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Abstract

Early human life is considered a critical window of susceptibility to external
exposures. Infants are exposed to a multitude of environmental factors, col-
lectively referred to as the exposome. The chemical exposome can be sum-
marized as the sum of all xenobiotics that humans are exposed to throughout
a lifetime. We review different exposure classes and routes that impact fetal
and infant metabolism and the potential toxicological role of mixture effects.
We also discuss the progress in human biomonitoring and present possible
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models for studying maternal–fetal transfer. Data gaps on prenatal and infant exposure to xeno-
biotic mixtures are identified and include natural biotoxins, in addition to commonly reported
synthetic toxicants, to obtain a more holistic assessment of the chemical exposome.We highlight
the lack of large-scale studies covering a broad range of xenobiotics. Several recommendations
to advance our understanding of the early-life chemical exposome and the subsequent impact on
health outcomes are proposed.

INTRODUCTION

On a daily basis, humans are exposed to a vast number of foreign molecules, commonly referred to
as xenobiotics, that originate from consumed food and the surrounding environment. Apart from
the exposure to xenobiotics, there is also continuous exposure to other factors (e.g., stress, lifestyle,
diet) that combined are referred to as the exposome.The potential health effects of all the chemical
exposures, either positive or negative, depend on exposure timing, duration, and magnitude, but
also on the interplay between these complex chemicals. A critical window of susceptibility toward
the toxic effects of chemical exposure is during the development of an organism, i.e., embryo-fetal
stages and early childhood until the age of two. The susceptibility to xenobiotic exposure is
also affected by genetic background, which varies greatly among individuals and populations.
Compared to an adult with adaptive immunity and a fully developed set of enzymes for xenobiotic
biotransformation processes, the immune system and metabolism during development are more
sensitive (1). Knowledge about the exposure, effect, and coexposure of many xenobiotics in this
sensitive subpopulation is limited; therefore, more research incorporating a holistic perspective is
necessary.

In 2005,Wild (2) introduced a framework that includes the totality of (co-)exposures through-
out life from conception onward: the exposome. This emerging paradigm was described as a
complement to the genome, yet it is much more dynamic and changes constantly during the
course of life. Subsequently, the exposome has been characterized as encompassing all external
and internal factors that impact humans either directly or indirectly. These factors can be further
divided into smaller subgroups (illustrated in Figure 1), including (a) physical and chemical
factors such as radiation, particulate matter, drugs, food contaminants, and pesticides; (b) the
psychosocial factors of stress, household income, parental care, cultural traditions, and education;
(c) lifestyle factors including sleep and work patterns, diet, exercise, smoking, and oral contra-
ceptives; (d) ecosystems and climate, such as green areas and population density; and (e) food
ingested during early life, including infant formula, breast milk, and complementary baby food.
These factors frequently overlap and are heavily associated with one another, thus necessitating
combined investigation. The concept of the exposome as the sum of all exposures has become
popular as the importance of a more comprehensive assessment of coexposures and the combined
toxicological effects thereof become increasingly evident. Investigating the exposome is crucial
for progressing to more personalized prevention and medication strategies and to identify
environmental and nutritional risk factors associated with specific exposures (3, 4).

Immunity and metabolism during early life are unique compared to adults, and any adverse
exposure may be of concern during the critical window of development (5). The gut microbiome
plays a pivotal role in immunity and in detoxifying potentially harmful chemicals. For many years,
the in utero microbiome was thought to be sterile, and hence has been referred to as the “ster-
ile womb paradigm” (6). According to this theory, the fetus and placenta are sterile, and the gut
microbiome is acquired after birth. Inmore recent years, research has shown evidence of microbial
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Early-life impact of combinatory exposures. The early-life exposome covers all exposures starting from
conception and can be divided into different categories that influence each other: Lifestyle, including diet,
smoking, physical activity, working habits, sleep, alcohol intake, and parental care; social factors, including
stress, household income, social interactions, culture traditions, healthcare access, and parental care;
ecosystems and climate, including population density, green space, residence region, and physical climate;
and physical-chemical factors, including drugs, electromagnetic fields, radiation, air pollution, pesticides,
molds, drinking water contaminants, plasticizers, flame retardants, food contaminants, biotoxins, and
persistent organic pollutants. Another factor, specific to infants, is food during early life, including breast
milk, infant food, and formula. All the exposures are interconnected and have a combined effect on the infant
and fetus (directly or indirectly) that influences the exposome during gestation or after birth.

colonization during the fetal stages. This is referred to as the “in utero colonization hypothesis”
(7).

We aim to review existing knowledge on toxic exposures during fetal and early-life devel-
opment in a comprehensive manner, to cross traditional discipline borders, and to consider the
developmental origins of health and disease hypothesis. This theory is based on the concept that
exposure to environmental factors during prenatal and neonatal stages can determine the devel-
opment of diseases in adulthood.We expand on different classes of toxins included in the chemical
exposome and how fetuses and infants are exposed. Moreover, we focus on metabolizing capaci-
ties during early life and on potential mixture effects as a result of coexposure. Furthermore, we
present several available and emerging methods to study developmental toxicity in fetuses and, in
addition, analytical approaches to quantify xenobiotics in biological samples. We emphasize the
shortcomings of the current state of early-life biomonitoring research and propose several recom-
mendations for future improvements via technological advances in the field of mass spectrometry
(MS).
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ROUTES OF EXPOSURE DURING EARLY LIFE

The routes of exposure to external toxicants include prenatal placental transfer and postnatal oral,
parenteral, inhalation, and dermal or mucocutaneous exposure. In addition, for in utero exposure,
it is critical to also consider indirect developmental toxicity of contaminants even in the absence of
placental crossing (8). Chemicals and particles can accumulate in the placental tissue and interfere
with placental functions and the secretion of signaling mediators (e.g., vascular, inflammatory,
and endocrine factors) essential to successful pregnancy and fetal health (9). Moreover, toxic
metabolites could be formed and secreted to the fetal circulation.

Transfer Through the Placenta

During the prenatal stage, the placenta forms the interface between the mother and the unborn
child and performs many pivotal functions, including protection against harmful compounds and
pathogens. However, many xenobiotics can pass the placental barrier through separating layers
(syncytiotrophoblast, cytotrophoblast, and the fetal endothelial cells) and reach the fetal circula-
tion. For chemicals, placental transfer is directed by molecular weight, pKa, lipid solubility, and
protein binding. Small lipophilic and nonionic compounds with molecular weights below 500 Da
can generally pass the placenta via passive diffusion following the concentration gradient, whereas
large or hydrophilic compounds require specialized carrier proteins for their transfer (9). Facili-
tated diffusion is not directly dependent on adenosine triphosphate (ATP) but is restricted by the
abundance of carrier proteins. High-molecular-weight compounds and ionic chemicals require
active transporter-mediated transfer or endocytosis pathways.

Here, the best-known transporter class is the solute carrier family (SLC) that encompasses
(a) organic anion transporters (OATs); (b) organic anion transporting polypeptides; (c) organic
cation transporters; (d) multidrug and toxin extruding protein 1; and (e) nucleoside transporters
(10). OAT4 transporters are present at the apical membrane of the syncytiotrophoblast and
are considered the main transporters responsible for bidirectional transport of xenobiotics and
endogenous compounds (11).

Xenobiotics can be transported against a concentration gradient via ATP-hydrolyzing trans-
porters. In humans, the main superfamily of active transporters is the ATP-binding cassette (ABC)
that encompasses multiple transporters. The most important include P-glycoprotein (P-gp) and
breast cancer resistance protein (BCRP). P-gp is encoded by the ABCB1 gene and is expressed on
the apical side of the syncytiotrophoblast membrane. The importance of P-gp in protecting the
fetus has been reported (12). Similarly, BCRP transporter is also expressed on the apical side of the
syncytiotrophoblast. Over the gestational period, P-gp and BCRP expression levels are altered. P-
gp levels decrease toward the end of gestation; however, the trend is still unclear for BCRP (13,
14). The placental transfer pathways are illustrated in Figure 2.

Many synthetic chemicals have been reported to cross the placenta, e.g., endocrine-disrupting
chemicals (EDCs) such as phthalates, polybrominated diphenyl ethers (PBDEs), pesticides, poly-
cyclic aromatic hydrocarbons (PAHs), and perfluorinated substances (PFAS) that were measured
in maternal and cord blood (15–18). In human placental perfusion models (19–21) and ani-
mal models (22), some mycotoxins have also been shown to cross the placenta; however, more
data on maternal and cord blood levels from biomonitoring studies are needed. Conversely, re-
search on phytotoxins or aquatic toxins and their potential to cross the placenta is currently
lacking.

For nanoparticles, placental transport depends on their physicochemical properties (e.g., size,
surface charge, chemical composition, or surface modifications) (23).Nanoparticle transfer mech-
anisms across the placenta are not yet exploited extensively, but there is evidence for both passive
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Figure 2

The fetus can be exposed to the chemical exposome comprising synthetic and natural toxicants, other xenobiotics, and
micro-/nanoparticles through the placental barrier (consisting of syncytiotrophoblast, cytotrophoblast, and endothelial cells). The
pathways through the placenta include simple diffusion along the concentration gradient, transporter-facilitated diffusion, active
transporter–mediated diffusion, and endocytosis composed of pinocytosis for small particles (0.1–5 μm) and phagocytosis for bigger
particles (0.1–10 μm). The placental tissue can biotransform some of the named molecules, but more research is needed to elucidate
metabolism and exposure at the omic scale.

and active endocytic transport pathways (24). An important consideration in the context of the
chemical exposome is the fact that nanoparticles can bind environmental contaminants and serve
as shuttles to facilitate their transport (the Trojan horse effect), leading to coexposure and po-
tential mixture effects via alterations in uptake, translocation, and toxicity (25, 26). This has been
observed for a broad variety of combinations of nanoparticles and chemicals and most often has
resulted in enhanced toxicity of the mixture compared to single-substance exposure (26).

Lactational Transfer via Breast Milk

Recent research has highlighted that ingesting breast milk provides neonates with a layer of pro-
tection against chemical exposure. Breast milk is important and beneficial for healthy development
and is infants’ best source of nutrients and bioactive compounds. In the case of mycotoxins, the
overall exposure via breast milk is typically lower than if milk substitutes or complementary infant
foods are consumed (27, 28). The transfer to breast milk depends on the chemical properties of
a given xenobiotic. In general, chemicals transfer from maternal blood to breast milk via passive
diffusion that corresponds to molecular lipophilicity and solubility (29). As an example, persistent
organic pollutants (POPs) accumulate due to long half-lives and lipophilicity (30). Considering
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infants’ low body weight and size, the resultant body burden of POPs can be several times greater
than the internal dose of the mother, which decreases with breastfeeding (31).

Besides chemicals, studies in pregnant rodents have shown that nanoparticles are also trans-
ported to breast milk. For instance, orally administered silver nanoparticles in lactating mice
distributed to breast milk and subsequently to the brains of breastfed offspring (32).

Exposure via Infant Food, Infant Formula, and Drinking Water

Recommendations from the World Health Organization and the UN International Children’s
Fund are to exclusively breastfeed infants for the first six months of life, followed by the introduc-
tion of solid food and continued breastfeeding until the age of two. This is not the case for many
children, and it is estimated that only 44% of infants worldwide are exclusively breastfed from
birth to 6 months of age (33). Infants that are not exclusively breastfed receive infant formula and,
later, infant food. Several studies have reported contamination of infant formula and food with
natural toxins such as mycotoxins. This is particularly problematic in developing countries with a
warm and humid climate. An example is sub-Saharan Africa where infants are frequently exposed
to high levels of mycotoxins via infant food or formula (34). Mycotoxin contamination, however,
is a worldwide problem, as mycotoxins are chemically stable and can withstand high temperatures.
Studies have reported the presence of mycotoxins that can potentially pose a risk for infants, even
when present in small quantities (35, 36).

Other environmental contaminants, including POPs,parabens, and perfluorinated compounds,
have also been identified in infant food and formula. As these have long half-lives and can
accumulate, the exposure can result in long-term effects (37–39).

Concerning exposure to nanoparticles, drinking water is a potential source relevant to preg-
nant women and infants. A recent study has shown that engineered nanoparticles are present
only in small concentrations after leaving water treatment plants (40). Incidental contamination
with nanoparticles or natural nanoparticles in drinking water is more concerning, particularly in
economically less developed countries with a lack of clean water.

Exposure via Medical and Consumer Products

Medical devices such as feeding tubes, umbilical catheters, and endotracheal tubes are used widely
in neonatal intensive care units (NICUs). Premature infants in NICUs can be exposed to con-
taminants from phthalates (via ingestion, inhalation, and dermal and intravenous routes) (41), in
particular to diethylhexyl phthalate (DEHP), a class of plasticizer used inmedical products.DEHP
ismetabolized tomonoethylhexyl phthalate that is furthermetabolized tomonoethylhydroxyhexyl
phthalate (MEHHP) and monoethyloxohexyl phthalate. To a large extent, these are excreted via
the urine (42). In a study analyzing these metabolites, Demirel et al. (43) reported high levels of
phthalates during the first months of life of premature infants in NICUs, with MEHHP as the
main metabolite. The level of MEHHP was even higher in extremely premature infants that were
born with a body weight <1,000 g. High exposure to DEHP has been associated with increased
blood pressure in infants (44).

In terms of exposure in premature infants, another important topic to consider are drugs and
their interactions, so-called drug–exposome interactions (4). Premature infants often receive mul-
tiple pharmaceuticals simultaneously. To a large extent, these can sometimes include unlicensed
or off-label drugs that have not been approved by the European Medicines Agency or the US
Food and Drug Administration for neonatal use. It is estimated that more than 70% of infants in
NICUs are exposed to drug–drug interactions (45, 46). These interactions are beyond the scope
of this review but should also be addressed in the new framework of “pharmaco-exposomics” (4).
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Coexposure to Chemical Mixtures

Considering the widespread presence of chemicals and contaminants in our environment and
the many potential routes of uptake mentioned above, it is evident that the developing fetus and
infants can be exposed to mixtures of chemicals and contaminants rather than single compounds.
The chemical exposome is vast, and its definition and categorization are not straightforward.
Here we intend to highlight the fact that natural and food processing contaminants, as well as
anthropogenic nanoparticles, should also be incorporated in a comprehensive exposome-type
evaluation, particularly of early-life (and to a lesser extent fetal) coexposure and mixture effects
in addition to the priority pollutants typically covered in this context. To emphasize the need
for this holistic assessment, we summarize different selected categories based on their source in
Table 1 (natural toxins contaminating food, contaminants formed during food processing, and
synthetic chemicals released and accumulated in the environment that can contaminate food or

Table 1 Overview of selected natural and synthetic exposure classes from different sourcesa

Class or compound Abbreviation(s) Typical exposure sources Adverse effects
Biotoxins
Mycotoxins Contaminated grains, nuts, dried fruit, spices
Aflatoxins AFs Aspergillus spp. Hepatotoxicity, carcinogenicity

(Group 1, IARC) (126)
Fumonisins FBs Fusarium spp. Carcinogenicity (Group 2B, IARC)

(126), developmental toxicity
Trichothecenes T-2, HT-2,

DON, NIV
Fusarium spp. Immunotoxicity, ribotoxicity (127)

Ochratoxins OTA, OTB Aspergillus spp. Nephrotoxicity, carcinogenicity
(Group 2B, IARC) (128)

Zearalenone ZEN Fusarium spp. Estrogenicity, reprotoxicity (129)
Phytotoxins Contaminated foods and herbal teas/medicines
Aristolochic acids AA Herbal medicine (Aristolochia and

Asarum genera)
Nephrotoxicity, carcinogenicity

(Group 1, IARC) (130)
Pyrrolizidine alkaloids PAs Contaminated herbal tea, honey

(Boraginaceae, Asteraceae, and
Fabaceae families)

Preterm births, hepatotoxicity,
pulmonary toxicity (131)

Tropane alkaloids TAs Nightshade (Solanaceae), coca
(Erythroxylaceae genus)

Neurotoxicity (132)

Piperidine alkaloids PAs Hemlock (Conium maculatum),
lupine (Lupinus spp.), and tobacco
(Nicotiana tabacum)

Acute toxicosis, teratogenicity (133)

Indolizidine alkaloids IAs Locoweed (Astragalus and Oxytropis
spp.)

Reprotoxicity (134)

Aquatic toxins Contaminated seafood
Microcystins MCs Blue-green algae Hepatotoxicity, carcinogenicity,

decreased fetal weight (135)
Ciguatoxins CTXs Dinoflagellates genus Gambierdiscus

accumulated in reef fish and
shellfish

Ciguatera poisoning (136)

(Continued)
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Table 1 (Continued)

Class or compound Abbreviation(s) Typical exposure sources Adverse effects
Food-processing contaminants
Heterocyclic aromatic amines HAAs Cooking various meat and fish Carcinogenicity (2B, IARC) (128)
Polycyclic aromatic

hydrocarbons
PAHs Smoking, drying, and grilling food Carcinogenicity (1, 2A, 2B, 3, IARC),

evidence for neurotoxicity (137)
Acrylamide AA Baked or fried carbohydrate-rich

foods, coffee
Carcinogenicity (2A, IARC) (138),
evidence for neurotoxicity (139)
and developmental toxicity (140)

Furan Thermally processed food, coffee Carcinogenicity (2B, IARC) (141),
evidence for hepatotoxicity (142)

Synthetic chemicals
Dioxin-like polychlorinated

biphenyls
dl-PCBs Electrical insulators, insulating

fluids
Endocrine disruption, developmental
toxicity (143, 144)

Non-dioxin-like
polychlorinated biphenyls

ndl-PCBs Heat-transfer systems, cooling and
insulating fluids

Neurotoxicity (145)

Organochlorines Pesticides, insecticides Neurotoxicity, carcinogenicity,
developmental toxicity (146)

Organophosphates OPs Pesticides, insecticides Neurotoxicity (147)
Polybrominated diphenyl

ethers
PBDEs Flame retardants Endocrine disruption (148),

neurotoxicity (149)
Per- and polyfluoroalkyl

substances
PFAS Surfactants Endocrine disruption, developmental

toxicity, diabetes, hepatotoxicity
(150)

Phthalates Plasticizers Endocrine disruption (151),
neurotoxicity (152)

Parabens Preservatives in cosmetics Endocrine disruption (153)
Bisphenols Plasticizers Endocrine disruption (154)
Persistent, mobile, and toxic

substances
PMTs Contaminated aquatic environment

Melamine Plastic dishware Carcinogenicity (2B, IARC) (155)

aThe table highlights the vast chemical space and toxicological impact of the chemical exposome: (a) biotoxins (mycotoxins, phytotoxins, phycotoxins);
(b) contaminants formed during food processing; and (c) synthetic chemicals divided by class, their main sources, and possible adverse effects in infants and
fetuses.
Abbreviation: IARC, International Agency for Research on Cancer.

can be released from consumer products). There has been extensive research on persistent and
bio-accumulative chemicals (e.g., dioxins, PFAS, pesticides), grouped as synthetic chemicals, and
their exposure in humans. Published background levels of several xenobiotics, including syn-
thetic chemicals (pesticides; PFAS; PBDEs; PAHs; and persistent, mobile, and toxic substances),
measured in breast milk are summarized in Figure 3. In addition, background levels of xenobi-
otics (phthalates, PAHs, PBDEs, and phenols) measured in infant urine or blood are shown in
Figure 4. To have a representative example, the studies were selected based on cohort size (sample
sizes below 50 participants were excluded) and geographical location (to include as many regions
as possible). The summarized results in the figures are purely illustrative, as direct comparison
of most of the studies was not possible due to differing analytical assays (different analytes
studied, different quantification limits, data reporting not harmonized) and differences in the
cohorts. For several xenobiotics, only a single study from one region is available, and the raw data

524 Krausová et al.



Persistent, mobile, and
toxic substances

e f   Polychlorinated biphenyls

c   Polycyclic aromatic hydrocarbons

d   Perfluoroalkyl substances

a   Polybrominated diphenyl ethers

Concentration log(1 + ng/L)
Norway, Iszatt et al. (2019)

PFOA

PFOS

PFUnDA

Melamine

Cyanuric acid

Ammeline

Ammelide

Naphthalene

Acenaphthene

Fluorene

Phenanthrene

Anthracene

Fluoranthene

Pyrene

Chrysene

HCB

HCH

p,p '-DDE

p,p '-DDT

Oxychlordane

PCB 105

PCB 118

PCB 28

PCB 52

PCB 101

PCB 138

PCB 153

PCB 180

PCB 187

PCB 99

PCB 74

PCB 170

PBDE-28

PBDE-47

PBDE-99

PBDE-100

PBDE-153

PBDE-154

b   Organochlorine pesticides

0.0 0.4 0.8 1.2 1.8 3.0 3.02.0 2.51.50.5 1.00.0

1.0 1.5 2.0 2.5 3.0 3.01.00.80.60.40.20.0 0.0 1.0 2.0 3.00.5 1.5 2.5

3.01.50.5 1.00.0

Concentration log(1 + ng/g lipid)
Norway, Iszatt et al. (2019)

Benz(a)anthracene

Benzo(b+j)fluoranthene

Dibenz(a,h)anthracene

Benzo(g,h,i)perylene

∑ PAHs (unmetabolized)

∑ PCBs

∑ Melamine
and its derivatives

∑ PFAS

Concentration log(1 + ng/mL)
Portugal, Oliveira et al. (2020)

Concentration log(1 + ng/mL)
Korea, Lee et al. (2018)

Concentration log(1 + ng/mL)
USA, Zhu & Kannan (2019)

Concentration log(1 + ng/g lipid)
Canada, Rawn et al. (2017)

Figure 3

Concentrations of synthetic chemicals in breast milk from different countries based on selected literature reports demonstrate the
diverse contamination patterns between different xenobiotic classes and countries/world regions: (a) polybrominated diphenyl ethers
[log (1 + ng/g lipid)] from Norway (n = 257); (b) organochlorine pesticides [log (1 + ng/L)] from Norway (n = 257); (c) polycyclic
aromatic hydrocarbons [log (1 + ng/mL)] from Portugal (n = 65); (d) perfluoroalkyl substances [log (1 + ng/mL)] from Korea (n =
293); (e) persistent, mobile, and toxic substances [log (1 + ng/mL)] from the United States (n = 100); and ( f ) polychlorinated biphenyls
[log (1 + ng/g lipid)] from Canada (n = 298). Abbreviations: HCB, hexachlorobenzene; HCH, hexachlorocyclohexane; p,p′-DDE,
dichlorodiphenyldichloroethylene; p,p′-DDT, dichlorodiphenyltrichloroethane; PAH, polycyclic aromatic hydrocarbon; PBDE,
polybrominated diphenyl ether; PCB, polychlorinated biphenyl; PFAS, perfluorinated substance; PFOA, perfluorooctanoic acid; PFOS,
perfluorooctanesulfonate; PFUnDA, perfluoroundecanoic acid. Data for panels a and b are from Reference 47, data for panel c are from
Reference 48, data for panel d are from Reference 49, data for panel e are from Reference 50, and data for panel f are from Reference 51.

presented in published studies are often limited. Hence, Figures 3 and 4 provide an indication
of the background concentration levels in specific regions and populations. Taken together, more
exposome-scale studies that would be comparable and cover different geographical regions are
clearly needed.
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Concentrations of synthetic chemicals in urine or serum obtained from infants living in different countries: (a) average phthalate
concentration in urine [log (1 + ng/mL)] of infants from different countries (Czech Republic, Canada, Denmark); (b) polycyclic
aromatic hydrocarbons in urine [log (1 + ng/g creatinine)] from Czech Republic (n = 330); (c) polybrominated diphenyl ethers in
serum [log (1 + ng/g lipid)] from Australia (n = 800); (d) perfluoroalkyl substances in serum [log (1 + ng/g lipid)] from Sweden
(n = 107); and (e) phenols in urine [log (1 + ng/mL)] of premature infants from the United States (n = 41). Abbreviations: 1-OH-NAP,
1-hydroxynaphthalene; 1-OH-PHEN, 1-hydroxyphenanthrene; 1-OH-PYR, 1-hydroxypyrene; 2-OH-FLUO, 2-hydroxyfluorene;
2-OH-NAP, 2-hydroxynaphthalene; 2-OH-PHEN, 2-hydroxyphenanthrene; 3-OH-PHEN, 3-hydroxyphenanthrene; 4-OH-PHEN,
4-hydroxyphenanthrene; 9-OH-PHEN, 9-hydroxyphenanthrene; BDE, brominated diphenyl ether; BP-3, benzophenone-3; BPA,
bisphenol A; MBP, mono-n-butyl phthalate; MBzP, monobenzyl phthalate; MECPP, mono(2-ethyl-5-carboxypentyl) phthalate;
MEHHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; MEHP, mono(2-ethylhexyl) phthalate; MEOHP, mono(2-ethyl-5-oxohexyl)
phthalate; MEP, mono-ethyl phthalate; MePB, methyl paraben; MiBP, mono-isobutyl phthalate; OH-PAH, mono-hydroxylated
polycyclic aromatic hydrocarbon; PFHxS, perfluorohexanesulfonate; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid;
PFOS; perfluorooctanesulfonate; PFUnDA, perfluoroundecanoic acid; PrPB; propyl paraben. Data for panel a are from References 52–
54, data for panel b are from Reference 55, data for panel c are from Reference 56, data for panel d are from Reference 57, and data for
panel e are from Reference 58.
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METABOLISM OF XENOBIOTICS DURING EARLY LIFE

After a certain xenobiotic enters the body, it may undergo significant human and microbial
metabolism, depending on its structure. The (xenobiotic) biotransformation and the expression
of enzymes in fetuses and infants are often very different in adults. Phase I metabolism involves
cytochrome P450 enzymes (CYP450s), a large superfamily present primarily in the liver, that are
responsible for the majority of phase I reactions. Generally, the amount of CYP450s is low in fetal
tissue but increases after birth (59). CYP3A7 is the main CYP enzyme present in the fetus. After
gestation, the expression decreases and CYP3A4 expression begins to dominate (60).

Metabolites of aflatoxin B1 (AFB1) include AFM1 and AFQ1, which are products of reactions
by CYP enzymes. In a study of Nigerian infants, the results from analyzing urine samples showed a
high incidence of AFQ1 (68%) compared to AFM1,which was detected in only 9% of samples (61).
Previously, AFM1 had been considered the main urinary metabolite, but in fact, infant exposure to
aflatoxins could have been underestimated if the more prominent metabolite were AFQ1 (62, 63).

Enzymes involved in phase II reactions include UDP-glucuronosyltransferases (UGTs), glu-
tathione S-transferases (GSTs), and sulfotransferases (SULTs).UGTs are a superfamily of enzymes
that catalyze the transfer of glucuronic acid from UDP-glucuronic acid to xenobiotics. UGTs are
bound to the membrane of the endoplasmic reticulum localized in liver. The subfamilies UGT1A
and UGT2B are the main UGTs involved in xenobiotic/drug metabolism (64). The abundance
of UGTs increases with age, and neonates have a much lower abundance of UGT1A enzymes
(<13%) compared to adults. The enzyme abundance is age dependent, indicating that the capac-
ity to metabolize xenobiotics differs across age groups. High variability between individuals was
also confirmed (65).

GSTs are a superfamily of enzymes that have a protective role against reactive oxygen species
and toxic substances. These act by conjugating the xenobiotic with the reduced glutathione to
produce a more hydrophilic compound that is easily excreted. GSTs are expressed mainly in the
liver and are localized in several cellular compartments, including the cytosol, mitochondria, en-
doplasmic reticulum, nucleus, and plasma membrane, but the cytosolic GSTs are the most studied
(66). The expression of GSTs is sex, species, and age dependent and, as observed in rats, increases
through life (67, 68).

SULT enzymes are another superfamily of phase II enzymes responsible for transferring the
sulfonate (SO3

−) from a 3′-phosphoadenosine 5′-phosphosulfate donor to a xenobiotic, resulting
in a more water-soluble product. Humans have at least 12 isoforms of SULTs, which are mem-
brane bound or localized in the cytosol of several tissues, such as the liver, small intestine, or
kidney, depending on the SULT family (69). Interestingly, in the fetus, the expression of detoxi-
fying enzymes in general is low; however, in the case of SULTs, evidence shows that expression in
the fetus is high. For several families, expression is even higher than in adults. This suggests that
sulfation is the main detoxification pathway during the prenatal stages (70, 71).

In a recent study, the effect of flame-retardant PBDEs on thyroid hormone SULT activity was
investigated in the BeWo placental cell line. PBDEs were shown previously to disrupt thyroid
hormone levels. The results in the study revealed that the assessed PBDEs significantly reduced
the basal activity of 3,3′-T2 SULT and the corresponding mRNA expression (72). PBDEs and
other endocrine disruptors that cross the placenta have the potential to also disrupt other sulfa-
tion pathways for endogenous compounds such as estradiol, testosterone, and cholesterol. In sum,
biotransformation and expression of enzymes in the fetus and infant are often very different to
those of an adult. Enzyme levels tend to be lower during birth than later in adulthood (e.g., CYPs,
UGTs), exposing the fetus and young infants to potentially higher doses of xenobiotics and toxins
in general.
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Endocrine-Disrupting Chemicals as an Example for Mixture Effects

In the past, toxicity assessment of xenobiotics has been done mainly on a single class or single
compound and their exerted effects, as it is more straightforward and simpler than studying
coexposures. Since then, however, researchers started to consider that a broad range of compound
classes affect us at the same time, starting from prenatal stages (73). Compounds can interact with
one another and thus may have an additive, synergistic or antagonistic effect (74). The European
Food Safety Authority, for example, has proposed to use dose addition to establish cumulative
risk assessment (75). Hence, it is crucial to understand the interaction between compounds, the
mechanisms of action, and the resultant effect. An example for physiologically relevant mixture
toxicology is endocrine disruptors that affect endocrine systems via different mechanisms.To date,
EDCs are a well-studied class of chemicals that act by impairing the homeostasis of endogenous
hormones and signaling chemicals of the endocrine system. Many of the chemicals mentioned
in this review are known or suspected EDCs, e.g., some representatives of PFAS, phthalates,
polychlorinated biphenyls (PCBs), PBDEs, mycotoxins, pesticides, and many others. Early-life
exposure to EDCs is associated with obesity (76), reduced birth weight (77), preterm birth (78),
neurodevelopmental defects (79), reproductive defects, and hormone-related cancers (80).

EDCs have some common underlying mechanisms of action. One of these mechanisms is the
binding of estrogen and/or androgen receptors that can cause dysregulation of hormone signaling
by agonism or antagonism. The estrogen receptors (ERs) are the target receptors where EDCs
can bind with low affinity but still affect the transcription of downstream genes. The genomic
pathway involves binding of xenoestrogen to the ER, including Erα and Erβ, which dimerizes
and subsequently as a ligand/receptor complex translocates into the cell nucleus. In the nucleus,
among other pathways, the complex can bind to the promoter region of the estrogen response
element that results in transcription of the target genes. The nongenomic pathway begins with
binding of the xenoestrogen to a membrane-bound ER that has been identified as a G protein–
coupled receptor called GPER (G protein–coupled ER) or GPR30. The binding causes the rapid
activation cascade of signaling messengers that results in the activation of transcription factors
(81, 82). Bisphenol A is a prominent example of an EDC that has been shown to bind to ER, even
at low doses, activating either pathway (83). Presumably pregnant women and infants are exposed
to mixtures of EDCs (as these substances can be present in everyday products, food, or water);
thus, the coexposure can potentially have additive, antagonistic or agonistic effects.

HUMAN BIOMONITORING: ANALYSIS AND INNOVATION

Human Biomonitoring

The process of determining the internal exposure to xenobiotics and their biotransformation
products is called human biomonitoring (HBM). By measuring and quantifying the levels of xeno-
biotics from different biological matrices, the baseline of the target analytes can be evaluated (to a
large extent, this was done in the studies represented in Figures 3 and 4). Based on their baseline
levels, the most exposed groups in the population can be identified. HBM is also used to find cor-
relations between exposure and disease outcomes and thus can aid in elucidating themechanism of
action (84). The most common biological matrices used in HBM include urine, breast milk, and
blood (serum or plasma). Depending on the population and analyte of interest, other potential
high-value matrices that are less-commonly used include feces, saliva, placenta, hair, nails, exhaled
breath, cord blood, meconium, and teeth (85). Means to determine the exposure load in the fe-
tus are limited, but one approach is to analyze cord blood and placental tissue collected at birth,
because these are in direct contact with the fetus. For infants, it is easier to collect urine, blood,
or feces to measure the exposure burden directly. Breast milk is another important bio-fluid used
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to determine lactational transfer to infants. In terms of ethical approval, only a small amount of
the sample is required for HBM studies. Particularly for premature infants that have very limited
biofluids to sample, this is advantageous. As a consequence of the heavy use of chemicals, health-
care products, and food additives in the last century that continue to have an immense impact on
humans and nature today, HBM has become increasingly important in occupational and public
health over the past decades.

Analysis and Innovation

Nowadays, powerful and sensitivemethods to analyze biological samples inHBMstudies are based
primarily on mass spectrometry (MS) and include liquid chromatography or gas chromatography
coupled to MS (LC-MS and GC-MS, respectively). In the past, GC-MS was considered the gold
standard, but LC-MS technology has become more common and superior in many areas because
of the inherent advantages, e.g., simultaneous analysis of a wider range of analytes. GC-MS is
limited primarily to analyzing volatile compounds or involves more complex sample preparation
(86). Both techniques are based on chromatographic separation by using either gas or liquid as
the mobile phase. The separated degradation products are then transferred to an MS ion source,
where the molecules are ionized via a specific technology (e.g., electrospray ionization). The ions
are converted to smaller, neutral or ionized fragments; the latter are subsequently separated based
on the mass-to-charge ratio (m/z) by a mass analyzer. In the last step, the ions are measured by a
detector to generate a mass spectrum (intensity versus m/z) of the analyte (87).

Two main analytical approaches are used, namely, targeted and untargeted analysis. The tar-
geted approach focuses on analyzing predefined sets of known analytes with the possibility of using
internal standards if available. Conversely, the untargeted approach aims to detect a wide range
of unknown analytes. Both approaches are used in HBM to measure a broad range of compound
classes. Even with a targeted method, it is possible to analyze a large number of xenobiotics, and
hence obtain a more exposome-wide overview. For example, Jamnik et al. (88) recently developed
a targeted LC-MS/MSmethod to assess 80+ xenobiotics, including phthalates, PFAS, phytoestro-
gens, mycotoxins, plant toxins, and others. To more accurately identify a large number of analytes,
the sensitivity and accuracy of a targeted analysis can be combined with the high number of po-
tential analytes detected in an untargeted analysis. The trend of using hybrid methods combining
both approaches is slowly beginning to emerge, e.g., in the field of metabolomics (89). In the field
of exposomics, targeted or untargeted MS-based approaches to measure a large number of chem-
icals are gradually emerging. Hu et al. (90) recently developed an untargeted GC-high-resolution
MSmethod with a one-step sample preparation termed express liquid extraction.Themethod was
assessed with several types of biological samples and used to detect a broad range of chemicals,
showing huge potential for exposome-scale studies.

MS-based methods play an important role in omics techniques owing to their sensitivity,
throughput, selectivity, and compatibility with different separation methods. Due to the possi-
bility of quantifying a vast number of proteins, metabolites, and biological active compounds,
the progress in understanding different chemical processes and cellular mechanisms has been
immense. These methods can be used to identify potential biomarkers that can help determine
disease diagnosis, progression, and treatment. Development of soft ionization techniques such
as electrospray ionization or matrix-assisted laser desorption ionization has enabled analysis of
biological macromolecules, e.g., carbohydrates, lipids, and proteins (91, 92). As an alternative to
nano- and normal-flow chromatographic separations, microflow, in which the separation is done
on columns with an internal diameter <1.0 mm, has become more popular at a reduced flow
rate of <100 μL/min. Recent studies showed robustness and reproducibility using microflow
LC-MS/MS (93–95).
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MODELS TO STUDY PLACENTAL TRANSFER

To obtain human-relevant data on placental translocation and effects of xenobiotics, use of pre-
dictive models is prerequisite. Although studies in pregnant rodents can provide insights on
biodistribution and bioresponses in an intact physiological organism, extrapolating the results to
humans is challenging due to considerable differences in the development, physiology, and patho-
physiology of the placenta between species (96). Therefore, human-based in vitro and ex vivo
models are indispensable, and major technological advances in cell cultivation (e.g., microphysio-
logical models, organoid cultures, bioprinting) and the global 3Rs strategy to reduce animal testing
are pushing the development of novel advanced models for developmental toxicity assessment.

In Vitro Models

Multiple in vitro cell models have been developed to study maternal–fetal transfer of xenobiotics
and drugs. The most frequently used placental transfer model is based on BeWo cells (human
choriocarcinoma cell line), which are grown on a microporous membrane to a tight monolayer to
model the placental villous syncytiotrophoblast barrier (97, 98). BeWo cells have morphological
characteristics of human undifferentiated cytotrophoblast, including syncytial fusion (99), hor-
mone secretions (100), and regulation of syncytin 1 and 2 proteins (101). The advantages are that
the cells grow fast and form a confluent, polarized monolayer. Other, less widely used cell lines in-
clude JEG-3 and Jar, which also originate from choriocarcinoma. Importantly, BeWo cells express
ABC transporters that play an important role in fetal protection, making them a good model for
studying mechanisms of drug and xenobiotic transport (102). To further increase the predictive
power of this model, coculture models have been developed to also include the fetal endothelium
by cocultivating human placental microvascular endothelial cells (HPEC-A2) or human umbilical
venous endothelial cells (HUVEC) on the opposite side of the membrane (103, 104) or by replac-
ing the BeWo cell line with primary cytotrophoblast isolated from human term placenta (105).
However, access to and cultivation of primary trophoblasts are challenging, isolated cells do not
proliferate in culture, and the gene expression of ABC transporters changes rapidly in culture
(102, 106).

Placental organoid cultures are another interesting model to obtain mechanistic insights on
placental uptake and penetration of xenobiotics. In this regard, a 3D placental coculture microtis-
sue consisting of BeWo trophoblasts surrounding a core of human mesenchymal fibroblasts has
been developed and used to study uptake and trophoblast barrier penetration of gold nanopar-
ticles depending on different sizes and surface modifications (107). More recently, long-term
3D trophoblast organoid cultures derived from purified first-trimester cytotrophoblast have been
engineered that could be an interesting model to investigate the effects of xenobiotics on early hu-
man placental development (108, 109). However, they lack all the stromal, endothelial, and bone
marrow–derived cells, and the polarity of the organoids is inside-out, with the syncytiotrophoblast
layer formed within the organoid cavity.

To further recreate the highly dynamic microenvironment of the placenta, placental barrier
models were integrated into microphysiological chips to recreate a maternal and/or fetal circu-
lation. As observed by cultivating JEG-3 trophoblasts and HUVEC cells on opposite sides of
a membrane under dynamic flow conditions, glucose transport rates and metabolism were in
good agreement with previously reported in vivo observations (110). A similar model exploit-
ing cocultures of BeWo and HUVEC cells further showed that at physiologic shear stress levels,
the trophoblast cells expressed a higher number of microvilli and increased villous length and
thickness (111). Moreover, maternal–fetal transport of glyburide, a gestational diabetes drug, was
verified in this model (112). Other engineering strategies tried to better simulate the villous
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structure using two-photon polymerization of a photo-cross-linkable gelatin hydrogel to repli-
cate the 3D microstructure of placental villi (113); to integrate impedance microsensor array
in the polymeric microporous membrane for online monitoring of barrier integrity (114); or
to established complex cocultures of BeWo trophoblasts, together with primary placental fibro-
blasts within a biological membrane (simulating villous stroma) and primary human placental
endothelial cells by 3D bioprinting (115).

Overall, these in vitro placenta models do not yet entirely capture the complex physiologic
structure, function, and dynamics of the human placenta. Nonetheless, they are highly valuable
for prescreening compounds for placental transfer and effects due to their good reproducibility,
standardization, and accessibility.

Ex Vivo Models

The ex vivo dual perfusion of an isolated human placental cotyledon allows study of placental
transfer of drugs and xenobiotics at near-physiological conditions in an intact tissue. In their meta-
analysis, Hutson et al. (116) showed that predictions of placental drug transfer (data on 26 drugs)
matched the in vivo data. The main advantage of the perfusion model is that it is the most rep-
resentative model to investigate xenobiotic transfer using organized in vivo placenta tissue, but
there are also a few limitations to the model, such as the short perfusion timescale (usually up to
6 h), high failure rate (mostly due to unspecific maternal–fetal leakage), and restriction to term
placental tissue.

Placental explant cultures are another ex vivo model in which small fragments of villous pla-
cental tissue (approximately 3 × 3 mm2) are excised from human first- or third-trimester placenta
(117, 118). These cultures can be maintained for prolonged times (up to several weeks) and can
be used to assess cellular uptake and tissue penetration of xenobiotics, as well as their impact on
placental tissue function and signaling (118, 119). However, no maternal–fetal transfer rates can
be determined with this model due to the lack of two separated circulations.

Models to Recapitulate the Maternal–Placental–Embryonic Axis in Vitro

To achieve a comprehensive understanding of the health hazards of xenobiotics and their mix-
tures to the developing fetus in vitro, more complex coculture systems allowing assessment of
direct and indirect embryo-fetotoxicity are indispensable. Instead of performing separate studies
on placental transfer and embryotoxicity (e.g., embryonic stem cell tests) that will not capture
any cross-talk between these tissues (e.g., via released factors or metabolites), these models must
be combined to gain systemic insight. First models have now been developed that cocultivate
a placental barrier (murine trophoblast stem cells or BeWo b30 trophoblasts) together with an
embryonic tissue (murine embryoid bodies) under static (120) or dynamic (121) conditions. Im-
portantly, these studies confirmed that such models could indeed provide valuable insights into
direct versus placenta-mediated toxicity mechanisms.

Observational Studies in Humans

To study the transfer of xenobiotics and drugs from the mother to the fetus, prospective obser-
vational trans-generational studies can provide important evidence. By collecting and analyzing
biological samples including cord blood, we can determine exposure in mothers and to some ex-
tent in fetuses.Questionnaires can also provide important details about the lifestyle of the mother,
and hence a more holistic view about the mother’s exposome, and at the same time can be used to
determine confounders.
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IDENTIFYING KNOWLEDGE GAPS AND SUGGESTIONS

Current Knowledge Gaps and Limitations

� Biomonitoring data from infants and pregnant women that include longitudinal sampling
and several types of biological matrices, particularly for natural contaminants and toxins, are
lacking.

� Data on coexposure to mixtures of toxicants in general are scarce, as the main focus of the
field is still directed toward a narrow range of priority substances that does not allow holistic
exposure and risk assessment.

� Biomonitoring data are often limited to specific geographical regions that are not represen-
tative of the global population, as exposure pattern and intensity differ markedly based on
the region chosen and the studied (sub)population.

� The metabolism of xenobiotics and the resultant biotransformation products typically are
not considered adequately, which may lead to misinterpretation of the results from toxicity
assessments.

� Data on drug interactions, so-called drug–exposome interactions (or pharmaco-
exposomics), which are especially important for (extremely) premature infants and
prenatal exposure, are lacking.

� The availability of raw and meta data is still limited, which is restricting fellow scientists
attempting to reproduce or extend existing results. FAIR (findable, accessible, interoperable,
and reusable) data sharing will be essential in future studies (122).

� Placental exposome and resulting indirect placenta-mediated fetotoxicity mechanisms are
largely unknown.

Recommendations for Improved Assessment of Toxicant Coexposure
During Early Life

� More infant biomonitoring studies including a broad range of xenobiotics are warranted
and should include monitoring of natural toxins besides the typically monitored synthetic
toxicants that are of high governmental and public interest.

� To encompass different exposures and generate more representative data, cohorts in HBM
studies should be large (to increase the chance of determining a true effect) and from various
regions and backgrounds.

� Longitudinal sampling and/or pooled sample designs to monitor background exposure
dynamics are encouraged.

� A focus on nontargeted screening/analysis will result in more comprehensive exposure
information and the level of biotransformation products and adducts in biological samples.

� Analytical assays should be developed and validated for low sample volumes (<100 μL).
� Appropriate and straightforward standardized questionnaires should be used in biomonitor-

ing studies to obtain an accurate, holistic view of exposures.
� In vitro toxicity assessments in advanced humanmodels (e.g., organoids) should be strength-

ened to gain mechanistic insights on metabolism, transfer, and biological effects of the
chemical exposome in early life.

CONCLUSION

Taken together, the identified gaps highlight a general lack of comprehensive data on prenatal
and infant coexposure levels and their combined toxicological impact. Research is clearly shifting
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toward more holistic approaches in HBM; however, several challenges remain. Firstly, approaches
such as the analytical methods used for sensitive quantitation are suitable but often focus on single,
or a very narrow range of, chemicals. Many more exposures should be covered simultaneously to
better represent real-world scenarios. Another crucial step is to establish large cohorts focused on
different age groups, various geographical regions, and numerous exposures.Within the European
Union, some established projects are already gathering exposome-type data during early life, e.g.,
HELIX or HBM4EU (123–125). Overall, this review highlights the shortage of exposome-wide
data on early-life exposure.

Secondly, most published reports focus on environmental chemicals that are released from
everyday products. In addition, naturally occurring contaminants that are present in food or gen-
erated during food processing are not studied to the same degree. The same applies to xenobiotics
in ambient air that can be inhaled. The data on exposure to natural contaminants are mainly out-
dated, are very scarce for humans, and can change rapidly, requiring frequent exposure updates
in longitudinal studies. Most research in this area has been performed in animals; thus, the cur-
rent relevance of the data for humans, and particularly infants, is questionable. Overall, in this
article we aimed to summarize the current state of knowledge and highlight the gaps in chemical
exposome research specifically in connection to infants and fetuses.

SUMMARY POINTS

1. The chemical exposome includes exposure to all synthetic chemicals, natural contami-
nants, and nanoparticles.

2. The critical window of susceptibility spans from the prenatal stage to the first 1,000 days
of life.

3. Infants have a higher resultant body burden because of their low body weight and
developing metabolism.

4. Exposure levels in pregnant women and infants are largely unknown for most
contaminants.

5. Exposome-scale studies of large cohorts with a broader chemical space coverage are
scarce.
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