ml

Carbamate Insecticides [53] B, U LC Waters ACQUITY BEH C18 Waters Xevo TQD MS 0.21–0.56 ng/ml in urine
0.41–0.44 ng/ml in blood

Insect Repellent and Metabolites
(DEET) [54]

U LC Phenomenex Prodigy
5u Phenyl-3 (PH-3)

Thermo TSQ Quantum Ultra™ QqQ MS 0.1–1 ng/ml

HERBICIDES Atrazine and metabolites [55] U 2D-HPLC Phenomenex Luna SCX,
Gemini C6-Phenyl

Thermo TSQ Quantum Ultra MS/MS 10–50 mg/l

2,4-D, 2,4,5-T and metabolites [52] U LC Thermo Betasil phenyl Sciex API 4000 QTRAP 0.1–0.2 ng/ml
Sulfonylurea and metabolites [56] U LC Phenomenex Prodigy column Thermo TSQ 7000 QqQ MS 0.125–1 ng/ml

FUNGICIDES Fungicides and metabolites [53] B, U LC Waters ACQUITY BEH C18 Waters Xevo TQD MS 0.17–11.8 ng/ml in urine
0.32–12.3 ng/ml in blood

FLAME RETARDANTS Urinary Flame Retardants [57] U LC Agilent ZORBAX Eclipse XDB-C8 Sciex 5500 QTRAP MS 0.05–0.16 ng/ml
PBDEs and PBB 153 [58] S GC DB5HT Thermo MAT 95XP 0.1–1.2 ng/g lipid (LOQ)

Industrial and PCCP PFAS [59] S, U LC Chromolith HR RP-18e Sciex QqQ 5500 and QTRAP 6500 MS 0.1 ng/ml
Parabens [60,61] U LC Betasil C18 column Waters QqQ 0.02–0.06 ng/ml

F LC ACQUITY BEH C18 Waters Quattro Premier XE QqQ 10 ug/l (LOQ)
Bisphenols [62] U LC Chromolith HR RP-18e Sciex 5500 QTRAP MS 0.03–1 ng/ml

MULTIPLE SOURCES VOCs and metabolites [63,64] B/S/P GC DB-624 Thermo MAT 95XP magnetic sector MS 0.01 mg/l
U LC Waters ACQUITY HSS T3 Sciex API 5500 Triple Quad 2.5–9.85 ng/ml

PCBs [65,66] – Ion mobility 6560 IMS-QTOF MS NA
S GC DB-5MS Thermo MAT95XL NA

PCDDs and Dibenzofurans [67] S GC DB-5MS capillary column Thermo DFS HRMS 0.005–9 ng/kg wet weight

Abbreviations: PBDE (Polybrominated Diphenyl Ethers), PCB (Polychlorinated Biphenyls), PCCP (Personal Care and Consumer Products), PCDD (Polychlorinated dibenzodioxins), PFAS (Perfluoro alkylated
substances), VOC (Volatile organic compounds). Matrices – B: Blood, BM: Breast milk, F: Food, P: Plasma, S: Serum, SV: Saliva, U: Urine. Thermo can refer to ThermoFisher or its associated company
ThermoFinnigan. This table depicts a selection of exposure classes that are included in the most relevant environmental biomonitoring initiatives and is by no means comprehensive.
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Table 2

Examples of targeted multi-class studies reporting different families of chemical exposures and the metabolome in a single LC-MS
assay. This table depicts a selection of a few representative examples of targeted studies that capture the metabolome and/or the
chemical exposome in a single analytical assay and is by no means comprehensive [43,52,67–70].
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this will continue to be the case in the future, partic-
ularly as metabolomics and chemical exposomics

converge, and can be further expanded with multiple
reversed-phase columns with different chemistries or
even different MS fragmentation modes (e.g., collision-
induced dissociation vs. electron-activated dissocia-
tion). The use of multiple analytical assays is a decision
that should be carefully considered in the planning
phase of a project, depending on both scientific factors
(research focus and aims, technical expertise, need to
harmonize the produced data with existing datasets)
and logistical factors (time, instrument, sample and
budget availability).

Figure 2 shows the comparison of the chemical space
occupied by a widely used definition of the metab-
olome (using the human metabolome database,
HMDB) with that of different families of environ-
mental exposures. This figure illustrates that most
families of exposures possess similar chemical proper-
ties to the metabolome and should therefore become
increasingly detectable as HRMS instruments become
more sensitive. The sensitivity required is unique to
each individual chemical exposure and will be suffi-

cient once an assay manages to capture the range of
concentrations in which an individual exposure has no
effect on human health outcomes. In parallel, other
advances such as ion mobility [65], composite sta-
tionary phases [81] or advanced sample preparation
strategies [82] can also contribute to expanding the
chemical space explored by metabolome/chemical
exposome studies.
www.sciencedirect.com
Simultaneous measurement of the
metabolome and the chemical exposome
Simultaneous measurement of the metabolome and
the chemical exposome: data acquisition
In the last 5 years, studies that combine both omics in
one analytical run are becoming more prevalent in the

literature [14,27,77,79]. Chen et al. [77] use a common
reversed-phase LC-HRMS assay to analyse the organic
exposome and the metabolome in urine of >1000
pregnant mothers in the first and third trimester of
pregnancy, establishing longitudinal associations be-
tween the exposome in the first trimester and the
metabolome in the third. Panagopoulos et al. [27] re-
ported an untargeted LC-QTOF MS analysis of
maternal and cord blood in the CIOB pregnancy cohort,
annotating both endogenous and exogenous features
and reporting cross-sectional associations between both

sets. They also report a useful strategy to automate the
classification of endogenous and exogenous features
using the HUMANBLOOD database. Gao et al. [14]
integrate multiple omics and exposure profiles for a
single individual, reporting the endogenous metabolome
and chemical exposures in plasma from a HILIC þ RP-
HRMS dataset. All three studies opt for MS1-based
approaches, obtaining MS2 data only from pooled quality
control samples in the case of Gao et al. [14] or for
selected compounds in the case of Panagopoulos et al.
[27]. This limits the confidence with which the identity
and presence of exogenous compounds can be reported

to only those present in a significant number or the
majority of the samples in a given study. Addressing this
Current Opinion in Chemical Biology 2024, 78:102407
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Table 3

Representative untargeted LC-HRMS studies including metabolome and chemical exposome measurements.

Study description Exposome chemicals N (MS level 1)* Matrix Exogenous Endogenous

Panel study of the effect of metals on commuters [22] In-vehicle, particulate matter exposures (Metal: Al,
Pb, and Fe; PM2.5 mass, black carbon, particle-
bound polycyclic aromatic hydrocarbons (pb-PAHs))

– P LC-Q-Exactive

Panel study of the effect of exposure to swimming
pool disinfection by-products [75]

Disinfection by-products 13 S LC-Agilent 6550 QTOF
GC–MS –

Metabolic profiling of participants in the Michigan
PBB Registry [74]

PCB-153 and PBB-153 120 P GC–MS LC-Q-Exactive

Early-life study with the effect of PFAS exposure in
the metabolome of NAFLD patients [73]

PFAS – P (RP ESI-)
LC-Q-Exactive HF

(HILIC ESI+)
LC-Q-Exactive HF

Pregnancy cohort [27] Parabens, PFAS, phthalates, cyclic volatile
methylsiloxanes, food-derived methylxanthines

19 CB, B LC-Agilent 6550 QTOF

Case/control study with cholangitis patients (PSC/
PBC) [76]

Parabens, PFAS, carbamate insecticides,
organophosphate insecticides, herbicides, fungicides

126 P GC-Q-Exactive (HILIC + RP)
LC-FTMS

Longitudinal multi-omics integration with the personal
exposome of a single individual [14]

Bisphenols, flame retardants, dioxins, carcinogens,
mycotoxins, PFAS, pesticides, pharmaceuticals,
PCCPs, plasticizers, PCBs, polychlorinated
naphtalenes, PAH

15 P HILIC–Q-Exactive Plus RP-Q Exactive
LC-Exactive –

Panel study of smokers/non-smokers metabolome
and chemical exposome association [79]

Nicotine, cotinine, 2-HMPA, 3-HPMA, HMPMA,
CEMA, DHBMA, phenylglyoxylic acid, 3-
benzylpropionic acid

9** U LC-tripleTOF

Pregnancy cohort [77] Pesticides (organochlorine, organophosphate,
carbamate, pyrethroid, triazine and amide),
antimicrobial agents, phthalates, phenols, parabens,
nicotine and related, perfluorochemicals, plasticizers
and fire retardants and plant metabolites

198 U LC-Q-Exactive

Development of a dietary exposome library and
evaluation of the role of poly(phenols) in reference
human samples [80]

Aromatic ketones, benzoic acids, ellagic acids,
caffeoylquinic acids, catecholamines, coumarins,
hippuric acid, hydroxytoluenes, phenylamines,
stilbenes, urolithins, valerolactones, and xanthonoids

66/123
***

S, U LC-Q-Exactive HF-X –

Matrices – B: Blood, BM: Breast milk, CB: Cord blood, F: Food, P: Plasma, S: Serum, SV: Saliva, U: Urine. Abbreviations: CEMA: N-Acetyl-S-(2-carboxyethyl)-L-cysteine; DHBMA: N-Acetyl-S-(3,4-
dihydroxybutyl)-L-cysteine; HMPA: Hydroxypropyl-mercapturic acid; HMPMA: N-Acetyl-S-(3-hydroxy-1-methylpropyl)-L-cysteine; RP: Reversed-phase; PBC: primary biliary cholangitis; PSC: primary
sclerosing cholangitis. Thermo can refer to ThermoFisher or its associated company ThermoFinnigan. * Within this table, we have considered metabolomics standards initiative (MSI) Level 1 annotations
all compounds that have been validated with injected reference standards in terms of at least m/z and retention time. In some publications, there is no information of whether this process involved
confirmation of the MS/MS spectrum of the compounds. ** This study only aims to validate the identification to MSI Level 1 for features with significant differences between the study groups. *** 66
detected on biofluids, 123 on the spectral library generated by this study. This table depicts a selection of a few representative examples of studies featuring untargeted HRMS for the metabolome and/or
the chemical exposome and is by no means comprehensive. Due to the inherent chemical heterogeneity of untargeted HRMS datasets, the chemical exposures column is not comprehensive and
provides highlights of the chemical exposure classes identified in each study. In some of the studies, some chemical exposures classes were measured in parallel using targeted methods.
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Figure 2

Comparing the chemical space of the human metabolome to the chemical exposome. Principal component analysis (PCA) using the chemical
descriptors (CD) calculated using the Chemistry Development Kit (CDK) framework on all entries of the human metabolome database (HMDB) [83] and a
list of 350 exposome chemicals part of the CDC biomonitoring list [40]. Calculation of the CDs and PCA plot were performed using functions provided with
the Retip R package [84].

Blurred lines: metabolome and chemical exposome Balcells et al. 7
issue, Frigerio et al. [79] recently reported a novel data-
dependent acquisition tripleTOF-MS/MS method for

the simultaneous measurement of endogenous and
exogenous compounds in urine samples, combining
reversed-phase and HILIC. Approaches with MS/MS on
every sample (both data-dependent and data-
independent) may therefore present additional oppor-
tunities for the characterisation of novel exposures and
significant research efforts will likely utilise such
methods in the future.

Overall, the literature suggests that a paradigm shift is
occurring with the coalescence of the analytical ap-

proaches used for data acquisition in both untargeted
metabolomics and chemical exposomics.

Simultaneous measurement of the metabolome and
the chemical exposome: data analysis
Besides the analytical methods, instrumentation and
the shared chemical space, the data curation and
processing pipelines also have a significant overlap, with
multiple available tools for peak picking, deconvolution,
and alignment (MS DIAL [85], XCMS [86], MZmine3
[87]) being suitable for both metabolomics and chemi-
cal exposomics.
www.sciencedirect.com
After the primary processing (peak picking, deconvolu-
tion, and alignment) of the obtained datasets, it is

necessary to apply batch and drift correction [88],
filtering, and normalization to the data [89]. At these
steps, the sets of well-established guidelines and
common practices used in metabolomics [90] may need
to be adapted for hybrid metabolome-exposome datasets
for several reasons. First, peak detection rate thresholds
used in metabolomics studies assume that endogenous
features will be ubiquitously detected (usually
50e100 % detection rate [91]). Second, a quality control
(QC) filtering step prompts the exclusion of features
with coefficients of variation typically higher than 30 %

[90]. Both filtering methods would exclude an important
fraction of environmental exposures that may only pass a
threshold of detection in aminority of samples andmight
not be detected in the QC. Detection rate thresholds
should be relaxed even to detection in low percentages of
study samples (e.g., 33 % [14]), if robust associations to
the phenotype are found and subsequent level 1 iden-
tification can be achieved [92]. Acceptance of features
with low detection frequencies encompasses the need
for the development of data handling and statistical tools
for sparse mass spectrometry data, predominantly

imputation algorithms [93,94].
Current Opinion in Chemical Biology 2024, 78:102407
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8 Omics - Metabolomics (2023)
Non-detection of a feature in the study QC also poses
additional challenges. Many metabolomics studies have
traditionally used QC filtering and only performed MS/
MS fragmentation for identification purposes on the QC
sample. MS/MS fragmentation in every sample could be
prioritized in the chemical exposomics context if fast-
scanning instruments are available. The QC filtering
step may not be appropriate at all for features with low

detection rate (i.e., non-detection in the QC) and could
be replaced by adaptive strategies (e.g., dichotomization
triggered whenever the detection rate is lower than 50 %
[91]). Alternative approaches include the use of sepa-
rate pooled QC samples for study subpopulations with
substantially distinct exposure profiles (e.g., smokers vs.
non-smokers [79]), or the injection of a standard mix
including different compound classes throughout the
analytical run, mostly applicable to suspect screening
approaches [95].

The main bottleneck in achieving a more detailed pic-
ture of the metabolome and the chemical exposome
through HRMS continues to be feature identification.
One major limitation is the greatly variable proportion of
MS/MS spectra acquired that will not produce an
adequate match to a spectral library. This can occur due
to a variety of technical reasons: multiple precursors in
an isolation width, coelution of isomers, incorrect
deconvolution, instrumental noise, or simply the
unfeasibility of optimizing collision energy settings for
very different compound classes, leading to excessive

fragmentation for some species and insufficient frag-
mentation for others. While the fraction of good quality
spectra is likely to increase along technical advances,
another reason for the partial identification of HRMS
datasets is the lack of libraries that gather comprehen-
sive spectral information of both the endogenous
metabolome and the vast (and growing) chemical space
humans can be exposed to. Whereas the endogenous
human metabolome is relatively well-characterized,
with long-established databases (HMDB [83], Lipid
Maps [96], METLIN [97] .), the universe of exoge-
nous chemicals to which humans can be exposed is

much more diverse [98]. Although there are exogenous
chemicals databases available, often focusing on specific
kinds of exposures (e.g., food [99], toxins [100], natural
products [101], pesticides (https://food.ec.europa.eu/
plants/pesticides/eu-pesticides-database_en), etc.),
these do not always contain spectral information. On the
other hand, commercial spectral libraries (such as NIST
or Wiley MS) can be valuable tools to simultaneously
boost identifications of the metabolome and to have an
overview of the chemical exposome. These can be used
in conjunction with specialized libraries, usually more

comprehensive for a given exposure family of interest, or
with injected in-house standards that align with the
goals of a particular research project.
Current Opinion in Chemical Biology 2024, 78:102407
In essence, there is a compelling need to comprehen-
sively investigate all these forms of exposures through
the lens of the chemical exposome concept, and in a
more dynamic, exposomics community-driven, and
open-source manner. The annotation gap between
metabolomics-focused studies and chemical exposome-
focused studies is also gradually being bridged with
open-source broad-spectrum initiatives and compound

libraries available (PubChemLite [102], NORMAN
(https://www.norman-network.com/), the blood expo-
some database [103], Exposome Explorer [104], or the
MS DIAL open-source spectral library [85]), together
with tools such as advanced retention time prediction
models [84] or in silico MS/MS fragmentation prediction
(MetFrag [102], SIRIUS [105]).

Simultaneous measurement of the metabolome and
the chemical exposome: data interpretation
At the core of exposome science we find the character-
ization of the associations between the mixture of
measured exposures and health outcomes. These ana-
lyses are conducted at the higher order phenotypic level,

e.g., on cancer or cardio-metabolic outcomes. To
compute exposomeeoutcome associations advanced
statistical tools are required, usually applying feature
selection or feature reduction to deal with the high
dimensionality of the typical exposome dataset. Several
approaches explicitly search for combined effects of
exposures and/or their interactions using linear index
models or response surface methods, in addition to
simply searching for single exposure effect using an
exposome-wide association study (ExWAS) [106].

Measuring and reporting exposure-outcome associations
is important evidence to support reduction in the
environment through regulatory action (e.g., forbidden
components of pesticides or PCCPs). However, often
such information is insufficient for certain classes of
exposures (e.g., natural sources, no industrial alterna-
tive, or not enough social consensus for their prohibi-
tion). In this context, it becomes necessary to consider
the mechanisms or intermediate effects within the
human body for effective intervention, risk mitigation or
even treatment of adverse effects. In this regard, inte-

gration of exposomics data with other omics [13,14,75],
though currently at its infancy, holds great potential.
Indeed, exposomeehealth associations at the molecular
level (i.e., using omics approaches) may identify more
subtle biological responses, before the appearance of
clinical symptoms. Strong response signatures at the
molecular levels in observational human studies may
also support the regulation of chemical exposures
through the understanding of toxicological mechanism
[107] and the construction of new AOPs [12]. In addi-
tion, the characterization and validation of novel mo-

lecular mechanisms can be further supported by in vitro
www.sciencedirect.com
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and animal studies, or intervention studies that evaluate
tissue-specific or circulating biomarkers.

Another partially unsolved fundamental challenge of
combining untargeted metabolomics and chemical
exposomics relies in distinguishing the subset of features
comprising a causal signature (exposures) from those
indicating the biomolecular response to the exposures on

human health (the metabolome). It is also possible that
some molecules can simultaneously fall into both cate-
gories (secondary metabolism of exposures by human
enzymes and gut microbiota). This was well exemplified
in an intervention study assessing the impact of swim-
ming pool disinfection by products on volunteers
metabolome [75]. Adding another layer of complexity,
there is the need to disentangle the dynamic component
of these observations, and this will require longitudinal as
well as cross-sectional studies. For instance, performing a
completely cross-sectional integration analysis [13], our

team recently found that chemical exposures associated
with diet-related metabolites, specifically pesticides
with the fruit biomarker proline betaine and heavy
metals with fish-related PUFAs in children [6]. However,
while these associations may be informative about the
routes of exposure to chemicals, the additional predictive
value of the dietary markers is less clear. Others have
applied longitudinal analyses to link the exposome of the
first trimester of pregnancy to the metabolome of the
third trimester [77], have evaluated the temporal varia-
tion of a single subject over an extended period [30] or

proposed the daunting task of analysis across a partici-
pant’s whole lifespan [108]. Nevertheless, the current
lack of consensus in study designs and the independent
spatiotemporal variability of both the metabolome and
the exposome (with confounders such as year of sample
collection or seasonality) currently present severe chal-
lenges to replication and validation of observations in the
field of exposomics.

In addition, the wide variety of chromatographic
methods, combinations of MS applications, use of
different libraries for compound identification, and

reporting standards currently used in untargeted expo-
some research studies, as exemplified in Table 3, also
contribute to the difficulty of replicating findings and
harmonization of data across exposomics studies.
Whereas data harmonization across projects is an
established reality for other types of exposome variables
and other omics [109], small-molecule HRMS exposo-
mics data harmonization, despite valuable and signifi-
cant efforts [110,111], still has a long path to tread.
Conclusions
Determining the chemical exposome will always require
a blend of targeted and untargeted HRMS approaches. A
continuous cyclic process is needed between untargeted
www.sciencedirect.com
HRMS to drive the discovery of new exposures with
implications for health outcomes; and targeted MS or
HRMS to provide rigorous quantitative data for human
biomonitoring studies.

Bridging the gap between the metabolome and the
chemical exposome is possible due to their substantial
chemical overlap. However, achieving this will require

the consolidation of compound and spectral libraries
that comprehensively cover both domains. Other ap-
proaches that could contribute are the acquisition of
MS/MS on every sample and the relaxation of data
filtering procedures (particularly QC-based filtering and
detection rate filtering) to cope with the sparsity
intrinsic to chemical exposures. Moreover, a more
comprehensive view of the metabolome and the chem-
ical exposome can be achieved if complementary HRMS
assays are employed (GC and LC, or multiple LC assays
with complementary column chemistries), as exempli-

fied throughout this review. Additionally, a more defined
framework for categorizing compounds into endogenous
or exogenous categories, or exogenous origins that
involve human or microbial metabolism may also be
of benefit.

Finally, while we have described how the simultaneous
metabolome and chemical exposome characterization
can be achieved and facilitated, it remains a challenge to
interpret these data in an integrated way, due to the
differences in how the metabolome and exposome vary

over time and the timescales of resulting biological ef-
fects. It is clear that more longitudinal studies with both
metabolome and exposome data available will be needed
to fully capture and unravel the effect of exposures on
human health.
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