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Abstract

Environmental chemicals comprise a major portion of the human exposome, with some shown to
impact the health of susceptible populations, including pregnant women and developing fetuses.
The placenta and cord blood serve as important biological windows into the maternal and fetal
environments. In this article we review how environmental chemicals (defined here to include
man-made chemicals [e.g., flame retardants, pesticides/herbicides, per- and polyfluoroalkyl
substances], toxins, metals, and other xenobiotic compounds) contribute to the prenatal exposome
and highlight future directions to advance this research field. Our findings from a survey of recent
literature indicate the need to better understand the breadth of environmental chemicals that reach
the placenta and cord blood, as well as the linkages between prenatal exposures, mechanisms of
toxicity, and subsequent health outcomes. Research efforts tailored towards addressing these needs
will provide a more comprehensive understanding of how environmental chemicals impact
maternal and fetal health.
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1. Introduction

1.1. Introduction to the exposome
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The concept of the “exposome” was introduced in 2005 as “encompass[ing] life-course
environmental exposures (including lifestyle factors), from the prenatal period onwards” [1].
This initial definition has since been expanded upon to include three categories: (i) the
general external exposome (e.g., lifestyle and socioeconomic factors), (ii) the specific
external exposome (e.g., environmental exposures, infectious agents, and therapeutics), and
(iii) the internal exposome (e.g., metabolism, circulating hormones, gut microflora,
inflammation, and oxidative stress) [2,3]. In short, the exposome is currently a broad term
reflecting any non-genetic factor that may play a role in the development of disease.

Evaluating environmental chemicals as part of the human exposome is of high interest, as
environmental factors are known to significantly contribute to the global burden of disease
[2,4]. At the same time, the majority of chemicals in the environment remain understudied
and lack data in relation to both exposures and associated toxicological/health outcomes
[5,6]. Methods are currently being expanded upon to evaluate broader chemical domains at
increasingly higher rates of throughput [7]. Some recent exposome-relevant examples
include studies that have evaluated chemicals in the environment, such as household dust [8—
11], drinking water [12-14], and household consumer products [15]. Other notable studies
have evaluated exposome measures in biological samples, including circulating blood, teeth,
and saliva, and have started linking these measures to health outcomes [16-18].

A critical research topic that remains understudied is the impact of the prenatal
environmental exposome on maternal and fetal health outcomes. Addressing this research
gap is of high interest as pregnant women and developing fetuses represent populations that
are particularly susceptible to potential effects resulting from environmental factors. For
example, pregnant women experience shifts in immune cell responses, a hormone-regulated
process known to reduce risk of fetal rejection and promote transfer of maternal antibodies
to the fetus [19]. With this overall reduction in immune cell responses, pregnant women can
exhibit increased risk of certain diseases, including infectious disease [19]. As certain
environmental exposures are known to disrupt immune function [20,21], these effects may
become exacerbated in pregnant women [22,23]. Within the embryonic environment, rapid
cell turnover and tissue growth can cause harmful effects to occur in the developing fetus
resulting from certain chemical exposures at lower concentrations than those required to
elicit effects in adults [24,25]. These disruptions can also influence health outcomes later in
life, a concept also known as the Developmental Origins of Health and Disease (DOHaD)
[26]. It is therefore of utmost importance to evaluate the composition and resulting impact of
prenatal environmental exposures.

1.2. The prenatal exposure space and chemical transport

On a daily basis, pregnant women may be exposed to a vast number of environmental
chemicals via ingestion, inhalation, or dermal absorption. Tissue partitioning and excretion
rates, which determine how and where these chemicals travel through the maternal body, are
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influenced by physiochemical properties of chemicals as well as maternal and fetal-specific
influences. Important chemical properties that play roles in tissue partitioning and/or
excretion include charge [27], lipophilicity [28], protein binding affinity [29], solubility [30],
and size/length [31]. Maternal and fetal-specific influences include metabolic capabilities
[32], as well as parameters that commonly change throughout pregnancy, including tissue
volumes and blood flow rates, among others [33]. Exposures during pregnancy include
complex mixtures of environmental chemicals, many of which partition into maternal blood
and are able to reach the placental barrier through the maternal circulation system [34] (Fig.
1). These types of exposures contribute to the ‘prenatal exposome’, which includes the
‘maternal exposome’ (or exposures to pregnant women) and the ‘fetal exposome’ (or
exposures that reach the developing fetus). Therefore, chemicals that contribute to the
prenatal exposome include those that may impact overall pregnancy health or other
pregnhancy-relevant outcomes, including impacts on the developing fetus.

Of particular relevance to the developing fetus, environmental chemicals in circulating
maternal serum can potentially cross the placenta. Similar to maternal tissue partitioning,
this translocation is dependent upon properties of the chemical (e.g., charge, lipophilicity,
and size) as well as maternal and placental factors such as metabolism and transporter
expression [35,36]. As is the case for other biological barriers, small, lipophilic compounds,
such as methylmercury, readily cross the placenta and may even accumulate in the fetal
space [37]. The placenta is the interface between mother and fetus, and it serves a multitude
of functions, including the regulation of nutrient transfer to the fetus and disposal of fetal
waste. Therefore, chemicals passing through the placenta must cross several barriers to reach
the fetal circulation. These barriers specifically include: (i) the syncytiotrophoblasts, a fused,
multicellular layer that lines the chorionic villi, (ii) the interstitial tissue consisting of
cytotrophoblasts, fibroblasts, and connective tissue, collectively comprising the inner mass
of the villi, and (iii) the fetal endothelial cells that are present within the villi. Because of
their capacity for active transport, the specific barrier function of the placenta is largely
regulated by syncytiotrophoblasts [35,36].

Chemical translocation across the placenta can be passive, relying solely on chemical
gradients, and/or diffusive, actively driven by transport proteins using ATP or ion gradients
as chemical energy sources. Syncytiotrophoblasts express a wide range of xenobiotic
transporters that control translocation across the placenta [38]. These include both uptake
transporters, such as solute carrier family 6 member 2 (SLC6A2) and solute carrier family
22 member 5 (SLC22A5), and efflux transporters such as ATP binding cassette subfamily B
member 1 (ABCB1) and G member 2 (ABCG2) [38]. Of importance to regulating chemical
influx/efflux, the apical (maternal facing) and basolateral (fetal facing) membranes of
syncytiotrophoblasts each contain a unique profile of transporters. For example, ABCB1 and
ABCG?2 are both localized on the apical surface of syncytiotrophoblasts, and this, combined
with their affinity for a wide range of substrates, allows these proteins to serve in a
fetoprotective manner. This fetoprotective activity occurs through the prevention of trans-
placental transfer of toxicants or active removal of toxicants from fetal circulation [38]. For
instance, ABCG2 prevents the fetal accumulation of medications and environmental
contaminants, including glyburide, a medication that may be prescribed for the treatment of
pre-gestational or gestational diabetes mellitus, and zearalenone, an estrogenic mycotoxin

Reprod Toxicol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rager et al.

1.3.

Page 4

common in cereal crops [39-41]. Despite the high degree of chemical transport regulation
across the placenta, many types of chemicals, including pharmaceuticals and various
environmental toxicants, readily pass through the placenta from mother to fetus, potentially
impacting fetal health.

Focus of review: the prenatal exposome

The current review focuses on the evaluation of environmental chemicals (defined here to
include man-made chemicals [e.g., flame retardants, pesticides/herbicides, per- and
polyfluoroalkyl substances], toxins, metals, and other xenobiotic compounds to which
humans come into contact) that reach the placental barrier and travel into human cord blood.
The placenta and cord blood were selected for focused review as they represent tissues that
are feasible to obtain for research purposes with minimally invasive procedures.
Furthermore, these tissues are directly applicable as target tissues involved in pregnancy
health outcomes and prenatal developmental toxicity, with focus on the prenatal period, as
detailed above. It is important to note that certain previous studies have evaluated the
pregnancy exposome through analyses of maternal circulating blood [42,43]. These research
approaches contribute valuable information towards understanding relationships between
exposure to environmental contaminants and maternal and fetal health outcomes, as noted
within a recent review [44]. Here, we focus on studies and future research efforts aimed at
the evaluation of environmental chemicals that reach and travel through the placental barrier,
as these types of contaminants have the potential to directly impact prenatal development in
addition to maternal health.

This review is designed to provide a high-level understanding of the types of research that
have been completed aimed at evaluating effects from prenatal exposures to environmental
chemicals on maternal and infant health. Included studies represent those that serve as
examples from the published literature, selected from PubMed and Google Scholar search
queries. Example studies were included if researchers examined environmental chemical
exposures during the prenatal period, and either measured chemicals and/or exposure-related
effects in the placenta or cord blood. A subset of environmental chemicals was selected as
the focus of this review to serve as important case studies based on their known relationships
to adverse effects resulting from exposures during the prenatal period. Furthermore, this
review comments on critical data gaps and future research directions in the fields of
environmental exposure science and pregnancy health outcomes.

2. Environmental chemicals measured in placenta and cord blood

Certain classes of environmental chemicals have been shown to travel via maternal
circulation and through the placental barrier, impacting the internal environment of pregnant
mothers and developing fetuses. Important examples of these chemical classes are provided
below and include flame retardants, metals, pesticide and herbicides, per- and
polyfluoroalkyl substances (PFAS), as well as naturally occurring toxins. Though other
types of environmental chemicals may be present within the prenatal exposome, these
specific chemical classes were selected for inclusion in this review as example chemicals
with published evidence supporting their presence within human placenta and/or cord blood.
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Flame retardants

Flame retardants represent a wide group of chemicals that are commonly used within the
indoor environment for the purpose of reducing the potential for materials to ignite [45].
These chemicals are commonly used in building materials, bedding, clothing, and furniture.
Exposure to flame retardants can occur dermally as well as via inhalation, for instance
through resuspension of chemicals in household dust [46]. Flame retardant exposure has
been linked to a variety of health consequences, including endocrine disruption, immune
system repression, and cancer [45,47,48]. Of particular interest, prenatal exposures to flame
retardants have been linked to adverse effects in pregnant mothers and in developing fetuses,
including impaired neurologic function, endocrine disruption, and low birth weight for
gestational age [45,48,49].

Flame retardants are generally classified by the elements they contain such as bromine,
chlorine, phosphorus, nitrogen, boron, or metals. Polybrominated diphenyl ethers (PBDES)
are a class of flame retardants containing bromine that are persistent organic pollutants and
have been widely studied in relation to prenatal exposure [46-48,50-52]. Though PBDEs
have been banned in US commerce, PBDES can persist in the environment causing
exposures to remain of high relevance. After exposure, PBDEs act as lipophilic compounds
and bind to lipoproteins, including those present in circulating plasma. Because of this
binding, measurements of PBDEs in the plasma are often normalized to plasma lipoprotein
levels [53]. PBDEs can additionally sequester into lipid heavy compartments such as adipose
tissue [54] and mother’s milk [55].

PBDEs have been evaluated in placental tissue and cord blood [46,47,50], including one
study that evaluated cord blood and maternal serum samples across 50 samples and detected
PBDEs in every sample, with brominated diphenyl ether 209 accounting for approximately
half of all total PBDEs among samples [46]. Several other studies have measured PBDESs in
newborn cord blood and placenta and have identified strong correlations between these and
maternal exposures measured from circulating serum [47,50,51]. Additionally, studies have
shown relationships between PBDE exposure and adverse fetal health outcomes, including
low birth weight and impaired neurodevelopment [48,52].

There is a general lack of data surrounding other classes of flame retardants specifically in
relation to the prenatal exposome. For example, other classes of brominated flame
retardants, such as tetrabromobisphenol A and hexabromocyclododecane, as well as
organophosphate flame retardants, are thought to be possible carcinogens and may induce
similar adverse health outcomes as PBDEs [45]. There are significantly fewer studies,
however, measuring concentrations and toxicity responses of these chemicals in humans
[45]. Because of the potential for associated prenatal toxicity, future research efforts aimed
at evaluating this understudied chemical space will contribute to the current understanding
of pregnancy outcomes associated with flame retardants.

Various toxic metals, including arsenic, cadmium, chromium, lead, and mercury, have been
shown to cross the placenta and accumulate in fetal tissues following prenatal exposure

Reprod Toxicol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rager et al.

Page 6

conditions [56-59]. This occurs because metals are relatively stable compounds that can
travel to distal target tissues following exposure. For example, inorganic arsenic (iAs) and its
metabolites, monomethylated and dimethylated arsenicals, can be present at levels
associated with toxicity in target tissues throughout the body [60,61], including the placenta
and cord blood [56,61]. Cadmium has been detected throughout several target tissues,
including maternal blood, placenta, and cord blood, with absorption and distribution shown
to be highly dependent upon cadmium binding to metallothionein (MT) metal transporters
[62]. Of particular relevance to the prenatal exposome, cadmium concentrations have been
identified as increased in placental and fetal tissues from MT knockout mice exposed during
late gestation [63]. A number of studies have detected and quantified the concentrations of
toxic metals that reach the placenta and/or cord blood as a result of exposure during
pregnancy, including those that have identified potential exposure biomarkers and related
health outcomes.

As an example study that has investigated iAs throughout several tissues from pregnant
women, researchers evaluating a birth cohort in New Hampshire measured iAs
concentrations within human placenta samples and related these measures to iAs
concentrations in maternal urine, and in maternal and newborn toenail samples [56].
Placental concentrations ranged from below detection limits to 18.35 ng/g and were
positively correlated with iAs concentrations in newborn and maternal urine and toenails
[56]. Cadmium has also been measured in placenta and newborn cord blood as reported by a
study conducted in Croatia among smoking and non-smoking pregnant mothers [57]. The
concentrations of cadmium were elevated in placenta and cord blood samples among
mothers who smoked during pregnancy and ranged from 8.42 to 15.5 ng/g in the placenta
and 0.025-0.054 ng/mL in the cord blood [57]. Mercury is another well-researched metal
that has been evaluated in relation to prenatal environmental exposures and specifically
measured in placenta and cord blood samples [58,59]. For instance, a cohort study
conducted in Saudi Arabia found that 13 % of ~1500 cord blood samples had mercury
concentrations above the EPA reference dose of 5.8 pg/L [58]. Increasing concentrations of
mercury were found to be correlated with seafood consumption and mothers’ work status,
among other potential factors [58]. These relevant studies measured the ability of various
metals to cross the placenta and accumulate in fetal tissues and serve as a basis for future
evaluation of associated health outcomes in the context of environmental exposures.

Specific linkages have been made between measures of prenatal exposures to metals and
fetal health outcomes, including exposures to arsenic, cadmium, chromium, lead, and
mercury [64-67]. For example, the effects of prenatal iAs exposure were evaluated in a
pregnancy cohort located in GGmez Palacio, Mexico, and maternal urinary concentrations of
iAs and select iAs metabolites showed negative associations with newborn birth weight,
newborn length, and gestational age [68]. Further evaluation of newborn cord blood
identified molecular signaling patterns that may drive certain mechanisms linking prenatal
iAs exposure to fetal health outcomes [20,69]. The potential effects of prenatal exposure to
cadmium have also been evaluated, with previous studies finding associations between
concentrations in newborn cord blood and decreased newborn birth weight [57,70]. These
represent select example studies from a pool of research on prenatal exposure to toxic metals
that has been reviewed elsewhere [65,65,66,67,71,72]. Clearly there is evidence to support
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relationships between toxic metals exposures and adverse impacts on maternal and child
health outcomes; though there are important aspects of metals research that remain
understudied. Critical gaps in research include the impacts of metals as potentially beneficial
nutrients versus toxic agents; individual metals that humans are routinely exposed to that
still lack data; and metals as mixtures and/or components of complex mixtures within the
environment.

2.3. Pesticides and herbicides

The increasing usage of pesticides and herbicides has resulted in the accumulation of these
chemicals in ecological systems and other environments, causing increases in human
exposures and potential related health outcomes. Maternal exposure to herbicides and
pesticides classified as persistent organic pollutants (POPSs) such as hexachlorocyclohexane
(HCH), dichlorodiphenyltrichloroethane (DDT), and dichlorodiphenyldichloroethylene
(DDE), among others, may pose a health risk to the developing fetus. Exposures to POPs
such as DDT, DDE, or HCH are most likely to occur through consumption of fruits and
vegetables, fatty meats, dairy, and fish, especially those imported from countries that allow
the use of these chemicals [73]. These chemicals have been shown to reach placenta tissues
and cross into cord blood, with potential associations with adverse fetal development and
health outcomes among newborns, such as birth weight under 10t percentile for gestational
age and decreased head and chest circumference [51,74-76].

Some studies have evaluated levels of pesticides and herbicides in placenta and cord blood.
For instance, a birth cohort study conducted in Delhi, India measured and compared the
concentrations of the organochlorine pesticides, HCH, DDT, and DDE, in placental tissue
and cord blood between small for gestational age newborns and of appropriate size for
gestational age newborns [74]. Total HCH concentration in placenta tissues among low
birthweight babies averaged ~20 ng/mL; the concentration of DDT averaged ~2 ng/mL; and
the concentration of DDE averaged ~4 ng/mL; all representing concentrations higher than
those observed in the control newborns [74]. Similarly, a study within a cohort in Canada
was able to measure concentrations of certain pesticide and herbicide POPs in cord blood
including DDT, DDE, as well as oxychlordane [76]. The concentration of oxychlordane in
cord blood was reported to reach up to 50 pg/kg [76]. These studies among others have
provided critical evidence surrounding maternal exposures to certain POPs in pesticides and
herbicides that are capable of reaching human placenta and cord blood tissues [51,74-76].

Other types of pesticides that are not currently considered POPs have also been evaluated, to
an extent, in the context of prenatal exposures, including chlorpyrifos and glyphosate.
Chlorpyrifos is an organophosphate pesticide and is presently one of the most widely used
herbicides worldwide. Previous studies have associated prenatal exposure to chlorpyrifos to
adverse birth outcomes such as decreased birth weight and length, as well as reduced
sensory function and neurodevelopment [77-80]. An example study evaluating pesticide
exposure among urban minorities in New York City reported concentrations of chlorpyrifos
in newborn cord blood averaging 3.7 pg/g. These cord blood concentrations were
significantly associated with concentrations in maternal blood, providing further evidence
that chlorpyrifos is capable of crossing the placenta [77]. Glyphosate is currently the most
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used herbicide worldwide, however, fetal risks of exposure remain largely understudied in
humans. Few studies have evaluated the ability of glyphosate to reach cross the placental
barrier, however, one study in Thailand detected glyphosate in maternal serum and cord
blood among farmworkers [81]. The wide use of pesticides and herbicides such as
chlorpyrifos and glyphosate and their demonstrated potential to reach the fetus and impact
health outcomes calls for further studies investigating these relationships.

PFAS are a diverse chemical family of fluorine substituted organic structures that have been
used for a wide variety of industrial applications in the United States and worldwide [82].
Only a small portion of PFAS have been evaluated for presence in target tissues relevant to
prenatal exposure-induced toxicity, including the perfluoroalkyl acids, perfluorooctane
sulfonate (PFOS) and perfluorooctanoic acid (PFOA) [83]. However, over 3000 PFAS are
estimated to be in global production [82]. Of timely relevance, a chemical category-based
prioritization approach was recently developed by the US EPA to prioritize 75 PFAS for
tiered toxicity and toxicokinetic testing based on relevance to human exposure, toxicity, and
structural diversity [84]; though this prioritization effort has yet to be carried out with
specific focus on the prenatal exposure space. While there is much attention now being
focused on PFAS exposure and toxicity, there remains a limited understanding of how PFAS
enter and affect the target tissues of relevance to maternal and fetal health. Some initial
findings from recent studies are summarized below.

PFAS are known to be proteinophilic, associating with proteins such as albumin, fatty acid
binding proteins, and organic anion transporters [85,86]. Because circulating blood contains
many of these aforementioned proteins, PFAS can be detected at high concentrations in
maternal blood, allowing for maternal circulation to carry PFAS to the placental interface
where transfer into the fetal exposome occurs throughout pregnancy. The strong affinity of
PFAS for maternal blood allows these substances to travel to the placenta and into cord
blood circulation as is indicated by high correlations between maternal serum and cord
blood serum [87,88]. Literature suggests transporters such as the breast cancer resistance
protein (BCRP) can play a role in transfer of PFAS across the placental barrier, but overall
very little is known concerning the mechanism of PFAS transfer from maternal circulation to
fetal circulation [89]. Current data highlight that PFAS with linear structures are usually
observed in biological fluids at higher concentrations in comparison to their matching
branched isomers [90] and have been identified at higher concentrations in fetal serum
relative to maternal serum [91]. This trend may reflect differences in efficiencies between
compounds crossing the placenta [92], making PFAS uniquely structured to potentially
accumulate in target tissues relevant to the fetal exposome. In addition, mothers with
gestational diabetes have shown higher transfer efficiencies to cord serum for several PFAS
compared to mothers without gestational diabetes [93]. PFAS concentrations have even been
shown to increase in the fetal compartment throughout gestation [94], supporting the need
for research to better understand potential implications of exposure on fetal health.

A variety of health-related endpoints have been evaluated in relation to PFAS accumulation
in human cord blood and placenta with mixed results. For example, studies evaluating
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prenatal PFAS exposure in pregnancy cohorts in Canada have identified both significant [95]
and non-significant [83] associations between PFAS concentrations in cord blood and infant
birth weight. Potential alterations in hormonerelated signaling have also been evaluated in a
few studies. For example, researchers evaluating a Japanese pregnancy cohort, containing
189 infant-mother pairs, identified associations between cord blood concentrations of PFAS
and altered levels of cord blood hormones including estradiol, progesterone, and prolactin,
and testosterone [96]. Studies carried out in Taiwan also identified significant relationships
between PFAS and a number of endpoints in cord blood including thyroxine, thyroid
stimulating hormone, and possible disruption in infant IgE levels [97,98].

Later-in-life outcomes have been evaluated in relation to PFAS to a limited extent and with
mixed results. For instance, the study in Taiwan additionally investigated potential
associations between cord blood PFAS and neurodevelopment at two years of age and
identified decreased gross motor function associated with PFOS [99]. A recent systematic
review also found associations between prenatal or early-life PFAS exposure and a range of
outcomes including dyslipidemia, immunity (e.g., asthma and vaccine response), renal
function, and age at menarche [100]. Other PFAS studies, though, found no associations
between cord blood PFAS concentrations and a number of outcomes including attention
deficit hyperactivity disorder [101], congenital cryptorchidism [102], and altered endocrine
function assessed through circulating thyroid hormone levels [103]. Clearly, further research
is needed to better understand prenatal PFAS exposure and its potential impacts on fetal
growth and childhood development.

2.5. Toxins

Naturally occurring toxins in the environment can be a significant concern, as exposure to
these chemicals can induce a variety of adverse health outcomes, inducing developmental
toxicity resulting from exposures in utero [104-108]. Compared to the synthetic chemicals
and metals previously discussed, studies on the presence of naturally occurring toxins in the
prenatal exposome are relatively limited. This may be due to the severity of reactions to
these exposures during pregnancy or a lack of understanding of the toxicity of toxins at low,
chronic exposure levels. For example, ochratoxin A, a carcinogenic and neurotoxic food
contaminant produced by Aspergillus and Penicillium, has been detected in human cord
blood samples [109,110]. An example study carried out in Piacenza, Italy detected
ochratoxin A in almost all cord blood samples (129 out of 130) evaluated [109]. The
concentration of ochratoxin A was also significantly correlated with the participants’ intake
of pork meat, soft drinks, and red wine.

Aflatoxins, a family of potent liver carcinogens also produced by Aspergillus, have also been
assessed in pregnancy cohorts from multiple studies carried out in African countries. Fetal
exposure to naturally occurring toxins is of particular interest for developing countries
because of the challenges in food storage, both for human and livestock consumption, and
the lack of testing and controls for these compounds. In terms of prevalence, aflatoxins M1,
M2, B1, and B2 were detected in 12 % of cord blood samples analyzed in a cohort study
conducted in Nigeria [71]. Aflatoxin-albumin adducts were also detected in cord blood
samples collected from study participants located in Gambia [72-74]. Potential seasonal
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effects have been identified, with aflatoxins measured at significantly higher levels in cord
blood samples collected in wet vs. dry months in Kenya [76]. Beyond African countries,
aflatoxin B1-DNA adducts have been detected in placenta and cord blood samples from a
cohort in Taiwan [75]. Such studies indicate the worldwide prevalence of toxins as
environmental contaminants that can potentially impact the maternal and fetal exposome.

3. Current status of the environmental prenatal exposome

3.1. Chemical coverage in the prenatal exposome

There is evidence supporting relationships between prenatal exposure to select
environmental chemicals and adverse pregnancy outcomes, as described above. Studies of
environmental chemicals in cord blood and placenta samples have generally used targeted
analytical approaches, wherein hypotheses related to few specific chemical contaminants are
set a priori. These studies have employed mass spectrometry (MS) platforms for compound
detection, coupled with gas chromatography (GC) or liquid chromatography (LC) systems
for analyte separation. Low-resolution quadrupole (Q) mass analyzers (single or triple Q)
generally provide adequate sensitivity and specificity for unambiguous analyte detection.
Yet, in all instances of targeted analysis, chemical standards are needed to confirm the
presence of each analyte (e.g., via matching of chromatographic retention time and mass
spectrum), and to produce quantitative estimates of chemical concentration in the target
tissue. This dependence on chemical standards has limited the number of environmental
chemicals that have been characterized in cord blood and placenta samples.

To improve the characterization of chemicals in the maternal and fetal exposomes, recent
studies have implemented more global approaches based on “suspect screening” or “non-
targeted analysis” methods [42,43]. By utilizing sophisticated analytical instrumentation,
comprehensive chemical databases, and integrated computational workflows (Fig. 2), these
complementary methods offer a means to rapidly examine poorly or never-before-studied
compounds in high-interest samples [7,111]. In terms of evaluating the maternal/fetal
exposome, studies have, to date, focused on the investigation of environmental chemicals in
circulating maternal serum. As an important example, a recent study used a suspect
screening approach based on liquid chromatography-quadrupole time-of-flight mass
spectrometry (LC-QTOF/MS) to screen for environmental organic acids in maternal serum
[43]. Researchers identified hundreds of potential environmental organic compounds among
20 samples, spanning phenols, phthalates, perfluorinated compounds, acidic pesticides, and
related metabolites, the majority of which are not currently measured in large-scale
biomonitoring studies. Targeted analyses confirmed the presence of benzophenone-1,
bisphenol S, and monopentyl phthalate within maternal serum [43]. Similar methods were
also employed by this research team to evaluate additional maternal serum samples, and an
average of 56 suspect environmental organic compounds were reported per sample [42]. Six
chemicals were then confirmed using targeted approaches: 2,4-Di-tert-butylphenol, 3,5-Di-
tert-butylsalicylic acid, 2,4-Dinitrophenol, 4-Hydroxycoumarin, Pyrocatechol and 2’-
Hydroxyacetophenone [42].

These studies represent important examples of how researchers can use global analytical
approaches that are less biased than targeted methods to characterize environmental
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chemicals relevant to prenatal exposures, with a focus on circulating maternal blood. Still,
there remains a critical data gap surrounding which chemicals specifically reach the
placental barrier and cross into the fetal circulation. As previously discussed, select
chemicals have been evaluated in placenta and cord blood tissues using targeted approaches.
Notable studies have evaluated hundreds of environmentally relevant chemicals in cord
blood and infant meconium samples (for instance through the Maternal-Infant Research on
Environmental Chemicals [MIREC] Research Platform) [76,112], but these studies have still
utilized targeted analytical methods. Future studies could therefore leverage recent advances
in analytical and computational methods that support suspect screening and non-targeted
analysis to more fully characterize the fetal exposome.

Expanding methods to evaluate the environmental prenatal exposome

Mass spectrometry (MS) platforms are the primary tools for both suspect screening and non-
targeted analysis applications [113]. Suspect screening utilizes reference spectra for
individual analytes that have been previously acquired on an MS platform and stored in an
accessible library. In suspect screening studies, empirical spectra are acquired for unknown
“features” (i.e., an aggregation of associated /m/z peaks) within a sample of interest, and then
compared to library spectra to identify potential matches. All possible matches are scored
based on the similarity between experimental and library spectra, with the best match
(corroborated by manual review) often deemed a “tentative candidate” identification [114].
Additional (orthogonal) experimental data (e.g., retention behavior) may be used to elevate
the tentative candidate to a “probable structure”, but examination using a reference standard
is ultimately needed to list a feature of interest as a “confirmed structure” [114].

Suspect screening is a popular technique for exposomic investigations, as it can be
implemented using both GC and LC separation, and both low- and high-resolution MS
detection. Low-resolution MS is well-suited for suspect screening when using GC with an
electron ionization (EI) source. Unlike “soft” ionization techniques, EI-MS generates rich
fragmentation spectra that can be readily used to identify tentative candidates in samples of
interest. Massive libraries of reference El spectra exist for hundreds-of-thousands of known
substances [115]. Thus, GC EI-MS applications have broad reach when screening for the
presence of small molecules that are relatively volatile and non-polar (e.g., PBDEs and
select pesticides/herbicides). Conversely, LC-MS techniques are best suited when seeking a
chemical space that is less volatile, more polar, and inclusive of larger compounds (e.g.,
conjugated xenobiotic metabolites, hormones, lipids, peptides, and select environmental
compounds, including PFAS). Unlike most GC-based methods, LC-based methods utilize
softer ionization techniques (e.g., electrospray ionization [ESI], atmospheric pressure
chemical ionization [APCI]) that produce the molecular ion with limited in-source
fragmentation. Tandem mass spectrometry techniques are therefore used to generate
fragmentation spectra (i.e., MS/MS spectra) that can be compared to library spectra for
tentative compound identification. Similar numbers of reference spectra exist when
comparing EI-MS and soft-ionization MS/MS libraries [115]. Yet, far fewer substances are
represented in MS/MS libraries, owing to the variable nature of parameters used for spectral
acquisition.
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In principle, suspect screening works best when reference spectra exist for compounds of
interest in an accessible library. Yet, exposome studies routinely show the existence of large
numbers of empirical features that do not match with library entries; these unmatched
features are described as the “dark matter” of the exposome [115,116]. Non-targeted
analysis is the appropriate technique for proposing formulae and eventually structures for
these dark matter compounds. Whether using GC or LC separation, non-targeted analysis
relies on high-resolution mass spectrometry (HRMS) with soft ionization techniques. Here,
the accurate mass, isotope profile, and available fragmentation spectra corresponding to an
unknown feature is first used to proffer one or more candidate molecular formulae for that
feature. Next, databases of known chemical structures are queried using the tentatively
assigned formula and/or the observed accurate mass. Individual databases like PubChem
[117] and ChemSpider [118] contain structures for millions of known compounds, whereas
the CompTox Chemicals Dashboard (hereafter called the “Dashboard”) is “a one-stopshop
for chemistry, toxicity and exposure information for over 875,000 chemicals” of interest to
the US EPA [119]. Specific aspects of the Dashboard have been specifically developed to
facilitate non-targeted analysis and help improve data organization, integration, and
interpretation, making it a valuable resource for the exposomics community [119]. Articles
describing this functionality and demonstrating enhancements to specific non-targeted
analysis studies can be found in the published literature [7,120-122].

While non-targeted analysis can theoretically allow identification of millions of structures,
many MS features remain unidentified even after exhaustive examination. Some of these
unidentified features are by-products of the analytical tools (e.g., adducts, multimers and in-
source fragments) and may be partially addressed using stringent data filtering procedures
[123]. Others are truly unknown substances that may be produced from environmental
transformation or degradation processes, or metabolically-aided processes that occur within
biological systems. Various computational tools exist that allow prediction of transformation
products and/or metabolites given a list of expected parent compounds [124]. Other tools
exist that allow prediction of theoretical spectra for these anticipated products/metabolites
[125,126]. When used together, these tools enable the identification of truly novel
compounds in priority media and can help shed light on the dark matter of the human
exposome.

Linking chemical exposures to toxicological responses and disease outcomes

Many studies that have evaluated environmental chemicals reaching the prenatal exposome
have focused on the targeted measurement of these chemicals, with some studies linking
chemical measurements to disease outcomes. However, fewer studies have made full
linkages between: (i) environmental measures, (ii) maternal/fetal health outcomes, and (iii)
biological mechanisms of toxicity mechanisms underlying potential health outcomes. A
more comprehensive understanding of how environmental exposures impact maternal and
child health can be achieved by linking measured environmental chemicals that cross human
placenta and cord blood with toxicological changes, elucidating mechanisms linking
exposure to disease, and identifying biomarkers of exposure associated with adverse
maternal and fetal health outcomes (Fig. 3). Select studies reviewed here implemented these
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types of approaches and aimed to anchor exposures to toxicological responses and disease
outcomes.

Example studies that have evaluated prenatal exposure to iAs include research conducted in
the Ron Pibul and Bangkok districts of Thailand, and in Gémez Palacio, Mexico that have
associated internal exposure metrics to toxicological mechanisms of iAs-induced disease
[20,127]. These studies related maternal iAs exposure through drinking water to altered gene
expression profiles in newborn cord blood and related these to associated signaling pathways
relevant to iAs-induced disease. More specifically, in Thailand, 11 transcripts in newborn
cord blood were determined to be predictive biomarkers for iAs exposure and correlated
with biological pathways including cell death, cell signaling, inflammation, and other stress
responses [20,127]. Similarly, among the cohort in Mexico, iAs concentrations in maternal
urine samples were found to be associated with differential expression of 334 transcripts, a
portion of which were predicted to be regulated by epigenetic mediators. Pathway analysis
resulted in the identification of similar signaling alterations including those associated with
stress, inflammation, and cytokine activity. Interestingly, this study also found a decrease in
the expression levels of genes involved in immune response, with general
immunosuppression known to play a role known in diseases relevant to iAs exposure, such
as increased risk of infectious disease and cancer [20].

In general, there are few studies that have employed mechanistic toxicology approaches to
connect prenatal exposures to molecular mediators of disease. A recent example study
evaluated the effects of prenatal exposure to PFAS and identified alterations in cord blood
CpG methylation patterns within several genes, including those involved in endocrine
system signaling, signal transduction, and immune signaling; though this research did not
directly link these changes to observable health outcomes [128]. Future research that
incorporates more toxicology-driven approaches, using /n7 vitro, animal, and human study
designs, can play an important role in elucidating how environmental exposures impact
maternal and child health outcomes. The biological plausibility linking exposures to disease
outcomes can be strengthened through /n vitro methods aimed at identifying mechanisms of
action, for instance through the systems biology-based approaches [129] and/or
incorporation of recent genome editing technologies [130]. Indeed, many of the example
chemicals discussed in this review have been examined across several models, including /n
vitro systems, and therefore have more robust information linking them to plausible adverse
maternal and fetal health outcomes. Chemicals that are less studied, however, could
significantly benefit from the inclusion of mechanistic toxicity studies, derived from several
models, as well as human tissues. Such mechanistic-based studies will greatly contribute to
the available evidence surrounding prenatal chemical exposures, toxicity responses, and
adverse health outcomes.

3.4. Other limitations and future directions

The prenatal exposome represents an exciting area of investigation that is rapidly expanding
to better address maternal and fetal health impacted by environmental chemicals. As
reviewed above, there are many gaps that persist within this research field, including current
limitations surrounding: (i) chemical coverage, (ii) anchorage of environmental monitoring
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data to toxicological endpoints, and (iii) related disease outcomes. Additionally, there
remain limited data surrounding the temporality of exposome measures. Limited studies
have evaluated how environmental chemicals and/or biomarkers of exposure change over
time, particularly in biological matrices relevance to prenatal exposures and perinatal health.
For example, the placenta represents a temporary organ that undergoes profound and
dynamic changes in molecular expression, cell differentiation, structure, and function during
pregnancy; causing the accumulation and impact of environmental chemicals on this organ
to also change over time [62]. The majority of studies, to date, have focused on the
evaluation of biological samples at a single point in time (i.e., biased towards time of infant
birth). Studies could leverage the use of animal models or select alternative /n vitro models
to obtain information surrounding placenta and cord blood responses throughout pregnancy.
In humans, other biological tissues could be used to inform issues surrounding temporality,
including maternal blood and urine.

Data are also limited surrounding later-in-life health effects that could result from prenatal
exposure conditions, with most studies evaluating effects during pregnancy or at birth. These
obstetric outcomes are still critical endpoints to evaluate, as many of these are also
associated with later-in-life health effects (e.g., associations between preeclampsia / pre-term
birth and suboptimal childhood neurodevelopment [131]). The influence of other factors that
play a role in chemicals reaching the placenta/fetus, including genetics and sex-specific
traits, also represents an important data gap. Other factors that potentially interact with and
influence the prenatal exposome remain understudied, including nutrition and
socioeconomic status. These research topics represent important areas that could be
addressed in future studies through the implementation of aforementioned advances in
analytical chemistry approaches, expanded epidemiological measures, toxicological
endpoints, and temporal influences on exposures and disease outcomes.

4. Conclusion

In conclusion, this review provides an overview on environmental chemicals representing
the prenatal exposome. Emphasis is placed on chemicals reaching the human placenta and
cord blood, as these represent important target tissues that heavily regulate maternal and
fetal health outcomes. Current studies have shown that certain classes of chemicals,
including flame retardants, metals, pesticides and herbicides, PFAS, and toxins, have the
potential to impact the maternal and fetal exposome. However, there is a lack of knowledge
surrounding the global space of chemicals that may reach the human placenta and cord
blood that could be addressed through non-targeted / suspect screening analytical
approaches. Further studies are also needed to clearly link chemical exposures to potential
adverse pregnancy and developmental toxicity outcomes. Advances in this field of research
will significantly contribute towards the understanding of environmental chemicals in the
fetal exposome and their impact on maternal and fetal health.
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Pregnancy Outcomes

Overview of environmental contaminants reaching the maternal and fetal exposomes (e.g.
prenatal exposome), potentially influencing pregnancy outcomes (i.e., maternal and fetal

health).
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Fig. 2.

In?egration of recent advances in analytical instrumentation, chemical databases, and
computational tools and workflows to enable high-throughput chemical screening. The
utilization of such integrative approaches will result in increased knowledge surrounding the
fetal exposome.
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Fig. 3.

Example toxicological endpoints and disease outcomes that can be related to measures of the

prenatal exposome to better understand relationships and mechanisms underlying
environmental exposure-induced disease.

Reprod Toxicol. Author manuscript; available in PMC 2021 December 01.



	Abstract
	Introduction
	Introduction to the exposome
	The prenatal exposure space and chemical transport
	Focus of review: the prenatal exposome

	Environmental chemicals measured in placenta and cord blood
	Flame retardants
	Metals
	Pesticides and herbicides
	PFAS
	Toxins

	Current status of the environmental prenatal exposome
	Chemical coverage in the prenatal exposome
	Expanding methods to evaluate the environmental prenatal exposome
	Linking chemical exposures to toxicological responses and disease
outcomes
	Other limitations and future directions

	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.

