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A B S T R A C T   

Context: Phthalates may disrupt maternal-fetal-placental endocrine pathways, affecting pregnancy out
comes and child development. Placental corticotropin releasing hormone (pCRH) is critical for healthy 
pregnancy and child development, but understudied as a target of endocrine disruption. 
Objective: To examine phthalate metabolite concentrations (as mixtures and individually) in relation to pCRH. 
Design: Secondary data analysis from a prospective cohort study. 
Setting: Prenatal clinics in Tennessee, USA. 
Patients: 1018 pregnant women (61.4% non-Hispanic Black, 32% non-Hispanic White, 6.6% other) 
participated in the CANDLE study and provided data. Inclusion criteria included: low-medical-risk 
singleton pregnancy, age 16–40, and gestational weeks 16–29. 
Intervention: None. 
Main outcome measures: Plasma pCRH at two visits (mean gestational ages 23.0 and 31.8 weeks) and change in 
pCRH between visits (ΔpCRH). 
Results: In weighted quantile sums (WQS) regression models, phthalate mixtures were associated with 
higher pCRH at Visit 1 (β = 0.07, 95 %CI: 0.02, 0.11) but lower pCRH at Visit 2 (β = − 0.08, 95 %CI: − 0.14, 
− 0.02). In stratified analyses, among women with gestational diabetes (n = 59), phthalate mixtures were 
associated with lower pCRH at Visit 1 (β = − 0.17, 95 %CI: − 0.35, 0.0006) and Visit 2 (β = − 0.35, 95 %CI: 
− 0.50, − 0.19), as well as greater ΔpCRH (β = 0.16, 95 %CI: 0.07, 0.25). Among women with gestational 
hypertension (n = 102), phthalate mixtures were associated with higher pCRH at Visit 1 (β = 0.20, 95 %CI: 
0.03, 0.36) and Visit 2 (β = 0.42; 95 %CI: 0.19, 0.64) and lower ΔpCRH (β = − 0.17, 95 %CI: − 0.29, − 0.06). 
Significant interactions between individual phthalate metabolites and pregnancy complications were 
observed. 
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Conclusions: Phthalates may impact placental CRH secretion, with differing effects across pregnancy. Differences in 
results between women with and without gestational diabetes and gestational hypertension suggest a need for further 
research examining whether women with pregnancy complications may be more vulnerable to endocrine-disrupting 
effects of phthalates.   

1. Introduction 

Phthalates are synthetic chemicals that are commonly used in con
sumer products, resulting in widespread human exposure through 
ingestion, inhalation, and dermal routes (Wang et al., 2019). Many 
studies including the National Health and Nutrition Examination Survey 
(NHANES), have demonstrated that nearly 100% of individuals 
sampled- including pregnant women- have measurable levels of one or 
more phthalate metabolites in their urine (Swan et al., 2015; Woodruff 
et al., 2011; Ferguson et al., 2019; Arbuckle et al., 2014). Urinary 
phthalate metabolite measurement is the preferred method of phthalate 
exposure assessment in humans and concentrations reflect recent ex
posures, given phthalates’ short-half life in the body (several hours) 
(Koch et al., 2006). Extensive evidence in animal models indicates that 
phthalates are endocrine disruptors and reproductive toxicants and, 
increasingly, epidemiological studies suggest similar developmental and 
reproductive impacts in humans (Dorman et al., 2018; Martínez-Razo 
et al., 2021). For example, a number of studies have examined the po
tential impact of phthalates on pregnancy complications (including 
gestational diabetes (James-Todd et al., 2016; Shaffer et al., 2019; Zukin 
et al., 2021; Fisher et al., 2018) and hypertensive disorders of pregnancy 
(Werner et al., 2015; Cantonwine et al., 2016; Philips et al., 2019) as 
well as preterm birth (Ferguson et al., 2014; Ferguson et al., 2014; 
Ferguson et al., 2019; Gao et al., 2019; Hu et al., 2020; Meeker et al., 
2009; Zhong et al., 2021) and subsequent offspring developmental 
outcomes (Swan et al., 2015; Day et al., 2021; Harley et al., 2019; Shoaff 
et al., 2017). More subtle, subclinical impacts on pregnancy physiology 
have also been noted including disruption of placental hormone pro
duction and activity (reviewed in (Warner et al., 2021). 

Largely overlooked in the literature on placental impacts of phtha
late exposure is placental corticotropin releasing hormone (pCRH), a 41- 
amino acid neuropeptide which is produced by the placenta and rises 
exponentially across gestation (reviewed in (Thomson, 2013). The 
identical molecule is produced by the paraventricular nucleus of the 
hypothalamus in both pregnant and non-pregnant individuals and plays 
a critical regulatory role in the hypothalamic–pituitaryadrenal (HPA) 
axis, the body’s major stress pathway (Taylor and Fishman, 1988). 
During pregnancy, maternal pCRH concentrations are 10,000 times 
higher than the CRH levels observed in non-pregnant individuals, thus 
pCRH measured in circulation during pregnancy is assumed to be almost 
exclusively of placental origin. In animal studies, pCRH regulates 
pathways involved in myometrial contraction, promoting labor (Smith 
et al., 2002; Tyson et al., 2009); and in epidemiological studies higher 
and/or more steeply increasing pCRH in mid-pregnancy is linked to 
increased odds of subsequent preterm birth (Hobel et al., 1999; Makri
giannakis et al., 2007; Sandman et al., 2006; Ruiz et al., 2016; Wadhwa 
et al., 2004). pCRH has been additionally linked to maternal hyperten
sive disorders of pregnancy (Harville et al., 2009; Laatikainen, 1991), 
maternal postpartum depression (Yim et al., 2009; Glynn and Sandman, 
2014), and offspring developmental outcomes (Howland et al., 2016; 
Sandman, 2018). Consistent with its role in the HPA axis, some studies 
have found pCRH to be responsive to socioenvironmental factors, such 
as experiences of trauma. For example, prior work has demonstrated 
that pCRH production was higher and rose more steeply among women 
who reported childhood trauma (Moog et al., 2016; Steine et al., 2020). 

Despite increasing interest in psychosocial predictors of pCRH, until 
recently, other types of stressors, such as environmental exposures, have 
been largely ignored. In the Puerto Rican PROTECT cohort, Cathey et al 
(Cathey et al., 2019) reported that concentrations of several maternal 

urinary phthalates (including monocarboxyisononyl phthalate [MCNP], 
mono-(3-carboxypropyl) phthalate [MCPP], mono-2-ethyl 5-carboxy
pentyl phthalate [MECPP], mono (2-ethyl-5-hydroxyhexyl) phthalate 
[MEHHP], and mono-(2-ethyl-5-oxohexyl) phthalate [MEOHP], but not 
mono(2-ethylhexyl)phthalate [MEHP]) were inversely associated with 
pCRH concentrations (Cathey et al., 2019). By contrast, in an in vitro 
model, MEHP treatment increased pCRH protein and mRNA levels and 
promoted pro-labor gene pathways (Wang et al., 2016). To our knowl
edge, these associations have not been examined in other epidemio
logical studies. Our objective in this study was to build upon this limited 
literature to examine maternal phthalate concentrations in relation to 
pCRH in mid and late pregnancy, additional examining potential mod
erators including pregnancy complications, fetal sex, and maternal his
tory of childhood trauma. Pregnancy complications and history of 
childhood trauma were selected for consideration due to their associa
tions with pCRH in prior work (Harville et al., 2009; Moog et al., 2016; 
Steine et al., 2020; Laatikainen et al., 1991), whereas fetal sex was 
considered in light of the extensive evidence that phthalates (like many 
endocrine disruptors) can have differential effects on male and female 
fetuses (and by extension their placentas) (Warner et al., 2021). 

2. Methods 

2.1. Study population and overview of study activities 

The Conditions Affecting Neurocognitive Development and Learning 
in Early Childhood (CANDLE) study recruited pregnant women 
receiving care at selected prenatal clinics in Shelby County, Tennessee 
from 2006 to 2011 and methods have been described elsewhere in detail 
(Sontag-Padilla et al., 2015). Inclusion criteria for participation 
included: low-medical-risk singleton pregnancy, 16-–40 years of age, 
weeks 16–29 of pregnancy, and intending to deliver at a participating 
medical center. Low-medical-risk was defined as lacking major medical 
conditions including (but not limited to) chronic hypertension requiring 
therapy, endocrine disease, and insulin-dependent diabetes. Participants 
completed two prenatal study visits. Visit 1 (V1) occurred at 16–29 
weeks gestation and Visit 2 (V2) occurred at 22–39 weeks gestation, 
roughly corresponding to the 2nd and 3rd trimesters, respectively. This 
secondary analysis was conducted as part of the Environmental in
fluences on Child Health Outcomes (ECHO) PATHWAYS consortium. 

2.2. Ethical approval 

Institutional Review Board approval was obtained from the Univer
sity of Tennessee Health Sciences Center (the primary site of data 
collection) and other participating institutions. All participants provided 
written informed consent prior to engaging in study activities. 

2.3. Urine collection and phthalate metabolite measurement 

Spot urine samples were collected in sterile, phthalate-free poly
propylene containers at both prenatal visits. At the time of sample 
collection, specific gravity (SpG), a measure of urine dilution, was 
measured using a handheld refractometer. Samples were then frozen at 
− 80 ◦C until shipment (on dry ice) for phthalate metabolite analysis 
using previously described methods (Guo et al., 2014; Rocha et al., 
2017). Enzymatic deconjugation, solid phase extraction, and high- 
performance liquid chromatography tandem mass spectrometry 
(HPLC-MS/MS) were used to assay a panel of 21 phthalate metabolites. 
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Blanks were included for several quality control samples including 
standard reference materials, procedural blanks, and matrix spikes. The 
analytical laboratory is part of the CDC Proficiency Testing Program 
(Biomonitoring Quality Assurance for State Program; BQASP) and 
German-External Quality Assurance Scheme (G-EQUAS) designed to 
optimize comparability and reliability of analyses across labs and be
tween batches (Kannan et al., 2021). 

The limits of detection (LODs) ranged from 0.012 to 0.304 ng/mL 
and only metabolites with ≥ 80% of samples above the LOD were 
included in models for the analysis, resulting in 15 metabolites: mono- 
isobutyl phthalate (MiBP), monoethyl phthalate (MEP), mono-methyl 
phthalate (MMP), mono-n-butyl phthalate (MBP), mono-benzyl phtha
late (MBzP), MCNP, mono-carboxy isooctyl phthalate (MCIOP), mono
carboxyisononyl phthalate (MCINP), MCPP, MEHP, MEHHP, MEOHP, 
MECPP and mono(2-carboxymethylhexyl) phthalate (MCMHP), and 
phthalic acid (PA). Values below the LOD were imputed as LOD/sqrt(2) 
following convention (Hornung and Reed, 1990). Given the extensive 
evidence of di(2-ethylhexyl) phthalate (DEHP)’s endocrine-disrupting 
properties (reviewed in (Gore et al., 2015), following convention, we 
additionally calculated the molar sum of five di(2-ethylhexyl) phthalate 
(DEHP) metabolites (ΣDEHP: MEHP, MEHHP, MEOHP, MECPP, 
MCMHP) (Swan et al., 2015). Phthalate metabolite values were adjusted 
for urine dilution using the following formula: [phthalate metabolite] 
_adj = [phthalate metabolite]_raw*[(SpG_median-1)/(SpG-1)] where 
SpG_median refers to the median SG for the cohort (Boeniger et al., 
1993). Phthalate metabolite concentrations were log-transformed in all 
analyses. 

2.4. Blood collection and pCRH measurement 

At both prenatal study visits maternal blood was collected using 
EDTA plasma separator tubes, and after processing, plasma was frozen at 
− 80 ◦C. Samples were shipped on dry ice to University of Newcastle, 
Australia. Using standard protocols, pCRH was measured (in pg/mL) by 
radioimmunoassay with an extraction recovery of 87% (Smith et al., 
2009). The assay sensitivity was high compared to prior work with inter- 
and intra-assay coefficients of variation of 8.7% and 7.3%. pCRH values 
were log-transformed for analyses due to non-normality. In addition to 
considering V1 and V2 values independently, we calculated change in 
pCRH (ΔpCRH) as (log)V2 pCRH minus (log)V1 pCRH. 

2.5. Collection of covariate data 

Pregnant women reported on demographic characteristics, health, 
and lifestyle behaviors during pregnancy. Variables of interest (selected 
a priori) included maternal age at enrollment, race and ethnicity (non- 
Hispanic White/non-Hispanic Black/Hispanic), pre-pregnancy body 
mass index (BMI; continuous), maternal education (<high school/high 
school, GED, or technical school/college or greater), marital status 
(married or partnered/single), parity (parous/nulliparous), fetal sex, 
and gestational weeks at biospecimen collection. Gestational age was 
calculated based on last menstrual period and subsequently confirmed 
with ultrasound dating; in cases of discrepancies, the latter was used for 
final determination of gestational age. At each study visit, maternal 
active smoking was defined as cotinine levels at or above 200 ng/mL as 
measured in single spot urine samples. Based on prior analyses in this 
cohort, we additionally included childhood trauma (which was previ
ously related to pCRH) in models, but did not include maternal psy
chosocial measures in pregnancy (which were not associated with 
pCRH) (Steine et al., 2020). Maternal history of childhood trauma was 
assessed using three items from the Traumatic Life Events Questionnaire 
(TLEQ): (1) physical abuse; (2) witnessing family violence while 
growing up; and (3) sexual abuse before age 13. A total childhood 
traumatic exposure types count was created based on these measures 
(0–3 range) (Kubany et al., 2000; Slopen et al., 2018). Finally, maternal 
gestational diabetes and gestational hypertension were determined by 

participant report and confirmed by medical record abstraction. Both 
were included in the current analysis based on prior work in this cohort 
suggesting associations with pCRH (Steine et al., 2020). 

2.6. Statistical analysis 

CANDLE participants with phthalate metabolite and pCRH mea
surements at V1 and/or V2 were eligible for inclusion in the current 
analysis. Descriptive statistics (geometric mean, standard deviation, 
median, mix, max, %<LOD, percentages, frequency) were conducted to 
examine the distribution of phthalate metabolite and pCRH concentra
tions (at each time point) as well as the covariates of interest. Bivariate 
analyses were used to examine the relationship between the variables of 
interest and histograms and scatterplots were created to visualize these 
associations. 

We assessed three outcome measures: log (V1 pCRH), log (V2 pCRH), 
and ΔpCRH, equivalent to log(pCRH) at V2 minus log(pCRH) at V1. Our 
exposure was phthalate metabolite concentrations. Models predicting 
log(V1 pCRH) included V1 phthalate metabolite concentrations, 
whereas models predicting log(V2 pCRH) included V2 phthalate 
metabolite concentrations. For models predicting ΔpCRH between the 
two visits as the outcome, we included V1 values for gestational age, 
phthalate metabolites, and cotinine as well as the change in gestational 
age between the two study visits (weeks). In general, for time varying 
covariates (gestational weeks and cotinine) we included the values 
measured at the same visit as the outcome measures (e.g., V1 cotinine 
and V1 gestational age in models predicting V1 pCRH). In all multi
variable models, we adjusted for a set of covariates selected a priori 
based on the prior literature, particularly our recent work on de
terminants on pCRH in this cohort (Steine et al., 2020). These included: 
maternal age, race/ethnicity, marital status, education, parity, fetal sex, 
maternal urinary cotinine, maternal history of childhood trauma, 
gestational diabetes, gestational hypertension, and gestational age at 
sample collection. 

Our primary models utilized weighted quantile sum (WQS) re
gressions to model the joint effect of all specific gravity-adjusted 
phthalate metabolites on the pCRH outcomes and their relative contri
butions to that mixture effect (Carrico et al., 2015). In WQS regression, 
each SG-adjusted phthalate metabolite is divided into quintiles, multi
plied with a model-derived simplex vector of weights, and summed to 
generate a single weighted mixture index called the WQS which is then 
used as a predictor variable in a linear regression (Carrico et al., 2015). 
WQS regression is constrained to evaluate mixture effects in either a 
positive or negative direction, and both directions were evaluated for 
each outcome. In total, 1000 bootstraps were used to obtain stable 
mixture weight estimates for each WQS regression (Carrico et al., 2015). 
When <100 of the 1000 bootstrapped weights were associated with sum 
mixture coefficients in a given direction, we made note of this by 
lightening the plot colors for those estimates, and we recommend 
interpreting those results with caution. There may be no detectable 
mixture association in a given direction for some models, and in those 
cases the models will not return any estimates. The “HC0” Huber-White 
heteroskedasticity-consistent standard error sandwich estimator was 
used to calculate confidence intervals (White, 1980). WQS regressions 
are commonly performed using separate training and validation datasets 
to avoid high Type I error, though our own simulations show this also 
leads to a substantial loss of power [under review], which we avoided by 
using the full dataset for both training and validation. However, this can 
generate anti-conservative confidence intervals and p-values, and so we 
additionally applied a permutation test (Curtin et al., 2021) with 200 
iterations to generate proper “confirmatory” p-values with a nominal 
Type I error rate that more accurately estimate WQS coefficient uncer
tainty (Day et al., 2021; Curtin et al., 2021), under review]. As permu
tation test p-values will always be higher than the original p-values, 
permutation tests were only applied to models with original p-values <
0.05. 
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In addition to fitting mixtures models, secondarily, we employed the 
more conventional approach of considering the log-transformed, spe
cific gravity-adjusted phthalate metabolites (and ΣDEHP) in individual 
linear regression models (one metabolite per model as well as a model 
with ΣDEHP as the main exposure measure). The same three outcomes 
(V1 pCRH, V2 pCRH, and ΔpCRH) were considered and we included the 
same set of covariates described above. We elected to fit individual 
linear regression models rather than hierarchical longitudinal models as 
we were concerned that the associations between phthalates and CRH 
might differ across the two visits, given the exponential rise in CRH that 
occurs across pregnancy (Moog et al., 2016; Smith et al., 2009). In the 
individual models, we additional assessed the possibility of non-linearity 
by creating smooth plots of component plus residuals versus log- 
transformed, SG-adjusted phthalate metabolite concentrations by Visit. 

Based on our observations regarding pCRH in prior work in this 
cohort (Steine et al., 2020), we additionally considered effect modifi
cation by fetal sex, gestational hypertension, gestational diabetes, and 
childhood trauma. To evaluate effect modification, we refit the WQS 
regression models while stratifying for each of the pregnancy compli
cations individually, employing an approach in which random subsets of 
predictor variables are selected instead of bootstrapping observations 
for the weight estimation stage of the model (Curtin et al., 2021). This 
procedure, random subset WQS regression (WQSRS regression), has an 
advantage over the bootstrap method when categorical covariates have 
few subjects in one or more strata. In this situation the random subset 
procedure is unaffected, but bootstrapping can result in some boot
strapped samples with no subjects in the rare stratum, causing an un
identified model. The random subset approach was selected here 
because there were small numbers of observations in some strata for the 
ethnicity covariate for observations having either pregnancy complica
tion. As in the mixtures models based on the full cohort, we again did not 
split the data into training and validation datasets and then imple
mented the permutation test to maintain power while generating ac
curate p-values. For models considering interaction by fetal sex or 
childhood trauma, few significant interaction terms were observed, thus 
those analyses were not pursued further (Supplemental Table 1). 

In our secondary models, we evaluated effect modification in the 
models with individual phthalate metabolites by including interaction 
terms (e.g., phthalate*gestational diabetes). We reparameterized the 
individual phthalate metabolite models to obtain effect estimates and 
95% confidence intervals (CIs) for all women with and without each of 
these pregnancy complications. All analyses were conducted using R 
statistical software. WQS models were constructed using the gWQS 
package (version 3.0.4) (Renzetti et al., 2021). 

3. Results 

3.1. Descriptive statistics 

In total, 1483 women were enrolled in the study at V2 and had a live 
birth. pCRH concentrations were measured in samples from 1303 
women and phthalate metabolite concentrations were measured in 
1173, resulting in a total of 1018 women with complete data to 
contribute to the current analyses at V1 and 1014 at V2. On average, 
women were 26.4 ± 5.5 years old with a pre-pregnancy BMI of 27.9 ±
7.7 kg/m2 (Table 1). Most participants identified as non-Hispanic Black 
(61.4%), with the remainder identifying as Non-Hispanic White (32.0%) 
or other races/ethnicities (6.6%). The majority (56.2%) had a high 
school, GED, or technical school education. <10% of women were 
smokers (6.4% and 9.9% in V1 and V2, respectively) and 39.9% of 
women were nulliparous. During study participation, 59 (5.8%) and 102 
(10.0%) women developed gestational diabetes and gestational hyper
tension, respectively. 

The phthalate metabolites of interest were detectable in the vast 
majority of women, with 12 of 15 metabolites detectable in >95% of 
participants (not shown). At both visits, median MEP concentrations 

were highest out of all metabolites measured (V1: 114 ng/mL, V2: 103 
ng/mL) and median MHPP concentrations were the lowest (V1: 1.02 ng/ 
mL, V2: 0.35 ng/mL) (Table 2). Comparing women with and without 
gestational diabetes, levels of phthalate metabolites were similar at Visit 
1, but tended to be lower (for 13 of 15 metabolites) among women with 
gestational diabetes at Visit 2. By contrast, women with gestational 
hypertension tended to have higher concentrations of phthalate me
tabolites than women without gestational hypertension, particularly at 
Visit 2 (Table 2). pCRH levels were considerably higher at V2 compared 
to V1 (median V1 pCRH: 37.6 pg/mL; V2 pCRH: 235.2 pg/mL) (Table 2). 
pCRH concentrations were higher among women with gestational dia
betes and gestational hypertension compared to women without those 
complications, with the differences increasing dramatically by Visit 2. 

3.2. Multivariable models: Full cohort 

In covariate-adjusted WQS mixtures models using data from the full 
cohort, we observed a positive association between the phthalate 
mixture and pCRH at Visit 1 (β = 0.07; 95% CI: 0.02, 0.11; permutation 
test p (PTp) = 0.14; Fig. 1). By contrast, at Visit 2, there was an inverse 
association between the phthalate mixture and pCRH (β = − 0.08; 95% 
CI: − 0.14, − 0.02; PTp = 0.06) with high weights for MEP and MCINP. 
Neither association was statistically significant after the permutation 
test. In individual metabolite models, at V1, MBP was associated with 
significantly higher pCRH (β = 0.07; 95% CI: 0.004, 0.13). While no 
other significant associations were observed at that timepoint, consis
tent with the results of the mixtures models, estimates were mostly 
positive (Supplemental Table 2). At V2, we observed a positive associ
ation between MMP and pCRH concentrations (β = 0.04; 95% CI: 0.01, 
0.08) and a trend towards an inverse association between MEP and 
pCRH (β = − 0.03; 95% CI: − 0.07, 0.004); no associations with other 
metabolites were noted, however most estimates were in the negative 
direction. At both visits the estimate for the phthalate mixture was as 
strong or stronger than the results of any individual metabolite alone. 
Analyses examining the change in pCRH from V1 to V2 showed no as
sociations with individual phthalate metabolite concentrations. Assess
ment of non-linearity (to examine potentially non-monotonic effects of 
phthalates on pCRH) suggested predominantly linear patterns with some 
evidence of change in slope at the highest concentrations (≥95th 

percentile) for the DEHP metabolites at V1 and for MCINP and MIBP at 
V2 (not shown). 

Table 1 
Characteristics of CANDLE mother–child dyads (n = 1018).  

Characteristics (continuous) Mean ± SD N (%) 

Maternal age (years) 26.4 ± 5.5  
Pre-pregnancy BMI (kg/m2) 27.9 ± 7.7  
Gestational age at Visit 1 (V1; weeks) 23.0 ± 3.0  
Gestational age at Visit 2 (V2; weeks) 31.8 ± 1.7  
Change in gestational age (V2-V1; weeks) 8.9 ± 7.3  
Maternal Childhood Traumatic Life Events 0.53 ± 0.8  

Physical punishment  82 (8.1) 
Exposure to family violence  277 (27.2) 
Sexual abuse  184 (18.1) 

Characteristics (categorical)   
Maternal race/ethnicity   

Non-Hispanic White  326 (32.0) 
Non-Hispanic Black  625 (61.4) 
Hispanic  67 (6.6) 

Highest level of maternal education   
<High School  107 (10.5) 
High School/GED/Technical School  572 (56.2) 
College or Higher  339 (33.3) 

Nulliparous  436 (39.9) 
Cotinine detected in V1 urine  65 (6.4) 
Cotinine detected in V2 urine  101 (9.9) 
Gestational diabetes  59 (5.8) 
Gestational hypertension  102 (10.0) 
Fetal sex- female  510 (49.9)  
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3.3. Stratified analyses: Gestational diabetes 

Stratified analyses indicated differing patterns of association in 
relation to gestational diabetes status. In WQS regression models, among 
women who developed gestational diabetes in pregnancy, a significant 
inverse mixture association with pCRH was observed at V2 (β = − 0.35; 
95% CI: − 0.50, − 0.19; PTp < 0.005) with similarly high weights for 
MBP, MEOHP, MEHHP, and MCIOP (Fig. 2). By contrast, among women 

without gestational diabetes, we observed a positive mixture association 
at V1 (β = 0.07; 95 %CI: 0.02, 0.11; PTp = 0.05) with high weights for 
MBP, MCIOP, and MCPP, although this was nonsignificant after the 
permutation test (Fig. 2). When we considered the change in pCRH 
between the two visits, we observed a strong positive association among 
women with gestational diabetes (β = 0.16; 95% CI: 0.07, 0.25; PTp =
0.02) that was driven by the DEHP metabolites MEHHP, MECPP, and 
MEHP. By contrast, among women without gestational diabetes we 

Table 2 
Median specific gravity adjusted phthalate metabolite1 and pCRH concentrations by study visit, gestational hypertension (GHTN; n = 102), and gestational diabetes 
(GDM; n = 59).   

VISIT 1 (16–29 weeks; n ¼ 1018) VISIT 2 (22–39 weeks; n ¼ 1014)  

Total cohort No GHTN GHTN No GDM GDM Total cohort No GHTN GHTN No GDM GDM 

Phthalate metabolites (ng/mL)      
MBP 29.80 29.66 32.13 29.87 26.22 16.06 15.67 18.29 16.04 13.55 
MBzP 19.35 18.68 21.20 18.98 18.67 10.40 10.20 12.79 10.48 9.17 
MCINP 3.06 3.12 2.85 3.06 3.89 0.48 0.47 0.59 0.48 0.38 
MCIOP 11.84 12.21 11.44 11.84 12.81 2.21 2.16 2.59 2.22 2.01 
MCPP 1.95 1.96 1.94 1.96 1.78 1.43 1.40 1.77 1.43 1.28 
MCMHP 16.32 16.32 16.65 16.31 16.68 6.24 6.13 6.47 6.26 4.77 
MECPP 17.21 16.89 19.69 17.28 17.96 11.90 11.65 13.37 11.90 9.19 
MEHHP 26.18 26.12 27.33 26.22 26.40 8.27 8.12 9.60 8.38 5.99 
MEHP 7.01 6.97 7.92 7.09 5.27 2.31 2.30 2.11 2.33 1.65 
MEOHP 12.50 12.46 13.59 12.56 12.60 6.28 6.19 6.94 6.33 4.43 
MEP 122.08 119.00 155.15 122.60 99.52 111.84 110.72 116.17 113.76 61.14 
MHPP 1.10 1.12 1.01 1.10 1.12 0.37 0.36 0.41 0.37 0.36 
MiBP 11.96 11.83 11.70 11.96 10.57 7.74 7.59 8.73 7.76 5.89 
MMP 4.95 5.05 4.92 5.14 2.38 2.39 2.36 2.82 2.40 2.11 
PA 59.53 58.53 72.75 59.46 65.27 70.12 68.06 81.06 70.41 58.86 
pCRH (pg/mL) 37.60 37.97 40.28 37.81 41.81 235.20 229.90 334.88 230.96 313.85  

1 LODs for phthalate metabolites range from 0.012 to 0.137. 

Fig. 1. WQS regression coefficients and weights 
for associations between phthalate mixtures and 
log(pCRH) in pg/mL1,2. The forest plots show WQS 
regression means and 95% CIs in the negative and 
positive directions. Permutation test p-value 
(PTp) indicates p-values after the application of 
the permutation test. WQS weights for all phtha
late metabolites are indicated on the heat maps3. 
(1 Models adjusted for gestational age at sample 
collection, cotinine, maternal age, maternal race and 
ethnicity, marital status, fetal sex, maternal educa
tion, pre-pregnancy BMI, parity, gestational diabetes, 
gestational hypertension, and maternal childhood 
traumatic life events. Models examining the outcome 
ΔpCRH are additionally adjusted for the change in 
gestational age between the visits. 2 Exposure is Visit 
1 phthalate metabolite concentrations for the 
outcome Visit 1 log(pCRH). Exposure is Visit 2 
phthalate metabolite concentrations for the outcomes 
Visit 2 log(pCRH) and ΔpCRH. 3 The WQS regression 
coefficient and weight estimates in the negative di
rection for the V1 pCRH outcome are de-emphasized 
since these model results were derived from < 100 
(<10%) of the total bootstrap iterations within the 
WQS regression. These bootstrap iterations in a given 
direction are used to derive mixture weights and to 
compile to WQS mixture index, and so estimates 
based on only a few iterations in the desired direction 
may be unstable and should be interpreted with 
caution).   
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observed a weak inverse association (β = − 0.02; 95 %CI: − 0.05, 
− 0.002; PTp = 0.46) with MCMHP most heavily weighted (Fig. 2). 

Results of secondary models examining interactions between indi
vidual phthalate metabolite concentrations and gestational diabetes 
were similar (but not identical) to WQS results (Supplemental Fig. 1). In 
individual metabolite models, we observed no evidence of interactions 
at V1 (not shown). At V2, interactions with gestational diabetes were 
observed for a number of phthalate metabolites including MBP, MEHHP, 
MEOHP, MIBP, and phthalate acid as well as ΣDEHP. Among women 
with gestational diabetes, all associations between phthalate metabo
lites and pCRH at V2 were inverse and tended to be stronger than those 
observed in women without gestational diabetes. Among women with 
gestational diabetes, significant inverse associations were also noted for 
other metabolites at V2 including MEHHP, MEOHP, MIBP, and ΣDEHP. 
Among women without gestational diabetes, the only associations 
observed were a negative association between MBzP and pCRH (β =
− 0.04, 95% CI: − 0.08, − 0.01) and a positive relationship between MMP 
and pCRH (β = 0.05, 95% CI: 0.01, 0.09). When we examined ΔpCRH 
from V1 to V2, results were similar, with phthalate*gestational diabetes 
interactions noted for a number of metabolites, including MCPP, 
MECPP, MEHHP, MEHP, MEOHP, MCMHP, and MMP, as well as 
ΣDEHP. With the exception of MBP, among women with gestational 
diabetes, all metabolites were positively associated with ΔpCRH indi
cating higher phthalate metabolite concentrations were associated with 
a greater rise in pCRH between the two visits. These associations were 
significant for ΣDEHP (β = 0.139, 95% CI: 0.003, 0.276) as well as the 
DEHP metabolites, MECHP, MEHP, and MEOHP. Among women 
without gestational diabetes, the direction of association between 
phthalate metabolites and ΔpCRH was variable and associations were 
weaker and non-significant for all metabolites. 

3.4. Stratified analyses: Gestational hypertension 

Stratified analyses also suggested different patterns of association in 
relation to gestational hypertension. In WQS regression models, among 
women who developed gestational hypertension in pregnancy, we 
observed positive associations with pCRH at both V1 (β = 0.20; 95% CI: 
0.03, 0.36; PTp = 0.16) with high weights for MCPP, MCIOP and MBzP; 
as well as V2 (β = 0.42; 95% CI: 0.19, 0.64; PTp = 0.005) with high 
weights for MMP, MCIOP, MIBP, and MECPP (Fig. 3). However, we 
observed an inverse association with ΔpCRH (β = − 0.17; 95% CI: − 0.29, 
− 0.06; PTp = 0.06) with high weights for MBP, MCMHP, and MEP. Only 
the positive association at V2 remained statistically significant after the 
permutation test. By contrast, among women without gestational hy
pertension, associations were weakly positive at V1 (β = 0.06; 95% CI: 
0.01, 0.11; PTp = 0.09) and negative at V2 (β = − 0.09; 95% CI: − 0.14, 
− 0.04; PTp = 0.01) (Fig. 3). Only the estimate for the negative direction 
at V2 was statistically significant after the permutation test. MBP was 
the strongest contributor to the positive associations observed at V1 
whereas MCINP, MEP, and MEHHP were most heavily weighted at V2. 

In linear regression models examining interactions between indi
vidual phthalate metabolites and gestational hypertension, we again 
observed no associations at V1 (not shown), with associations apparent 
at V2 (Supplemental Fig. 2). Interactions between gestational hyper
tension and phthalates were observed for most metabolites at V2, 
particularly MBzP, MCINP, MCIOP, ΣDEHP, MECPP, MEHHP, MEOHP, 
MIBP, and MMP. Among women with gestational hypertension, all 
phthalate metabolites were positively associated with pCRH levels at 
V2, whereas most associations were inverse and non-significant among 
women without gestational hypertension. Among women with gesta
tional hypertension, significant positive associations were also noted for 

Fig. 2. WQS regression coefficients and weights 
for associations between phthalate mixtures and 
log(pCRH) in models stratified by gestational 
diabetes (GDM) status (in pg/mL)1,2. The forest 
plots show WQS regression means and 95% CIs 
in the negative and positive directions. Asterisks 
denote permutation test p-values < 0.05. WQS 
weights for all phthalate metabolites are indi
cated on the heat maps3. (1 Models adjusted for 
gestational age at sample collection, cotinine, 
maternal age, maternal race and ethnicity, marital 
status, fetal sex, maternal education, pre-pregnancy 
BMI, parity, gestational diabetes, gestational hy
pertension, and maternal childhood traumatic life 
events. Models examining the outcome ΔpCRH are 
additionally adjusted for the change in gestational 
age between the visits. 2 Exposure is Visit 1 phtha
late metabolite concentrations for the outcome Visit 
1 log(pCRH). Exposure is Visit 2 phthalate metabo
lite concentrations for the outcomes Visit 2 log 
(pCRH) and ΔpCRH. 3 For participants with dia
betes, the WQS regression for ΔpCRH in the nega
tive direction and for V2 pCRH in the positive 
direction found no bootstrapped mixture co
efficients in the desired direction and therefore 
returned no estimate for those respective directions 
and outcomes, and therefore no estimates are pre
sented for those models on the plots. Some WQS 
regression estimates (e.g., the negative mixture as
sociation with V1 pCRH for participants without 
diabetes) are de-emphasized since these model re
sults were derived from < 100 (<10%) of the total 
bootstrap iterations within the WQS regression. 
These bootstrap iterations in a given direction are 
used to derive mixture weights and to compile to 
WQS mixture index, and so estimates based on only 
a few iterations in the desired direction may be 
unstable and should be interpreted with caution).   
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a number of other metabolites at V2, including MCIOP, MECPP, 
MEHHP, MIBP, and MMP, and as well as ΣDEHP. Among women 
without gestational hypertension, V2 pCRH was significantly and 
inversely associated with several metabolites including MBzP, MEHHP, 
and MEP. Results from models examining the interaction between 
ΔpCRH and gestational hypertension showed few significant in
teractions, with the exception phthalic acid. Among women with 
gestational hypertension, most (but not all) phthalate metabolites 
showed negative associations with ΔpCRH, suggesting a lower rise be
tween the two visits, though results were only significant for phthalic 
acid. Among women without gestational hypertension, the direction of 
association differed by metabolite and no significant associations were 
observed. 

4. Discussion 

In this analysis of 1018 participants from the CANDLE pregnancy 
cohort, we evaluated associations between gestational phthalate expo
sures and pCRH concentrations at two timepoints, mid and late preg
nancy. Overall, we observed that phthalate mixtures were associated 
with higher pCRH in mid-pregnancy, but lower pCRH later in preg
nancy. Although few associations were observed when we considered 
the individual phthalate metabolites in separate models, MBP appeared 
to drive associations at the first visit, while MEP drove associations in 
the second visit. When we subsequently considered pregnancy compli
cations in our models, effect modification was evident. Among women 
with gestational diabetes, phthalate mixtures were associated with 
lower pCRH concentrations at each timepoint (particularly in late 
pregnancy), but a steeper rise in pCRH. Among women with gestational 
hypertension, phthalate mixtures were associated with higher pCRH at 

both timepoints (again, particularly in late pregnancy), but also a lower 
rise in pCRH between the visits. Analyses considering individual me
tabolites further corroborated these results. Among women who did not 
have pregnancy complications, phthalates were associated with lower 
pCRH in late pregnancy (V2), though the associations were weaker than 
those observed among women with complications. In general, associa
tions between phthalates and pCRH among women with pregnancy 
complications tended to be more pronounced in late pregnancy (V2) 
than in mid-pregnancy (V1), which may reflect increasing production of 
pCRH and/or greater severity of pregnancy complications in late 
pregnancy. 

Many epidemiological studies have examined associations between 
phthalates and preterm birth with most, but not all, reporting that DBP, 
diisobutyl phthalate (DiBP), butyl benzyl phthalate (BBzP), and DEHP 
may be associated with adverse outcomes (Ferguson et al., 2019; Can
tonwine et al., 2016; Meeker et al., 2009; Zhong et al., 2021; Ruiz et al., 
2016; Ferguson et al., 2014; Ferguson et al., 2014; Ferguson et al., 2019; 
Gao et al., 2019). Our results suggest that phthalate exposure may 
impact pCRH production and that those impacts may vary across preg
nancy, but the mixed directionality of these associations does not clearly 
support the hypothesis that phthalates contribute to preterm birth 
through the pCRH pathway. Other pathways of interest include oxida
tive stress, inflammation, and other hormones; research on these 
mechanisms is underway (reviewed in Ferguson and Chin, 2017). To our 
knowledge, no study of phthalates and preterm birth has specifically 
considered women with pregnancy complications, whose risks and 
vulnerability to phthalates may differ from the general population. 

Previous epidemiological work on phthalates and pCRH is extremely 
limited. In PROTECT, a study of 676 pregnant women in Puerto Rico, 
phthalate metabolites and pCRH were measured at two visits at 16–20 

Fig. 3. WQS regression coefficients and weights 
for associations between phthalate mixtures and 
log(pCRH) in models stratified by gestational 
hypertension (GHTN) status (in pg/mL)1,2. The 
forest plots show WQS regression means and 
95% CIs in the negative and positive directions. 
Asterisks denote permutation test p-values < 
0.05. WQS weights for all phthalate metabolites 
are indicated on the heat maps3. (1 Models 
adjusted for gestational age at sample collection, 
cotinine, maternal age, maternal race and ethnicity, 
marital status, fetal sex, maternal education, pre- 
pregnancy BMI, parity, gestational diabetes, gesta
tional hypertension, and maternal childhood trau
matic life events. Models examining the outcome 
ΔpCRH are additionally adjusted for the change in 
gestational age between the visits. 2 Exposure is 
Visit 1 phthalate metabolite concentrations for the 
outcome Visit 1 log(pCRH). Exposure is Visit 2 
phthalate metabolite concentrations for the out
comes Visit 2 log(pCRH) and ΔpCRH. 3 Some WQS 
regression estimates (e.g., the negative mixture as
sociation with V1 pCRH for participants without 
GHTN) are de-emphasized since these model results 
were derived from <100 (<10%) of the total boot
strap iterations within the WQS regression. These 
bootstrap iterations in a given direction are used to 
derive mixture weights and to compile to WQS 
mixture index, and so estimates based on only a few 
iterations in the desired direction may be unstable 
and should be interpreted with caution.)   
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and 24–28 weeks gestation (Cathey et al., 2019). In linear mixed models 
examining phthalate metabolites individually, multiple metabolites 
(including MCNP, MCCP, MECPP, MEHHP, and MEOHP) were associ
ated with lower pCRH concentrations, with the strongest associations 
observed for the DEHP metabolites. For example, an interquartile (IQR) 
increase in MECPP was associated with 18% lower pCRH levels; asso
ciations were significant, but slightly weaker, for other DEHP metabo
lites such as MEHHP and MEOHP. In general, associations were stronger 
later in gestation. In our study, results from the second visit (at 22–39 
weeks) were generally consistent with the PROTECT findings, although 
MEP appeared to drive our association rather than the DEHP metabo
lites. However, our results earlier in pregnancy suggesting positive as
sociations diverged from their findings. 

Of note, pCRH concentrations differed considerably across the two 
studies, with median pCRH concentrations of 82.4 and 86.6 pg/mL at 
the two PROTECT visits as compared to 37.6 and 235.2 pg/mL at the two 
CANDLE visits. This difference may partially reflect differences in timing 
of the visits, however the lack of a rise in pCRH between the two visits in 
PROTECT is surprising given the documented exponential rise in pCRH 
during mid-late pregnancy (Frim et al., 1988; Vale et al., 1981; Campbell 
et al., 1987). Notably, PROTECT pCRH values were based on serum 
samples assayed using enzyme linked immunoassay (ELISA), whereas 
CANDLE analyses were performed on plasma samples assayed using 
radioimmunoassay (RIA). Plasma has been proposed as the preferred 
matrix and RIA, which is more widely used in the pCRH literature, may 
provide greater sensitivity than ELISA (Latendresse and Ruiz, 2008). To 
date, evidence directly comparing the two analytic approaches is 
limited. However consistent with the differences observed between our 
results and those of PROTECT, in a recent comparison of assay types, we 
observed a clear increase in pCRH across gestation when RIA was used, 
while concentrations were flat over time when ELISA was used (Herrera 
et al., 2021). Overall, the numerous methodological differences may 
contribute to differences in results in these two studies. Unfortunately, 
no information was provided on pregnancy complications (including 
gestational diabetes and gestational hypertension) among PROTECT 
participants, precluding that comparison. 

To our knowledge, no other epidemiological study has examined this 
association, though there is at least one complementary in vitro study on 
this topic (Wang et al., 2016). Wang et al. administered MEHP at doses 
from 1 to 150 µM to purified primary cytotrophoblasts from healthy 
term human placentas and measured pCRH expression. No changes were 
observed at doses below 100 µM, however at 100 and 150 µM, pCRH was 
upregulated in a dose-dependent manner. Knockdown experiments 
additionally identified NF-kB inducing kinase (NIK), a signaling 
component of the NF-kB pathway, as central to MEHP’s upregulation of 
pCRH. These results contrast to those reported in the PROTECT study 
and to some extent, the current results, both of which suggested lower 
pCRH in relation to DEHP metabolite exposure in healthy pregnant 
women. However, the doses used by Wang et al were higher than those 
observed in human studies (including CANDLE) and reflected acute 
exposures (24 h) in term placental tissue, making them less directly 
applicable to human studies based on chronic exposures starting well 
before parturition. At present, we know of no in vitro or animal studies 
examining chronic, low-dose exposure to phthalates (similar to that 
experienced by humans) in relation to pCRH. 

That pCRH may be vulnerable to endocrine disruption is further 
supported by several recent epidemiological studies looking at other 
environmental chemical exposures. Additional work in the PROTECT 
cohort examined 12 phenols and parabens in relation to pCRH con
centrations in pregnancy (Aker et al., 2019). An IQR increase in 
Bisphenol S (a Bisphenol A substitute increasingly used in plastics 
manufacture) was associated with an 11.35% decrease in pCRH (95% CI: 
− 18.71, − 3.33) with stronger associations in early versus late preg
nancy. By contrast, a IQR increase in triclosan, an antibacterial and 
antifungal chemical widely used in cleansers, was associated with a 
9.20% increase in pCRH (95% CI: − 0.97, 20.42). Similarly, in a 

California pregnancy cohort, second trimester pCRH was examined in 
relation to exposure to per- and poly-fluoroalkyl substances, a class of 
persistent synthetic chemicals found in consumer products such as 
cookware, food, drinking water, and clothing (Eick et al., 2021; Sun
derland et al., 2019). In that study, an IQR increase in perfluorononanoic 
acid was associated with higher pCRH (β = 5.17, 95% CI: 1.79, 8.55) and 
weaker associations were also observed for perfluorooctanoic acid (β =
3.62, 95% CI: − 0.42, 7.66). Interestingly, in stratified analyses, associ
ations were stronger among women who also reported higher levels of 
non-chemical stressors (e.g., depression, food insecurity, and financial 
strain) compared to women who did not report such stressors. By 
contrast, in our study, we did not observe an interaction between 
phthalate exposures and stressors (in the form of childhood trauma 
history) on CRH. Notably, the recall of childhood trauma was limited to 
items on threatening experiences (e.g. sexual and physical violence), but 
we did not assess deprivation adversity (as the California study did). It is 
possible that phthalate*stressor interactions would have been observed 
with the use of a more extensive childhood trauma scale. Another 
notable difference was that the California study examined current 
stressors (but not childhood trauma) whereas we did not include current 
stressors in models given their lack of association with CRH in our prior 
work (Steine et al., 2020). 

Among CANDLE participants, concentrations of many phthalate 
metabolites were somewhat higher than those reported in other preg
nancy cohorts recruited contemporaneously. For instance, median levels 
of MBzP were 18.81 and 9.65 ng/mL (at Visits 1 and 2, respectively) in 
CANDLE, compared to 3.10 ng/mL in the multi-center U.S. pregnancy 
cohort TIDES (recruitment from 2010 to 2012) and 7.0 ng/mL in the 
Boston-based LIFECODES study (among participants recruited 
2006–2008) (Swan et al., 2015; Bellavia et al., 2017). Such differences 
in exposure may be geographic and may also reflect higher phthalate 
exposures among non-White women, as have been reported elsewhere 
(James-Todd et al., 2016; Bloom et al., 2019). Consistent with those 
previously reported disparities, in CANDLE, concentrations of some 
phthalate metabolites (most notably MBP and MEP, found in personal 
care products) were higher among Black participants compared to White 
participants (not shown). Some evidence suggests that products mar
keted towards women of color may contain high concentrations of toxic 
chemicals including endocrine disruptors, contributing to dispropor
tionate burden of chemical exposures (Zota and Shamasunder, 2017). 
Racial/ethnic, geographic, and socioeconomic differences in diet, 
particularly consumption of processed and fast foods, may also 
contribute to disparities in phthalate exposures (Buckley et al., 2019; 
Zota et al., 2016; Martínez Steele et al., 2020). 

A novel finding emerging from our analyses was the notable differ
ence in associations between women with and without pregnancy 
complications in both mixtures and individual metabolite models. A 
growing number of studies have examined prenatal phthalate exposure 
as a potential contributor to hypertensive disorders of pregnancy and 
gestational diabetes. While evidence implicating phthalates in the eti
ology of gestational diabetes is fairly consistent and compelling (Bella
via et al., 2017; James-Todd et al., 2016; Shaffer et al., 2019; Zukin 
et al., 2021; Fisher et al., 2018); results of studies on associations with 
gestational hypertensive disorders have been more mixed (Warembourg 
et al., 2019; Werner et al., 2015; Cantonwine et al., 2016; Philips et al., 
2019). Largely ignored in the literature thus far, however, the extent to 
which women with pregnancies complicated by these disorders may by 
more vulnerable to further physiologic dysregulation by environmental 
chemical exposures. Theoretically, pregnancy complications represent 
physiologic stressors, and the additional burden of chemical exposures 
may result in greater dysregulation (for instance, of pCRH production). 
In this study, we were unable to examine the timing of urine collection 
relative to the diagnosis of pregnancy complications. Given that GDM is 
typically diagnosed through glucose challenge tests administered be
tween 24 and 28 weeks gestation, it is probable that the second urine 
collection (at mean GA 31.8 ± 1.7 weeks) occurred after GDM diagnosis 

E.S. Barrett et al.                                                                                                                                                                                                                               



Environment International 160 (2022) 107078

9

(if any), and notably, among women with GDM, associations were 
stronger at the second visit relative to the first. Diagnosis of GHTN, 
which is more temporally variable, could have occurred before or after 
Visit 2. As was the case with GDM, among women with GHTN, associ
ations between phthalate metabolites and pCRH were again stronger at 
the second visit, this time in the positive direction. An alternative 
explanation for these results is that dysregulation of pCRH contributes to 
pregnancy complications (as some studies suggest) and that environ
mental exposures may further exacerbate those risks. 

In our study, among women with gestational hypertension, phthalate 
mixtures were associated with higher pCRH levels across pregnancy but 
a lower pCRH rise between the two visits. By contrast, in women without 
gestational hypertension, associations were weaker and in late preg
nancy, the phthalate mixture was associated with lower pCRH. Women 
with gestational hypertension also tended to have higher median con
centrations of most phthalates and higher pCRH at both timepoints. 
Indeed, multiple studies have indicated that women with hypertensive 
disorders of pregnancy may have higher pCRH levels, but lower CRH 
binding protein levels than compared to women with uncomplicated 
pregnancies (Laatikainen et al., 1991; Perkins et al., 1993; Perkins et al., 
1995; Karteris et al., 2003; Purwosunu et al., 2007; Liapi et al., 1996). 
High pCRH levels have also been associated with increased placental 
resistance as assessed via uterine artery pulsatility and arterial resis
tance (Harville et al., 2008). More recent work has found increased 
methylation of the gene encoding CRH binding protein in women with 
early (but not late) onset pre-eclampsia, compared to women with un
complicated pregnancies (Hogg et al., 2013). Elevated pCRH may 
contribute to preeclampsia risk, furthermore, through dysregulation of 
the placental nitric oxide/cGMP pathway (Clifton et al., 1995; Karteris 
et al., 2005; Makrigiannakis et al., 2018). 

We also observed associations in women with gestational diabetes. 
Phthalate mixtures were associated with lower pCRH levels at both visits 
(with stronger associations observed at the second visit, which would be 
after the time of a typical gestational diabetes diagnosis), as well as a 
larger rise in pCRH between visits. In this sample, women with gesta
tional diabetes tended to have lower median phthalate metabolite 
concentrations compared to women without gestational diabetes, 
particularly in late pregnancy. In contrast to the literature on hyper
tensive disorders and pCRH, little epidemiological work has examined 
relationships between pCRH and gestational diabetes, though in this 
CANDLE sample, pCRH levels were higher among women with gesta
tional diabetes compared to those without gestational diabetes. Inter
estingly, in vitro work in trophoblast cells showed that pCRH modulates 
the expression of glucose transporters, GLUT1 and GLUT3, suggesting a 
role of pCRH in glucose activity during pregnancy (Gao et al., 2012). 
Work in mouse models additionally suggests that blocking CRH receptor 
signaling in pregnant dams results in impaired glucose tolerance, 
without changes in insulin sensitivity or β-cell proliferation (Simpson 
et al., 2020). It has also been proposed that by stimulating cortisol 
production, pCRH may mobilize glucose in the maternal bloodstream, 
promoting fetal growth (Gangestad et al., 2012). This is supported by 
epidemiological work indicating positive associations between pCRH 
and cord blood glucose (Valsamakis et al., 2020). With limited under
standing of the associations between pCRH and pregnancy complica
tions, it is difficult to evaluate how phthalates may fit in. Given the very 
limited work in this area, there is a need for additional work specifically 
designed to evaluate the impact of environmental exposures in women 
with complicated pregnancies. 

Our study has several notable strengths. The CANDLE cohort is large 
and this analysis of 1018 women included 625 Black women, a group 
that is typically under-represented in pregnancy cohort studies, yet who 
may experience higher phthalate exposures due to lifestyle and con
sumer goods (James-Todd et al., 2016; Chan et al., 2021). The cohort is 
also socioeconomically diverse and resides in the Southern U.S., a 
geographic area that has been underrepresented in environmental 
epidemiology cohorts. We assessed mixtures of phthalates at two time 

points through WQS regression, allowing us to simultaneously quantify 
numerous correlated metabolites. This increasingly popular mixtures 
approach may better approximate real-life exposure than the traditional 
approach of considering each metabolite individually and in general, the 
associations observed were stronger in the mixtures models compared to 
the individual phthalate models. In addition, we present novel results 
suggesting effect modification in relation to common pregnancy com
plications (gestational diabetes and gestational hypertension). While 
many studies have examined phthalates as potential contributors to 
these disorders (e.g. James-Todd et al., 2016; Shaffer et al., 2019; Fisher 
et al., 2018; Philips et al., 2019), we know little about whether these 
complications may also enhance vulnerability to endocrine disruption, 
as our results may suggest. Finally, very little is known about pCRH as a 
target of endocrine disruption and this research adds to that small 
literature. We used highly precise and reliable gold standard assays to 
measure pCRH in mid- and late-pregnancy and our results suggest a need 
for further research on this important, understudied hormone. 

At the same time, we note several limitations. Phthalates are non- 
persistent chemicals and their half-lives in the human body are several 
hours (Koch et al., 2006). Thus, a single spot urine collection represents 
only recent exposures and may not accurately capture exposure levels 
across longer time spans, such as a trimester of pregnancy, resulting in 
the potential for exposure misclassification and bias towards the null. 
While some metabolites like MEP and MBP are relatively stable over 
time, others show greater variability (Braun et al., 2012). In addition, we 
unexpectedly observed that median concentrations of all phthalate 
metabolites decreased from Visit 1 to Visit 2. While it is possible that this 
difference could reflect pharmacokinetic changes across pregnancy, 
other recent studies (including several with phthalate analyses con
ducted at the same lab as in this analysis) have not reported systematic 
decreases in phthalate metabolites across pregnancy. In the GAPPS 
cohort, 10 of 16 metabolites measured decreased from the second to the 
third trimester (Paquette et al., 2021), while in Generation R, only 4 of 
11 metabolites decreased (Santos et al., 2021), and in the PROGRESS 
study, nearly all phthalate metabolite concentrations non-significantly 
increased over that period (Wu et al., 2020). We considered labora
tory batch effects as a possible explanation, however extensive quality 
control and assurance (QA/QC) procedures were conducted at the time 
of assay (and revisited at the time of this analysis); despite the unex
pected difference in median values, no QA/QC concerns were noted, nor 
were there any systematic differences in the way the samples were 
collected and processed across visits. An additional complication 
resulting from the difference in phthalate metabolite concentrations 
across the two visits is that it confounds our ability to evaluate the 
possibility that phthalates exert non-monotonic effects on CRH; that is, 
the impacts of phthalates on CRH may differ at high and low concen
trations, a possibility suggested by some prior work on endocrine dis
ruptors (Zoeller and Vandenberg, 2015). That said, our within-visit 
analyses indicated predominantly linear associations, with the excep
tion of a small set of metabolites for which slopes changed at the highest 
concentrations (≥95th percentile). In light of the unexpected and un
explained decrease in metabolite concentrations across pregnancy, 
additional work to replicate these findings will be important. 

An additional limitation is that we measured pCRH at only two 
timepoints, limiting our ability to characterize the rise with more so
phisticated modelling approaches. While the CANDLE cohort was 
representative of Shelby County, TN, our results may not be generaliz
able to the U.S. population as a whole. In addition, while our findings on 
phthalates and pregnancy complications are thought-provoking, the 
study was not specifically designed to examine pregnancy complica
tions, and in fact excluded women with several major medical issues at 
enrollment, thus the numbers of women who developed gestational 
diabetes and gestational hypertension were relatively small (59 and 102, 
respectively). That said, our study provides insight into environmental 
exposures, pCRH, and pregnancy complications among women who 
were healthy at baseline. Future work focused on women with these 
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complications is needed to examine the extent to which they may be 
particularly susceptible to endocrine disruption. Finally, given the large 
number of metabolites considered in the secondary individual linear 
regression models, results from those models should be interpreted with 
caution. 

In summary, in this large, diverse U.S. cohort, associations between 
phthalate concentrations and pCRH varied across gestation and in 
relation to pregnancy complications. Alterations in pCRH concentra
tions in pregnancy may have profound implications for the course of 
pregnancy as well as subsequent child health and development. In 
addition to risks related to fetal growth restriction and preterm birth 
(Wadhwa et al., 2004; Lee, 2014), gestational pCRH exposures may 
impact maternal postpartum psychiatric health as well as infant and 
child biology, temperament, behavior (Davis et al., 2005; Sandman 
et al., 2018; Yim et al., 2009; Glynn and Sandman, 2014; Howland et al., 
2016). With ours being the largest study on this topic to date, more work 
is needed to examine the extent to which pCRH may be vulnerable to 
dysregulation by phthalates as well as the many endocrine disrupting 
chemicals in the modern environment and to explore the possibility that 
women with pregnancy complications may have heightened vulnera
bility to endocrine disruptors. 
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