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ARTICLE INFO ABSTRACT

Keywords: Background: Human chorionic gonadotropin (hCG) is produced by the placenta and plays an essential role in the
Endocrine disrupting chemicals maintenance of pregnancy. Endocrine disrupting chemicals (EDCs) have the potential to interfere with functions
Pregnancy ) related to the production and secretion of hCG; however associations between exposure to EDCs and hCG
EZ‘:;I:honomc gonadotropin concentrations in humans remain to be elucidated.
Objectives: To investigate the association of urinary, serum and plasma concentrations of EDCs during pregnancy
with serum hCG concentrations.
Methods: We utilized data form the Swedish Environmental Longitudinal, Mother and child, Asthma and allergy
(SELMA) study. We investigated the association of 26 EDCs measured in early pregnancy urine or blood with
serum hCG concentrations using multi-variable adjusted linear regression models per EDC and Weighted
Quantile Sum (WQS) regression with repeated holdout validation for the EDCs mixture.
Results: In 2,039 included women, higher exposure to bisphenol A was associated with lower hCG (beta [95% CI]:
—0.06 [—0.11 to —0.002]) while higher triclosan exposure was associated with a higher hCG (0.02 [0.003 to
0.04]). Higher exposure to several phthalates, including mono-ethyl and mono-butyl phthalates (MEP and MBP)
as well as metabolites of di-2-ethylhexyl phthalate (DEHP) was associated with a lower hCG (beta [95% CI] for
sum of DEHP metabolites: —0.13 [—0.19 to —0.07]). Likewise, higher exposure to several polychlorinated bi-
phenyls (PCBs) was associated with a lower hCG. In the WQS regression, each quartile increase in the EDCs
mixture was associated with —0.27 lower hCG (95% CI: —0.34 to —0.19).
Discussion: Higher exposure to several EDCs during pregnancy was associated with a lower hCG; and despite the
small effect sizes, still indicating that the exposure may negatively affect production or secretion of hCG by the
placenta. Our results provide the impetus for future experimental studies to investigate the placenta as a target
organ for adverse effects of EDCs.

1. Introduction known EDCs is wide-ranging and ubiquitous. There is growing evidence
that EDC exposure adversely affects human health including a loss of IQ,

Endocrine disrupting chemicals (EDCs) are chemical compounds that a higher risk of metabolic diseases, infertility, adverse pregnancy out-
interfere with any feature of the endocrine system. As a result of the comes and cancer (Kahn et al., 2020). The physiology of the endocrine
extensive production and use of different chemicals, human exposure to system changes profoundly during pregnancy in order to regulate the
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increase in maternal metabolism and maintain a suitable environment
for the developing fetus (Korevaar et al., 2017). Human chorionic
gonadotropin (hCG) is a pregnancy-specific hormone that is produced
almost exclusively by trophoblast cells of placenta. hCG is responsible
for stimulating the secretion of progesterone by the corpus luteum,
angiogenesis, placentation, maternal immune-tolerance to pregnancy
and differentiation and growth of fetal organs (Cole, 2010; Heidegger
and Jeschke, 2018). hCG shares the same alpha-subunit as luteinizing
hormone, follicle-stimulating hormone, and thyroid-stimulating hor-
mone (TSH) (Nwabuobi et al., 2017). Through its weak affinity for the
TSH receptor it can increase the secretion and production of thyroid
hormones which regulate gestational metabolism and fetal development
(Hershman, 2004). Pregnancy is a vulnerable period for potential
adverse effects of exposure to EDCs considering additional risks for the
developing fetus and placenta.

EDCs can disrupt the development and function of the placenta,
resulting in lower placental weight, hampered steroidogenesis, oxida-
tive stress via mechanisms such as affecting cytochromes P450 activity,
signaling pathways and molecular targets (Gingrich et al., 2020; Yang
et al., 2019). These could potentially mean that placental hCG produc-
tion can also be affected by EDCs exposure. For example, exposure to
phthalates affected the gene expression of essential human placental
genes and these effects were reflected by lower secretion of $-hCG by
differentiated trophoblasts exposed to a mixture of phthalates (Adibi
et al., 2017). Only one small study has investigated the association of
EDCs with hCG in humans, showing that a higher first-trimester con-
centrations of three phthalate metabolites were associated with higher
hCG in women carrying a female fetus as compared to a male fetus
(Adibi et al., 2015). Furthermore, the authors estimated that 25 to 78%
of the association of phthalate metabolites with anogenital distance was
mediated through changes in hCG concentration (Adibi et al., 2015).
Despite the clear susceptibility for endocrine disruption of placental
function and the aforementioned proof-of-concept study, it remains
unknown which endocrine disruptors affect hCG concentration and to
what extent.

Therefore, we investigated the association of exposure to various
well-known EDC families during early pregnancy with serum concen-
tration of hCG.

2. Methods

This study was embedded in the Swedish Environmental Longitudi-
nal, Mother and child, Asthma and allergy (SELMA) study which is an
on-going prospective birth cohort focused on investigating the conse-
quences of early life exposure to environmental toxicants, particularly
EDCs, on the mothers health, pregnancy outcomes and child health and
development.

Between September 2007 and March 2010 pregnant women were
enrolled (median gestational week of 10 in the county of Varmland
(Sweden). Informed written consent was given by participating families
for biological sample collections and participation in the SELMA study.
The SELMA study has been approved by the regional ethical committee,
Uppsala, Sweden (2007-05-02, Dnr: 2007/062) (Bornehag et al., 2012).

2.1. Urine and blood analysis

At the first prenatal visit, first-morning void urine and non-fasting
blood samples were collected from mothers. Samples were kept at
—70 °C (serum) and —20 °C (urine) in a biobank at the Central Hospital
in Karlstad, Sweden, and analyzed at the Laboratory of Occupational
and Environmental Medicine (OEM) at Lund University, Lund, Sweden
(for EDCs); and at Laboratory of Clinical Chemistry and Hematology,
Maxima Medical Centre, Veldhoven, the Netherlands (for hCG). At the
OEM, we quantified 24 analytes in urine, and 8 PFAS analytes and co-
tinine (a smoking biomarker) in serum using liquid chromatography
tandem mass spectrometry (LC-MS/MS, QTRAP 5500, Sciex,
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Framingham, MA, USA) with procedures described by Gyllenhammar et
al (Gyllenhammar et al., 2017), and Norén et al (Norén et al., 2021),
respectively. Concentrations of analytes were adjusted for urinary
dilution using enzymatically determined creatinine levels (adjusted
analyte = [analyte]/[creatinine]). We quantified 22 persistent chlori-
nated compounds in plasma using gas chromatography - high triple
quadrupole mass spectrometry (Agilent 7010 GC-MS/MS system (Wil-
mington, DE, USA), GC column DB-5MS UI (J&W Scientific, 20 m, ID
0.18 mm, 0.18 pm)) at the National Institute for Health and Welfare,
Finland. The limits of detection (LOD) were 0.003-0.100 ng/mL for
urinary compounds and 0.01-0.06 ng/mL for PFAS. The limits of
quantitation (LOQ) for persistent chlorinated compounds were
0.005-0.040 ng/mL. The limit of detection for serum cotinine was 0.2
ng/mlL.

In total, 45 analytes were measured in urine, serum, and plasma. We
calculated molar sums of di-2-ethylhexyl phthalate (DEHP), di-iso-nonyl
phthalate (DINP) and di-iso-decyl phthalate (DIDP) metabolites. In this
study, we limited the analysis to individual compounds detectable in >
75% of samples. After exclusions, 39 compounds were available for the
statistical analyses, including 22 urine, 6 serum, and 11 plasma com-
pounds (Supplemental Tables 1 and 2). Machine read values were used
for urinary and serum compounds with values < LOD. Plasma com-
pounds with values < LOQ were substituted with LOQ/ \/ 2 for analyses.
Details on laboratory quality assurance/quality control (QA/QC) can be
found in Supplemental Table 3.

hCG was determined in lithium-heparin plasma using an electro-
chemiluminescence assay with monoclonal antibodies that recognize
the holo hormone, the p core fragment, the free p subunit and the
“nicked” forms of hCG (Cobas® e601; Roche Diagnostics). Within-
laboratory CV was 2.5% at 4.3 U/L and 2.1% at 171 U/L.

2.2. Covariates

Maternal education level, ethnicity and height were assessed using
questionnaires. Data on weight were derived from the Swedish National
Birth Register; however if unavailable, the self-reported weight at study
enrollment from the SELMA study questionnaires were used to fill in the
missing data. BMI was calculated as weight/height™2. Serum cotinine
levels were categorized using the following cut-offs: non-smoker (below
0.2 ng/mL), passive smoker (0.2-15 ng/mL) or active smoker (higher
than 15 ng/mL) (Bernert et al., 2000; Pirkle et al., 1996).

2.3. Statistical analysis

Concentrations of hCG rapidly change throughout gestation, in order
to take this into account model-based reference ranges were created
using Generalized Additive Models for Location, Size and Shape
(GAMLSS). This statistical method allows flexible and (semi) parametric
calculations of reference ranges while considering the skewness and
kurtosis of the data (Stasinopoulos and Rigby, 2008). We used 10 cubic
splines for gestational age at the time of blood sampling, 3 cubic splines
for sigma variation and a Box Cox t family distribution to achieve the
best fit (according to Akaike Information Criterion and worm plots),
while considering the known physiological trajectory of hCG during
pregnancy. Then, gestational age specific Z-scores were derived from the
model. More detailed explanation is provided in the supplemental
methods. In addition, we calculated multiple of median (MoM) values of
hCG by dividing the individual total hCG level with the median value of
the group of participants per gestational week.

We utilized multivariable linear regression to study the association of
each EDC with the gestational age specific Z-scores of hCG. We utilized
directed acyclic graphs (Textor et al., 2016) to visualize the potential
confounders which were selected according to biological plausibility or
established associations based on previous literature (Supplemental
Figs. 1 and 2). Hence, all analyses were adjusted for the following po-
tential confounders: maternal age, gestational age at the time of
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Table 1 Table 2
Characteristics of the study population. Association of urinary EDC (metabolites) with serum hCG concentration.
Characteristics N = 2,039 Phenols B (95% CI) P value
Human chorionic gonadotropin (IU/L) 69,708 (10,718-167,618) BPA —0.06 (—0.11 to —0.002) 0.04
Gestational age (weeks) 10 (6-14) BPS —0.02 (—0.07 to 0.02) 0.28
Age 30.9 (4.9) BPF —0.003 (—0.03 to 0.02) 0.81
BMI 24.8 (4.4) Triclosan 0.02 (0.003 to 0.04) 0.02
Parity, n (%) Phthalates
0 915 (45) MEP —0.07 (—0.11 to —0.02) 0.001
1 723 (35) MBP —0.15 (—0.21 to —0.08) <0.001
>2 401 (20) MBzP —0.07 (—0.11 to —0.02) 0.005
Ethnicity, n (%) DEHP Molar sum —0.13 (-0.19 to —0.07) <0.001
Western 1,976 (97) MEHP —0.10 (—0.15 to —0.05) <0.001
Non-Western 63 (3) MEHHP —0.12 (—0.18 to —0.07) <0.001
MEOHP —0.12 (-0.18 to —0.07) <0.001
. MECPP —0.13 (-0.18 to —0.07) <0.001
Serum Cotinine levels, n (%) MCMHP ~0.07 (—0.13 to —0.01) 0.013
Non-smoker: <0.2 ng/mL 1,734 (85.1)
Passive smoker: 0.2-15 ng/mL 121 (5.9)
Active smoker: >15 ng/mL 184 (9) DINP Molar sum —0.02 (—0.06 to 0.02) 0.28
MHiNP U-shaped* 0.007
3 MOiINP U-shaped* 0.002
Education level, n (%) MCiOP U-shaped* 0.004
Elementary school 81 (0.5) MOINCH —0.008 (—0.04 to 0.02) 0.62
High school 743 (36.5)
College/University 1,215 (59.5)
DiDP Molar sum —0.04 (—0.09 to 0.02) 0.17
MHiDP U-shaped* 0.02
Fetal sex, n (%) MCINP 0.005 (—0.04 to 0.05) 0.84
Female 956 (46.9)
Male 1,083 (53.1)
K Others
Data are median (95% range), mean (SD) or number (percentage) as appro- DPHP (DPP) ~0.07 (—0.11 to —0.01) 0.01
priate. Except for hCG, the missing values are imputed. TCP 0.01 (—0.03 to 0.06) 0.59
PBA —0.07 (—0.11 to —0.02) 0.003
20HPH —0.03 (—0.08 to 0.03) 0.34

sampling, BMI, parity, smoking status (defined according to serum co-
tinine concentrations), education level, ethnicity and fetal sex. In
addition, for EDCs that are measured in urine, on top of the prior stan-
dardization, urinary creatinine was incorporated as a covariate in all
models, to optimally adjust for urinary dilution (O’Brien et al., 2016).
Restricted cubic splines with 3 knots was used to asses non-linearity.

Furthermore, to investigate the association of EDCs as a mixture with
hCG, we utilized Weighted Quantile Sum (WQS) regression with
repeated holdout validation (Tanner et al., 2019). We scaled the log-
transformed value of chemicals for a more stable analysis. Detailed
methodology of WQS regression with repeated holdout validation is
described in the supplemental methods. We constructed the WQS index
in both negative and positive directions, while adjusting for the cova-
riates, and report the estimate for difference in hCG per each quartile
increase in the WQS index as well as the weight of each chemical in the
association. We consider the threshold of 2.56% (100%/39 chemicals)
for the mean weight of the chemical to be identified as chemicals of
concern, representing a larger contribution to the association than what
could be expected by chance.

Based on a previous study reporting sex-specific associations of
phthalates with hCG concentration we further checked for any effect
modification of fetal sex by adding the interaction term of fetal sex with
EDC to the regression models (Adibi et al., 2017). We used Student’s t-
test to investigate the difference between mean absolute concentrations
of hCG as well as hCG Z-scores between women carrying male fetuses
versus those carrying female fetuses. We used Spearman’s correlation
coefficients to assess the correlations between all EDCs.

Missing data of covariates were imputed using multiple imputation
by chained equations (25 datasets) (Buuren et al., 2011). All statistical
analyses were performed using R statistical software version 3.6.1
(packages mice; rms and gamlss; https://www.r-project.org/).

Betas (SE) are calculated using a multi-variable linear regression model for
natural log-transformed urinary levels of each EDC (per gram urinary creatinine)
separately, adjusted for gestational age at the time of sampling, maternal age,
urinary creatinine, smoking status (according to serum cotinine), body mass
index, education, ethnicity, parity and fetal sex.

" Fig. 1. P values are for the non-linear association between each compound
fitted with restricted cubic splines (with 3 knots) and hCG.

3. Results

After exclusions of women with no data on EDCs or hCG, the final
study population included 2,039 pregnant women (Supplemental
Fig. 3). Characteristics of the study population are shown in Table 1. The
median gestational age of the participants at the time of sampling was
10 weeks (95% range: 6-14 weeks). The centile curves of hCG according
to gestational age of pregnancy in the study population is presented in
Supplemental Fig. 4. Mean absolute concentrations of hCG was signifi-
cantly higher in women carrying female fetuses compared with those
carrying male fetuses; 78,251 (IU/L) vs. 71,488 (IU/L), P = 0.0001. The
same was for hCG Z-scores; 0.08 in women with female fetus vs. —0.07
in women with male fetus (P = 0.0005). The Spearman correlation co-
efficients between all EDCs ranged from — 0.15 to 0.98 (Supplemental
Fig. 5).

3.1. Phenols

Higher BPA was associated with a lower hCG ( [95% CI]: —0.06
[-0.11 to —0.002], P = 0.04) but there was no association of BPS and
BPF with hCG (Table 2). However, a higher urinary triclosan was
associated with a higher hCG (B [95% CI]: 0.02 [0.004 to 0.04], P =
0.02).
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Fig. 1. Association of (natural log-transformed) MHiNP, MOiNP, MCiOP and MHiDP with serum hCG concentration.

3.2. Phthalates

Higher MEP, MBP, MBzP and all metabolites of DEHP (MEHP,
MEHHP, MEOHP, MECPP and MCMHP) were associated with a lower
hCG (Table 2; B [95% CI] for 1 M increase in sum of DEHP metabolites:
—0.13 [-0.19 to —0.07], P < 0.001). Moreover, there was an U-shaped
association of all DINP and DIDP metabolites (except for MCiNP
(linear)) with hCG (Fig. 1 and Table 2).

3.3. PFAS

None of the PFAS were associated with hCG and there was no uni-
form direction amongst the beta estimates (Table 3).

3.4. Persistent chlorinated compounds

A higher HCB was associated with a lower hCG but there was no
association of DDE with hCG (Table 3). In addition, a higher concen-
tration of any PCBs was associated with a lower hCG; 7 out of 9 studied
PCB associations were statistically significant (Table 3 and Fig. 2).

3.5. Other compounds

A higher DPHP or PBA was associated with a lower hCG but there
was no association of TCP and 20HPH with hCG (Table 2).

3.6. Sensitivity analyses with MoM of hCG and interaction with fetal sex

All results for MoM of hCG were generally the same as Z-scores of
hCG (Supplemental Tables 4 and 5). Moreover, we did not find any
significant interaction between EDCs and fetal sex in association with
hCG (Supplemental Tables 6 and 7).

3.7. Mixture analysis

In the negative direction, each quartile increase in the EDC mixture
was associated with —0.27 lower hCG Z-score (95% CI: —0.34 to —0.19)
in the WQS regression model with repeated holdout validation; and
MBP, MEP, PCB 183, PBA and MEHP had the largest weights in the
association (Fig. 3). The WQS regression with repeated holdout valida-
tion in the positive direction did not show any association of the mixture
with hCG ( [95% CI]: 0.02 [-0.05 to 0.09]).

4. Discussion

In this study, we show that exposure to BPA, phthalates, the organ-
ophosphate flame retardant DPHP, the pyrethroid pesticide PBA and
persistent chlorinated pollutants (including PCBs and HCB) were asso-
ciated with a lower hCG while none of the PFAS or bisphenols S and F
were associated with hCG. The small effect sizes for these negative as-
sociations mean that there is minimal cross-sectional clinical relevance
for the pregnant women. However, considering the vital role of the
placenta in fetal development, from implantation to birth, if our ob-
servations for hCG are due to a direct effect on the placenta, we cannot
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Table 3
Association of serum or plasma EDC (metabolites) with serum hCG
concentration.

PFAS B (95% CI) P value
PFNA —0.02 (—0.10 to 0.06) 0.66
PFDA 0.007 (—0.08 to 0.09) 0.86
PFUnDA 0.03 (—0.04 to 0.10) 0.45
PFHxS 0.05 (—0.02 to 0.12) 0.22
PFOA —0.01 (—0.09 to 0.07) 0.82
PFOS 0.03 (—0.04 to 0.12) 0.35
Persistent chlorinated compounds

HCB —0.16 (—0.30 to —0.02) 0.02
DDE —0.06 (—0.13 to 0.002) 0.06
Polychlorinated biphenyls

PCB 99 —0.11 (—0.20 to —0.03) 0.007
PCB 118 Inverted J-shaped* 0.03
PCB 138 Inverted J-shaped* 0.03
PCB 153 Inverted J-shaped* 0.03
PCB 156 Inverted J-shaped* 0.02
PCB 170 —0.07 (—0.16 to 0.01) 0.10
PCB 180 —0.09 (—0.19 to —0.003) 0.04
PCB 183 —0.10 (—0.18 to —0.01) 0.03
PCB 187 —0.09 (—0.17 to 0.004) 0.06

Betas (SE) are calculated using a multi-variable linear regression model for
natural log-transformed serum or plasma levels of each EDC separately, adjusted
for gestational age at the time of sampling, maternal age, smoking status (ac-
cording to serum cotinine), body mass index, education, ethnicity, parity and
fetal sex. PFAS are measured in serum. Persistent chlorinated compounds,
including polychlorinated biphenyls are measured in plasma.

* Fig. 2. P values are for the non-linear association between each compound
fitted with restricted cubic splines (with 3 knots) and hCG.

rule out potential (short- or long-term) adverse effects on the fetus even
with low-exposure and subtle non-clinical effects of EDCs.

Placental formation, viability and function (including hormone
production) can be adversely affected by EDCs via several pathways
(Gingrich et al., 2020; Yang et al., 2019). BPA has been shown to reduce
estrogen synthesis, induce placental cell apoptosis and interfere with
enzymatic activity of cytochrome P450 in placental-related cell-lines
(Gingrich et al., 2020). DEHP phthalates have been associated with
lower placental weight, oxidative stress and inhibition of hCG produc-
tion (Gingrich et al.,, 2020; Yang et al., 2019). PCBs can induce
trophoblast cell apoptosis and disrupt placental invasion (Gingrich et al.,
2020). Overall, the evidence from experimental studies point to toxic
effects of EDCs on the placenta (Blake and Fenton, 2020; Feng et al.,
2016; Gingrich et al., 2020; Szilagyi et al., 2020; Warner et al., 2021;
Zhao et al., 2015; Adu-Gyamfi et al., 2022; Mannelli et al., 2014;
Rajakumar et al., 2015); thus, we can speculate that such adverse effects
can also further result in a reduced hCG production and secretion by the
placenta.

In our study, among phenols, only BPA exposure was associated with
a lower hCG while triclosan was associated with higher hCG. Although
some experimental studies have shown that low dose exposure to BPA
can increase the secretion of p-hCG by placental explants (Mannelli
et al., 2014; Mgrck et al., 2010) or increase the gene expression of hCG
by human placental trophoblast cells (Rajakumar et al., 2015); but there
is strong experimental evidence that BPA can reduce migration and in-
vasion of trophoblast cells (Spagnoletti et al., 2015), impair deciduali-
zation (Nelson et al., 2020) and in general cause pathological changes in
the placenta via metabolic and hormonal pathways (Adu-Gyamfi et al.,
2022). We did find one human study of 137 pregnant women in which
there was no association of urinary BPA with the pattern of rise in hCG
concentration during the first 6 days following implantation (Chin et al.,
2019). Previous data on other bisphenols is scarce and we did not find
any association of BPS and BPF with hCG. Furthermore, in contrast to
BPA, we did find a positive association of triclosan with hCG. However
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experimental data show that higher exposure of human choriocarci-
noma JEG-3 cells to triclosan was associated with a decrease in f-hCG
secretion while increasing the secretion of progesterone and estradiol
(Honkisz et al., 2012). Moreover, pregnant rats exposed to higher doses
of triclosan had lower serum levels of hCG (Feng et al., 2016). On the
other hand, triclosan is a known estrogen agonist in vivo and in vitro
(Yoon and Kwack, 2021; Kiyama and Wada-Kiyama, 2015) which might
explain a positive effect on hCG production. In general for phenols,
experimental evidence point towards a negative effect on placental
function and further studies are needed to replicate our finding for
triclosan.

We identified negative associations between low molecular weight
phthalates and all DEHP metabolites and hCG while there was a U-
shaped association of metabolites of DINP and DIDP with hCG. These
findings are supported by results from experimental studies. It has been
shown that secretion of $-hCG can decrease in primary placental cells
exposed to a mixture of phthalates (Adibi et al., 2017). In addition,
higher exposure to DEHP, DBP and BBP resulted in reduction of both
basal and hCG-stimulated release of progesterone from cultured human
luteal cells (Romani et al., 2014). Moreover, several in vitro studies have
shown that phthalate exposure is toxic for placenta cells and can cause
morphological changes in size and shape of placenta (Warner et al.,
2021). Most experimental studies have focused on DEHP and its me-
tabolites, showing several effects of exposure to DEHP on placental cells,
such as induction of oxidative stress, downregulation of genes related to
trophoblast development, inhibition of hCG production and disruption
of progesterone feedback loop (Warner et al., 2021). Our findings are
consistent with a study of 137 pregnant women, where those with a
higher urinary concentrations of MBzP or the sum of DEHP metabolites
(MEHP, MEHHP, MEOHP, MECPP) had a slower rise in hCG concen-
tration during the 6 days following implantation (Chin et al., 2019).
Interestingly, higher maternal DEHP urine concentration are also asso-
ciated with intra-uterine growth restriction (Zhao et al., 2015; Guo et al.,
2022) which can also happen due to low B-hCG concentration (Sir-
ikunalai et al., 2016). In a study among 541 pregnant women, higher
first-trimester urinary MnBP, MBzP, and MCiOP were associated with
higher first-trimester hCG in women carrying female fetuses, but a lower
hCG in women carrying males (Adibi et al., 2015). Although such effects
may point towards estrogen specific-pathways, we could not replicate
any fetal sex-specific association between phthalates and hCG.

Experimental or human evidence on placental effect of DINP and
DIDP is scarce which does not allow us to explain the observed U-shaped
associations with hCG concentrations. We did not find any association of
MOINCH (metabolite of DINCH) with early pregnancy hCG concentra-
tions. Many EDCs are known to have non-monotonic dose-response
associations with endocrine endpoints but due to the multi-level and
complex effects of EDCs on the endocrine system these often remain
unexplained. Further studies are needed to replicate the U-shaped
findings of our study before any investigation into the underlying
mechanism of such association.

We did not find any association of PFAS with hCG concentrations. To
the best of our knowledge this is the only human epidemiologic study
investigating the association of exposure to PFAS with hCG concentra-
tion during pregnancy. Human studies have shown that PFAS measured
during pregnancy are associated with low birth weight, suggesting a
placental pathway (Szilagyi et al., 2020; Blake and Fenton, 2020).
Experimental studies have shown that PFAS can decrease or inhibit
trophoblast invasion (Szilagyi et al., 2020), decrease secretion of hCG
and progesterone by syncytiotrophoblasts of human placenta (Zhang
et al., 2015) and decrease placental weight (Gingrich et al., 2020; Blake
and Fenton, 2020). Further studies are needed to replicate our results
and investigate the potential effects of PFAS on hCG concentration in
humans during later pregnancy or in high-risk pregnancies.

In our study higher exposure to several PCBs was associated with
lower hCG concentrations. This could be explained by disruptive effects
of PCBs on placental formation and/or trophoblast invasion including
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Fig. 2. Association of (natural log-transformed) PCB 118, PCB 138, PCB 153 and PCB 156 with serum hCG concentration.

the induction of apoptosis of trophoblast cells as shown in experimental
studies (Gingrich et al., 2020). An alternative explanation could be that
higher exposure to PCBs might increase the metabolism and clearance of
hCG because PCBs are known inducers of cytochrome P450 family of
enzymes (Gauger et al., 2007; Korytko et al., 1999; Machala et al., 1998;
Drahushuk et al., 1997). Interestingly, higher gestational exposure to
PCBs is associated with lower birth weight (Eguchi et al., 2022; Govarts
et al., 2012) and a higher risk of preeclampsia (Eslami et al., 2016),
outcomes for which lower hCG concentration is also a risk factor. Future
studies could explore to what extend changes in hCG may mediate the
association of PCB exposure with adverse pregnancy outcomes.

In this study, higher exposure to DPHP (an organophosphate flame
retardant), PBA (a (pyrethroid pesticide) and HCB (fungicide) was also
associated with a lower hCG concentration. Experimental data on effects
of these chemicals on placenta development and hCG production is very
limited. HCB has been shown to increase the induction and expression of
an enzyme from cytochrome P450 family (CYP1A1) in human placental
tissue (Gregoraszczuk et al.,, 2014) and exposure of human placental
choriocarcinoma cells to DPHP can result in a decrease in progesterone
secretion and an increase in hCG production (Hu et al., 2017). Because
of a scarcity of data, we cannot extract enough supporting evidence for
our findings from experimental or human studies; however, our findings
advocate for further research on potential adverse effects of these
chemicals on placenta or hCG production or metabolism, considering
their well-known endocrine disruptive properties.

4.1. Mixture approach

Using WQS regression, we generally replicated the results of the
single-EDC linear regression models. Based on the WQS regression, there
was an overall negative association of EDCs mixture with hCG, and the
chemicals with the highest weights were mostly phthalates (namely
MBP and MEP). Even though utilizing a mixture approach cannot pro-
vide us with any information about the mechanisms of a mixture effect
of EDCs in a complex biological setting; it provides a general quantita-
tive and statistically calculated view of the association of a number of
EDCs as a whole with hCG, while also validating the results of single-
EDC regression models.

4.2. Strength and limitations

To the best of our knowledge this is the first large prospective study
to investigate the association of several groups of EDCs with hCG con-
centration during pregnancy. However, several limitations of our study
should be taken into account when interpreting the results. First, we did
not have multiple measurements of EDCs that have a short half-life (such
as phenols and phthalates) during pregnancy, which could improve the
accuracy of exposure assessment. Moreover, considering the year of data
collection, our data for chemicals with a short-half-life that have been
gradually removed from the market since then might be less relevant;
however the risk of the substitute chemicals cannot be ruled out. Second,
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we did not have lipid measurements to have an optimal standardized
measurement of PCBs. Third, we only had a single measurements of
hCG, although hCG concentrations were measured at the same time as
EDCs measurements and we standardized the measurements for gesta-
tional age in two different ways, having multiple measurements of hCG
over time could have enabled us to better quantify the potential effects
of EDCs on the trajectory of hCG which may be of more relevance from a
biological point of view.

5. Conclusions

A higher gestational exposure to several groups of EDCs was asso-
ciated with a lower hCG concentration. Combined with currently
available results from experimental studies, our results suggest that that
gestational exposure to EDCs could either reduce hCG production by
placenta or increase hCG metabolism. Given the many physiological
processes that depend on proper secretion of hCG - ranging from im-
mune functions to optimal production of thyroid hormones — our ob-
servations warrant attention. Even though further human
epidemiological studies are needed to replicate our results, our results
provide an indication for further experimental studies to consider
placenta as a target organ for adverse effects of EDCs.
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