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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are byproducts of incomplete combustion reactions and 

are ubiquitous in the environment, leading to widespread human exposure via inhalation and 

ingestion pathways. PAHs have been implicated as endocrine disrupting compounds in previous 

animal and in vitro studies, but human studies are currently lacking. Pregnant women and their 

developing fetuses are particularly susceptible populations to environmental contaminants, in part 

because alterations in hormone physiology during gestation can have adverse consequences on the 

health of the pregnancy. We utilized data on 659 pregnant women from the PROTECT longitudinal 

birth cohort in Puerto Rico to assess associations between repeated measures of 8 urinary 

hydroxylated PAH (OH-PAH) metabolites and 9 serum hormones during gestation. Urine samples 

were collected at 3 study visits (median gestational ages of 18, 22, and 26 weeks at each visit, 

respectively) and serum samples were collected at the first and third study visits. Linear mixed 
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effects models were used to ascertain longitudinal associations between OH-PAHs and hormones, 

and sensitivity analyses were employed to assess potential nonlinearity and differences in 

associations on the basis of fetal sex and timing of biomarker measurement. Among the multiple 

positive associations we observed between OH-PAHs and CRH, estriol, progesterone, T3, and the 

ratio of T3 to T4, and inverse associations with testosterone, the most notable are a 24.3% increase 

(95% CI: 13.0, 36.7) in CRH with an interquartile range (IQR) increase in 1-hydroxyphenanthrene 

and a 17.2% decrease (95% CI: 8.13, 25.4) in testosterone with an IQR increase in 1-

hydroxynapthalene. Many associations observed were dependent on fetal sex, and some 

relationships showed evidence of nonlinearity. These findings demonstrate the importance of 

studying PAH exposures during pregnancy and highlight the potential complexity of their impacts 

on the physiology of human pregnancy.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are natural byproducts of incomplete combustion 

reactions. Human exposure sources are diverse and include tobacco smoke, automobile 

exhaust, charred meats, asphalt particles, refinery and power plant emissions, generator use, 

forest fires, and volcanic eruptions (Srogi, 2007). Hydroxylated metabolites of PAHs (OH-

PAHs) have been shown to be reliable biomarkers of PAH exposure (Strickland et al., 1996) 

and can be widely detected in humans around the globe (Cathey et al., 2018; Perera et al., 

2005; Urbancova et al., 2016). Furthermore, consumption of chargrilled meats and airborne 

exposures have been shown to be predictive of urinary biomarkers of PAHs (Alghamdi et al., 

2015).

Previous research has demonstrated that biomarkers of PAH exposure are associated with 

various health endpoints including asthma (Al-Daghri et al., 2013), breast cancer 

(Mordukhovich et al., 2016), cardiovascular disease (Brucker et al., 2014; Wang et al., 

2016), and reduced sperm quality (Radwan et al., 2015; Sun et al., 2011). PAH exposure 

during pregnancy can also adversely affect the developing fetus. Maternal exposure of mice 

to PAHs damages the DNA and induces premature cell death of oocytes in the offspring 

(Jurisicova et al., 2007). In zebrafish, embryonic exposure to the PAH benzo(a)pyrene (BaP) 

impaired various reproductive endpoints (Gao et al., 2018). Humans exposed to PAHs in 
utero are also at risk for lower IQ in childhood (Vishnevetsky et al., 2015), low birth length 
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(Yang et al., 2018), and attention deficit hyperactivity disorder (Perera et al., 2014). 

Increased concentrations of biomarkers of inflammation and oxidative stress have previously 

been observed among pregnant women in relation to PAH exposure (Ferguson et al., 2018, 

2017, 2015), which may have adverse downstream effects on the pregnancy.

Significant associations between PAHs and endocrine disruption have been observed among 

non-pregnant populations including Iranian adolescents (Kelishadi et al., 2018), American 

men and women in NHANES (Jain, 2016; Wang et al., 2017), and Chinese men (Yang et al., 

2017; Zhu et al., 2009). These studies provided evidence for changes in various hormone 

concentrations including thyroid stimulating hormone (TSH), free thyroxine (fT4), total 

triiodothyronine (T3), testosterone, estradiol, and sex hormone binding globulin (SHBG) 

with exposure to PAHs. However, each of these studies was limited by either a small sample 

size or a cross-sectional study design. While very little work has been done to investigate the 

endocrine disrupting potential of PAH exposure among pregnant women, previous in vitro 

studies have shown that PAHs alter secretion of progesterone and estradiol from placental 

and granulosa cell lines (Drwal et al., 2017; Zajda and Gregoraszczuk, 2020). Regulation of 

various hormone concentrations is essential for proper maintenance and progression of a 

healthy pregnancy, as well as fetal growth and development, and disruption of these 

hormones may contribute to adverse birth outcomes such as preterm birth, preeclampsia, 

gestational diabetes, low birth weight, altered reproductive tract or neurodevelopment, and 

potential for later developmental disorders.

The goal of this analysis was to investigate the endocrine disrupting potential of PAHs 

during pregnancy in a prospective human pregnancy cohort study. To achieve this, we 

utilized repeated biomarker measures over two time points during mid-gestation to assess 

associations between urinary low molecular weight PAH metabolites and serum hormones. 

Previous work has suggested that PAH exposure measured during each trimester may have 

differential effects on fetal outcomes (Choi et al., 2012), and that changes in hormone 

concentrations through pregnancy have varying effects on birth outcomes between male and 

female fetuses (Cathey et al, submitted). Based on these previous findings, we also aimed to 

investigate the effects of gestational age and fetal sex on the associations between OH-PAHs 

and hormone concentrations.

Methods

Study Population

Data for the present study were obtained from the Puerto Rico Testsite for Exploring 

Contamination Threats (PROTECT) prospective birth cohort. Pregnant women were 

recruited between 2012 and 2018 from seven hospitals and prenatal clinics in the northern 

karst region of Puerto Rico. Women were eligible to participate in the study if they 

participated in their first clinic visit before 20 weeks’ gestation, were free of obstetric or 

other preexisting medical conditions, had not used oral contraceptives within three months 

of getting pregnant, had not used in vitro fertilization to get pregnant, and were between the 

ages of 18 and 40. A total of 659 women provided urine samples for OH-PAH analysis at up 

to three time points during gestation (16–20 weeks, 20–24 weeks, and 24–28 weeks), and 

blood samples for hormone analysis at up to two of the time points (16–20 weeks and 24–28 
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weeks). Self-reported health information and demographics were provided at the first study 

visit. All women provided informed consent and all methods were approved by the research 

and ethics committees of the University of Michigan School of Public Health, University of 

Puerto Rico, Northeastern University, and participating hospitals and clinics.

PAH Exposure Assessment

Urine samples were collected for OH-PAH analysis at all three study visits. Liquid 

chromatography-mass spectrometry coupled with online solid phase extraction, which has 

been previously described (Cathey et al., 2018; Onyemauwa et al., 2009), was utilized to 

measure 8 hydroxylated PAH metabolites: 1-hydroxynapthalene (1-OH-NAP), 2-

hydroxynapthalene (2-OH-NAP), 2-hydroxyfluorene (2-OH-FLU), 1-hydroxyphenanthrene 

(1-OH-PHE), the sum of 2-hydroxyphenanthrene and 3- hydroxyphenanthrene (Σ2,3-OH-

PHE), 4-hydroxyphenanthrene (4-OH-PHE), 9-hydroxyphenanthrene (9-OH-PHE), and 1-

hydroxypyrene (1-OH-PYR). Urine samples were analyzed at NSF International in Ann 

Arbor, Michigan. All OH-PAH concentrations detected below the limit of detection (LOD) 

were replaced by the LOD divided by the square root of two.

Hormone Measurements

Serum samples were collected at the first and third study visits for hormone analysis. All 

serum samples collected were analyzed at the Central Ligand Assay Satellite Services 

(CLASS) laboratory in the Department of Epidemiology at the University of Michigan 

School of Public Health. Progesterone, SHBG, testosterone, T3, total thyroxine (T4), fT4 

and TSH were measured using a chemiluminescence immunoassay. Estriol (E3) and 

corticotropin releasing hormone (CRH) were measured using an enzyme immunoassay. 

Some hormone concentrations were not available for all participants due to volume 

limitations. The ratios of progesterone to estriol (Prog/E3) and T3 to T4 (T3/T4) were 

assessed in addition to measured hormones because previous research indicated their 

relevance to adverse birth outcomes (Dietrich et al., 2012; Romero et al., 1988; Ruiz et al., 

2008). All hormone concentrations detected below the LOD were replaced by the LOD 

divided by the square root of two.

Statistical Analyses

Demographics and other relevant heath characteristics of the study population including age, 

education level, marital status, employment status, annual household income, alcohol 

consumption, tobacco use and exposure to environmental tobacco smoke, number of 

previous live births, pre-pregnancy BMI, and fetal sex were tabulated. Distributions of 

pregnancy average and visit-specific PAH metabolite and hormone concentrations were 

calculated. Visit-specific concentrations were assessed for temporal variability by 

calculating intraclass correlation coefficients (ICCs), which assess between- and within-

individual variability of OH-PAH concentrations across study visits. Spearman correlations 

were calculated between pregnancy average OH-PAH concentrations.

All demographic and health characteristics were considered for inclusion in final statistical 

models. Criteria for covariate selection included associations with exposure and outcome 

measures and impacting the main effect estimate by at least 10% when included in a linear 
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model (in addition to specific gravity to account for differences in urinary dilution). Final 

models were adjusted for continuous maternal age, categorical maternal education level, 

categorical maternal exposure to environmental tobacco smoke (ETS), and specific gravity, 

resulting in a final sample size of 659 women (sample size is slightly less for some 

hormones due to sample volume limitations).

Linear mixed effects (LME) models with random intercepts, which are useful for correlated 

and unbalanced outcome data, were used to test for associations between repeated measures 

of urinary PAH metabolites (visits 1 and 3 only) and serum hormone concentrations. All 

PAH metabolites (excluding 4-OH-PHE and 9-OH-PHE due to low detection rates) were 

initially assessed as continuous exposure variables for associations with hormone 

concentrations. As a sensitivity analysis, indicator variables for fetal sex and for study visit 

were then used (not simultaneously) in interaction terms with exposure variables to test for 

differences in exposure-outcome associations by fetal sex or study visit. OH-PAH 

concentrations were subsequently modeled as quartiles to explore possibilities of nonlinear 

associations with hormone concentrations. Because fewer than 70% of samples had 

detectable concentrations of 4-OH-PHE and 9-OH-PHE, these metabolites were modeled as 

categorical variables with 3 levels, the lowest level corresponding to concentrations 

measured below the LOD and the higher two levels split evenly among the detected samples. 

Statistical significance was set to alpha=0.05, and all analyses were run using R version 

3.5.1.

Results

Demographic and other relevant health information of the study population is shown in 

Table 1. The majority of women were under 30 years old, had attained at least some college 

education, were employed, lived in a home earning less than $30k per year, were married, 

had never smoked or been exposed to ETS, did not drink alcohol during their pregnancy, had 

given birth to less than 2 previous children, and had a BMI under 26 before becoming 

pregnant. Distributions of exposure and outcome biomarkers averaged across visits are 

shown in Table 2 (visit-specific distributions are shown in Supplementary Table 1). With 

adjustment for specific gravity, OH-PAH ICCs were the lowest for 4-OH-PHE (0.187) and 

the highest for 2-OH-NAP (0.524). Concentrations of E3 and progesterone demonstrated 

significant within-individual compared to between-individual variability over the study 

period (ICCs −0.233 and 0.088, respectively), and both hormones were much higher later in 

pregnancy when compared to the first visit. In contrast, other hormone concentrations had 

lower within-person variability compared to between-person variability across study visits 

(ICCs range: 0.538–0.766). Only some PAH metabolites were highly correlated with one 

another (R > 0.50), and metabolites from the same parent compound did not necessarily 

correlate (Supplementary Table 2). For example 1-OH-PHE and Σ2,3-OH-PHE were highly 

correlated (R=0.822), but 1-OH-NAP and 2-OH-NAP were not correlated (R=0.049). 

Phenanthrene metabolites were also highly correlated with 1-OH-PYR and 2-OH-FLU 

(R=0.539–0.780).
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CRH and Reproductive Hormones

When PAH metabolite biomarkers were modeled as continuous variables, all metabolites 

except for 2-OH-NAP showed significant associations with multiple reproductive hormones 

(Table 3). Significant increases in CRH concentrations were observed with IQR increases in 

1-OH-NAP (%Δ: 14.0, 95% CI: 4.06, 24.9), 1-OH-PHE (%Δ: 24.3, 95% CI: 12.9, 36.7), 

Σ2,3-OH-PHE (%Δ: 18.1, 95% CI: 7.00, 30.4), and 2-OH-FLU (%Δ: 15.3, 95% CI: 4.54, 

27.1). IQR increases in 1-OH-PHE and 1-OH-PYR were associated with 11.3% (95% CI: 

3.94, 19.3) and 13.2% (95% CI: 4.73, 22.3) increases in E3, respectively, and 9.53% (95% 

CI: 3.47, 15.9) and 8.11% (95% CI: 1.37, 15.3) increases in progesterone, respectively. An 

IQR increase in Σ2,3-OH-PHE was also associated with a 10.1% increase (95% CI: 2.47, 

18.3) in E3, a 5.60% decrease (95% CI: 0.15, 10.8) in prog/E3, and a 4.00% increase (95% 

CI: 0.22, 7.94) in SHBG. Conversely, decreased testosterone concentrations were observed 

with IQR increases in 1-OH-NAP (%Δ: −17.2, 95% CI: −25.4, −8.13), 1-OH-PHE (%Δ: 

−18.0, 95% CI: −26.6, −8.28), 1-OH-PYR (%Δ: −12.4, 95% CI: −22.6, −0.88), and 2-OH-

FLU (%Δ: −14.0, 95% CI: −23.1, −3.82).

Most associations appeared linear when OH-PAH concentrations were modeled as quartiles 

(Figure 1). There was additional evidence of a positive linear association between 9-OH-

PHE and E3 and progesterone. Modeling Σ2,3-OH-PHE continuously did not demonstrate 

any associations with progesterone, however quartile modeling revealed an increase in 

progesterone with high concentrations of Σ2,3-OH-PHE compared to the lowest quartile (Q4 

%Δ: 17.1, 95% CI: 2.27, 34.0). Quartile modeling of 1-OH-PYR also provided evidence of a 

possible non-monotonic association with E3 and progesterone, with the effect estimate at the 

third quartile of exposure being lower than that of the second and fourth quartiles of 

exposure. Quartile modeling attenuated the association between SHBG and Σ2,3-OH-PHE, 

but also provided evidence of nonlinear associations with 1-OH-PHE, 1-OH-PYR, and 9-

OH-PHE. There was also suggestive evidence of nonlinear associations between testosterone 

and 2-OH-NAP and 9-OH-PHE.

There was a significant difference in the association between 2-OH-NAP and CRH among 

male versus female fetal sexes (p=0.028 for interaction, Supplementary Table 3). An IQR 

increase in 2-OH-NAP was associated with a decrease in CRH among male fetuses (%Δ: 

−15.8, 95% CI: −26.9, −3.13) but not among female fetuses, and categorical modeling of 2-

OH-NAP showed evidence of a linear relationship among male fetuses. There was also 

evidence of a linear relationship between CRH, E3, progesterone, and testosterone and 9-

OH-PHE among female, but not male, fetuses. Progesterone also showed a linear association 

with 4-OH-PHE among female fetuses (data not shown).

Significant associations between PAH metabolites and CRH were greater in magnitude at 

the first study visit relative to the third, but this difference was only significant for Σ2,3-OH-

PHE (p=0.028, Supplementary Table 4). Categorical modeling suggested a similar result for 

9-OH-PHE (data not shown). Associations between E3 and 1-OH-PHE, 1-OH-PYR, and 

Σ2,3-OH-PHE were significant only at the first study visit, but differences between study 

visits were not significant. Quartile modeling suggested that these early associations 

between E3 and 1-OH-PHE and 1-OH-PYR may not be linear. Only relatively low 

concentrations of 2-OH-NAP were associated with progesterone, and this relationship was 
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only significant at the third study visit (Q2 %Δ: −14.1, 95% CI: −25.4, −1.07) (data not 

shown). An IQR increase in 1-OH-PYR was associated with increased SHBG at the first 

study visit only (p=0.028 between visits). Finally, there was a marginally significant 

difference between study visits on the association between 1-OH-NAP and testosterone 

(p=0.052), with effect estimates being greater in magnitude at the first study visit.

Thyroid Hormones

Associations between OH-PAHs and thyroid hormones are shown in Table 4. Significant 

increases in T3 concentrations were observed with IQR increases in 1-OH-NAP (%Δ: 5.16, 

95% CI: 2.12, 8.20), 1-OH-PHE (%Δ: 7.99, 95% CI: 4.79, 11.2), 1-OH-PYR (%Δ: 6.90, 

95% CI: 3.34, 10.5), and 2-OH-FLU (%Δ: 3.98, 95% CI: 0.72, 7.25). A suggestive increase 

was observed with an IQR increase in Σ2,3-OH-PHE (%Δ: 3.29, 95% CI: −0.02, 6.60). 

Similar results were found for the ratio of T3/T4. TSH concentrations decreased by 8.35% 

(95% CI: −14.7, −1.58) with an IQR increase in 2-OH-NAP.

Modeling OH-PAH concentrations as quartiles revealed that the associations between T3 

and 1-OH-NAP and 2-OH-FLU may not be linear. Furthermore, categorical modeling of 4-

OH-PHE and 9-OH-PHE suggested that T3 concentrations increased linearly with 

increasing 4-OHPHE and nonlinearly with increasing 9-OH-PHE (Figure 2). Increased 

concentrations of fT4 were observed only among the highest concentrations of 1-OH-NAP, 

relative to the lowest quartile (%Δ: 3.67, 95% CI: 0.63, 6.71), and among the second quartile 

of 2-OH-FLU, relative to the lowest (%Δ: 3.38, 95% CI: 0.27, 6.49). There was evidence of 

nonlinear associations between the ratio of T3/T4 and 1-OH-NAP, 1-OH-PHE, Σ2,3-OH-

PHE, and 9-OH-PHE. Like T3, T3/T4 appeared to increase linearly with increasing 

concentrations of 4-OH-PHE.

There was a significant difference in the association between 2-OH-FLU and fT4 among 

male versus female fetal sexes (p=0.039 for difference) (Supplementary Table 5), with an 

IQR increase in 2-OH-FLU resulting in an increase in fT4 among only pregnancies with 

female fetuses (%Δ: 2.49, 95% CI: 0.51, 4.48). Quartile modeling of 2-OH-FLU suggested 

that the nonlinear relationship with fT4 described above was specific to women carrying 

female fetuses. There was also evidence of a nonlinear association between 4-OH-PHE and 

fT4 among only female pregnancies (data not shown).

The associations between T3 and 1-OH-NAP and Σ2,3-OH-PHE were significantly different 

between study visits (p=0.04 and p=0.039 for difference, respectively) (Supplementary Table 

6), and associations were positive at the first study visit only. T3 concentrations were also 

observed to change nonlinearly with increasing concentrations of 9-OH-PHE at the third 

study visit only (data not shown). Similarly, the association between Σ2,3-OH-PHE and the 

ratio of T3/T4 was significantly different between study visits (p=0.037 for difference), with 

a positive association being observed at the first study visit only. Quartile modeling of OH-

PAHs revealed that the association between Σ2,3-OH-PHE and T3/T4 was nonlinear at the 

first study visit, and that 2-OH-NAP resulted in decreased T3/T4 at the third study visit (data 

not shown).
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Discussion

Here we show significant alteration of numerous hormone concentrations associated with 

urinary biomarkers of PAH exposure during pregnancy in a human cohort study of 707 

women. Because a balance of critical hormones is necessary for endocrine regulation of 

pregnancy and fetal development, these changes could have implications for birth outcomes 

(Smith et al., 2009; Snegovskikh and Park, 2006). CRH concentrations were positively 

associated with most OH-PAHs, and most of these associations were greater among women 

carrying male fetuses. Moreover, we observed a decreased ratio of progesterone to estriol 

with increasing PAH exposure. Of potential importance, both elevated CRH and decreased 

progesterone to estriol ratio may have implications for the timing of labor. Testosterone 

concentrations decreased with greater PAH exposure, which interestingly did not depend on 

fetal sex. Finally, OH-PAHs were widely associated with increased T3 and T3/T4, but not 

TSH or T4 concentrations, suggesting a lack of negative feedback on TSH by T3 and overall 

increased thyroid activity.

We observed strongly positive associations between CRH serum concentrations and four of 

the six PAH metabolites we assayed in urine. A previous study conducted on benthic marine 

fish that were treated with naphthalene and phenanthrene showed that exposed fish secreted 

more cortisol than control fish, demonstrating an increased stress response with PAH 

exposure (Reddam et al., 2017). Because CRH is an upstream activator of cortisol secretion 

in humans (Taylor and Fishman, 1988), the stress response displayed in these marine fish 

may be analogous to increased concentrations of CRH with PAH exposure among the 

women in our study. To our knowledge, no previous studies have investigated effects of PAH 

exposure on CRH in women. CRH concentrations slightly rise during the first two trimesters 

of pregnancy and then exponentially increase as labor approaches, acting as a “placental 

clock” for the timing of labor (McLean et al., 1995). A prior study showed that percent daily 

change in CRH concentrations at 26 weeks were greater among women who eventually 

delivered preterm compared to full term (Smith et al., 2009), and we previously showed that 

women carrying a male fetus were at increased risk of delivering preterm when they had 

greater concentrations of CRH measured before the third trimester (Cathey et al, submitted). 

Because an association between PAH exposure during pregnancy and preterm birth has been 

described previously (Agarwal et al., 2018; Padula et al., 2014), our finding of an association 

between CRH and PAH metabolite concentrations could shed light on the mechanism by 

which PAHs impact preterm birth. The greater magnitude of the associations between OH-

PAHs and CRH among male fetuses in the present study may reflect their greater sensitivity 

to changing CRH concentrations, and thus confer greater risk of preterm birth later in the 

pregnancy.

In the present study we observed that several PAH metabolites, including 1-OH-PHE and 

Σ2,3-OH-PHE, were associated with increased circulating concentrations of estriol and 

progesterone. In line with our results, previous in vitro studies demonstrated estrogenic 

activity of phenanthrene via interaction with the estrogen receptor alpha (Hayakawa et al., 

2007; Kamelia et al., 2018; Vrabie et al., 2011). Hayakawa and colleagues specifically 

showed strong estrogenic activity of some PAH metabolites, but those metabolites were not 

consistent with those included in the present study. Conversely, previous studies have also 
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shown decreased estradiol concentrations with phenanthrene exposure in zebrafish (Peng et 

al., 2019) and in pregnant women living near an e-waste site (Huang et al., 2020), and 

decreased progesterone secretion upon exposure to phenanthrene during human pregnancy 

(Drwal et al., 2017). The ratio of progesterone to estriol has been suggested as a more 

important measure for studying birth outcomes than either hormone on its own (Romero et 

al., 1988; Ruiz et al., 2008). Concentrations of both estriol and progesterone rise steadily 

throughout pregnancy, but the ratio begins to favor estriol as term approaches. In women, a 

functional withdrawal of progesterone, rather than decreasing concentrations, helps drive the 

initiation of labor (Mesiano and Welsh, 2007; Snegovskikh and Park, 2006). In this study, 

we observed that greater concentrations of Σ2,3-OH-PHE were associated with a decreased 

ratio of progesterone to estriol, suggesting that phenanthrene exposure may push the 

progesterone/estriol ratio towards estriol and potentially disrupt the endocrine regulation of 

labor. Although the effect of phenanthrene exposure on estriol and progesterone is 

inconsistent across studies, it remains plausible that any alteration of the ratio of 

progesterone to estriol may have significant consequences on human pregnancies.

Few studies have investigated the effects of PAH exposure on testosterone concentrations, 

but one in vitro study did observe that high concentrations of pyrene and phenanthrene 

inhibit the androgen receptor (Vinggaard et al., 2000). We observed that many PAH 

metabolites were inversely associated with testosterone concentration. The strongest 

reduction in testosterone concentrations occurred with the highest quartiles of exposure to 

pyrene and most phenanthrene metabolites. Although we did not observe significant 

differences by fetal sex on the association between OH-PAHs and testosterone, we 

previously showed that women who experienced preterm or spontaneous preterm birth and 

were carrying a male fetus had lower concentrations of testosterone throughout pregnancy 

compared to women who experienced term labor (Cathey et al., submitted). Thus, PAH 

exposure may contribute to reduced testosterone concentrations during gestation which 

differentially influences risk of preterm birth based on fetal sex.

We observed significant positive associations between PAH exposure and T3 and the ratio of 

T3 to T4, but not TSH or T4 concentrations. A previous in vitro study using human cell-

based reported gene assays showed that diesel exhaust particles containing PAHs activated 

the thyroid receptor alpha and increased the receptor activation by endogenous T3 

(Pencikova et al., 2019). Increased T3 and T3/T4 concentrations alongside unchanged TSH 

and T4 concentrations may suggest that PAH exposure interferes with the normal negative 

feedback loop from T3 to TSH. Other studies, however, have reported reduced thyroid 

function with PAH exposure. Common carp that were exposed to pyrene demonstrated 

significantly reduced concentrations of both T3 and T4 (Shirdel et al., 2016), and rockfish 

embryos exposed to pyrene also showed reduced concentrations of T3 and reduced 

expression of thyroid receptor genes (He et al., 2012). There may be inherent differences in 

how PAH exposure affects the thyroid axis in humans versus aquatic species, or in pregnant 

adults versus developing embryos, but more work must be done to better understand these 

relationships.

The present study was subject to several limitations. First, two OH-PAH measurements 

during pregnancy may not be adequate to ascertain the true exposure profiles of these 
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women. However, because ICC values were moderate it is likely that PAH exposure sources 

for each woman do not change appreciably throughout her pregnancy, and thus the resulting 

changes in hormone concentrations are likely sustained over time. Because our detection 

rates of 4-OH-PHE and 9-OH-PHE were low, we could not assess these metabolites as 

continuous variables and consequently lost statistical power by analyzing them only as 

categorical variables. We also only measured metabolites from four different parent PAH 

compounds and do not have exposure information for other high molecular weight PAHs 

among the women in our cohort. However, a large portion of the published literature on 

health effects of PAHs focuses on high molecular weight compounds, so the present study 

contributes to a gap in current knowledge. Finally, our ability to interpret OH-PAH 

associations with thyroid hormones may be reduced because we did not collect thyroid 

autoantibody status in our participants, which may affect patterns of thyroid hormone 

concentrations through pregnancy.

Despite these limitations, this study was strong in several ways. To our knowledge, this is 

the first longitudinal study to assess associations between OH-PAHs and hormones during 

pregnancy, significantly adding to the current state of understanding the impacts of PAH 

exposures on pregnancy. This study also improves on previous PAH studies because of our 

use of biomarkers instead of air monitoring or food frequency questionnaires as the exposure 

assessment tool, which allowed for more specific individual exposure assessment and for the 

capture of all exposure routes rather than only inhalation or ingestion. We included a broad 

scope of hormones in the study, allowing us to evaluate PAH effects on the thyroid, adrenal, 

and gonadal hormonal axes. There are also no previous studies assessing PAH impacts on 

CRH, testosterone, or the ratio of progesterone to estriol in humans, which is a significant 

gap in the literature given their important roles during pregnancy. Finally, we were able to 

distinguish endocrine disruption of PAHs between fetal sexes and between exposures at 

different times during pregnancy.

Conclusions

In conclusion, we have provided evidence that PAH exposure during pregnancy is associated 

with altered hormone levels which may be indicative of endocrine disruption. Specifically, 

greater OH-PAH concentrations throughout pregnancy were associated with increased CRH, 

estriol, and T3, as well as decreased testosterone concentrations. These hormone changes 

may have downstream consequences for pregnancy and labor with potential implications for 

fetal and child health. Evidence of differing associations between OH-PAHs and hormones 

based on fetal sex suggests that endocrine systems may be differentially vulnerable to 

environmental exposures during gestation. Future research will aim to assess relationships 

between PAH exposures and adverse birth outcomes within the PROTECT cohort, and to 

understand how PAH exposures may be related to and interact with other environmental 

exposures occurring in Puerto Rico.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Assessed associations between repeated gestational PAH and hormone 

measurements

• PAH exposure resulted in increased concentrations of CRH, estriol and T3

• PAH exposure resulted in decreased concentrations of testosterone and prog/

estriol

• Changes in hormone concentrations were dependent on fetal sex and 

gestational age

• Gestational PAH exposure alters hormones that may result in disruption of 

labor
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Figure 1: 
Forest plot depicting percent changes (colored points) and 95% confidence intervals (bars) 

of CRH and reproductive hormones with increases from the first quartile of PAH metabolite 

concentration to higher quartiles. Arrows indicate that the confidence interval extends 

beyond the bounds of the plot.

*Reference category corresponds to PAH metabolite concentrations measured below the 

LOD. Among PAH measurements above the LOD, the boxes are estimates corresponding to 

PAH concentrations at or below the median, and the circles are estimates corresponding to 

concentrations above the median.
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Figure 2: 
Forest plot depicting percent changes (colored points) and 95% confidence intervals (bars) 

of thyroid hormones with increases from the first quartile of PAH metabolite concentration 

to higher quartiles. Arrows indicate that the confidence interval extends beyond the bounds 

of the plot.

*Reference category corresponds to PAH metabolite concentrations measured below the 

LOD. Among PAH measurements above the LOD, the boxes are estimates corresponding to 

PAH concentrations at or below the median, and the circles are estimates corresponding to 

concentrations above the median.
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Table 1:

Demographics and other health information for 659 women in PROTECT.

N (%)

Maternal Age

18–24 240 (36.4%)

25–29 204 (31%)

30–34 133 (20.2%)

35–41 82 (12.4%)

Maternal Education

GED or less 129 (19.6%)

Some College 233 (35.4%)

Bachelors or Higher 297 (45.1%)

Currently Employed

No 236 (36.1%)

Yes 418 (63.9%)

Annual Household Income

<10k 173 (29.8%)

10k–<30k 187 (32.2%)

30k–<50k 140 (24.1%)

>=50k 81 (13.9%)

Marital Status

Single 129 (19.6%)

Married 354 (53.9%)

Cohabitating 174 (26.5%)

Smoking Status

Never 562 (85.4%)

Ever 86 (13.1%)

Current 10 (1.52%)

ETS

Never 598 (90.7%)

1 Hour or less 25 (3.79%)

>1 Hour 36 (5.46%)

Alcohol

Never 318 (48.5%)

Yes, before Pregnancy 300 (45.7%)

Yes, currently 38 (5.79%)

Number of Children

0 246 (43.4%)

1 257 (45.3%)

2 to 5 64 (11.3%)
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N (%)

Pre-Pregnancy BMI

[0,25] 344 (55%)

(25, 30] 174 (27.8%)

Above 30 107 (17.1%)

Fetal Sex

Female 316 (48.5%)

Male 336 (51.5%)
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Table 3:

Results from linear mixed models depicting the percent changes in CRH and reproductive hormone 

concentrations associated with an interquartile range increase in PAH metabolite concentrations over the study 

period.

CRH Estriol Progesterone

%Δ (95% CI) P-Value %Δ (95% CI) P-Value %Δ (95% CI) P-Value

1-OH-NAP 14.0 (4.06, 24.9) 0.005 −0.33 (−6.93, 6.75) 0.925 1.67 (−3.93, 7.60) 0.568

2-OH-NAP −6.36 (−15.3, 3.54) 0.202 −3.30 (−9.98, 3.87) 0.359 −2.23 (−7.85, 3.73) 0.456

1-OH-PYR 9.21 (−1.93, 21.6) 0.110 13.2 (4.73, 22.3) 0.002 8.11 (1.37, 15.3) 0.019

2-OH-FLU 15.3 (4.54, 27.1) 0.005 2.92 (−4.13, 10.5) 0.428 2.91 (−2.98, 9.16) 0.342

1-OH-PHE 24.3 (13.0, 36.7) 0.000 11.3 (3.94, 19.23 0.003 9.53 (3.47, 15.9) 0.002

Σ2,3-OH-PHE 18.1 (7.00, 30.4) 0.001 10.1 (2.47, 18.3) 0.009 4.52 (−1.55, 11.0) 0.149

Progesterone/Estriol Testosterone SHBG

%Δ (95% CI) P-Value %Δ (95% CI) P-Value %Δ (95% CI) P-Value

1-OH-NAP 2.53 (−2.76, 8.11) 0.357 −17.2 (−25.4, −8.13) 0.000 −0.18 (−3.28, 3.02) 0.910

2-OH-NAP 0.76 (−4.74, 6.57) 0.792 7.30 (−4.66, 20.8) 0.244 −3.39 (−6.79, 0.13) 0.061

1-OH-PYR −5.64 (−11.2, 0.27) 0.063 −12.4 (−22.6, −0.88) 0.037 4.00 (0.22, 7.94) 0.039

2-OH-FLU −0.65 (−6.00, 5.01) 0.819 −14.0 (−23.1, −3.82) 0.009 0.11 (−3.22, 3.56) 0.947

1-OH-PHE −2.67 (−7.81, 2.75) 0.329 −18.0 (−26.6, −8.28) 0.001 3.38 (−0.06, 6.93) 0.055

Σ2,3-OH-PHE −5.60 (−10.8, −0.15) 0.046 −4.76 (−15.0, 6.67) 0.400 1.10 (−2.31, 4.62) 0.533

All models adjusted for continuous maternal age, categorical maternal education, categorical maternal exposure to environmental tobacco smoke, 
and specific gravity.
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Table 4

Results from linear mixed models depicting the percent changes in thyroid hormone concentrations associated 

with an interquartile range increase in PAH metabolite concentrations over the study period.

TSH T3 fT4

%Δ (95% CI) p-Value %Δ (95% CI) p-Value %Δ (95% Cl) p-Value

1-OH-NAI’ 4.78 (−1.79, 11.8) 0.159 5.16 (2.12, 8.20) 0.001 1.40 (− 0.09, 2.89) 0.068

2-OH-NAP −8.35 (−14.7, −1.58) 0.018 0.77 (−2.64, 4.18) 0.659 −1.00 (−2.64, 0.63) 0.230

1-OH-PYR 1.77 (−5.66, 9.80) 0.650 6.90 (3.34, 10.5) 0.000 0.93 (−0.81, 2.67) 0.296

2-OH-FLU −1.92 (−8.45, 5.08) 0.582 3.98 (0.72, 7.25) 0.018 1.25 (−033, 2.84} 0.123

1-OH-PHE 1.14 (−5.53, 8.29) 0.744 7.99 (4.79, 11.2) 0.000 1.51 (−0.04, 3.07) 0.058

Σ2,3-OH-PHE 0(−6.74, 7.23) 1.000 3.29 (−0.02, 6.60) 0.053 0.15 (−1.46, 1.77) 0.853

T4 T3/T4

%Δ (95% CI) p-Value %Δ (95% CI) p-Value

1-OH-NAP −0.44 (−1.93, 1.06) 0.569 5.31 (2.15, 8.48) 0.001

2-OH-NAP −0.71 (−2.37, 0.95) 0.402 1.51 (−2.02, 5.03) 0.404

1-OH-PYR 1.30 (−0.47, 3.07) 0.151 5.64 (1.92, 9.35) 0.003

2-OH-FLU −0.90 (−2.50, 0.70) 0.273 5.42 (2.05, 8.8) 0.002

1-OH-PHE 0.21 (−1.39, 1.81) 0.796 7.98 (4.66, 11.31) 0.000

Σ2,3-OH-PHE −0.63 (−2.25, 0.99) 0.449 4.58 (1.16, 8.01) 0.009

All models adjusted for continuous maternal age, categorical maternal education, categorical maternal exposure to environmental tobacco smoke, 
and specific gravity. Boldface indicates p-values of less than 0.055
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