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Abstract

Pregnancy is a unique period when biological changes can increase sensitivity to chemical 

exposures. Pregnant women are exposed to multiple environmental chemicals via air, food, water 

and consumer products, including flame retardants, plasticizers, and pesticides. Lead exposure 

increases risk of pregnancy-induced hypertensive disorders, although women’s health risks are 

poorly characterized for most chemicals. Research on prenatal exposures has focused on fetal 

outcomes and less on maternal outcomes. We reviewed epidemiologic literature on chemical 

exposures during pregnancy and three maternal outcomes: preeclampsia, gestational diabetes, and 

breast cancer. We found that pregnancy can heighten susceptibility to environmental chemicals and 

women’s health risks, although variations in study design and exposure assessment limited study 

comparability. Future research should include pregnancy as a critical period for women’s health. 

Incorporating biomarkers of exposure and effect, deliberate timing and method of measurement, 

and consistent adjustment of potential confounders would strengthen research on the exposome 

and women’s health.
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1. Introduction

Pregnancy is a unique period of tightly coordinated hormone-mediated events that 

significantly alter maternal physiology to accommodate the developing fetus and prepare for 

labor and breastfeeding. Dramatic changes to vascular physiology, metabolism, reproductive 

organs, endocrine activity, and the immune system can increase maternal susceptibility to 

chemical exposures and associated health risks. For example, lead accumulates in the bones 

over a lifetime and is mobilized with the release of calcium during pregnancy. Not only does 

this increase exposure risk, but it can also induce hypertension and increase risk for 

developing other maternal health complications [1]. Additionally, mammary gland 

differentiation during pregnancy is highly sensitive to estrogenic compounds, which can 

alter breast tissue composition and increase maternal risk for developing breast cancer later 

in life [2,3].

Maternal health complications and breast cancer contribute to a significant proportion of 

women’s health issues. First, pregnancy-induced hypertensive disorders are a leading cause 

of maternal morbidity and mortality worldwide, complicating roughly 5–10%, or 8 million, 

pregnancies [4]. They include pregnancy-induced hypertension (new-onset blood pressure ≥ 

140/90 mmHg after 20 weeks gestation); preeclampsia (PE), defined as new-onset 

hypertension with ≥ 1 other systemic symptom, such as proteinuria (excess urinary proteins 

signaling kidney damage), visual impairment (signaling neurological dysfunction), and/or 

elevated liver enzymes (signaling hepatic dysfunction); HELLP (hemolysis, elevated liver 

enzymes and low platelets) syndrome; and eclampsia, the severe progression of PE that 

presents with additional stroke or seizure [5]. About 25–50% of women with new-onset 

hypertension will develop PE [4], but PE can present without hypertension [6]. Pregnancy-

induced hypertensive disorders have increased worldwide by roughly 25% over the past 20 

years [4], while the risk of severe PE increased more than 5-fold among younger women in 

the United States [7]. Second, gestational diabetes mellitus (GDM), defined as glucose 

intolerance first diagnosed during pregnancy, arises when maternal insulin levels are 

insufficient to meet the increased metabolic demands of pregnancy. GDM affects up to 14–

18% of pregnant women globally, with prevalence increasing by 10–100% over the past 20 

years and additional increases expected as a result of recent changes to diagnostic criteria 

and rising obesity rates [8,9]. Finally, breast cancer is the leading cause of cancer mortality 

among women worldwide, with incidence and mortality risk increasing by 14–20% over the 

last decade [10]. Pregnancy-associated breast cancer (PABC) has the worst survival 

prognosis and contributes 10–20% of the total breast cancer incidence among younger 

women (< 30 years old), with incidence rising alongside global trends in delayed 

childbearing [11].

Maternal health complications share common pathophysiological elements and complex risk 

patterns with breast cancer. PE and GDM are risk factors for one another during pregnancy 

that heighten maternal susceptibility to future metabolic and cardiovascular disease [9,12], 

which can also contribute to breast cancer risk later in life [13]. Some research suggests that 

PE is directly associated with decreased breast cancer risk, while GDM is directly associated 

with increased breast cancer risk, although no consensus has been reached [14–18]. Genetic 

mutations account for only 5–10% of the total breast cancer prevalence [19,20], while 
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definitive causes for GDM and PE have not been identified [7], raising concern for 

environmental risk factors that may be influencing these multifactorial diseases.

Leading medical professional societies have voiced grave concerns about chemical exposure 

effects on women’s health [21,22]. Pregnant women are exposed to a variety of chemicals 

associated with adverse health outcomes, many of which are known or suspected 

reproductive toxicants [23,24]. Endocrine disrupting chemicals (EDCs) are one class of 

chemicals under scrutiny because they can influence hormones that drive biological changes 

during pregnancy by interfering with endogenous hormone action through varied molecular 

mechanisms (e.g., by mimicking or blocking cell-to-cell signals, interfering with hormone 

production or degradation, etc.) [25]. Chemicals such as EDCs are widely used in consumer 

and personal care products yet have limited safety oversight in the United States. 

Consequently, EDCs and other chemicals pose a high body burden among U.S. pregnant 

women and children [23,24,26].

Environmental chemicals and the physiology of pregnancy are important components of the 

pregnancy exposome, defined as the totality of external and internal exposures during the 

pregnancy period, which can alter the course of pregnancy and influence maternal and 

perinatal health outcomes in meaningful ways [27]. Research on prenatal exposures has 

focused primarily on fetal outcomes [25,27]. In contrast, few studies have examined the 

impact of chemical exposures during pregnancy on women’s health, despite substantial 

physiological changes that influence maternal vulnerability. Given the relative paucity of 

information about the impact of environmental chemicals on women’s health during 

pregnancy, our review summarizes existing literature on chemical exposures during 

pregnancy and adverse maternal health outcomes, focusing on preeclampsia, gestational 

diabetes, and breast cancer. The goal of this review is to inform future research directions on 

the pregnancy exposome and women’s health.

2. Methods

Our main objectives were to 1) describe how internal physiological changes during 

pregnancy can increase sensitivity to external chemical exposures, 2) summarize 

epidemiologic literature on women’s health risks (preeclampsia, gestational diabetes, and 

breast cancer) associated with chemical exposures during pregnancy, and 3) make 

recommendations for future research on environmental chemical exposures and women’s 

health. We defined the epidemiologic summary as a qualitative synthesis of existing human 

observational studies, combining elements from multiple review types, including critical, 

narrative, and scoping review methods [28,29]. Specifically, we performed a structured 

search to capture relevant literature and a descriptive synthesis of studies which included an 

assessment of the size and scope of available literature (scoping) [28]. The large volume and 

breadth of studies warranted a qualitative rather than quantitative approach (e.g., systematic 

review or meta-analysis). We provide an overview of the types of studies that are currently 

available, including a summary of population sizes, study design, and report of coefficients. 

The goal of our review is to serve as a guidepost to the current literature from which further 

synthesis and systematic reviews can be conducted.
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We begin by describing normal physiological changes during pregnancy that can influence 

susceptibility to chemical exposures and adverse outcomes. We then summarize the 

collection of epidemiologic literature, including an overview of methodological issues 

relevant to the majority of reviewed studies, followed by a brief discussion of mechanisms 

supported by animal and in vitro studies, along with common themes and future research 

directions. We conclude with general recommendations for further epidemiologic research 

on women’s health and the pregnancy exposome.

2.1 Search terms and review criteria

We performed a structured search of the PubMed database restricted to studies published 

since 2000 using MeSH terms for peer-reviewed literature in English on environmental 

exposures during pregnancy and adverse maternal health outcomes in May 2018 (Table 1). 

Our inclusion criteria were defined as maternal exposures and maternal outcomes, where 

maternal exposures are environmental chemical exposures during pregnancy, or within two 

years preceding conception for persistent compounds, that were measured or modeled in 

biomonitoring or exposure assessment studies. To manage the broad scope of this review, we 

excluded lead and ambient air pollution, which have been extensively examined with respect 

to pregnancy-induced hypertensive disorders [30–33]. Additionally, ambient air pollution 

(e.g., polycyclic aromatic hydrocarbons from traffic emissions, etc.) was considered outside 

the scope of this review, which focused on chemicals with significant dietary and/or indoor 

exposure profiles. Although we included cadmium, arsenic, and mercury in this review, we 

excluded metals and metalloids that are essential elements, such as selenium, zinc, and 

manganese, which were also considered outside the scope of this review. We selected three 

maternal outcomes, including preeclampsia (PE), gestational diabetes mellitus (GDM), and 

breast cancer, based on their significant contributions to women’s health, shared risk 

profiles, and relevance to physiological changes during pregnancy. For PE, we included 

studies of blood pressure and pregnancy-induced hypertension (PIH), and for GDM, we 

included gestational impaired glucose tolerance (IGT), as clinically relevant indicators. We 

incorporated terms describing breast physiology, since biological changes during pregnancy 

can influence susceptibility to external exposures and breast cancer risk [3]. Finally, we 

added “placental diseases” and “placental weight” due to the placenta’s strong influence on 

PE and GDM [34].

We found 3603 studies using our list of search terms (Table 1). Ten duplicates were removed 

and one reviewer (JV) scanned the remaining list of 3593 studies for titles and abstracts 

matching our inclusion criteria. A second reviewer (AS) re-examined the list for quality 

assurance and control. The first reviewer then did a full text review of studies captured from 

the title/abstract scan to further determine whether they should be reviewed according to our 

inclusion and exclusion criteria.

3. Overview of Physiological Changes During Pregnancy

During pregnancy, significant changes to maternal physiology are required to support the 

developing fetus and prepare for labor, delivery, and breastfeeding. Maternal blood vessels 

expand as blood flow and blood volume increase; blood pressure decreases while heart and 
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respiratory rates increase; insulin resistance rises as glucose metabolism shifts to favor the 

fetus; the ratio of immune cells switches to minimize inflammatory cytokine production and 

tolerate the fetus; and mammary glands differentiate and prepare for milk production 

[35,36]. These changes are largely controlled by hormones through a series of molecular 

signals and feedback loops that allow the endocrine system to manage and integrate multiple 

complex signals while maintaining homeostasis during a period of rapid biological change 

[37]. In this section we review key physiological changes that occur during pregnancy and 

how they influence susceptibility to environmental exposures.

3.1 The Placenta: Redirecting Maternal Blood Flow

In the earliest stages of pregnancy, the placenta forms from a small group of cells that 

surround and protect the embryo. The trophoblast cells that comprise the outer layer of the 

blastocyst are progenitor placental cells that provide nutrients for the developing embryo 

during this early period [35]. To promote fetal growth and maximize nutrient transfer 

between mother and fetus, some progenitor cells differentiate into cytotrophoblast (CTB) 

cells that form cell columns and become invasive, breaching the uterine wall and further 

differentiating into endovascular CTBs, which travel through the smooth muscle of the 

uterus to the decidua, in search of the maternal blood supply. The endovascular CTBs enter 

the outer layer of cells along maternal blood vessels, fundamentally remodeling maternal 

vasculature to form hybrid structures that are both maternal and embryonic or fetal in origin 

[38]. Maternal spiral arteries dilate and transform from low-flow, high-resistance channels 

into high-flow, low-resistance vessels This vascular remodeling progressively anchors the 

placenta to the uterus and redirects blood flow towards the maternal-fetal interface, where 

the placenta filters hazardous compounds and transfers oxygen and nutrients to the fetus 

over the course of pregnancy [35].

Placental formation (placentation) is susceptible to chemical exposures that disrupt CTB 

differentiation during this time, as proper CTB invasion of maternal decidua is critical for 

spiral artery remodeling and placental function. Indeed, shallow CTB invasion and poor 

spiral artery remodeling are initial defining features of PE [4,12], while endothelial 

dysfunction, characterized by systemic damage to endothelial cells that line maternal blood 

vessels, can be considered a second critical step in PE development [39]. Molecular 

signaling pathways that govern oxidative stress, inflammation, and angiogenesis (the 

formation of new blood vessels from existing blood vessels), may be additional targets of 

chemical toxicity during this time [40].

3.2 The Cardiovascular System: Increasing Cardiac Output

The redirection of blood flow to the uterus during pregnancy results in a significant 

reduction in oxygen that reaches maternal tissues and organs. To overcome this hypoxia, 

maternal physiology adapts by increasing the total blood supply to accommodate the 

placental-fetal unit. Several changes to vascular physiology facilitate a rise in cardiac output 

(total blood volume pumped by the heart each minute). Maternal blood vessels expand 

(vasodilation) as heart rate quickens and plasma volume rises [41]. Vascular resistance and 

blood pressure decrease initially but increase later in pregnancy. Stroke volume must also 

increase to satisfy the high pre-load, low after-load requirement for achieving a 50% 
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increase in total circulating blood volume by the end of the third trimester. These vascular 

changes substantially increase blood flow towards the maternal-fetal interface, further 

maximizing the exchange of gas and nutrients with the fetus [35,41].

The decline in blood pressure despite increasing blood volume and cardiac output during 

pregnancy is a result of decreased vascular resistance attributable to early spiral artery 

remodeling and sustained vasodilation as pregnancy progresses [40]. Thus, chemicals that 

inhibit vasodilation can increase systemic vascular resistance that subsequently contributes 

to blood pressure increases, oxidative stress, inflammation, endothelial dysfunction, and risk 

of developing hypertension and/or PE [40].

3.3 The Metabolic System: Shifting from Glucose to Fat

Normally, the pancreas secretes insulin to balance circulating blood sugar levels against 

daily fluctuations, removing glucose from the bloodstream by promoting uptake of the 

nutrient by maternal cells [42]. During pregnancy, several metabolic changes take place to 

disrupt this equilibrium and maximize the substrate’s availability for transplacental transfer 

to the fetus, which relies primarily on glucose for energy and growth across the gestational 

period. Pancreatic β-islet cells proliferate as they undergo hyperplasia, increasing insulin 

production and elevating blood insulin levels in maternal circulation. Blood sugar rises as 

insulin sensitivity decreases and maternal uptake of glucose slows, reducing hepatic glucose 

processing and whole-body glucose disposal by 30–50% in late pregnancy. These metabolic 

changes ultimately promote the preferential catabolism of maternal fat stores (over glucose 

or protein), as fetal demands for glucose increase alongside rapid fetal growth in the third 

trimester [9,42].

The perpetual state of hyperglycemia and progressive insulin resistance that are 

characteristic of normal pregnancy result in a diabetogenic, or diabetes-producing, 

physiological condition that requires maternal insulin levels to increase by >200% to 

overcome [9,42]. Gestational diabetes mellitus (GDM) can develop when maternal 

physiology does not sufficiently increase production to meet the new demand, resulting in 

chronic excessive hyperglycemia that is toxic to maternal cells, if left untreated. Prolonged 

exposure to high blood sugar increases vascular resistance in maternal blood vessels, which 

further heightens risk for developing PE and other pregnancy-induced hypertensive 

disorders. Chemicals that disrupt or damage pancreatic β cells can therefore increase 

maternal susceptibility for developing GDM as well as PE. In addition, environmental 

chemicals that interfere with the peroxisome proliferator-activated receptor (PPAR) 

signaling pathway, which mediates placental development and is fundamental to lipid 

metabolism, may also contribute to risk of these maternal health complications [12].

3.4 The Reproductive System: Preparing for Lactation

Pregnancy represents the third stage of breast development (mammogenesis), a process that 

begins with subtle mammary gland preparations in utero followed by substantial changes 

during puberty to establish a network of terminal ductal lobular units [43]. The terminal 

ducts elongate and give rise to lobular-alveolar structures that contain milk-producing buds 

during pregnancy, as rapid cell proliferation and extensive differentiation displace the largely 
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undifferentiated adipose tissue into a highly branched ductal tree-like structure [44]. The 

first milk proteins of the colostrum become functional glandular units as preparations for 

milk production are finalized in the third trimester [45]. Further cues after delivery stimulate 

milk secretion and initiate lactation, when mammary gland differentiation achieves full 

maturation and female breast development is complete [37,44,45]. The maternal breasts 

enlarge substantially during this time as a result of an increased supply of nutrients and two-

fold rise in blood flow that support the rapid biological changes associated with this phase of 

female breast development [45]. Mammogenesis is susceptible to chemical exposures that 

prevent differentiation during pregnancy because breast cancer is more likely to develop 

from terminal ductal lobular units than from fully differentiated lobular-alveolar structures 

[44,46]. Environmental chemicals that interfere with PPAR signaling or angiogenesis may 

also influence breast cancer development during this time [47,48].

3.5 The Endocrine System: Driving Physiological Changes

The physiological changes of pregnancy are largely driven by hormones, which are the 

molecular signaling molecules that relay messages for the endocrine system along 

neuroendocrine axes consisting of three components – the hypothalamus (brain), pituitary 

gland (base of the brain), and target endocrine gland (i.e., HP-target gland axis, HP-

endocrine axis, or HP-axis) (Table 2). In this review, we highlight the hormones and 

neuroendocrine axes that are important for maternal health outcomes and may be susceptible 

to chemical exposures. However, it is recognized that other signaling molecules and 

pathways are relevant for fetal development.

The hypothalamus acts as control tower for the endocrine system through the release of 

primary hormone regulators that signal further release of stimulating hormones by the 

pituitary gland, which travel to target endocrine glands throughout the body to promote site-

specific hormone synthesis. Once newly synthesized hormones reach threshold levels, they 

limit further production by inhibiting upstream HP-axis activity until levels decrease again 

below threshold. This negative feedback loop is complicated by interaction with other 

signaling pathways, such as other neuroendocrine axes or biological stress response 

pathways. For example, estrogen produced by the ovaries along the HP-Gonadal (HPG) axis 

stimulates cortisol production in the adrenal glands by activating the HP-Adrenal (HPA) 

axis. Cortisol in turn inhibits estrogen synthesis along the HP-Gonadal axis and can also 

inhibit activity along the HP-Thyroid and HP-Growth Hormone axes. Growth hormone may 

further interact with the immune system, influencing the release of pro-inflammatory 

cytokines such as IL-6 and TNF-alpha during an immune response [49]. The interplay of 

hormones with other signaling pathways becomes more complex during pregnancy, when 

multiple neuroendocrine systems coordinate signals across the maternal-placental-fetal unit 

[37].

Hormone levels increase dramatically during pregnancy to initiate a series of biological 

events that promote fetal growth and development. The first trimester marks a rapid increase 

in human chorionic gonadotropin (hCG), estrogen, and progesterone, with hCG increasing 

most quickly and peaking the earliest, reaching maximum levels by three months followed 

by a slow decline across the second and third trimesters [50]. Estrogen has the most dramatic 
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increase over the entire course of pregnancy, sustaining levels 1000 times greater than the 

non-pregnant state. High persistent estrogen levels drive numerous developmental changes 

during pregnancy by promoting growth and proliferation in estrogen receptor-expressing 

cells throughout the body. Progesterone also increases and sustains high levels throughout 

gestation, serving vital functions to maintain pregnancy and relax smooth muscle throughout 

the body. Other major pregnancy hormones include prolactin, corticotropin releasing 

hormone (CRH), thyroid hormone, and human chorionic somatomammotropin (hCS). 

Estrogen and progesterone have distinct important roles in promoting cardiovascular 

changes to maternal physiology over the course of pregnancy. Estrogen mediates the rise in 

maternal cardiac output by promoting an increase in heart rate, while progesterone facilitates 

vasodilation and decidualization of CTB cells during placentation by relaxing smooth 

muscle walls that line maternal vasculature [37,51]. CRH, hCG and relaxin, promote 

vasodilation during pregnancy through the nitric oxide pathway, which regulates oxidative 

stress, blood pressure, and vascular resistance [35,50]. Estrogen and hCG also regulate 

angiogenic factors that are critical for placentation and breast development during pregnancy 

[48,52,53]. Additionally, estrogen and progesterone synergistically promote mammary gland 

differentiation with prolactin, the hormone critical for milk production and secretion [35,37]. 

Estrogen promotes prolactin while progesterone inhibits prolactin’s stimulating effect on 

milk secretion during pregnancy, which helps maintain pregnancy while milk production 

preparations are still underway (i.e., ductal to lobular-alveolar differentiation is not yet 

complete) [45]. The rapid decline of progesterone just before birth allows estrogen to 

promote the prolactin-stimulated release of colostrum in the early postpartum days that are 

crucial for initiating lactation. Growth hormone and insulin-like growth factor-I (IGF-I) are 

additional important regulators of mammogenesis during pregnancy [37,54].

The placenta is also a neuroendocrine organ that synthesizes and regulates hormones at each 

level of the HP-endocrine axis during pregnancy, developing features that closely resemble 

maternal neuroendocrine function [37]. Human chorionic somatomammotropin (hCS), 

formerly known as human placental lactogen (hPL), shares a similar structure with prolactin 

and can bind to prolactin receptors. Although hCS has a minor lactogenic role, it is 

considered the major diabetogenic hormone of pregnancy, more similar in structure and 

function to pituitary growth hormone than to prolactin. hCS promotes insulin resistance, 

insulin secretion, as well as fetal glucose and maternal lipid uptake (i.e., through the 

mobilization of fatty acids) during pregnancy. Placental growth hormone (PGH) and IGF-I 

have additional key roles in shifting maternal metabolism during pregnancy while 

maintaining their roles as regulators of growth and development in the mammary glands, 

placenta, and fetus [34]. Other lactogenic hormones that are also diabetogenic include 

prolactin, cortisol, progesterone, and pituitary growth hormone [34]. Finally, some placental 

hormones during normal pregnancy resemble those of the kidney under hypoxic conditions. 

The vasoconstrictor, Angiotensin II, and vasodilator, adrenomedullin, are angiogenic factors 

of the renin-angiotensin system that mediate vascular development and oxidative stress 

during placentation [34,35].

By interfering with hormones and molecular signaling pathways that govern important 

physiological changes during pregnancy, including placentation, vasodilation, insulin 

resistance, and mammary gland differentiation, environmental chemicals can potentially 
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increase risk of maternal health complications and breast cancer. Identifying modifiable risk 

factors, such as chemical exposures, that contribute to these outcomes may thus have 

important implications for women’s health.

4. Results of Literature Review: Chemical Exposures and Maternal Health

We identified 64 epidemiologic studies since 2000 that evaluated chemical exposures and 

risk of preeclampsia (including blood pressure and hypertension), gestational diabetes 

mellitus (including gestational impaired glucose tolerance), and maternal breast cancer. We 

organized review subsections according to how chemical exposures are typically studied: 1) 

Persistent organic pollutants (POPs) including polychlorinated biphenyls (PCBs), 

polybrominated diphenyl ethers (PBDEs), and perfluoroalkyl substances (PFAS); 2) 

Pesticides (including persistent organochlorine pesticides (OCPs) and the less persistent 

organophosphate pesticides (OPPs); 3) Non-persistent chemicals, including phenols and 

phthalates; and 4) Heavy metals/metalloids, including lead, cadmium, arsenic, and mercury. 

PCBs and PBDEs are heat resistant chemicals used in a wide range of products, from 

electronics to furniture (although both chemical classes have been phased out in the United 

States) [63][63,64]. PFAS are de-greasing agents used in non-stick cookware and many 

other products [65]. The OCPs include dichlorodiphenyltricloroethane (DDT), used globally 

to control malaria, DDT’s active metabolite, dichlorodiphenyldichloroethylene (DDE), and 

other pesticides that have been replaced with less persistent organophosphate pesticides 

(OPPs) but remain relevant due to their environmental and biological persistence [66]. 

Phenols, such as bisphenol A (BPA), as well as phthalates are widely used in everyday 

products like cosmetics and packaged foods [67]. Cadmium and other heavy metals/

metalloids are naturally occurring elements that bioaccumulate up the food chain [68–70].

4.1 Methodological Considerations

This review covered a broad range of chemicals and outcomes, with multiple potential 

sources of epidemiological bias. While our descriptive approach precluded rigorous 

evaluation of study quality and risk of bias, several considerations regarding common 

sources of selection bias and measurement error are worth noting to aid the interpretation of 

results. First, most studies conditioned on live birth data (from pregnancy cohort studies, 

recruitment at delivery, or birth records), which can introduce selection bias (live-birth bias) 

from the exclusion of participants who would have become PE or GDM cases had they not 

experienced earlier fetal loss. Conditioning the study population on fetal survival can bias 

results in the negative direction (underestimate risk) if both outcomes are related to the 

chemical exposure (which removes exposed cases from the study population). Although 

research suggests the magnitude of this bias is small and can be minimized with common 

risk factor adjustment [71], it may conceivably be greater for severe cases of PE which 

require early delivery of an unviable fetus. Second, reviewed studies varied substantially by 

method of exposure assessment. While direct chemical measurements in biological samples 

(e.g., urine, blood, drinking water, etc.) are subject to less differential (non-random) error 

than indirect exposure estimates (e.g., modeled with participant surveys subject to recall 

bias), biological matrices are also subject to error, as certain tissues are more appropriate for 

certain chemicals. For example, urine is preferred for non-persistent compounds that 
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metabolize readily in urine but are at high risk of laboratory contamination in serum (e.g., 

BPA and phthalates [72]), while serum is preferred for persistent lipophilic chemicals such 

as PCBs and PBDEs [73]. Correcting for hydration status in urine and chemical lipid 

partitioning in serum are also subject to measurement error, since analyte concentrations 

normalized with common proxies for urine dilution (e.g., creatinine, specific gravity) and 

adipose content (i.e., serum lipid level) may vary across covariates (e.g., age, race/ethnicity, 

etc.) and/or with the outcome under study [74–76]. Modeling these proxy variables as 

independent covariates can reduce this error in some cases [74,75], although inconsistent 

methods and reporting of these results can limit study comparability. An additional 

consideration for non-persistent chemicals with high within-person variability (low 

correlation) across pregnancy (e.g., BPA) is the collection of repeated samples over time, 

since spot samples (one-time measurements) introduce non-differential misclassification 

(random error) which can bias results towards the null. The type of biomarker (e.g., free vs. 

conjugated BPA metabolites, inorganic vs. organic arsenic, etc.) and timing of measurement 

in relation to disease onset and windows of susceptibility are also important considerations 

[77–79].

4.2 Preeclampsia and Chemical Exposures

We found 37 human epidemiologic studies of chemical exposures and preeclampsia (PE) 

including blood pressure and pregnancy-induced hypertension (PIH) as clinical PE 

indicators (Table 3). The studies covered a wide range of population sizes (N=58 to 

N=295,387). Some were limited by sample size while others had sufficient power to detect a 

modest association; the majority included a small number of PE cases (~25 to 85) and thus 

used variations of case-control study designs as a sampling strategy.

PE was most often defined as new-onset hypertension (≥ 140 mm Hg systolic and/or ≥ 90 

mm Hg diastolic blood pressure diagnosed after 20 weeks gestation) combined with 

proteinuria, which reflects former diagnostic criteria (although forthcoming research will 

presumably reflect the recently broadened definition that encompasses but is not limited to 

proteinuria). The majority of studies used either physician diagnosis or medical record 

abstraction to characterize PE, blood pressure, and/or hypertension. However, a small 

number used self-reported health data and acknowledged the possibility of outcome 

measurement error that was likely to be non-differential with respect to exposure, resulting 

in conservative estimates of association. In addition, validation studies comparing self-

reported pregnancy complications to medical records demonstrate moderate to good recall 

[80,81]. A subset of studies also used medical birth registry and hospital discharge data to 

classify the outcome, which can be sources of live-birth bias.

Most PE studies assessed chemical exposures with biomarkers in serum (persistent organic 

pollutants and heavy metals/metalloids) and urine (non-persistent chemicals and heavy 

metals/metalloids). Studies with more than 100 cases typically were performed in highly 

exposed populations (i.e., water contaminated communities and occupationally exposed 

groups) and modeled chemical exposures using questionnaire data, spatial modeling 

software, fate and transport models, and/or other predictive tools [82–87]. The use of 

modeling software to estimate exposure may have introduced random measurement error 
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and the possibility of false negative findings. The timing of exposure assessment was evenly 

spread across early (including recent preconception), mid, and late (including early 

postpartum) gestation, which decreased comparability of results. Current literature provides 

little guidance for which gestational windows are most sensitive to specific PE-associated 

chemical exposures; however, placentation during early to mid-gestation may be more 

relevant for chemicals that interfere with CTB differentiation, while the second half of 

gestation may be more relevant for chemicals that contribute to PE through inhibition of 

vasodilation. Nevertheless, the heterogeneity of PE phenotypes most likely reflects 

pathophysiological heterogeneity, suggesting that multiple exposure windows are relevant 

for PE susceptibility.

Analytical methods for most PE studies included adjustment for maternal age, body mass 

index (BMI), parity, and smoking, with some case control studies that addressed 

confounding through study design (e.g., by matching on covariates during sampling of 

control population). Studies have increasingly adjusted for additional PE risk factors, such as 

family history of PE and/or diabetes, over time. Recent studies have also begun to apply 

advanced statistical methods to assess longitudinal data (repeated measures of non-persistent 

chemicals over time), multi-pollutant models, and non-linear exposure response 

relationships.

Persistent Organic Pollutants (POPs)—Out of eight studies that evaluated persistent 

organic pollutants with PE or PIH (six case-control and two cohort studies), three included 

serum PCB and/or PBDE measurements [88–90], one modeled organochlorine exposure in a 

contaminated community [85], and four studies modeled or measured serum PFAS levels 

(three in a uniquely exposed U.S. population) [82–84,91] (Table 3).

Polychlorinated Biphenyls (PCBs) and Polbrominated Diphenyl Ethers (PBDEs): Null 

PCB and PBDE associations were observed in two U.S. studies that included women 

regardless of birth history (one PCB study and one PBDE study, both with serum 

measurements) [88,89], while increased PE risk was associated with serum PCB and PBDE 

levels in a study of first time mothers in Iran [90], possibly due to higher baseline PE risk 

observed among first time mothers compared to multiparous women (Table 3). However, 

restricting to nulliparous women did not influence results in the U.S. PCB study [88], 

suggesting the difference may be due to other factors. Exposure levels were not comparable 

due to inconsistent methods and reporting of results (e.g., wet weight vs. lipid-adjusted 

values, individual congeners vs. summary metrics). However, other potential factors include 

regional, economic, and/or cultural study population differences. For example, multiple race/

ethnicities were represented in U.S. studies, while the Iranian study did not specify race/

ethnicity [88,89].

Tetrachloroethylene (PERC): No association was found in a retrospective cohort study of 

tetrachloroethylene (PERC), a related organochlorine used in dry cleaning and other 

industrial applications, despite high exposure levels increasing the probability of detecting a 

true association. However, a small number of PERC-exposed PE cases (n < 10) and the use 

of exposure models could have diminished study power [85].
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Perfluoroalkyl Substances (PFAS): Three case-control studies evaluated PE and PIH risk 

among U.S. residents whose drinking water supply was contaminated with perfluorooctanoic 

acid (PFOA) and perfluorooctane sulfonate (PFOS) [82–84] (Table 3). Modest PE and PIH 

associations were observed, but results were close to the null and depended on model 

specification [82–84]. Although precise methods varied, all three studies used a 2005 sample 

of serum PFOA and PFOS measurements combined with additional modeling inputs 

(pharmacokinetic, environmental, and geospatial) to reconstruct historical serum PFOA and 

PFOS levels in different groupings of the study population. In each case, modeling exposure 

could have introduced non-differential error that would potentially mask a true signal, which 

may be one reason why the association fluctuated around the null [82–84]. However, 

background PFOA levels that were an order of magnitude lower (serum PFOA median = 

2.78 ng/ml compared to 21.2 ng/ml) were not associated with PE risk [91], suggesting the 

levels were too low to detect the modest PE associations observed at high exposure levels in 

previous studies.

Pesticides—There were ten studies on pesticides and PE or PIH, half of which measured 

OCP levels in maternal serum (four studies) [88,89,92,93] or placental tissue (one study) 

[94], while the other half modeled pesticide exposure using participant surveys, occupational 

data, geospatial analysis, and/or other modeling techniques [95–99] (Table 3). Four of five 

pesticide modeling studies did not distinguish between OCPs and OPPs, while one focused 

exclusively on OPPs [95]. Results from OCP biomarker studies were mixed, with two of five 

suggesting an association with increased risk and the remainder reporting null or inverse 

associations. Serum DDT/DDE levels were associated with elevated PE and PIH risk in 

Lompopo, South Africa (where current active indoor use of DDT is common) [100], but not 

with higher serum DDT/DDE levels in a U.S. population sampled before the 1972 DDT ban 

[88], which may indicate greater baseline vulnerability among South African women as a 

result of underlying health disparities [92]. Placental OCP levels were associated with 10 

times higher PE/eclampsia risk, although exclusion of values the below detection limit may 

have overestimated risk among the exposed group in that study [94]. Two studies suggested 

a possible protective association (adjusted OR = 0.3–0.5), including one report of a 

decreasing linear trend (p-trend ≤ 0.01) [88,93], while estimates trended below 1.0 but were 

not significant for several OCPs in another study [89]. Increased PE risk was associated with 

modeled pesticide exposure in three of five modeling studies (two of which reported 

significant findings) [95,96,99], while null and inverse associations were observed in the 

other two modeling studies, one of which modeled exposure to over 500 pesticides in 

295,387 pregnant women in California [97,98]. Live-birth bias may have underestimated 

risk from pesticide-associated fetal loss; however, pesticide studies did not adjust for 

potential confounding from dietary intake associated with pesticide exposure, such as fruit 

or vegetable consumption, which may be protective factors that are independently associated 

with decreased PE risk [97].

Non-persistent Chemicals—We found nine total human observational studies that 

evaluated pregnancy-induced hypertensive disorders (including blood pressure) with non-

persistent chemical exposures, six of which measured exposure in biological samples (i.e., 

urine, maternal serum, placenta) [101–106], while three modeled occupational exposures 
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indirectly [86,87,99] (Table 3). Three studies on BPA and PE, including two nested case 

control studies (N=50 and N=74 PE cases) and one smaller cross-sectional study (N=23 PE 

cases), found increased PE risk associated with bisphenol A (BPA) levels in maternal urine 

and serum during early to mid-gestation and in placental tissue (but not maternal serum or 

cord blood) at delivery [101–103]. One of these included multiple urinary BPA 

measurements and suggested that early pregnancy (~ 10 weeks gestation) may be a window 

of susceptibility for BPA-associated PE risk [102]. However, results were not directly 

comparable due to differences in sampling matrix (urine vs serum or placenta) and timing of 

exposure assessment (repeated measures vs spot samples at mid-gestation or term) [101–

103]. There were two studies on phthalates and PE/PIH risk (one case-control [102] and one 

prospective cohort [106]), both of which found increased risk associated with repeated urine 

measures across pregnancy, although findings for specific metabolites varied (DEHP 

metabolites in one [102]; MBzP in the other [106]). Differences in outcome definition (PE 

only [102] vs multiple PIH disorders [106]), method of urine dilution correction (i.e., 

specific gravity vs. creatinine), and confounding adjustment (e.g., pre-pregnancy vs. mid-

gestation BMI, yes/no smoking vs. cotinine biomarker, etc.) may have contributed to the 

result discrepancies [102,106].

There were two prospective cohort studies that evaluated blood pressure and phenols (one of 

which included BPA). Consistent inverse associations were reported in one [104], while the 

direction of association depended on fetal sex in the other [105], with differences potentially 

explained by alternate measures of urine dilution (i.e., creatinine vs. specific gravity) and 

varied study locations (Europe vs. Asia) [104,105]. Diverging blood pressure associations 

(both increasing [106] and decreasing [104]) were also reported in two phthalate studies 

which differed by exposure level and confounding adjustment, with 3-fold lower urinary 

metabolite levels and dietary intake of processed foods evaluated in the latter study [104].

Additionally, two studies of cosmetologists and manicurists, who frequently use personal 

care products that contain phenols and phthalates (e.g., nail polish and fragranced lotion), 

found lower PE risk in workers compared to the general population but not compared to 

other working women (with increased PIH risk among cosmetologists compared to realtors 

reported in one study) [86,87]. The healthy worker effect may have underestimated worker 

risk when non-workers (who typically have worse underlying health status) were included in 

the comparison group [107]. No association was found with exposure modeled from a job 

task survey, but narrow exposure and outcome classification criteria resulting in low 

exposure and outcome prevalence may have decreased study power [99].

Heavy Metals/Metalloids—Lead exposure was associated with 10-fold increased PE risk 

in a recent meta-analysis [1]. Lead can induce hypertension and activate biological pathways 

that inhibit vasodilation and promote endothelial dysfunction, suggesting a possible mode of 

action for other metals to influence the PE disease pathway [1,108]. This review focused on 

13 epidemiologic studies that evaluated cadmium, arsenic, and/or mercury, although several 

studies included lead (Table 3). Increased PE risk was associated with higher cadmium 

levels in six out of eight studies that varied by sample size, study population, and location 

[109–116]. Research on arsenic-associated PE risk was less extensive and more equivocal, 

which may be partially attributable to exposure level differences, as increased PE risk was 
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associated with high arsenic levels in the Congo but not with five times lower arsenic levels 

in Mexico [109,115,117]. Studies also differed by sampling matrix, ranging from drinking 

water to urine, hair, and serum, as well as by confounding adjustment. For example, the 

Congo study excluded first time pregnancies [109], while other studies did not adjust for 

parity at all [115,117]. Two blood pressure studies reported increasing arsenic associations 

during mid-gestation (cross-sectional) and across pregnancy (prospective cohort), including 

evidence of a linear trend [118,119]. Higher mercury-associated PE risk was found in two 

studies with distinct designs (prospective cohort and case-control), study populations 

(occupational and non-occupational), and biological matrices (urine and blood), while 

diverging blood pressure associations depended on biomarker type (increasing with methyl 

and total mercury and decreasing with inorganic mercury) [115,120,121] in a cross-sectional 

study, although results were consistent with research among non-pregnant populations [121].

4.3 Gestational Diabetes Mellitus and Chemical Exposures

We found 24 studies that evaluated associations between chemical exposures and gestational 

diabetes mellitus (GDM) and/or gestational impaired glucose tolerance (IGT) (Table 4). 

Sample sizes ranged from around 200 to over 81,000 study participants, with 14 to 506 

GDM cases (though most studies had fewer than 100 GDM or gestational IGT cases). 

Unlike PE studies, the majority of GDM studies utilized cohort rather than case-control 

study designs (60% cohort and 30% case-control studies for GDM compared to 30% cohort 

and 60% case-control studies for PE).

GDM was typically assessed at a routine prenatal care visit in the second trimester (22–28 

weeks gestation) with a standard glucose tolerance test routinely used for selective GDM 

screening in the United States. The majority of cases were determined through clinical 

diagnosis by a health professional, while a few relied on medical record abstraction and self-

reported data for outcome classification. The majority of self-reports were of a physician 

diagnosis recorded in monthly pregnancy journals designed to be consistent with 

recommendations of the American Congress for Obstetricians and Gynecologists for 

antenatal care. Most GDM studies focused on persistent organic pollutants or heavy metals/

metalloids, with a smaller number of studies (five) assessing exposure to non-persistent 

chemicals. Important confounders for consideration in GDM models include maternal age, 

BMI, weight gain during pregnancy, pre-existing and family history of diabetes and 

hypertension, and parity. Studies adjusted at minimum for maternal age and pre-pregnancy 

BMI, with recent studies examining BMI as an effect modifier [118]. Most studies 

accounted for smoking and parity, while gestational weight gain and family history of 

diabetes and/or hypertension were rarely ascertained. Recent adjustments for arsenic models 

additionally included race/ethnicity, education status, and country of birth, which vary by 

arsenic exposure level (with higher levels found in older, Asian-born, and more highly 

educated women [123]). Recent studies have also applied advanced statistical methods to 

assess chemical mixtures and non-linear dose response methods (e.g., structural equation 

models, variable inflation factor, and cubic spline models).

As with PE, the timing of exposure assessment in GDM studies was roughly divided across 

pregnancy, ranging from recent preconception (soon before pregnancy) to early postpartum 
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(soon after delivery), which limited study comparability. However, consideration of 

biomarker type and sampling matrix is critical for the interpretation of results. For example, 

arsenic was measured in a variety of biological media (blood, urine, hair, nails, drinking 

water, and meconium) which represent a combination of short and long term exposures as 

well as diverse exposure sources (i.e., inorganic arsenic from foods such as rice and fish 

compared to organic arsenic from drinking water). While each biomarker may be subject to 

some degree of exposure misclassification, the benefits of using one over another should be 

considered carefully.

Persistent Organic Pollutants—We reviewed 10 studies (seven cohort and three case-

control) that examined associations between serum levels of persistent organic pollutants 

(POPs) and risk of GDM or gestational IGT, including six PCB studies, three PBDE studies, 

and four PFAS studies (Table 4).

Polychlorinated Biphenyls (PCBs) and Polbrominated Diphenyl Ethers 
(PBDEs): Serum PCB levels were evaluated with GDM risk in six studies that varied 

considerably by location (United States, Canada, Iran, Greece, and the Faroe Islands), study 

period (1990s to 2015), and timing of exposure assessment (preconception to delivery) 

[124–126]. PCB findings were mixed. Three studies measured serum PCB levels in the first 

trimester and reported different findings. Dioxin-like congeners sampled in early pregnancy 

were associated with increased GDM risk among pregnant women in Greece [although 

estimates were imprecise with an adjusted OR = 4.71 (95% CI: 1.38–16.01) for the highest 

compared to lowest exposure groups], while null associations were reported for non-dioxin 

like PCB congeners (i.e., PCBs 118 and 156) in that study [125]. On the other hand, non-

dioxin-like PCBs in the first trimester were modestly associated with increased GDM risk 

among pregnant women in China with evidence of a non-linear dose response [126], while 

no associations were reported among pregnant women sampled in the first trimester in 

Canada [127]. Differing exposure levels and study population characteristics may partially 

account for the result inconsistencies. For example, exposure levels were lowest in the 

Chinese study population [126] (eight times lower than in Greece [125] and three times 

lower than in Canada [127]). Additionally, the Canadian study population was considered 

low risk (with a high socioeconomic status) [127]. Null associations were reported in 

another study which sampled PCB levels at 34 weeks rather than during early pregnancy 

[128]. A study in Iran which sampled women at 24–28 weeks gestation found associations 

with increased GDM risk; however, lipid normalization combined with lipid adjustment as 

an independent covariate in regression models may have biased results in that study [124]. In 

contrast, a U.S. study which measured serum PCB levels prior to pregnancy observed a 

consistent decrease in GDM risk associated with increasing levels of lipid-normalized (ng/g 

lipid) but not wet weight (ng/ml) serum PCBs [129]. The authors suggested that pregnant 

women may differentially sequester PCBs in adipose tissue based on GDM status or that 

lipid adjustment may not appropriate if lipids are on the causal pathway between exposure 

and GDM. Three studies (two case-control and one prospective cohort) evaluated maternal 

serum levels of PBDE congeners among pregnant women and multi-pollutant models. 

Findings were null for most congeners, although BDE-153 was associated with 80% 

increased adjusted odds of GDM in two studies [89,124] and 3-fold higher GDM risk in the 
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third (with relatively wider confidence bands) [130]. Additionally, non-linear dose response 

curves were reported for several BDE congeners (i.e., BDE-100 and BDE-154) [130].

Perfluoroalkyl substances (PFAS): Four prospective cohort studies evaluated the 

relationship between serum levels of perfluoroalkyl substances (PFAS) and gestational IGT 

or GDM (Table 4). Although individual PFAS results varied across studies, preconception 

PFOA levels were associated with increased GDM risk among pregnant women in the U.S. 

LIFE cohort [131], while first trimester PFOS and PFHxS levels were associated with 

increased gestational IGT (but not GDM) among pregnant women in Spain [132] and 

Canada [127]. Null associations were reported with third trimester PFAS levels in a study 

evaluating GDM as an effect modifier or mediator of birth size with multiple POPs using 

structural equation models [128].

Pesticides—Six studies relating GDM development to pesticide exposure were largely 

null or inconsistent for OCPs [89,93,125,127,133,134], except for one that found increased 

GDM risk associated with serum DDE levels [134] (Table 4). Another reported increased 

GDM risk associated with organophosphate pesticides (OPPs) using an indirect measure of 

exposure (e.g., participant interviews about pesticide use and related activities) [133], while 

Shapiro et al., (2016) observed decreased GDM risk associated with urinary levels of two 

organophosphate pesticide (OPP) metabolites among N=1274 pregnant women in Canada 

(49 GDM cases) [127].

Non-persistent Chemicals—We identified five studies that assessed the relationship 

between GDM (with gestational IGT as a clinical indicator) and non-persistent chemicals 

including phthalates and phenols [86,135–138] (Table 4). All but one reported null 

associations between phthalates, BPA, or triclosan exposures and GDM [136–138], with 

Fisher et al., (2018) reporting an inverse association between GDM and triclosan [135]. 

Additionally, in a larger study population (N = 81,205), Quach et al., (2015) observed a 

significant association between GDM and occupation as a cosmetologist or manicurist [86].

Heavy Metals/Metalloids—Seven studies evaluated the relationship between arsenic 

exposure and GDM or gestational IGT risk in diverse locations (China, France, Chile, the 

United States, and Canada) and sampling matrices (urine, blood, hair, nails, meconium, and 

drinking water). Sample sizes varied between 244 and 5053 study participants, and the 

timing of exposure assessment ranged from periconception to soon after delivery (Table 4) 

[138–144]. Increased GDM risk was associated with arsenic in water [140,141] and non-

urinary biomatrices (i.e., blood, meconium, and nails), with the greatest risk in the highest 

compared to lowest exposure groups and evidence of an increasing dose-dependent 

relationship in multiple studies [138,140,143,144]. In contrast, GDM was not associated 

with arsenic in either study that evaluated urine [140,142]. One study examined the 

association across pregnancy and found increased GDM risk associated with high blood 

arsenic levels only in the first trimester, suggesting that early pregnancy is a possible 

window of susceptibility warranting further research [144]. Additionally, two prospective 

cohort studies (N=1151 and N=1274) reported null gestational IGT associations with urinary 

and blood arsenic levels [138,140], while a smaller cross-sectional study (N=532) among a 
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unique study population (24% Native American) found increased risk of gestational IGT 

associated with higher blood arsenic levels [139]. Limited research on other metals revealed 

null findings, although increased GDM risk was associated with cadmium in urine and 

meconium among two Chinese study populations (one of which excluded values below the 

detection limit, which could have biased results [143]) [145], while a borderline significant 

association with blood cadmium levels was reported among the MIREC pregnancy cohort in 

Canada [143].

4.4 Maternal Breast Cancer and Chemical Exposures

Due to the length of follow-up required to evaluate environmental exposures and breast 

cancer risk, limited human studies have assessed chemical exposures during critical periods 

of sensitivity such as during pregnancy [2,148]. Prior reviews have concluded that taking a 

commonly prescribed synthetic estrogen called diethylstilbestrol (DES) during pregnancy 

between 1940 and 1971 was associated with a modest (around 30%) increased risk of future 

breast cancer in mothers [149–156]. We identified three additional epidemiologic studies of 

persistent chemical exposures and maternal breast cancer among two study populations in 

the United States and Denmark (Table 5). Sample sizes ranged from N=224 (112 cases) to 

N=243 (250 cases), while the follow-up period spanned 10–17 years between the time of 

serum sample collection and age at diagnosis. All three nested case-control studies measured 

serum or plasma levels of persistent organic pollutants, including DDT/DDE, PCBs, and 

PFAS, in relation to premenopausal breast cancer risk [157–159]. The literature search did 

not reveal any human studies that evaluated mammographic density or breast tissue 

morphology.

Breast cancer risk factors that were considered as potential confounders in current literature 

either during sampling of controls or statistical analysis include maternal age at blood draw, 

BMI (pre-pregnancy or early pregnancy), reproductive history (age of puberty, birth/

pregnancy/lactation history, and age of menopause), hormone medication use, smoking and 

alcohol consumption, socioeconomic status (e.g., education, race/ethnicity, etc.), physical 

activity, and total serum lipid levels (modeled as an independent covariate in PCB and DDT 

models). Stratification by age of cancer diagnosis was also commonly performed due to its 

influence on risk. A limitation common to all studies was the lack of information on breast 

cancer subtype (e.g., tumor receptor status, etc.), which could have biased results to the null 

if chemical exposures were differentially associated with breast cancer tumor subtype. 

Additional covariates that could be potential confounders of maternal breast cancer 

associations although were not commonly ascertained in current literature include dietary 

intake, personal care product use, occupational history, endogenous hormone levels, 

exposure to various EDC mixtures, and metabolic efficiency.

Two U.S. studies conducted by Cohn et al., (2007, 2012) use d data from one of the longest 

follow-up studies to date on developmental windows of susceptibility for breast cancer risk. 

Both case control studies, nested within the prospective Child Health and Development 

Studies (CHDS), evaluated the association of organochlorine compounds (including DDT-

related compounds and/or PCB congeners measured in maternal serum in 1959–1969 within 

1–3 days of delivery or in the third trimester of pregnancy) and breast cancer diagnosed 
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before 50 years of age (identified through the California Cancer Registry and California 

Vital Status records) [159,160]. Although imprecise, the estimated increased breast cancer 

risk associated with DDT exposure among young women (< 20 years old) was 5.4-fold 

higher (95% CI: 1.7–17.1) during peak DDT use in 1945, with no association found among 

older women, suggesting the importance of early life exposures on premenopausal risk 

[159]. In contrast, maternal serum PCB levels of congeners 167 and 187 were associated 

with reduced premenopausal risk (with adjusted risk estimates below 0.5), although 

PCB-203 was associated with increased risk (adjusted OR = 6.34, 95% CI: 1.85–21.73). The 

net effect of PCB exposure, calculated as the ratio of PCB-203 to the sum of PCB-167 and 

PCB-187 in the mixture, was associated with a three-fold higher breast cancer risk, 

indicating the deleterious association with PCB-203 outweighed the protective associations 

with congeners 167 and 187 [158].

Another study which measured plasma PFAS levels prospectively during the first two 

trimesters between 1996–2002 among 483 Danish pregnant women (250 cases, 233 

frequency-matched controls) found elevated premenopausal breast cancer risk associated 

with PFOSA (adjusted RR = 1.89, 95% CI: 1.01–3.54) and decreased risk associated with 

PFHxS (adjusted RR = 0.40, 95% CI: 0.20–0.70) [157]. When stratified by age at diagnosis, 

risk estimates increased and became more significant in younger women (diagnosed < 40 

years old), with a more than 3-fold increase and decrease in risk associated with PFOSA and 

PFHxS, respectively, that was not observed in older women [161].

5. Discussion

5.1 Heightened Susceptibility: The Borderline Disease State of Normal Pregnancy

The normal physiological changes that occur during pregnancy serve as a unique stress test 

for women that challenge the adaptive mechanisms of maternal physiology by moving 

women closer in proximity to disease thresholds which require significant compensation to 

overcome. These changes can also be influenced by underlying health factors (e.g., pre-

gestational insulin resistance or elevated blood pressure, etc.) as well as exposure to 

biologically active chemicals, such as endocrine disrupting chemicals (EDCs). Thus, 

pregnancy can be thought of as a borderline disease state that heightens susceptibility to 

maternal health complications such as preeclampsia (PE), gestational diabetes mellitus 

(GDM), and breast cancer.

Given the importance of maternal health during pregnancy, and the fact that some of these 

conditions are on the rise (GDM and breast cancer globally, severe PE in the United States) 

while their definitive causes remain elusive, we have not sufficiently studied the contribution 

of environmental chemicals. Our review found limited data with which to assess the broad 

role of the pregnancy exposome on maternal health. The data we have indicate there is 

sufficient evidence to justify concern about the potential impact of chemical exposures on 

women’s health, warranting further research in this area. However, substantial variation in 

study design, method of measurement, and analytical approach precluded study 

comparability data. Studies differed in method and timing of exposure and outcome 

assessment, selection of sampling biomatrix (urine, blood, hair, nails, etc.) and biomarker 

type (organic vs inorganic, conjugated vs free, etc.), as well as adjustment for urine dilution, 
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serum lipid levels, and potential confounders. Further research focused on resolving these 

inconsistencies would strengthen existing literature.

Nevertheless, biological changes during pregnancy that are regulated by endogenous 

signaling molecules indicate a potential role for exogenous chemicals like EDCs to interfere 

with molecular signals that govern various physiological processes during pregnancy. 

Although we were unable to draw firm conclusions about specific exposure-response 

relationships due to limited study comparability, below we highlight potential biological 

mechanisms for several reviewed findings. Non-persistent chemicals (BPA and phthalates) 

and heavy metals/metalloids (cadmium and to a lesser extent, arsenic and mercury, with lead 

reviewed by others [1]) were associated with increased risk of PE or PIH in multiple 

epidemiologic studies. For GDM, we found positive associations with some POPs, including 

non-dioxin like PCBs, PBDEs, and some PFAS; and with heavy metals/metalloids (i.e., 

arsenic). While mechanisms for POPs and PE and non-persistent chemicals and GDM are 

not discussed, due to findings that were mixed and largely null, further research on DDT in 

populations with current active indoor use of the insecticide is warranted.

Preeclampsia: Biological Plausibility for Chemical Effects—Numerous studies 

support the biological plausibility of a causal relationship between non-persistent chemical 

exposures and PE. Findings from in vitro and in vivo studies have shown that BPA and 

phthalates can act directly on placental cells by inducing trophoblast cell apoptosis and 

necrosis (BPA) [162–164] and by inhibiting CTB cell invasion (phthalates) [165]. These 

non-persistent chemicals induce oxidative stress in animal and in vitro models [166–169] are 

positively associated with oxidative stress biomarkers, namely 8-hydroxydeoxyguanosine 

(OHdG) and 8-isoprostane, in epidemiologic studies of pregnant women [170,171]. Higher 

maternal serum levels of anti-angiogenic factors have been reported with BPA and phthalate 

metabolite concentrations in urine [172], suggesting these chemicals may also inhibit 

angiogenesis during placentation. Additional evidence suggests BPA can inhibit estrogen’s 

promotion of angiogenesis by preventing placental estrogen production (i.e., through BPA’s 

affinity for estrogen-related receptor γ or by modulating expression of the aromatase 

enzyme on which the placenta relies for estrogen synthesis) [53,101]. BPA can also inhibit 

production of hCG, which promotes angiogenesis as well as CTB cell differentiation and 

invasion during placentation [61].

Several mechanisms have been proposed for metals/metalloids in the development of PE, 

with oxidative stress and inflammation identified as leading pathophysiologies. Cadmium 

accumulates in the placenta and recent in vitro research has demonstrated the heavy metal’s 

ability to disrupt trophoblast cell migration, leading to abnormal placentation and 

insufficient uteroplacental perfusion indicative of PE pathology [173,174]. Like lead, 

cadmium can induce reactive oxygen species (ROS) and stimulate oxidative stress, which 

promotes inflammation, the release of antiangiogenic factors, and endothelial dysfunction 

[175]. The effect of cadmium exposure on PE in the placenta may also be mediated by 

abnormal glucocorticoid synthesis and immune system function [176]. Additionally, 

cadmium has been associated with proteinuria and other biomarkers of kidney injury that are 

related to angiogenic dysfunction as well as PE [175,177]. Limited evidence suggests 

arsenic is also associated with increased markers of inflammation and endothelial damage in 
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plasma, and may promote endothelial dysfunction, pathologic vascular remodeling, and 

atherosclerosis [118]. To our knowledge, only three human studies have assessed PE risk in 

relation to arsenic exposure, all of which had limitations [109,117]. Given the high potential 

for exposure through contaminated food and water supplies in communities around the 

globe, arsenic warrants further evaluation for potential effects on PE risk. Mercury also 

deserves further study. Additionally, assessing metals as a mixture is more representative of 

the underlying population exposure distribution and may be more informative for human 

health risk.

Gestational Diabetes: Biological Plausibility for Chemical Effects—While 

precise mechanisms have yet to be fully elucidated, scientific literature indicates that PBDEs 

such as BDE-47 and BDE-153 can interfere with glucose and lipid homeostasis by 

increasing hepatic glucose metabolism [178], free fatty acid mobilization, lipolysis [179], 

and/or pancreatic β cell dysfunction [180]. PBDEs can inhibit insulin-stimulated glucose 

oxidation in rodents adipose cells [181] and can promote glucose-stimulated insulin 

secretion in human β cells (which may be mediated by the thyroid hormone receptor) [180]. 

They have also been shown to decrease activation of the PPAR-γ, a nuclear hormone 

receptor that promotes insulin action and plays a central role in lipid metabolism, fat cell 

storage, and glucose regulation [182,183]. Likewise, PFAS such as PFOA and PFOS may 

modulate fatty acid uptake and metabolism through PPAR-α (related but distinct from 

PPAR-γ) and can promote insulin resistance by inhibiting insulin action mediated by the 

phosphatidylinositol 3-kinase-serine/threonine protein kinase (PI3K-AKT) pathway in the 

liver [184,185]. Additionally, PFAS are immunomodulators that can promote inflammation-

mediated pathways which may contribute to metabolic dysfunction and insulin resistance 

[186–188]. While PFAS were not consistently associated with GDM in this review, 

emerging human data on subclinical measures of metabolic function such as gestational IGT 

indicate these fluorinated compounds may contribute to GDM-related endpoints such as 

insulin resistance and hyperglycemia during pregnancy [91,189].

Biological mechanisms for arsenic and GDM include those described previously for PE (i.e., 

oxidative stress and inflammation (through TNF-alpha and IL-6)), in addition to inhibition 

of PPAR-γ expression [190], epigenetic methylation [191], and interference with insulin-

dependent activity [192]. Numerous in vitro and in vivo studies have demonstrated arsenic’s 

ability to impact pancreatic β cell function and promote insulin secretion [179,191]. Arsenic 

can exacerbate insulin resistance associated with normal pregnancy in animal studies and 

contributes to hyperglycemia in non-pregnant human populations [179,192–194]. Future 

epidemiologic studies of arsenic exposure and GDM risk may consider differentiating 

between organic and inorganic arsenic subtypes, short-term vs. long-term exposure 

biomarkers, as well as biomarkers of metabolic efficiency.

Further confirmation of recent findings regarding the first trimester as a sensitive window for 

arsenic toxicity using longitudinal data would also be useful. Blood arsenic levels were 

associated with increased GDM risk in the first but not second or third trimesters, according 

to the only study which measured arsenic across pregnancy [147]. Confirmation of this 

finding in urine would be useful, given that blood arsenic levels may not be as reliable due to 

arsenic’s rapid clearance from blood [123]. On the other hand, methods for measuring blood 
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arsenic levels may be more consistent and multiple arsenic types (organic and inorganic) 

easier to distinguish in blood compared to urine. Moreover, chronic arsenic exposure may 

lead to steady state blood levels that would negate issues of rapid elimination [123].

Maternal Breast Cancer: Biological Plausibility for Chemical Effects—Overall, 

animal and in vitro data support a causal link between chemical exposures during pregnancy 

and maternal breast cancer risk. In pregnant mice, exposure to environmental chemicals such 

as dioxin and bisphenol-S (BPS), a substitute phenol with structural and functional 

similarities to BPA, can alter the gene expression of signaling pathways involving growth 

hormone, prolactin, estrogen, and progesterone [54,195]. Environmental chemicals can also 

act directly on the mammary gland by promoting changes in morphology and glandular 

development that may increase future breast cancer risk. For example, PFOA delays 

mammary gland differentiation in rodents while dioxin increases proliferation of 

undifferentiated mammary cells, reducing the extent of branching and differentiation to 

lobular alveolar structures during pregnancy [195,196]. Maternal exposure to oxybenzone, a 

ubiquitous EDC used in sunscreen and other cosmetics, has also been shown to permanently 

alter mammographic density and breast tissue morphology at levels relevant for human 

exposure [197]. Moreover, in utero and early life exposures can influence risk by altering the 

amount of terminal ductal lobular units that are available for differentiation during 

pregnancy [46].

Additionally, human observational studies have shown that carcinogenic biomarkers of 

estrogen metabolism are associated with increased breast cancer risk and higher serum levels 

of persistent chemicals, including polychlorinated dibenzo-p-dioxins, dibenzofurans, and 

biphenyls, in the third trimester [198,199]. Untangling hormone-mediated risk factors for 

breast cancer is challenging, in part due to the variable influence of endogenous hormones as 

well as exogenous factors (e.g., EDCs) across the life course. In humans, opposing age-

dependent effects on maternal breast cancer are well established, with strong evidence 

supporting paradoxical effects from tumor subtype, age at first pregnancy, and age at breast 

cancer diagnosis [200]. Future research on chemical exposures and breast cancer risk may 

wish to examine tumor subtype and receptor status as potential confounders, given this was a 

common limitation of current literature. Further work should also consider hormone type as 

well as the ratio of carcinogenic metabolites as potential biomarkers of breast cancer risk.

Common Pathophysiologies for Varied Maternal Health Outcomes—Maternal 

health complications and breast cancer represent varied maternal health outcomes that may 

share common pathophysiologies, which can potentially provide clues into biological 

mechanisms and intervention strategies. Although not definitive, multiple studies have 

described a modest inverse association between PE and maternal breast cancer risk that may 

be mediated by high circulating levels of androgen and hCG, which are typically observed in 

the preeclamptic pregnancy (especially in the third trimester) [16]. In contrast, GDM has 

been associated with increased maternal breast cancer risk [14], although findings are 

somewhat equivocal [15]. Potential connections between breast cancer and diabetes during 

pregnancy include hormones that are both lactogenic and diabetogenic (i.e., prolactin, 

cortisol, progesterone, growth hormone, and hCS). Placental origins of PE, GDM, and breast 
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cancer may also provide a connection between these outcomes on the pathophysiological 

level (e.g., through oxidative stress, angiogenic, and/or PPAR signaling pathways) [201–

203]. However, our understanding of how these outcomes are related and the role of 

hormones, chemical exposures, and the pregnancy physiology remains incomplete [37,179].

5.2 Research Recommendations

Leveraging Existing Studies to Evaluate Maternal Outcomes—Many studies are 

currently evaluating chemical exposures during pregnancy with respect to fetal and 

children’s health outcomes. The wealth of studies represents an opportunity to leverage 

existing data structures and research protocols to investigate maternal health complications 

such as GDM and/or PE. Collecting or obtaining simple measurements, such as non-fasting 

blood glucose levels and family/personal history of PE during routine study exams and 

participant surveys may provide relatively straightforward opportunities for assessing these 

measures as potential indicators or confounders in future research. Although maternal breast 

cancer requires a minimum follow-up period of 10–15 years, environmental epidemiologists 

with access and opportunity to appropriate data sets (i.e., prospective cohorts with long-term 

follow-up, banked biological samples, and/or cancer registry linkages) should consider 

evaluating maternal breast cancer risk in future studies. Additionally, focusing on PABC as a 

breast cancer outcome may provide new opportunities to assess chemicals such as BPA 

which have similar estrogenic properties as DES but have short biological half-lives that are 

challenging to study in relation to breast cancer risk.

Incorporating Biomarkers to Strengthen Epidemiologic Research—Molecular 

biomarkers can serve as valuable tools for environmental health scientists and 

epidemiologists who seek to identify biological indicators of exposure that may also serve as 

early indicators of health risk. Recent advancements in molecular toxicology and in vitro 
modeling (e.g., the use of microRNA technology, placental explants, etc.) have uncovered 

larger panels of molecular targets that may be useful biomarkers in exposure and 

epidemiologic studies on PE, GDM, and breast cancer [204–207]. New biomarkers and 

signaling pathways related to oxidative stress, angiogenesis, inflammation, and metabolic 

(PPAR) regulation are currently under investigation and can offer unique opportunities to 

strengthen research on environmental chemicals and maternal health outcomes. For example, 

the use of anti-angiogenic factors as biomarkers of BPA and phthalate exposure provides 

considerable support of research on PE and non-persistent chemicals [172], while the use of 

breast cancer biomarkers (e.g., the ratio of carcinogenic estrogens) strengthens research on 

POPs and may provide a unique endpoint for further study of breast cancer risk [198]. 

Continued emphasis on proteomics, metabolomics, and transcriptomics will advance our 

ability to develop this emerging area of environmental health research. Animal models can 

also be helpful in elucidating biological mechanisms and pathophysiologies of these 

diseases; however, resolving some of the limitations in their use for PE, a disease that is 

specific to the human placenta, would facilitate their utility in this regard.

Our research suggests that focusing on maternal and placental hormones which have not 

been comprehensively examined (i.e., prolactin, progesterone, hCG, hCS, and HPG), may 

offer new insights into adverse maternal health outcomes. Maternal origins of PE should be 

Varshavsky et al. Page 22

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



investigated in this context, as recent data suggest the smooth muscle cells of the uterus can 

influence CTB invasion of maternal decidua, which ultimately determines the extent of 

spiral artery remodeling associated with risk of developing PE [51]. As hormone regulators 

of decidualization during embryo implantation and placentation, progesterone, prolactin, and 

CRH may warrant further study in this context [37,51]. Researchers should consider 

evaluating thyroid hormone disruptors, such as PBDEs, PFAS, and phthalates, for their 

potential impacts on hCG activity during pregnancy, including effects on thyroid hormone 

production, CTB differentiation and invasion, angiogenesis, and maternal immune system 

function [61]. Given hCG’s dynamic role throughout the course of pregnancy and that hCG 

(like PE) is specific to humans, further examination of hCG may provide renewed insights 

into PE prevention and treatment, which have remained elusive despite many years of 

research targeting this disease pathway [61]. Other placental hormones, including hCS, 

HPG, and CRH are valuable indicators of placental wellbeing that can be measured in 

maternal serum. Assessing these global pregnancy regulators with local proteins, hormones, 

transcription factors, etc., may advance our ability to understand the complex relationships 

between chemical exposures and the array of molecules that interact across the maternal-

placental-fetal unit.

Recognizing Pregnancy as a Critical Period for Women’s Health—Multiple 

endogenous and exogenous factors influence physiology and health risk during each life 

stage of development, with each successive “hit” impacting lifelong risk in variable ways. 

Based on our review, pregnancy represents a heightened state of physiological sensitivity 

that can exacerbate chemical exposures effects on maternal health and should be regarded as 

a critical period for women’s health. Thus, future efforts to quantify the totality of exposures 

across the life course should include the pregnancy period. We propose the following 

framework for consideration in future research on chemical exposures and maternal health 

outcomes.

Based on our analysis, the maternal pregnancy exposome should be assessed in combination 

with other vulnerable life stages, such as in utero development and during puberty. 

Assessing the combined effects of the in utero exposome, puberty exposome, and pregnancy 

exposome will be valuable for understanding the complexity of maternal health outcomes 

across the life course.

6. Conclusion

The pregnancy exposome may substantially contribute to maternal health risks. Emerging 

animal and in vitro data support the notion that exogenous chemical exposures and 

endogenous physiological changes may together enhance maternal health risks. Existing 

epidemiologic research indicates there is sufficient evidence to justify concern for chemical 

exposure effects on women’s health, but more research is required to delineate biological 

mechanisms, clarify disease etiology, and improve our understanding of exposure-outcome 

pathways that contribute to maternal health complications and breast cancer risk across the 

life course. Additional human studies evaluating chemical exposures with preeclampsia, 

gestational diabetes, and maternal breast cancer risk are warranted and should assess the 

combined effects of environmental chemicals and physiological changes during pregnancy. 
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Biomarkers of exposure and effect may serve as valuable tools for environmental 

epidemiologists who seek to quantify the totality of exposures across the life course. Future 

exposome research should include pregnancy as a critical period for women’s health, but 

efforts to incorporate deliberate biomarker selection, appropriate timing and method of 

exposure and outcome assessment, and consistent analysis of confounders, cumulative 

exposures, and non-linear associations would strengthen existing literature. Evaluating 

environmental chemicals as modifiable risk factors may ultimately inform intervention 

strategies for reducing the overall burden of maternal health complications and breast cancer 

on women’s health.
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Highlights

• Pregnancy heightens susceptibility to chemical exposures and women’s health 

risks.

• Sufficient data justifies concern about chemical exposures and maternal 

health.

• Pregnancy should be regarded as a critical period for women’s health.

• More epidemiologic research is warranted on adverse maternal health 

outcomes.
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Figure 1. 
Vulnerable stages for adverse maternal health outcomes across the life course.
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TABLE 1.

Search terms (ordered as #1 AND #2 AND #3)

Category Terms

(1) During pregnancy (pregnancy[MeSH Terms] OR pregnant women[MeSH Terms] OR pregnancy[tiab] OR pregnant[tiab] OR 
mothers[MeSH Terms] OR prenatal[Title] OR maternal risk[tiab])

(2) Maternal Exposure (chemical[tiab] OR endocrine disruptors[MeSH Terms] OR endocrine disruptors[tiab] OR environmental 
pollutants[MeSH Terms] OR environmental pollution[MeSH Terms] OR environmental exposure[mh] OR 
exposure[tiab] OR maternal exposure[mh])

(3) Maternal Outcome (breast neoplasms[MeSH Terms] OR mammary glands, human[MeSH Terms] OR mammary gland[tiab] OR breast 
cancer[tiab] OR mammary cancer[tiab] OR breast density[MeSH Terms] OR breast density[tiab] OR 
mammographic density[tiab] OR “breast tissue”[tiab] OR “maternal complications”[tiab] OR “pregnancy 
complications”[tiab] OR placenta diseases[MeSH Terms] OR “placental weight”[Title] OR diabetes, 
gestational[MeSH Terms] OR blood pressure[MeSH Terms] OR hypertension[MeSH] OR pre-eclampsia[MeSH 
Terms] OR (Labor, Obstetric[mh] AND timing[tiab])) OR (“maternal breast cancer”)

(4) #1 AND #2 AND 
#3
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Table 2

Neuroendocrine (Hypothalamic-Pituitary-target gland) axis functions, hormones, and interactions during 

pregnancy.

Endocrine 
Axis Main Functions Axis Pathway Critical Hormones Hormone Actions and Axis Interactions during Pregnancy

Adrenal 
Glands 
(HPA)

Stress Response, 
Immune 
Response, 
Parturition.

(Hypo) → 
(Pituitary) → 
(Adrenals)
CRH → 
ACTH → GC, 
Cortisol

Corticotropin 
releasing hormone 
(CRH)

• Primary regulator of HPA axis; fetal HPA 
supplies DHEA for placental sex steroid 
synthesis (i.e., through aromatase enzyme 
conversion of androgen to estrogen) [37].

• Placental CRH >1000xs maternal CRH (serum 
levels reflect placental wellbeing); controls 
parturition (timing of labor), possibly through 
placental CRH control of maternal sex steroid 
synthesis in third trimester.

• Regulates embryo implantation through complex 
influence of immune and non-immune 
molecules, invasive trophoblast cells, and 
maternal endometrium.

• Potent vasoactive molecule and smooth muscle 
relaxant (uterine arteries and vascular 
endothelium).

• Cortisol and GC inhibit other axes (e.g., growth 
hormone) and mediate many functions during 
pregnancy, including metabolic changes 
(cortisol; diabetogenic and lactogenic).

Cortisol/
Glucocorticoid (GC)

Gonadal 
(ovaries 
and testes) 
(HPG)

Growth/
Development, 
Mammogenesis, 
Immune 
Response.

(Hypo) → 
(Pituitary) → 
(Gonads)
GnRH → FSH 
→ 
Testosterone
GnRH → LH 
→ Estrogen

Estrogen • Activates HPA, HGH, HPT, and HPRL axes [37].

• Promotes cell proliferation, development, and 
activity throughout the body: Hyperplasia 
(prolactin production), mammogenesis, 
cardiovascular changes (heart rate increase), 
angiogenesis, and metabolism [37,55].

• Inhibits testosterone (HPG axis); maternal 
estrogen synthesized from testosterone 
(aromatase conversion).

• Maintains pregnancy (inhibits milk secretion/
prolactin; regulates maternal immune response) 
[37].

• Promotes placentation (regulates maternal 
decidua), mammogenesis (synergy with estrogen 
and prolactin), cardiovascular changes 
(vasodilation), metabolic changes (diabetogenic 
hormone) [37], and stimulates respiration [56].

Progesterone

Prolactin 
(HPRL)

Mammogenesis/
Lactation.

(Hypo) → 
(Pituitary) 
Prolactin

Prolactin • Promotes lipid protein synthesis, milk secretion, 
progesterone production (maintains pregnancy) 
[37]; and metabolism [55].

• Direct stimulatory feedback to hypothalamus 
[37].

Growth 
Hormone 
(HGH)

Growth/
Development, 
Metabolism, 
Mammogenesis/
Lactation.

(Hypo) → 
(Pituitary) GH 
→ IGF-I

Growth hormone 
(GH)

• Stimulates IGF-I in maternal liver [55].

• Regulates glucose metabolism with IGF-I and 
insulin [37].

• Direct stimulatory feedback to hypothalamus.

• GH-like structure and function; replaces pituitary 
GH during second half of pregnancy; inhibits 
insulin action; promotes P-cell proliferation and 
free fatty acid mobilization [57].

Human chorionic 
somatomammotropin 
(hCS)

Placental growth 
hormone (PGH)
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Endocrine 
Axis Main Functions Axis Pathway Critical Hormones Hormone Actions and Axis Interactions during Pregnancy

• Prolactin-like properties; promotes 
mammogenesis (synergy with estrogen and 
progesterone).

• Maternal serum levels reflect placental 
wellbeing; regulated by glucose; continuous non-
pulsatile release [37].

• Similar metabolic effects as hCS [34]; regulated 
by glucose; continuous (non-pulsatile) secretion 
[58].

• Stimulates placentation through IGF-I 
(mitogenesis).

Thyroid 
Gland 
(HPT)

Growth/
Development, 
Metabolism.

(Hypo) → 
(Pituitary) → 
(Thyroid)
TRH → TSH 
→ T3, T4

Thyroxine (T3), 
Triiodothyronine (T4)

• T3 Regulates hepatic metabolism of fatty acids, 
cholesterol, and glucose [59]; Increased output of 
thyroid hormones (T3, T4) needed to support 
fetal growth (i.e., brain development), especially 
in first and second trimesters.

• Stimulates thyroid gland to increase hormone 
production (TSH-like structure) [60].

• Regulates maternal immune response to maintain 
pregnancy.

• Promotes placentation (CTB differentiation and 
invasion of maternal decidua) and angiogenesis 
[61,62].

Human chorionic 
gonadotropin (hCG)

ACTH = Adrenocorticotropic hormone; CRH = Corticotropin Releasing Hormone; CTB = Cytotrophoblast. DHEA = Dehydroepiandrosterone. 
FSH = Follicle Stimulating Hormone; GC = Glucocorticoid; GnRH = Gonadotropin Releasing Hormone; IGF-I = Insulin-like Growth Factor-I; LH 
= Luteinizing Hormone; PRL = Prolactin; TRH = Thyrotropin Releasing Hormone; TSH = Thyroid Stimulating Hormone.
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