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Abstract

Preeclampsia is a medical condition specific to pregnancy characterized by high blood pressure 

and protein in the woman’s urine, indicating kidney damage. It is one of the most serious 

reproductive conditions, posing substantial risks to the baby and potentially fatal for the mother. 

The causes of preeclampsia are largely unknown and environmental contaminants merit further 

investigation. The aim of this review was to determine the association between environmental 

chemical exposures and preeclampsia.PubMed was searched for articles examining a priori 
chemical exposures and preeclampsia through April 2018. Studies were included in our review if 

they included at least 10 cases, evaluated preeclampsia independent of gestational hypertension, 

and used either measured or modeled exposure assessments.Our review contained 28 

investigations examining persistent organic pollutants (POP) (6 studies), drinking water 

contaminants (1 study), atmospheric pollutants (11 studies), metals and metalloids (6 studies), and 

other environmental contaminants (4 studies). There were an insufficient number of investigations 

on most chemicals to draw definitive conclusions, but strong evidence existed for an association 

between preeclampsia and cadmium (Cd). There is suggestive evidence for associations between 

nitrogen dioxide (NO2), particulate matter (PM)2.5, and traffic exposure with preeclampsia.There 

is evidence for an association between preeclampsia and Cd but insufficient literature to evaluate 

many other environmental chemicals. Additional studies using repeated measures, appropriate 

biological matrices, and mixtures methods are needed to expand this area of research and address 

the limitations of previous studies.
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Introduction

Preeclampsia is one of the leading causes of maternal mortality globally with an estimated 

prevalence of approximately 2–8% (Khan et al 2006; Duley 2009). Nearly 99% of maternal 

deaths resulting from pregnancy or childbirth complications occur in low- and middle-

income countries, and an estimated 10–15% of those deaths are associated with 

preeclampsia and eclampsia (Lerberghe et al 2005; Duley 1992; Khan et al 2006). Although 

maternal mortality is lower in high-income countries such as the United States, preeclampsia 

and eclampsia are still associated with approximately 10–15% of maternal deaths (Ananth et 

al 1995). Even after the resolution of pre-eclamptic pregnancy, women face increased risk of 

cardiovascular events later in life (Irgens et al 2001; Mongraw-Chaffin et al 2010; Ahmed et 

al 2014; Kestenbaum et al 2003). A meta-analysis involving 43 studies identified elevated 

risk for cerebrovascular disease (OR: 2.28 [95% confidence interval (CI): 1.87, 2.78]), 

stroke (OR: 1.76 [95% CI: 1.43, 2.21]), and hypertension (RR: 3.13 [95% CI: 2.51, 3.89]) 

for women with a history of pre-eclampsia or eclampsia (Brown et al 2013). Further, 

Williams (2011) suggested that women may also be at an increased long-term risk of 

diabetes mellitus, kidney disease, thromboembolism, hypothyroidism, and impaired 

memory. In addition, a preeclamptic pregnancy poses risks for the fetus including preterm 

birth and all corresponding conditions, neonatal thrombocytopenia, and restricted fetal 

angiogenesis (Backes et al 2011).

The clinical definition and diagnosis of preeclampsia has changed relatively little in the last 

60 years and is primarily characterized by new onset or worsening hypertension (blood 

pressure greater than or equal to 140 mm Hg systolic or 90 mm Hg diastolic). Prior to 2013, 

new-onset significant proteinuria at or after 20 weeks’ gestation (excretion of ≥300 mg of 

protein in urine during a 24-hr urine collection, or protein/creatinine ratio ≥0.3) was required 

for diagnosis. However, the definition has expanded so that in combination with 

hypertension, any of the following (at or after 20 weeks’ gestation) are sufficient for 

diagnosis: new-onset thrombocytopenia (platelet count <100,000/microliter), impaired liver 

function (abnormally elevated blood concentrations of liver enzymes and/or severe persistent 

right upper quadrant or epigastric pain), renal insufficiency (serum creatinine ≥1.1 mg/dl or 

a doubling of the serum creatinine concentration), pulmonary edema, or visual or cerebral 

disturbances (ACOG 2013).

However, our understanding of the complex etiology for this heterogeneous syndrome has 

grown in the last several decades. It is now widely accepted that preeclampsia may be 

explained in a two-model system. The first stage is associated with poor placentation and an 

incomplete remodeling of the uteroplacental spiral arteries that occurs in the first half of 

pregnancy (Pijnenborg et al 2006). The second stage is manifestation of maternal signs of 

the condition that arises from factors released by the placenta as it is placed under increasing 

amounts of oxidative stress (Redman and Sargent 2005). While this is the case for many 

preeclamptic episodes, not all preeclampsia originates from a compromised placenta and 

Redman and Sargent (2005) hypothesized that in some women the issue is an abnormal 

maternal response to an otherwise normal pregnancy termed “maternal preeclampsia”. 

Evidence for this heterogeneity exists throughout the literature (Roberts and Von Versen-

Hoeynck 2007; Eskenazi et al 1993; Roberts and Hubel 2009; Powers et al 2012), but 
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Redman and Staff (2015) proposed an alternative placental-derived explanation for the 

“maternal preeclampsia” subtype, which is defined by a rise in syncytiotrophoblast stress.

What is also becoming increasingly apparent is that there are many routes to developing 

clinical definitions of preeclampsia and most likely the final disorder arises from different 

interactions between environmental and genetic factors both from the mother and placenta 

(Valenzuela et al 2012; Williams and Broughton Pipkin 2011). Further, there are most likely 

different sub-types of preeclampsia that need to be identified and analyzed separately 

(Phipps et al 2016). Interestingly, the role common environmental contaminants may play 

has been extensively overlooked as both potential contributors and as modifiable targets.

Environmental contaminants may interfere with trophoblasts, cells that invade the mother in 

order to help establish the placenta (Goldman-Wohl and Yagel 2002). Inhibition or 

interference of the trophoblast migration may contribute to poor placentation, the postulated 

first stage of preeclampsia development (Goldman-Wohl and Yagel 2002). Both animal 

studies and in vitro evidence suggests that exposure to certain environmental contaminants 

may adversely affect trophoblasts, thus contributing to preeclampsia etiology (Bechi et al 

2013; Fowler et al 2012).

This systematic literature review identified and summarized epidemiological studies that 

assess the relationship between environmental chemicals and preeclampsia. Tables are 

provided to summarize key study components, illustrate strengths and limitations of these 

studies, draw conclusions from the available data, and present recommendations for future 

work. To our knowledge, this constitutes one of the first comprehensive reviews of 

environmental exposures during pregnancy in relation to preeclampsia. Previous reviews on 

environmental toxicants, ambient air pollution, cadmium (Cd), and lead (Pb) in association 

with preeclampsia have been recently published (Kahn and Trasande 2018; Pedersen et al 

2014; Poropat et al 2018; Pollack et al 2014).

However, the previous review of environmental contaminants was not comprehensive. The 

present review expands on the findings by 1) addressing additional exposures including air 

pollutants and drinking water contaminants; 2) providing more extensive descriptions of 

possible mechanisms of action; and 3) evaluating the strengths and limitations of the 

included studies. Lead was not included in this review due to the recent systematic review by 

Poropat et al (2018) and lack of new investigations since publication. Results from the 

review suggest strong evidence for an association between lead and preeclampsia. This 

review evaluates persistent organic pollutants (POP), drinking water contaminants, air 

pollutants, metals including arsenic (As), Cd, chromium (Cr) and mercury (Hg), and non-

persistent environmental pollutants.

Methods

Selection Criteria

To organize the comprehensive summary, environmental contaminants were divided into 5 

broad categories based upon a previously published systematic literature review of 

environmental contaminants and preterm birth (Ferguson et al 2013). The list included POP, 
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drinking water contaminants, atmospheric pollutants, metals and metalloids, and other 

environmental contaminants. Chemical classes in the previous review were selected to 

capture a comprehensive list of environmental contaminants. The specific chemicals 

included in our scope are listed in Supplemental Table 1. Literature was searched using the 

12 POP initially identified by the Stockholm Convention (United Nations Environment 

Programme 2008a). Our atmospheric pollutant search was based around EPA’s 6 criteria 

pollutants. Additional search terms were included based upon classes identified in the 

Ferguson et al (2013) review. Search terms for drinking water contaminants and other 

environmental pollutants were also based upon the Ferguson et al (2013) paper. Based upon 

previous literature on environmental metal exposures, an additional a priori list of toxic 

metals was selected (Jaishankar et al 2014; Tchounwou et al 2012). Dietary metals were not 

included as papers tended to focus on effects of supplementation rather than deleterious 

environmental exposures.

It is uncertain whether preeclampsia and gestational hypertension are on a spectrum of the 

same disease or are diseases with different etiologies (Steegers et al 2010; Shen et al 2017). 

However, it was felt that the science pointed to the latter. For that reason, there was a focus 

on studies where authors considered preeclampsia as a distinct outcome, not in combination 

with gestational hypertension. Studies that examined gestational hypertension in 

combination with preeclampsia were not included in this review, resulting in the exclusion of 

three studies. Other inclusion criteria included at least 10 identified cases and directly 

measured or modeled exposure values. Studies were excluded if exposure was self-reported.

Search Strategy

PubMed was searched through April 19, 2018 using both the MeSH terms in combination 

with “preeclampsia” and the free terms listed in Supplemental Table 1. During preliminary 

searches, systematic literature reviews and meta-analyses on various individual 

environmental exposures and preeclampsia were identified. Investigations that were included 

in these reviews were not evaluated individually in this review. Results from the meta-

analyses and systematic reviews were discussed in the text but not included in the tables.

Data Screening and Extraction

Titles and abstracts to be considered for review were screened. After the initial screening, 

the full text was read of those that met the inclusion criteria. Data extraction spreadsheets 

were created to extract the following relevant information: study design, location, and 

sample size; exposure measurement approach and timing; exposure levels; and modeled 

associations and reported measures of associations.

Results and Discussion

Among the 1,267 articles identified by PubMed, 28 satisfied our inclusion criteria. The 

characteristics of the included studies are summarized in Tables 1–5. Relevant systematic 

reviews on preeclampsia and air pollution (Pedersen et al 2014), and cadmium (Cd) (Pollack 

et al 2014) were identified and included in this review.
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Chemicals were considered water contaminants if water is the main and typical exposure 

route. Two studies were found in which chemicals leached into the water following an 

industrial contamination incident, but ingestion of contaminated water is not the main 

exposure pathway for most individuals (Stein et al 2009; Savitz et al 2012). Those studies 

were discussed in the section corresponding to their compound class, rather than treating 

them as water contaminants.

Briefly, the 28 investigations were published between 2006–2018 with sample sizes ranging 

from 58 to 1.21 million women. There were 6 studies on POP (Eslami et al 2016; Murray et 

al 2018; Savitz et al 2012; 2014; Stein et al 2009; Starling et al 2014), one study on water 

contaminants (Carwile et al 2014), 11 investigations on air pollutants (Dadvand et al 2014; 

Lee et al 2013; Madsen et al 2017; Mendola et al 2016; Nahidi et al 2014; Pedersen et al 

2017; Savitz et al 2015; Wang et al 2018b; Wesselink et al 2017; Wu et al 2016; Yorifuji et 

al 2015), 6 examining metals (Elongi Moyene et al 2016; Maduray et al 2017; Sandoval-

Carrillo et al 2016; Laine et al 2015; Wang et al 2018a; Vigeh et al 2006), and 4 

investigations evaluating non-persistent organic pollutants (Cantonwine et al 2016; Leclerc 

et al 2014; Ye et al 2017; Shaw et al 2018).

Out of the included studies, 12 were case-control or nested case-control, 12 were either 

prospective or retrospective cohort investigations, three were cross-sectional, and one was 

case-cohort. For studies using biomarkers, chemicals were analyzed from matrices of serum, 

plasma, urine, pubic hair, placenta, maternal blood, and cord blood. Five out of the 28 

investigations, primarily studies of metals, compared chemical levels or crude measures 

among groups, while the other 23 modeled associations as odds ratios (OR), hazard ratios 

(HR), or risk ratios (RR). The timing of the exposure assessment ranged from modeled 

exposures during the conception period to delivery. The investigations were conducted in 

various locations including Africa, North America, Europe, and the Middle East. The 

majority of studies adjusted for covariates, primarily maternal age, pre-pregnancy body mass 

index (BMI), gestational age, and a socioeconomic indicator. Some investigations adjusted 

for smoking status while other excluded smokers from their sample. Most but not all studies 

excluded women with a history of hypertension or chronic high blood pressure. Some 

additional investigations excluded women if they had other chronic health conditions or a 

family history of preeclampsia.

The majority of studies defined preeclampsia using American College of Obstetricians and 

Gynecologists’ (ACOG) 2013 guidelines, although some investigations employed ICD9 or 

ICD10 codes from medical records and a few others used self-report. ACOG defines 

proteinuria as excretion of ≥300 mg during a 24-hr period or a protein/creatinine ratio ≥0.3, 

but some investigators utilized a single urine dipstick measure, a protein/creatinine ratio 

≥0.2, or 300 mg/dl urine. Unless other measures are not available, a dipstick reading is 

discouraged due to its variability (ACOG 2013).

Persistent Organic Pollutants (POP)

Persistent organic pollutants are organic chemical substances that remain in the environment 

for years, are widely distributed, bioaccumulate, and produce adverse effects to the 

environment and human health (United Nations Environment Programme 2008c). These 
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chemicals may be intentionally produced or released as byproducts, and are used for pest 

control, agriculture, and industrial processes (Environmental Protection Agency 2009). POP 

include organochlorine pesticides such as dichlorodiphenyltrychloroethande (DDT) and 

hexachlorocyclohexane (HCH); flame retardants like polybrominated diphenyl ethers 

(PBDEs); polychlorinated biphenyls (PCB) which are used in transformers, capacitors and 

electrical equipment; and perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate 

(PFOS), used in everyday materials like carpets, cookware, and food packaging.

Due to their known human health and environmental risks, over 150 countries signed on to 

the Stockholm Convention, a 2001 treaty aimed at eliminating or restricting the use of some 

of the most toxic POP (United Nations Environment Programme 2013). The chemicals of 

interest may be placed into three categories: pesticides (aldrin, chlordane, DDT, dieldrin, 

endrin, heptachlor, hexachlorobenzene, mirex, toxaphene); industrial chemicals 

(hexachlorobenzene, PCB); and byproducts (hexachlorobenzene, dioxins, furans, and PCB). 

Although these compounds remain in the environment, it is important to note that the 

measures taken at the Stockholm Convention have resulted in declining environmental levels 

(Hung et al 2010; Schuster et al 2011; Venier and Hites 2010). Subsequently, levels of many 

POP measured in humans have been decreasing in recent years (Bjerregaard-Olesen et al 

2017; Mannetje et al 2013; Fang et al 2015).

Although there are limitations in determining biologic plausibility from animal or in vitro 
studies, there is a dearth of experiments investigating mechanisms in humans. An 

investigation demonstrated that PFOA reduced the expression of hormones associated with 

trophoblasts and reduced trophoblast cell frequency in mice, but this study did not provide 

any information about how the dosage given to the mice compares with human exposures 

(Suh et al 2011). Similarly, PCB may induce abnormal growth within in vitro placental 

vasculature (Dubey et al 2000) and PBDE-47 increases reactive oxidative species generation 

in the human trophoblast cell line (Park et al 2014).

PCB & PBDE—Polychlorinated biphenyls (PCB) are a family of chlorinated hydrocarbons 

that were historically used in industrial and commercial products (Hu et al 2016; Agency for 

Toxic Substances and Disease Registry 2000). Due to evidence of dangers to the 

environment and human health, the U.S. ceased production of PCB in 1977 (Agency for 

Toxic Substances and Disease Registry 2000). However, because PCB are difficult to break 

down and persist in the environment, humans are still exposed.

Polybrominated diphenyl ether (PBDE) are structurally similar to PCB and were employed 

as flame retardants in commercial products (Siddiqi et al 2003). Similarly to PCB, these 

compounds were released into the environment at industrial manufacturing sites and 

regularly leached from household products (Siddiqi et al 2003).

Only one study to date examined the association between PBDE exposure and preeclampsia. 

In a case-control study by Eslami et al (2016), Iranian women diagnosed with preeclampsia 

displayed higher serum concentrations of total PCB and total PBDE compared to controls 

(Table 1). Preeclampsia cases were ascertained by two specialist physicians who considered 

women preeclamptic if they met ACOG’s criterion for hypertension and exhibited any 
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degree of proteinuria. In models controlling for gestational age, pre-pregnancy BMI, and 

weight gain, Eslami et al (2016) measured OR of 1.77 (95% CI: 1.34, 2.32) for total PCB 

and OR of 2.19 (95% CI: 1.39, 3.45) for total PBDE, but the investigators did not account 

for the contrast associated with these results. In this population, the median level of total 

PCB for cases was 2.86 ng/g and 1.50 ng/g for controls; the median level for total PBDE 

was 1.51 ng/g among cases and 0.95 ng/g among controls (Eslami et al 2016).

Conversely, a study by Savitz et al (2014) found no marked association between total PCB 

exposure and preeclampsia. The effects of PBDE were not investigated. Using a large cohort 

of American women from the 1960s, Savitz et al (2014) noted that total PCB exposure 

appeared slightly protective against the development of preeclampsia, although these 

measures did not reach statistical significance. The median level of total PCB in this 

population was 2.69 µg/L (Savitz et al 2014). Cases were determined using ACOG’s 

guidelines, with information presumably derived from medical record abstraction. Although 

necessitated by study design, it should be noted that the limitations of medical record 

documentation and abstraction may affect the accuracy of diagnoses.

Eslami et al (2016) suggested that these results may disagree due to differences in the 

sample size, analytic approach, continuous vs. categorical measures of exposure, and 

exclusion criteria. Further, the two studies combined different congeners of PCB to estimate 

cumulative exposure to PCB. While summing may be useful, this limits comparison across 

studies. Eslami et al (2016) generated the total PCB measured by summing 9 congeners, 

whereas Savitz et al (2014) summed 11 congeners. Eslami et al (2016) combined the 

following congeners to create the total PCB measure: 28, 52, 99, 101, 118, 138, 153, 180, 

and 187. The combined measure in Savitz et al (2014) consisted of PCB 28, 52, 74, 105, 

118, 138, 153, 170, 180, 194, and 203.

It is possible that single congeners or subtypes of congeners such as dioxin-like vs. non-

dioxin-like may be driving the association and combining multiple congeners into a “total 

PCBs” measure may obfuscate the relationship. Consistency of congeners measured and 

sufficient power to investigate the influence of specific congeners are needed to clarify the 

discrepancies surrounding this research question. In addition, total PCB and dioxins are 

fairly correlated within populations (Gladen et al 1999). Without measuring levels of both 

compounds, it is difficult to discern true associations. Further, samples in Eslami et al (2016) 

were lipid-adjusted while Savitz et al (2014) included triglycerides and cholesterol as 

covariates. For this reason, it is not possible to directly compare exposure distributions in 

these populations. There is no decisive evidence of a correlation between preeclampsia and 

PCB and PBDE and further research is warranted.

DDT & HCH—In the 1970s, the United States Environmental Protection Agency (US EPA) 

banned DDT, a powerful insecticide, due to evidence suggesting adverse effects on humans 

and the environment (Hanssen et al 2013). However, DDT continues to be used to combat 

malaria in South America, Africa, and Asia (van den Berg 2009). DDE is a metabolite of 

DDT that persists and might also exert harmful health effects (van den Berg 2009).
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Similar to DDT, HCH is an insecticide. HCH exists as 8 isomers, one of which lindane, an 

insecticidal form that has not been produced in the United States since 1976 but is still 

available as an imported product (Agency for Toxic Substances and Disease Registry 2005). 

β-HCH is an isomer that was employed in technical-grade HCH, a product that has not been 

produced or used in the U.S. for over 20 years (Agency for Toxic Substances and Disease 

Registry 2005). However, detectable levels persist in soil and surface water at some locations 

throughout the U.S. (Agency for Toxic Substances and Disease Registry 2005). Humans are 

exposed to HCH through ingestion of contaminated food, water, and inhalation of 

contaminated air, or through some medications utilized to control scabies and head lice 

(Agency for Toxic Substances and Disease Registry 2005).

In the previously discussed study by Savitz et al, (2014) the association between ß–HCH, 

p,p’-DDE, p,p’-DDT and preeclampsia was also determined. The median level of DDE in 

the population was 24.5 µg/L; DDT exposure 9.25 µg/L; and median ß–HCH 1.39 µg/L. In a 

quintile analysis, the OR for DDE and DDT were null, although DDT presented some 

suggestions of an inverse relationship. Savitz et al (2014) did not provide the exposure levels 

used to create these quintiles. Associations between ß–HCH and preeclampsia were null. 

Savitz et al (2014) indicated that rather than a true underlying protective effect, their results 

may be more likely attributed to random error, unrecognized biases, or reverse causation.

A study of South African women examined the correlation between p,p’-DDT, p,p’-DDE, 

o,p’-DDT, and physician-diagnosed preeclampsia based upon medical records (Murray et al 

2018). Case count was relatively low but null associations were seen for all 3 compounds. 

The median level of DDE in this population was 239 ng/g lipid and the median level of p,p- 

DDT was 52.5 ng/g lipid. Based upon very limited data, there does not appear to be a 

correlation between DDE, DDT, or HCH and preeclampsia.

PFAS—Per- and polyfluoroalkyl substances (PFAS) are a class of non-naturally occurring 

chemicals that are widely utilized in textiles and leather products, metal plating, semi-

conductors, paper and packaging, coating additives, cleaning products, pesticides, among 

others (Environmental Protection Agency 2017). PFOA and PFOS are two types of PFAS 

that have historically been produced in the largest quantities in the U.S. (Environmental 

Protection Agency 2017) and although production has declined, exposure is still widespread 

due to their persistence (Environmental Protection Agency 2017; National Institute of 

Environmental Health Sciences 2016). Levels of other PFAS were detected in humans, but 

exposure is lower and less research is available on their health effects (Berg et al 2014; 

Agency for Toxic Substances and Disease Registry 2018; Mueller and Yingling 2017).

Two studies were conducted using highly-exposed participants in the Mid-Ohio Valley as 

part of the C8 Science Panel (Stein et al 2009; Savitz et al 2012). Both investigations were 

limited to self-reported measures of preeclampsia. While Stein et al (2009) measured serum 

PFOA and PFOS levels, Savitz et al (2012) generated historical estimates of PFOA exposure 

based upon the amount of PFOA released from the DuPont plant, wind patterns, river flow, 

groundwater flow, and participants’ residential histories. Savitz et al (2012) did not consider 

PFOS in their study. Stein et al (2009) found modest associations between PFOA and 

preeclampsia (OR: 1.3 [95% CI: 0.9, 1.9]) and PFOS and preeclampsia (OR: 1.3 [95% CI: 
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1.1, 1.7]) when comparing women above the median of exposure vs. women below. The 

median PFOA exposure was 21.2 ng/ml while the median PFOS level was 13.6 ng/ml. In a 

quartile analysis, the relationship with PFOA was primarily driven by women in the 50–75th 

percentage (2nd quartile) of exposure (OR: 1.5 [95% CI: 1.0, 2.3]) rather than those in the 

highest group. The women in the 2nd quartile of exposure contained levels of 21.3 – 50 

ng/ml while women in the 4th quartile levels ranging from 120.6 ng/ml – 894.4 ng/ml (Stein 

et al 2009). The association between PFOS and preeclampsia was strongest for women 

exposed >90th percentile (4th quartile; 23.2 – 83.4 ng/ml) and those exposed in the 50th-75th 

percentile (2nd quartile; 12.7– 17.7 ng/ml), but not significantly attenuated among women in 

the 75th-90th percentile (3rd quartile; 17.7 – 23.2 ng/ml). Savitz et al (2012) observed modest 

associations with PFOA estimates. Median PFOA levels varied by exposure year, but the 

highest median levels were noted for those who were exposed from 2000 – 2005 and were 

measured at 15.9 ng/ml. No significant dose-response trend was identified using a 

continuous exposure indicator. When Savitz et al (2012) used the measured levels from 

2005–2006 to inform their modeled exposures, the observed relationship was strengthened.

A case-cohort study utilizing the Norwegian Mother and Child Cohort (MoBa) noted null 

HRs for preeclampsia in association with PFOA and PFOS (Starling et al 2014). The median 

level of PFOA was 2.78 ng/ml while the median level of PFOS was 12.87 ng/ml. 

Preeclampsia was determined by birth attendants at delivery and an antenatal review of 

medical records. Proteinuria was not defined employing ACOG’s 24-hr urine collection, but 

rather as a urine dipstick measurement of at least 1+. It is of interest that Starling et al (2014) 

found inverse effects in which higher concentrations of perfluoroundecanoic acid (PFUnDA) 

were correlated with a lower hazard of preeclampsia. Starling et al (2014) were not able to 

explain these unexpected findings. The discrepant results between the C8 investigations and 

the MoBa study may be attributed to significantly higher levels in the C8 population, or the 

fact that the C8 investigation relied upon modeled exposure data and self-reported 

preeclampsia, whereas Starling et al (2014) determined levels in women and used validated 

preeclampsia diagnoses.

Drinking Water Contaminants

Although many contaminants enter the drinking water supply and may pose a health risk, 

certain chemicals are more likely to end up there either due to their chemical properties or 

their uses. Chlorinated disinfection byproducts are produced during the process of utilizing 

chlorine to treat drinking water, but exposure to hazardous byproducts has been linked to 

adverse reproductive outcomes (Gopal et al 2007; Nieuwenhuijsen et al 2000). No apparent 

studies on chlorinated disinfection byproducts and preeclampsia were identified. Chlorinated 

solvents are another class of common water contaminants, used in many commercial and 

industrial applications and thus among the most common pollutants at industrial sites 

(Matteucci et al 2015). Tetrachloroethylene (PCE) and trichloroethylene (TCE) are 

frequently used as metal degreasers and PCE is also employed in dry-cleaning facilities 

(Agency for Toxic Substances and Disease Registry 2014). PCE and TCE are some of the 

most frequently detected organic chemicals in groundwater and their ability to penetrate 

deep into aquifers creates risks of widespread groundwater contamination (Moran et al 

2007).
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Although few data are available on the effects of water contaminants and placental function, 

limited evidence from in vitro investigations suggests potential consequences. Results from 

one study by Hassan et al (2016) reported that a bioactive intermediate of TCE increased 

pro-inflammatory cytokines, leading to disruptions in trophoblast functions necessary for 

placental development. However, concentrations used in the study by Hassan et al (2016) 

were a magnitude higher than the US EPA’s maximum contaminant level standard for 

drinking water for TCE. Chen et al (2004) examined bromodichloromethane, a 

trihalomethane, and found that exposure disrupted syncytiotrophoblast formation. The 

lowest concentrations noted to disrupt formation were 200 mM, while human concentrations 

have been documented at 0.0013 nM to 0.57 nM (Chen et al 2004; Miles et al 2002).

Only one epidemiological study on drinking water contaminants was identified. It examined 

the association between PCE and preeclampsia in a retrospective cohort of 1,766 women 

living in Cape Cod between 1969–1983 (Table 2) (Carwile et al 2014). Residents were 

exposed to PCE-containing water through contaminated distribution pipes. Exposure was 

assigned retrospectively, first using crude pipe distribution maps. Among those women 

identified as potentially exposed, exposure was assigned more finely with leaching transport 

models. These models calculated the woman’s cumulative PCE exposure during the year of 

her last menstrual period. In 2002–2003, women self-reported any preeclamptic pregnancies 

occurring during 1969–1983. In multivariate models, higher levels of PCE were correlated 

with lower risk of self-reported preeclampsia. Compared to women with no exposure, 

women with levels above the median (0.57 g) exhibited a RR of 0.36 (95% CI: 0.12, 1.07) 

and females with any reported levels also displayed a lower risk than those with no exposure 

(RR: 0.37, [95% CI: 0.17, 0.83]). However, there were only 8 women with PCE exposure 

and preeclampsia, and thus it is difficult to draw conclusions from this limited sample. 

Further, all measures of outcome were self-reported.

Air Pollutants

Criteria pollutants are 6 common air pollutants with known adverse health effects that are 

monitored and regulated by the EPA. These include ground level ozone (O3), particulate 

matter (PM10 and PM2.5), carbon monoxide (CO), lead (Pb), sulfur dioxide (SO2), and 

nitrogen dioxide (NO2) (Environmental Protection Agency 2018).

Results from previous in vitro studies suggest biologic plausibility between air pollutant 

exposure and placental changes associated with or leading to preeclampsia. Polycyclic 

aromatic hydrocarbons (PAH), specifically benzo(a)pyrene (BaP), have been associated with 

inhibition of migration and invasion of human trophoblast cells (Liu et al 2016). Although 

the doses used in the study (1, 5, 10, 25, 50 or 100 µM) were higher than average female 

dietary dose (0.07 µg/day) (Marti-Cid et al 2008), it was argued that dietary levels may not 

explain the full body burden due to other exposure routes and the lipophilicity and long half-

life of BaP. While in vitro studies are helpful in identifying biological mechanisms, these 

investigations are conducted in isolation and may not accurately represent processes in the 

overall organism.

In an epidemiologic study of Brazilian women, NO2 was associated with a decreased 

vascular index (Hettfleisch et al 2017). Further, van den Hooven et al (2012) reported 
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correlations between maternal air pollution exposure and markers of placental growth and 

function.

Pedersen et al (2014) and Hu et al (2014) both independently published systematic literature 

reviews and meta-analyses examining the association between air pollutants and 

preeclampsia. Pedersen et al (2014) reviewed 16 studies and Hu et al (2014) reviewed 10 

investigations; all but one of the studies reviewed by Hu et al (2014) was also included in the 

Pedersen et al (2014) paper. For that reason, the Pedersen et al (2014) paper will serve as the 

focus of this discussion. The one study not included in the Pedersen et al (2014) paper was 

evaluated in this present review. Of the 16 studies reviewed by Pedersen et al (2014), 10 

examined exclusively preeclampsia rather than a combination of gestational hypertension 

and preeclampsia.

In the recent review, Pedersen et al (2014) compiled the following exposures: PM2.5 and 

PM10; NO2; nitrogen oxides (NOx); CO; O3; proximity to major roads, and traffic density. 

Four studies examined PM2.5 and NO2 and three studies assessed NOx, PM10, CO, O3, and 

traffic. Pedersen et al (2014) reported pooled OR using random effects models of the 

exposures. Significant associations were seen between preeclampsia and PM2.5, NO2, and 

traffic. Although point estimates tended to be elevated, no significant correlations 

associations were observed between NOx, PM10, CO, or O3 and preeclampsia. However, 

heterogeneity was relatively high between studies for PM2.5 and CO (82 and 83.4%, 

respectively).

As noted by Pedersen et al (2014), limitations of these meta-analyses include the small 

number of investigations, inclusion of studies that assessed exposure only in the first 

trimester, exclusion of data that did not distinguish between gestational hypertension and 

preeclampsia, and possible underreporting of cases. Since the publication of the reviews, 11 

additional studies were found that met our inclusion criteria (Table 3).

A retrospective cohort study in New York City noted no marked association between PM2.5 

or NO2 and preeclampsia (Savitz et al 2015). In fact, slight protective associations were 

observed for both compounds in relation to mild and severe preeclampsia. The median 

PM2.5 level for the 2nd trimester was 11.67 µg/m3 while the 2nd trimester median for NO2 

was 26.44 ppb. Preeclampsia was ascertained using ICD-9 discharge diagnoses. However, 

Savitz et al (2015) noted concerns regarding differential reporting and disease coding across 

multiple hospitals. Results were similar whether modeling exposure in the first trimester or 

second trimester.

Similarly, null results for NO2 levels were reported in a retrospective investigation of the 

MoBa cohort where the mean level was 13.6 µg/m3 (Madsen et al 2017). Cases of 

preeclampsia were identified through a standardized form completed during pregnancy, 

often by midwives or obstetricians. Diagnostic criteria for preeclampsia on this form 

matched the ACOG hypertension and proteinuria cutoffs. There was no significant 

association with NO2 exposure and preeclampsia in selected urban and county areas across 

Norway. However, risk was increased for women living near (<15 m) highly trafficked 

roads. Three other studies also demonstrated no marked association with NO2 (Mendola et 
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al 2016; Wang et al 2018b; Nahidi et al 2014). In these studies, NO2 levels were higher: the 

median level in the study by Mendola et al (2016) was 29.1 ppb, while the mean level in the 

Wang et al (2018b) cohort was 45.9 µg/m3. Population levels were not reported by Nahidi et 

al (2014).

Two studies, however, demonstrated significant associations between NO2 and higher risk of 

developing preeclampsia (Pedersen et al 2017). A large investigation from the Danish 

National Cohort found the strongest effects for mild preeclampsia and early-onset 

preeclampsia with more limited results for severe preeclampsia (Pedersen et al 2017). In this 

study, the median level of exposure was 11 µg/m3 and preeclampsia cases were ascertained 

from the Danish National Patient Registry using ICD-10 codes, a method shown to have 

acceptable validity (Klemmensen et al 2007). An investigation involving 1.21 million birth 

records in China reported a significant association between PM10, SO2, and NO2 exposure 

and preeclampsia (Wang et al 2018b). In this study, preeclampsia was diagnosed based upon 

a blood pressure reading >140/90 mm Hg and 30 mg/dl protein in urine or 1+ on two or 

more urine dipsticks. It was not specified whether this information was provided by 

obstetricians directly or later abstracted from medical records. Levels of PM10 were 

approximately 2-fold higher than those noted by Mendola et al (2016). Interestingly, Wang 

et al (2018b) demonstrated strong interactive effects between humidity (measured by dew 

point) and the influence of PM10 on preeclampsia: preeclampsia risk enhanced by nearly 

25% when dew point was between 5th – 95th percentile but by 30% when dew point was > 

95th percentile. Other studies identified suggestive associations between air pollution and 

hypertensive disorders of pregnancy, but lacked clinically-diagnosed outcomes or 

ascertainment of preeclampsia independent of general hypertensive disorders of pregnancy 

(Hu et al 2017; Agrawal and Yamamoto 2015).

There is mixed evidence for the effect of PM on preeclampsia, but PM10 appears to exert 

higher risks than PM2.5. There was no significant association with PM10 or PM2.5 and 

preeclampsia in a retrospective US cohort (Mendola et al 2016). Diagnosis of cases was 

performed through medical records and/or maternal discharge summary abstraction using 

ICD-9 codes. Dadvand et al (2014) did not observe an association with overall PM mass, but 

when PM mass originated from traffic-related exposure sources, there was a significant 

association with an interquartile range (IQR) rise in PM10. No enhanced risk was noted with 

PM2.5. Similarly, Dadvand et al (2014) found an increased risk with exposure to brake dust 

for PM10 but not PM2.5. In this investigation preeclampsia cases were defined using a blood 

pressure reading ≥140/90 mm Hg and proteinuria ≥300 mg/dl. The means of ascertainment 

for these data were not discussed.

Mendola et al (2016) examined additional criteria pollutants and found no marked 

association with preeclampsia and CO, NOx, O3, or SO2. Although few studies looked at CO 

or O3, the findings from those investigation coupled with data from the Pedersen et al (2014) 

review suggest that there is no significant association between either exposure and 

preeclampsia (Lee et al 2013; Nahidi et al 2014; Mendola et al 2016). Lee et al (2013) 

identified cases through a medical records database that collects detailed information on 

reproductive outcomes, while preeclampsia cases were self-reported in Nahidi et al (2014).
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The null findings among the criteria pollutants are consistent with Savitz et al (2015) and 

Madsen et al (2017). Evidence for a relationship between SO2 and preeclampsia was only 

seen among the Chinese population where exposure levels were much higher than 

elsewhere, and not in an USA or Iranian population (Mendola et al 2016; Nahidi et al 2014; 

Wang et al 2018b). The median level was 15.6 µg/m3 in the Chinese population and 3.3 ppb 

in the US population.

Mendola et al (2016) reported no significant correlation between PAH and preeclampsia. 

However, multiple positive associations were observed between volatile organic compounds 

(VOC) and preeclampsia. Among the VOC, the strongest effects were seen with exposure to 

xylenes and toluene. Across the exposures, the effects were generally stronger among 

asthmatic women compared to non-asthmatic. No other apparent studies measured VOC or 

PAH.

Four studies examined traffic exposure and three of these used proximity to major roadways 

as their exposure metric (Yorifuji et al 2015; Wesselink et al 2017; Wu et al 2016; Madsen et 

al 2017). These investigations considered the overall effect of traffic exposure rather than 

attempting to separate individual pollutants. The findings differed across studies. With 

elevated traffic exposure, Wu et al (2016) noted an elevation in late-onset preeclampsia 

compared to early-onset, but also that controls were subject to increased traffic exposure 

compared to cases. Cases in this study were women who were being treated for 

preeclampsia, but no further information regarding diagnostic criteria was provided.

Yorifuji et al (2015) and Madsen et al (2017) noted elevated traffic exposure among cases, 

although the measures in Madsen et al (2017) did not reach statistical significance. In the 

study by Yorifuji et al (2015), preeclampsia was determined by trained obstetricians as 

hypertension with proteinuria after 20 weeks gestation. No marked effect was seen by 

Wesselink et al (2017) although case count was low and they relied on self-reported 

outcome. Approximately 26% of women in this investigation reported smoking during the 

first trimester.

The literature on the association between air pollution and preeclampsia is not definitive, 

with many discordant results noted. Differences may be due to varying baseline exposure 

levels in populations, and there may be a minimum exposure level necessary to induce 

effects. Further, different methods were employed to model pollutant exposure: studies used 

various methods including fitting spatiotemporal models based upon street-level measures 

(Savitz et al 2015), a combination of modelled air pollution exposures utilizing non-

concurrent measurements of air pollution combined with concurrent temporal variability 

from monitoring stations (Madsen et al 2017), actual determinations from daily monitors 

(Wang et al 2018b), and space-time ordinary kriging interpolation (Lee et al 2013). These 

models have various strengths and limitations and the extent to which model specifics may 

have affected results remains unclear.

Metals and metalloids

Metals and metalloids, such as As, Cd, and Hg, are naturally occurring elements and often 

have industrial, domestic, and agricultural uses (Jaishankar et al 2014; Tchounwou et al 
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2012; Barbosa 2017; da Cunha Martins et al 2018). Most human exposure is from 

anthropogenic sources such as mining and smelting operations, industrial production, 

agricultural use of metals, and from consumption of water or food contaminated by such 

processes (Jaishankar et al 2014; Tchounwou et al 2012; Barbosa 2017; Branco et al 2017).

There is biologic plausibility for a relationship between metals and development of 

preeclampsia. Studies found that both Cd and Cr exerted deleterious effects on trophoblasts 

(Henson and Chedrese 2004; Stasenko et al 2010; Banu et al 2017), and that expression 

levels of an As transporter were elevated in placentae from preeclamptic mothers (Damiano 

et al 2006; Henson and Chedrese 2004). Seven epidemiologic studies were reviewed 

analyzing the association between our a priori metals and preeclampsia.

Arsenic (As)—Arsenic is a metalloid that naturally occurs in soil and until 2003, was used 

in wood preservatives (Agency for Toxic Substances and Disease Registry 2007). Humans 

are typically exposed through inhalation and ingestion; the primary food sources include 

seafood, rice/rice cereal, mushrooms, and poultry (Agency for Toxic Substances and Disease 

Registry 2007). Arsenic from industrial waste or agricultural fertilizers may contaminate 

ground water, leading to additional exposure through consumption of well water (Centers for 

Disease Control and Prevention 2015).

Three studies examined As exposure in relation to preeclampsia: two case-control studies 

and a cross-sectional study (Table 4a) (Elongi Moyene et al 2016; Sandoval-Carrillo et al 

2016; Maduray et al 2017). Both case-control investigations measured As levels in urine, 

while one additionally determined metal concentrations in local drinking water (Elongi 

Moyene et al 2016; Sandoval-Carrillo et al 2016). Elongi Moyene et al (2016) measured a 

panel of 14 trace metals for 176 women in the Democratic Republic of Congo (DRC) and 

matched on age, gestational age, type of pregnancy (singleton vs. higher-order), and number 

of live-born children. Preeclampsia was defined as blood pressure >140/90 mm Hg and a 

positive dipstick test or >300 mg protein over 24 hr. It was not stated how this information 

was obtained.

Sandoval-Carrillo et al (2016) conducted their study among 306 Mexican women and 

adjusted for maternal age and gestational age. The characterization of hypertension matched 

that described by ACOG, but they had a less stringent criterion for urinary protein levels 

which was considered as 30 mg/dl protein sufficient for preeclampsia diagnosis while 

ACOG required 300 mg/dl. This difference may have resulted in an over-diagnosis of 

preeclampsia. Sandoval-Carrillo et al (2016) did not provide detail on the source of 

diagnostic information.

Exposure levels were different in two of the study populations; women in the DRC 

contained higher median As levels (46.9 μg/L among cases and 26.8 μg/L among controls) 

compared to the Mexican study (7.1 μg/L among cases and 6.78 μg/L among controls) 

(Sandoval-Carrillo et al 2016). The third study population determined concentrations in 

different matrices and thus levels are not directly comparable.

Rosen et al. Page 14

J Toxicol Environ Health B Crit Rev. Author manuscript; available in PMC 2019 December 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Elongi Moyene et al (2016) reported that As levels were higher in cases than controls, both 

overall and when stratified on season (dry vs. rainy). Sandoval-Carrillo et al (2016) in 

Mexico, however, observed no marked association with As, either in crude comparisons of 

mean levels or in adjusted logistic models. In the logistic models, authors compared women 

in the highest tertile of exposure (>11.49 µg/L) to women in the lowest tertile (≤7.50 µg/L). 

Sandoval-Carrillo et al (2016) postulated that their null findings were due to the low 

concentrations in their population; indeed, levels in this study were lower than those in other 

investigations where associations with other reproductive outcomes (fetal death, low birth 

weight) were identified.

The third study, a cross-sectional analysis performed in a homogenous cohort of black South 

Africans, noted no significant difference between As levels in cases and controls (Maduray 

et al 2017). This population was overweight, where cases exhibited an average BMI of 31 

kg/m2 and controls a mean BMI of 43 kg/m2. No information was provided on the criteria or 

means of ascertainment for preeclampsia diagnoses. Maduray et al (2017) determined 

concentrations in blood and pubic hair and did not specify the timing of exposure 

measurements. Blood is not the preferred matrix for As detection, as it primarily detects 

recent high-dose exposures (Hughes 2006). Further, hair measurements are susceptible to 

exposure from other sources such as bathing in contaminated water; current methods are not 

able to distinguish between externally and internally derived arsenic in hair (Hughes 2006). 

These concentrations are not directly comparable to urinary measures and thus it is difficult 

to relate exposure levels among this population to the previous two studies. All three studies 

measured total As rather than speciated metal. Speciated As is preferred as it provides 

additional information regarding the As content, as total As may reflect benign organic As 

compounds commonly found in seafood (Kales et al 2006). Although research is limited, 

higher levels of As do not appear to be associated with preeclampsia.

Cadmium (Cd)—Similar to As, Cd is naturally occurring; however, this metal also enters 

the environment through anthropogenic means. Non-ferrous metal mining and refining, 

fossil fuel combustion, waste incineration, and manufacture and application of phosphate 

fertilizers are some of the main sources of environmental Cd (Agency for Toxic Substances 

and Disease Registry 2012). Smokers are primarily exposed through inhalation of Cd that 

accumulates in tobacco leaves, while non-smokers are predominantly exposed through 

consumption of contaminated foods, particularly leafy vegetables, potatoes and grains, 

peanuts, and soybeans (Agency for Toxic Substances and Disease Registry 2012).

A 2014 systematic review of the epidemiologic evidence for the relationship between 

cadmium levels and reproductive health outcomes identified three studies that met their 

inclusion criteria and investigated preeclampsia (Pollack et al 2014). Two of the 

investigations were cross-sectional, only one adjusted for potential confounders, and one 

examined preeclampsia at 37–40 weeks, likely missing the most severe cases. Although 

these studies had limitations, all three found an association between elevated maternal Cd 

levels and preeclampsia.

Four additional investigations were identified (Table 4b). Laine et al (2015) used a nested 

case-control design and assessed Cd amounts in the placenta. Preeclampsia was defined as 
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hypertension and proteinuria according to the ACOG guidelines, but Laine et al (2015) did 

not provide information on whether this data was abstracted from medical records or 

provided directly from physicians. After adjustment, Laine et al (2015) observed that higher 

placental Cd levels were associated with preeclampsia. Two additional studies, described 

above for their examination of As, also measured Cd (Maduray et al 2017; Elongi Moyene et 

al 2016). Maduray et al (2017) noted no marked difference between median blood Cd 

concentrations measured in preeclamptic and control women. Elongi Moyene et al (2016) 

detected higher levels in cases than controls when metal was measured in urine. Elongi 

Moyene et al (2016) examined correlations and found that Cd was significantly associated 

with many metals including As, Cr, cobalt (Co), nickel (Ni), and selenium (Se). However, 

none of the models attempted to account for these correlations.

A 2018 case-control study conducted in a Chinese medical center identified an elevated risk 

of preeclampsia with elevated maternal blood concentrations of Cd, when metal levels were 

measured between the 28th-40th week of pregnancy (Wang et al 2018a). In this study, Wang 

et al (2018a) defined preeclampsia using the hypertension guidelines of ACOG, and 

proteinuria defined in any of the following ways: urine protein greater than 300 mg/24 hr; 

one positive dipstick; or a protein/creatinine ratio >0.3. In addition, preeclampsia was 

diagnosed if women exhibited new-onset hypertension and any of the following conditions 

in place of proteinuria: thrombocytopenia; serum creatinine >97.3 µmol/L; liver 

transaminases at least 2-fold greater than the upper limit of normal; pulmonary edema; or 

persistent cerebral or visual symptoms. Mean Cd concentrations were higher in cases than 

controls and Wang et al (2018a) also detected an association in a logistic regression 

adjusting for BMI, maternal age, parity, gestational age at sample collection, and maternal 

calcium and magnesium levels. Women in the highest tertile of exposure (≥1.36 µg/L) were 

compared to women in the lowest tertile of exposure (<0.93 µg/L). Wang et al (2018a) also 

compared levels of placental Cd and reported higher levels among controls compared to 

cases (3.61 µg/kg wet weight vs. 4.28 µg/kg wet weight).

The above studies employed different matrices to determine Cd, including placenta (Laine et 

al 2015), hair (Maduray et al 2017), serum (Maduray et al 2017; Pollack et al 2014), blood 

(Wang et al 2018a; Pollack et al 2014), urine (Elongi Moyene et al 2016), and amniotic fluid 

(Pollack et al 2014). Cadmium measured in whole blood or serum reflects recent exposure 

rather than body burden, while urinary concentrations primarily reflect total body burden 

and are preferred (Agency for Toxic Substances and Disease Registry 2012). Concentrations 

in hair are useful for measuring relatively long-term Cd quantities, although samples are 

susceptible to external contamination (Agency for Toxic Substances and Disease Registry 

2012). Some evidence shows that the placenta is a reliable indicator of Cd exposure (Piasek 

et al 2014), but a systematic review concluded that the use of placenta to assess heavy metal 

exposure is not yet properly developed (Esteban-Vasallo et al 2012).

Chromium—In 1997, nearly 31 million pounds of hexavalent chromium (Cr VI) were 

released from large processing facilities into soil in the U.S., accounting for approximately 

94% of total environmental metal releases (Agency for Toxic Substances and Disease 

Registry 2011). Additional sources of Cr exposure include airborne emissions and effluents 

from chemical plants and incineration facilities, road dust from catalytic converter erosion, 
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and consumer products such as stainless steel cookware or wood treated with copper 

dichromate (Agency for Toxic Substances and Disease Registry 2011, 2012).

Only two studies examining the link between maternal Cr levels and preeclampsia were 

identified, both of which measured other metals that were described earlier in this review 

(Table 4c) (Maduray et al 2017; Elongi Moyene et al 2016). Elongi Moyene et al (2016) 

observed that urinary Cr concentrations in cases were approximately 5-fold higher than 

controls. Similarly, Maduray et al (2017) found higher concentrations of Cr in cases when 

this metal was measured in both pubic hair and serum, even though only measurements in 

hair reached statistical significance.

Urinary measures of Cr are limited by frequent contamination, inability to distinguish 

between benign Cr(III) and toxic Cr(VI), and the fact that these only reflect the prior 48 hr 

exposure (Environmental Protection Agency 2010). Similarly, concentrations determined in 

hair cannot distinguish between Cr bound within the hair during protein synthesis from 

external contamination (Environmental Protection Agency 2010). Chromium has been 

previously measured in hair of populations with no known environmental metallic exposure, 

indicating that measurements in hair may also reflect Cr bound within the hair during 

protein synthesis (Agency for Toxic Substances and Disease Registry 2013). Chromium 

determined in blood may be differentiated into Cr(III) and Cr(VI) utilizing specific analytic 

methods, but it is unclear if Maduray et al (2017) used these techniques (Agency for Toxic 

Substances and Disease Registry 2013). Despite the shortcomings of the measurements in 

these studies, the concordant results suggest that elevated Cr concentrations may be 

associated with preeclampsia.

Mercury (Hg)—Mercury might enter the environment through the natural breakdown of 

minerals in rocks and soils, but estimates put anthropogenic contributions at 1/3 to 2/3 of 

total Hg releases (Agency for Toxic Substances and Disease Registry 1999). Atmospheric 

levels of Hg are low and most human exposure occurs through consumption of fish 

containing methylmercury, the major source of organic Hg for humans. Less commonly, 

individuals are exposed to Hg through imported jewelry, dental fillings, or consumer 

products such as thermometers, barometers, and switches (Agency for Toxic Substances and 

Disease Registry 1999).

Only one study analyzing Hg and preeclampsia was identified (Table 4e) (Vigeh et al 2006). 

This study involved 396 Iranian women who had no occupational exposure to trace metals 

and Hg was determined in maternal whole blood. Preeclampsia was diagnosed according to 

ACOG guidelines, although Vigeh et al (2006) did not provide information on how 

diagnoses were conducted. Only mean levels of Hg were compared, but there was no marked 

difference in concentrations between cases and controls. Mercury measured in blood reflects 

recent exposure to both organic and inorganic metal, but does not provide information 

regarding past exposures (United Nations Environment Programme 2008b). Hair is often the 

preferred matrix as it provides an estimate of long-term average exposure (United Nations 

Environment Programme 2008b). Although this study does not seem to support an 

association, there is a large gap in the knowledge regarding Hg exposure and preeclampsia.
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Other environmental contaminants

In contrast to POP, non-persistent pollutants possess a shorter lifespan in the environment. 

Non-persistent environmental contaminants such as non-persistent pesticides, bisphenol-A 

(BPA), and phthalates do not accumulate in humans. However, these compounds may still 

present health dangers due to the ubiquity of exposures (Centers for Disease Control and 

Prevention 2018; Environmental Protection Agency 2013). Phthalates are a group of 

plasticizers that are also used in products such as cosmetics, personal care items, medical 

tubing, and solvents. Individuals are primarily exposed through use of personal care 

products or consumption of food and drinks that have been in contact with phthalates 

(Hauser and Calafat 2005; Centers for Disease Control and Prevention 2017).

Similarly, BPA is non-persistent but widely produced (National Institute of Environmental 

Health Sciences 2018). BPA is primarily employed in the production of polycarbonate 

plastics, often used for food and drink packaging. As such, diet is the largest source of BPA 

exposure for most, although air, dust, and water exposures are also possible (National 

Institute of Environmental Health Sciences 2018). Most persistent pesticides were banned in 

the U.S. in the 1970s, and since that time, non-persistent pesticides have increased in usage 

(Centers for Disease Control and Prevention 2003). Non-persistent pesticides do not 

accumulate and thus need to be applied more frequently.

In both rodent models and human cell lines, BPA exposure was associated with adverse 

alterations to trophoblasts, suggesting a possible mechanism for preeclampsia development 

(Tachibana et al 2007; Benachour and Aris 2009). Further, some phthalate metabolites were 

associated with decreases in placental growth factor in human populations (Ferguson et al 

2015).

One study was identified looking at phthalate exposure and BPA exposure in relation to 

preeclampsia (Cantonwine et al 2016), while another two examined solely BPA exposure 

(Ye et al 2017; Leclerc et al 2014) (Table 4). Cantonwine et al (2016) conducted a nested 

case-control study assessing the correlation between 9 urinary phthalate metabolites and 

BPA in relation to preeclampsia. Cantonwine et al (2016) measured exposure levels at 

multiple visits and found significant associations between the averaged values of mono (2-

ethylhexyl) phthalate (MEHP) as well as summed di(2-ethylhexyl) phthalate (∑DEHP) 

metabolites, both per IQR rise, and preeclampsia. No marked associations were detected for 

the other urinary phthalate metabolites and there was no correlation between BPA exposure 

and preeclampsia. However, upon stratifying by infant gender, there was an elevation in the 

HR for BPA levels at visit 1 among females compared to males. The geometric mean of BPA 

in this population at visit 1 was 1.34 ng/ml. Cantonwine et al (2016) reviewed women’s 

deidentified medical records to identify cases of preeclampsia. Women were considered to 

display preeclampsia according to ACOG’s hypertension guidelines, and proteinuria defined 

as >300 mg/24 hr or a protein/creatinine ratio >0.2.

Leclerc et al (2014) conducted a case-control study among nulliparous women to examine 

the relationship between BPA and preeclampsia and observed higher placental BPA levels in 

pre-eclamptic women compared to controls. However, no marked differences were noted in 

BPA levels in maternal serum or fetal serum between pre-eclamptic and normotensive 
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women. Leclerc et al (2014) did not provide information on the diagnostic criteria of pre-

eclamptic women nor the means by which the diagnosis was performed.

Ye et al (2017) conducted a nested case-control study involving Chinese women in which 

determined free BPA in maternal serum. Data on preeclampsia was abstracted from medical 

records and women were considered cases if they met ACOG’s diagnostic criteria. In 

contrast to Leclerc et al (2014), significantly higher maternal serum BPA concentrations 

were detected in cases compared to controls (median: 3.4 µg/L vs. 1.5 µg/L). The results 

remained significant in a logistic model after adjusting for maternal age, parity, and BMI. 

Further, women with mild preeclampsia possessed significantly higher BPA concentrations 

than women with severe preeclampsia (median: 5.2 µg/L vs. 1.8 µg/L).

One study investigating the association between non-persistent pesticide exposure and 

preeclampsia was identified. It was conducted in the San Joaquin Valley of California and 

did not detect any elevated risk among exposure to 543 pesticides and preeclampsia (Shaw et 

al 2018). Exposure was assigned using mother’s residential address at the time of delivery, 

pesticide use reporting records, and land-use surveys. Shaw et al (2018) characterized 

pesticide use within 500 meters of the mother’s residential address at each month of 

pregnancy and one month prior to conception. Preeclampsia cases were diagnosed using 

ICD-9 codes. When comparing any gestational pesticide exposure vs. none, no OR above 1 

reached statistical significance when stratifying on preeclampsia phenotype (superimposed, 

severe, mild) and timing of preeclampsia (weeks 20–31 vs. weeks 32–36). Exposure was 

examined one month prior to conception and each subsequent month of pregnancy. Results 

were similarly null when Shaw et al (2018) stratified by chemical class. Given their large 

number of comparisons, Shaw et al (2018) indicated that they expected more elevated OR by 

chance than they actually observed.

Strengths, Limitations, and Recommendations

The strengths of the reviewed texts varied, but the majority of studies excluded women with 

preexisting hypertension or a history of high blood pressure. Many studies also excluded 

women with chronic metabolic or renal disease, and others excluded women with any 

chronic disease. Other strengths were specific to the class of chemical evaluated. For 

example, all POP studies accounted for lipophilicity of compounds when needed. In 

addition, because the investigations on air pollution modeled exposure rather than measuring 

it directly, investigators were able to select exposure windows that preceded outcome. Both 

the studies on air pollution and data resulting from the C8 contamination event had large 

sample sizes. The use of biomarkers, when used appropriately, allows for precise 

measurement of exposure levels.

There were a number of overarching limitations identified in the literature reviewed. Firstly, 

exposure and outcome assessment may have been subject to misclassification bias in several 

ways. In certain studies, outcome was ascertained through self-report (Stein et al 2009; 

Savitz et al 2012; Carwile et al 2014; Nahidi et al 2014; Wesselink et al 2017) instead of 

physician diagnosis, potentially affecting the validity of outcome measures. Over-reporting 
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of outcome after a high-profile environmental disaster such as the contamination incident in 

the Mid-Ohio is of particular concern.

Diagnostic strategies differed across studies, both in terms of the criteria for preeclampsia 

diagnoses and the way in which those criteria were evaluated and/or ascertained. Diagnosis 

by an obstetrician or midwife is preferred, as they are considered the gold standard for 

accuracy of preeclampsia diagnoses. Preeclampsia diagnoses ascertained from ICD codes 

might result in an overestimate of true cases. Similarly, information abstracted from medical 

records may be less accurate if abstractors are not trained in the nuances and specifics of 

preeclampsia. There were some minor differences in diagnostic criteria across studies; some 

utilized dipstick measurements for diagnosis of proteinuria. ACOG notes that when coupled 

with hypertension, a dipstick reading of 1+ suggests preeclampsia, but this method has both 

many false-positive and false-negative readings and should be used only in the absence of 

quantitative measures (ACOG 2013).

Studies with self-report of exposure were excluded from our review, but among the included 

investigations, exposure was measures in different ways with varying degrees of predicted 

accuracy. In one study, measures of PFOA exposure were reconstructed instead of measured 

directly (Savitz et al 2012). However, a similar but more sophisticated model yielded 

modeled exposure levels that were highly correlated with determined levels, mitigating 

concerns of significant exposure misclassification (Shin et al 2011).

As is the case with most large air pollution studies, exposure was measured through models. 

None of the studies measured air pollution using personal monitoring devices and exposure 

was instead assigned using geographic information such as residential address or hospital 

referral region. These methods do not capture information on where women spend their 

time, potential exposure to indoor pollutants, occupational exposures, or mobility during the 

study period. Although some studies were able to capture both spatial and temporal 

variation, others relied only on single monitoring sites. Moreover, others still did not possess 

women’s addresses and thus forced to assign exposures as city-wide averages or by referral 

region. Further, few studies assigned exposures in a way that accounted for meteorological 

factors and instead assumed that air pollution concentrations measured at each station 

reflected regional exposures. Finally, one investigation required use of temporal back-

extrapolation of exposure because air pollution sampling was performed retrospectively 

(Madsen et al 2017), and another study provided little information regarding how exposure 

was assigned (Nahidi et al 2014). Three studies measured traffic pollution, a measure that 

comprises both air pollutants and noise. Some evidence suggests that noise may also be 

associated with preeclampsia risk, and therefore the findings do not solely represent the 

association between air pollutants and preeclampsia.

When levels were measured directly using biomarkers, the most appropriate matrix was not 

always utilized. For example, 4 investigations using 7 different matrices evaluated Cd levels 

in relation to preeclampsia, but urine, the preferred matrix, was only utilized once. Because 

studies by Elongi Moyene et al (2016) and Maduray et al (2017) tested many metals from 

the same samples, it was not possible to select the most relevant matrix and thus 
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concentrations for some metals are more reliable measures of long-term exposure than 

others.

Of the three studies on BPA, two of them determined exposure in serum (Ye et al 2017; 

Leclerc et al 2014), while Cantonwine et al (2016) assessed exposure in urine. Urine is the 

preferred biological matrix and a recent commentary noted that although BPA, phthalate 

diesters, and their metabolites can be measured in serum, these determinants are not valid 

measures of exposure (Calafat et al 2013). Conjugated BPA is a more valid exposure 

biomarker than free BPA, but conjugated BPA is only present to a significant degree in 

urine. Because two of the investigators collected serum samples, they were not able to 

measure conjugated BPA (Ye et al 2017; Leclerc et al 2014). Given the inaccuracies of 

measuring BPA in blood, data from these two studies may be of questionable validity. 

Cantonwine et al (2016) performed their measurements in urine, ensuring the most accurate 

concentrations of any biological matrix. Although preferred, urinary phthalate measurements 

are not without limitations: phthalates measured in urine do not provide information about 

exposure impacts at specific tissues and measures are subject to high levels of within-day 

variance (Johns et al 2015).

Exposure was often measured after the diagnosis of preeclampsia, limiting the ability to 

establish temporality. Lower levels of metals in preeclamptic women may reflect reduced 

vascularization and therefore decreased transport of metal, rather than a causal relationship. 

Similarly, glomerular filtration rate decreases with preeclampsia (Moran et al 2004). Thus, if 

a metal is excreted renally, levels might increase after the onset of disease.

It is unclear if the concentrations measured at or around delivery would approximate 

exposure during the duration of pregnancy. Because questions remain about the development 

of preeclampsia, the precise window of susceptibility and thus the ideal timing for 

measurement of exposure remains unknown. Prospective cohort studies and repeated 

samples across pregnancy would have enabled assessment of change in levels across 

pregnancy and whether one time point seems most relevant for determining outcome.

The potential for confounding was also noted in many studies. A number of investigations 

only compared crude levels of contaminants, with no control for any covariates. Other 

studies left out important covariates such as a measure for maternal socioeconomic status, 

known to affect both exposure to environmental contaminants and preeclampsia risk (Silva 

et al 2008; Evans and Kantrowitz 2002). Similarly, assessment of traffic exposure in 

association with preeclampsia may be confounded by socioeconomic status, a measure that 

is difficult to control fully.

Further, parity may act as a confounder in the association of POP and preeclampsia: 

nulliparity is a known risk factor for preeclampsia and breastfeeding can lower body burden 

of certain chemicals (Odegard et al 2000; Nickerson 2006). Although parity is a crude proxy 

for previous breastfeeding, inclusion of parity in the models may have reduced some 

confounding.

Smoking affects both Cd levels and preeclampsia, and thus either adjustment for smoking or 

exclusion of smokers is necessary to avoid confounding. Only three of the investigations 
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evaluated either excluded smokers or adjusted for smoking in statistical models (Wang et al 

2018a; Laine et al 2015; Elongi Moyene et al 2016). As smoking is protective against 

preeclampsia (Wikstrom et al 2010) and is measured with error, estimates of the Cd-

preeclampsia relationship might be biased towards the null even with adjustment for tobacco 

use. Future studies need to stratify by smoking status to minimize this concern of bias.

Concerns of selection bias in the reviewed studies were minimal. There was the possibility 

of selection bias into the MoBa cohort based on the low participation rate (41%), but it is not 

clear which factors affecting selection might also alter preeclampsia risk and exposure to 

PFAS (Starling et al 2014). In one of the investigations on organochlorines, Savitz et al 

(2014) excluded women from their original population due to missing data and noted that 

females who were excluded presented with higher BMI and were older, factors that may 

plausibly be associated with both organochlorine concentrations and preeclampsia.

Although not an issue of selection bias, a number of studies were limited by small sample 

sizes, and very small case counts. In these situations, observations are less robust and 

measures of association may be artificially inflated.

Women are often exposed to many of these chemicals simultaneously. Whether the mixtures 

are metabolites of phthalates, or structurally similar PFAS, or highly correlated metals, 

women rarely encounter these compounds individually. Performing mixtures analyses using 

specifically designed statistical methods enables investigators to identify specific “bad 

actors” among groups, account for co-pollutant confounding, and examine interactive 

effects. The methodology on mixtures continues to develop and disentangling mixtures in 

relation to preeclampsia is an under-researched field. None of the reviewed studies looked at 

multiple exposures simultaneously using a mixtures method. Including multiple components 

of a mixture in the same model without controlling for their correlations may result in 

unstable models. In the future, studies need to consider mixtures of these compounds and 

take measures to statistically separate them to identify true associations.

Studying preeclampsia in association with environmental exposures presents unique 

challenges that need to be considered in future studies. Preeclampsia is a disease of placental 

dysfunction, but biomarkers often measure circulating levels of contaminants rather than 

placental levels. Even measures collected in the placenta are complicated by the 

heterogeneity of the organ. As the accuracy of biomarkers continues to develop, future 

research needs to aim to measure exposure at the most biologically relevant location and 

time window. Because the mechanisms leading to development of preeclampsia are poorly 

understood, the precise time frame of susceptibility to environmental insults is unknown. If 

exposure to the environmental chemicals changes across pregnancy, which might occur if 

women altered their behaviors, a summary measure for total pregnancy exposure or 

concentrations measured at delivery may not be the appropriate time-frame of measurement.

Further, some studies stratified on subtype of preeclampsia (early onset vs. late; mild vs. 

severe), but many did not. It is unknown if different manifestations of preeclampsia share 

etiology and combining all subtypes into one heterogeneous group may conceal different 

relationships. Indeed, some of the investigations that did stratify noted different effects 
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across phenotypes. Addressing this issue requires a large sample size and additional 

information on diagnosis date and severity, two restrictions that not all studies are able to 

address.

Conclusions

Overall, the literature suggests that concentrations of certain environmental chemicals are 

elevated in pre-eclamptic women compared to normotensive women. However, for most 

exposures, studies are relatively sparse and results often inconsistent. Evaluation of the 

strength of evidence was determined after an assessment of the following: study 

methodology, sample size, statistical considerations, precision of estimates, magnitude of 

effects, and consistency between studies. Findings from systematic reviews were weighted 

more heavily to account for their accumulated body of evidence.

Including recent systematic reviews, only Cd and air pollutants were examined in more than 

5 studies. There is strong evidence for a correlation between Cd and preeclampsia. Among 

air pollutants, there is a suggestive association between NO2 and preeclampsia, PM2.5 and 

preeclampsia, and traffic exposure and preeclampsia. Pedersen et al (2014) noted strong 

correlations between PM2.5 and preeclampsia, but associations were limited in the newly 

reviewed studies. There does not appear to be an association between PM10, CO, O3, or SO2 

and preeclampsia. There is insufficient data to determine relationships between the other 

environmental contaminants addressed in this review and preeclampsia. These findings, in 

concert with the body of research on the effects of environmental contaminants, ought to be 

considered seriously for future policy recommendations on public health standards.

The pathophysiology of preeclampsia is hypothesized to be a multistep process (Burton et al 

2009; Redman and Sargent 2005). In pregnancy, maternal uterine spiral arteries undergo 

remodeling from a complex interaction between maternal decidual immune cells in the 

uterine wall and invasive trophoblasts (Meekins et al 1994; Lyall 2002; Burton et al 2009). 

During remodeling in normal pregnancies, it has been shown that the arterial diameter 

increases 5 to 10-fold, thus enabling proper blood flow to the placenta and continued 

maintenance of the pregnancy. In many preeclampsia cases, the spiral arteries are 

incompletely remodeled from a deficient trophoblast invasion (Gerretsen et al 1981; Brosens 

et al 1972; Lain and Roberts 2002). The resulting abnormal uteroplacental flow is associated 

with hypoperfusion-reperfusion injury and a rise in placental oxidative stress (Burton et al 

2009). Excess placental oxidative stress in turn stimulates release of soluble angiogenic 

proteins into maternal circulations, which play a crucial role in the presence of extensive 

endothelial dysfunction and enhanced systemic inflammatory stress in preeclampsia 

(Gerretsen et al 1981; Brosens et al 1972; Kanter et al 2010; Roberts and Cooper 2001; 

Brosens et al 1967). While not all preeclampsia cases exhibit signs of abnormal 

uteroplacental flow, the presence of excessive systemic oxidative and inflammatory stress, 

above the levels seen in normal pregnancies, is ubiquitous. Environmental exposures may 

theoretically either disrupt normal placentation leading to this cascade of endothelial 

dysfunction or disrupt other physiological systems further enhancing the maternal 

inflammatory burden. However, the determination of temporality between physiological 

stress and preeclampsia remains difficult to resolve and an area warranting further study.
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The chemicals searched and reviewed in this investigation represent some of the most 

significant and ubiquitous exposures faced today, but their association with preeclampsia 

remains unclear. Future studies with improved exposure assessment methods and which are 

designed specifically to answer these questions are required to help reduce the incidence of 

preeclampsia and improve maternal and child health globally.
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