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Abstract

Background—Fetal programming of the endocrine system may be affected by exposure to 

perfluoroalkyl substances (PFAAs), as they easily cross the placental barrier. In vitro studies 

suggest that PFAAs may disrupt steroidogenesis. “Mini puberty” refers to a transient surge in 
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circulating androgens, androgen precursors, and gonadotropins in infant girls and boys within the 

first postnatal months. We hypothesize that prenatal PFAA exposure may decrease the 

concentrations of androgens in mini puberty.

Objectives—To investigate associations between maternal serum PFAA concentrations in early 

pregnancy and serum concentrations of androgens, their precursors, and gonadotropins during 

mini puberty in infancy.

Methods—In the prospective Odense Child Cohort, maternal pregnancy serum concentrations of 

five PFAAs: Perfluorohexane sulfonic acid (PFHxS), perfluorooctane sulfonic acid (PFOS), 

perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), and perfluorodecanoic acid 

(PFDA) were measured at median gestational week 12 (IQR: 10, 15) in 1,628 women. Among 

these, offspring serum concentrations of dehydroepiandrosterone (DHEA), 

dehydroepiandrosterone-sulfate (DHEAS), androstenedione, 17-hydroxyprogesterone (17-OHP), 

testosterone, luteinizing (LH) and follicle stimulating hormones (FSH) were measured in 373 

children (44% girls; 56% boys) at a mean age of 3.9 (±0.9 SD) months. Multivariate linear 

regression models were performed to estimate associations.

Results—A two-fold increase in maternal PFDA concentration was associated with a reduction 

in DHEA concentration by −19.6% (95% CI: −32.9%, −3.8%) in girls. In girls, also, the 

androstenedione and DHEAS concentrations were decreased, albeit non-significantly (p<0.11), 

with a two-fold increase in maternal PFDA concentration. In boys, no significant association was 

found between PFAAs and concentrations of androgens, their precursors, and gonadotropins 

during mini puberty.

Conclusion—Prenatal PFDA exposure was associated with significantly lower serum DHEA 

concentrations and possibly also with lower androstenedione and DHEAS concentrations in 

female infants at mini puberty. The clinical significance of these findings remains to be elucidated.
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1. Introduction

Perfluoroalkyl substances (PFAAs) are a group of persistent chemicals with fat, oil, and 

water repellant properties used in food packaging and textiles ((ATSDR) 2018). PFAA 

exposure routes are mainly through diet and, for some, drinking water and via inhalation of 

house dust. Elimination half-lives for PFAAs range from about four to eight years in the 

human body, and they are measurable in the majority of human samples across many studies 

((ATSDR) 2018). Major manufacturers have phased out two of the formerly most used 

PFAAs, perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), however, 

they remain in the environment ((ATSDR) 2018; Glynn et al. 2012). Nevertheless, other less 

studied PFAAs are still in use, such as perfluorodecanoic acid (PFDA), perfluorohexane 

sulfonic acid (PFHxS), and perfluorononanoic acid (PFNA) (Stubleski et al. 2016).

PFAAs cross the placental barrier (Monroy et al. 2008), thus leading to early-life exposure in 

offspring. Fetal life represents a vulnerable window for environmental influence on fetal 
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development, including programming of the endocrine system, which may be disrupted by 

PFAA exposure. As the infant clears the placental hormones during the early postnatal days, 

the hypothalamic-pituitary-gonadal (HPG) axis is briefly activated for the first six months of 

postnatal life, a period referred to as “mini puberty”, after which the HPG axis remains 

dormant until (pre)puberty (Kuiri-Hanninen et al. 2014). Increased concentrations of 

androgens, androgen precursors, and gonadotropins are found in neonatal life during mini 

puberty (Kuiri-Hanninen et al. 2014; Lanciotti et al. 2018). Infant girls reach higher 

concentrations of dehydroepiandrosterone (DHEA), dehydroepiandrosterone-sulfate 

(DHEAS), androstenedione, and follicle stimulating hormone (FSH), but lower 

concentrations of testosterone and luteinizing hormone (LH) compared to boys (Bae et al. 

2019; Johannsen et al. 2018; Kuijper et al. 2013; Lanciotti et al. 2018). The fetal adrenal 

gland consists of a ‘fetal zone’ and secretes androgens, such as DHEA, DHEAS, and 

androstenedione, but androgen concentrations slowly decline after birth, as the fetal zone 

disappears within six months of postnatal life (Brosnan 2001; Longcope 1986; Quinn et al. 

2018). For girls, the adrenal gland is an important source of androgens in utero (Brosnan 

2001; Longcope 1986; Quinn et al. 2018). The postnatal transient surge in androgen 

hormones may play a role in neurobehavioral development (Lamminmaki et al. 2012) and 

possibly also in reproductive function (Kuiri-Hanninen et al. 2014; Lanciotti et al. 2018).

The current epidemiological literature focusing on androgens or gonadotropins in relation to 

PFAA concentrations is either limited to adolescence or adulthood (Joensen et al. 2013; 

Kristensen et al. 2013; Petersen et al. 2018; Tsai et al. 2015; Vested et al. 2013) or is based 

on cross-sectional study designs (Joensen et al. 2013; Lopez-Espinosa et al. 2016; Tsai et al. 

2015). A Danish prospective study found that maternal PFOA concentration was associated 

with higher concentrations of LH and FSH in young adult males (Vested et al. 2013). 

However, no association was reported between maternal pregnancy PFOA or PFOS 

concentrations and testosterone or estradiol concentrations in young adult females 

(Kristensen et al. 2013) or males (Vested et al. 2013). Interestingly, an in vitro study in a 

human adrenal cortico-carcinoma cell line reported that PFOS had inhibitory effects on the 

enzyme cytochrome P450 17A1 (CYP17) (Figure 1) (Du et al. 2013). This interaction 

resulted in decreased concentration of androgens (Du et al. 2013), as CYP17 is a key 

enzyme involved in the conversion of important androgens, such as DHEA and 

androstenedione, and is located in the adrenal gland, testis, and ovary (Figure 1) (Boron and 

Boulpaep 2016). Similarly, an in vivo study in male rats reported that increased PFDA 

concentration induced decreased plasma concentrations of androgens (Bookstaff et al. 1990).

We hypothesized that exposure to PFAAs may decrease the concentrations of androgens in 

infancy, and we aimed to examine the association among 373 mother-child pairs in the 

Odense Child Cohort (OCC) from which we had maternal serum PFAA concentrations in 

early pregnancy and offspring concentrations of androgens, their precursors, LH, and FSH 

during mini puberty.
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2. Materials and methods

2.1 Study population

The present exploratory study is part of OCC (N= 2,874), a longitudinal birth cohort 

conducted in Denmark (Kyhl et al. 2015). Eligible women for study participation resided in 

the Municipality of Odense, Region of Southern Denmark and were recruited in early 

pregnancy (gestational age (GA) <16 weeks) between 2010 and 2012. Following enrolment, 

the pregnant women were requested to donate a blood sample for PFAA analysis (N=1,628) 

and respond to a questionnaire on current health status and lifestyle. Families were invited to 

a clinical examination of the infant at four months of age. All parents of children 

participating at the clinical examination at age four months were approached to consent for 

blood sample collection. The selection of children for hormone analysis (N=526) was based 

on the availability of data regarding the child’s anogenital distance at age four months and 

maternal oral glucose tolerance test during pregnancy (Figure 2).

In this study, we excluded multiple pregnancies (N=56), miscarriages (N=103), stillbirths 

(N=10), and mother-child pairs without measured maternal serum PFAA concentrations or 

infant serum hormone status (N=2,329) (Figure 2). Three women were pregnant more than 

once within the inclusion period, and only the first pregnancy was included in the present 

study (Figure 2). No other exclusion criteria for infants were applied, beside the previously 

mentioned.

2.2 PFAA assessment

Assessment of maternal serum PFAA concentrations included the following compounds: 

PFHxS, PFOS, PFOA, PFNA, and PFDA. Serum PFAA concentrations were assessed in 

1,628 serum samples obtained at inclusion (median GA (IQR): 12 (10, 15) weeks). Maternal 

serum samples were pipetted into polypropylene cryotubes and stored at −80°C of maximum 

3 years before analysis (Dalsager et al. 2016). Analyses were performed in two analytical 

series. First, 649 blood samples were analyzed between September 2011 and September 

2013, and finally the remaining 979 samples were analyzed in January 2019. All PFAA 

concentrations were estimated using the same online solid-phase extraction followed by 

liquid chromatography and triple quadruple mass spectrometry (LC-MS/MS) at the 

Department of Environmental Medicine, University of Southern Denmark (Jensen et al. 

2015). Throughout the analyses, the within-batch coefficients of variation (CVs) were <3% 

and the between-batch CVs for both sets of data were <10.5%. Quality control and quality 

assessment were based on certified reference material from the National Institute of 

Standards and Technology (NIST 1958) (Vorkamp et al. 2014). The Department of 

Environmental Medicine participates in the German External Quality Assessment Scheme 

(G-EQUAS) regarding analyses of biological materials organized by The German Society of 

Occupational Medicine (Vorkamp et al. 2014). The Limit of Quantification (LOQ) was 0.03 

ng/mL for all compounds. PFOS, PFOA, PFNA, and PFDA were detectable in all samples in 

this study (LOQ >0.03 ng/mL), while 0.5% (2/373) of the included women had a PFHxS 

concentration below the LOQ that was reported as LOQ/2 (Table 1).
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2.3 Hormone analyses

Non-fasting blood samples were drawn from an antecubital vein from 526 infants at the 

four-month clinical examination (mean age (±SD): 3.9 (±0.9) months). Subsequently, blood 

samples were clotted and centrifuged, and serum was stored at −20°C for a maximum of 5 

years before analysis. Serum concentrations of DHEA, DHEAS, androstenedione, 17-

hydroxyprogesterone (17-OHP), and testosterone were analyzed by liquid chromatography-

tandem mass spectrometry (LC-MS/MS) (Soeborg et al. 2013) at the Department of Growth 

and Reproduction, Rigshospitalet, University of Copenhagen, Denmark. Serum LH and FSH 

concentrations were analyzed with solid-phase, two-site chemiluminescent immunometric 

assay (Immulite®, Siemens Healthcare Diagnostic, Marburg, Germany) at The University 

Hospital of Southern Denmark, Esbjerg, Denmark. The interassay coefficients of variations 

were 11% for DHEA, 5% for DHEAS, 8% for androstenedione, 9% for 17-OHP, 9% for 

testosterone, 7% for LH, and 6% for FSH. The hormone specific LOQs (Johannsen et al. 

2018) were as follows: DHEA=0.88 nM, DHEAS=48 nM, androstenedione=0.18 nM, 17-

OHP=0.19 nM, testosterone=0.10 nM, LH=0.05 IU/L, and FSH=0.10 IU/L. Values below 

the LOQ were replaced with the hormone-specific LOQ/2. The percentage of samples below 

LOQ in girls and boys are presented in Table 1. Additionally, the testosterone / LH ratio was 

calculated for boys.

2.4 Covariates

Maternal age at delivery and parity were derived from hospital records using maternal civil 

registration numbers. Pre-pregnancy BMI, smoking status (yes; no) during pregnancy, 

breastfeeding duration (months) for the current pregnancy, and educational level (high 

school or less; high school + 1–4 years; high school + >4 years) were extracted from 

questionnaires. If educational information was missing in questionnaires, they were retrieved 

from hospital records. Maternal ethnicity (European; non-European) was based on 

information on her mother’s country of birth acquired from Odense Municipality. Child 

characteristics, including sex and gestational age at birth, were obtained from hospital 

records.

At four months of age, child weight and length were measured at a clinical examination by 

three health care professionals. Weight was measured without clothing using an electronic 

scale (Seca 717, Seca, Hamburg, Germany), and recumbent length was determined to the 

nearest millimeter (Seca 416, Seca, Hamburg, Germany). BMI (in kg/m2) was calculated as 

weight (kg) divided by the length squared (m2). Age (month-by-month) and sex-specific 

standard deviation score (SDS) for BMI was calculated according to 2014 Danish reference 

data (Tinggaard et al. 2014).

2.5 Ethical approval

The study was performed in accordance with the Helsinki Declaration II and approved by 

the Regional Scientific Ethical Review Committee for Southern Denmark (Project ID 

S-20090130) and the Danish Data Protection Agency (j.no. 18/33119). All participants 

received written and oral information and provided their written consent for participation in 

the study.
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2.6 Statistical analyses

Maternal serum PFAA concentrations, infant serum concentrations of DHEA, DHEAS, 

androstenedione, 17-OHP, testosterone, and LH and FSH were non-normally distributed and 

reported as median (5%, 95% percentiles) in subgroups according to maternal and child 

characteristics. More than 80% of the girls had testosterone concentrations below the LOQ 

(Table 1), and testosterone was therefore not included as an outcome for girls. Differences in 

maternal PFAA concentrations and offspring concentrations of androgens, androgen 

precursors, and gonadotropins between subgroups of maternal and infant descriptive 

characteristics were analyzed using Kruskal-Wallis or Wilcoxon rank sum test. 

Characteristics of included mother-child pairs were compared to the rest of the women in 

OCC, and maternal and infant characteristics between girls and boys were investigated, 

using t-test (normally distributed variables) or Wilcoxon’s rank sum test (non-normally 

distributed variables) between groups, and Chi square test for categorical variables 

Correlations between PFAAs were tested by pairwise Spearman correlations.

Associations between maternal PFAA concentrations and infant serum concentrations of 

androgens, their precursors, and LH and FSH were investigated using linear regression 

models. As maternal PFAA concentrations and infant concentrations of DHEA, DHEAS, 

androstenedione, 17-OHP, and gonadotropins were ln-transformed, the β-estimates were 

transformed to express percent change in infant hormone concentration for a two-fold 

increase in the maternal PFAA concentration. In boys, β-estimates were transformed to 

express change in testosterone concentration (nmol/L) for a two-fold increase in the 

maternal PFAA concentration, as only PFAA concentrations were ln-transformed.

Confounders and intermediate factors were identified based on a priori review of published 

evidence and using directed acyclic graphs (DAGs) (Figure S1). Maternal serum PFAA 

concentrations have been found to change across categories of parity (Brantsaeter et al. 

2013) and sex of the child (Dalsager et al. 2016), and PFAAs have been associated with 

gestational age (Meng et al. 2018). Parity, age at examination, and sex of the child may be 

strong predictors for the infant serum concentrations of androgens, androgen precursors, and 

gonadotropins (Kuijper et al. 2013). Hence, we adjusted for age of the child at examination 

time (continuous), maternal parity (nulliparous; parous), and sex of the child (girl; boy).

As there are sex differences in hormone concentrations during mini puberty (Kuijper et al. 

2013), effect modification by child sex on the association between maternal PFAA 

concentrations and offspring hormone concentrations was evaluated by including an 

interaction term (between PFAA concentration and sex) in the crude and adjusted models. 

These models were used to obtain sex-specific results.

In sensitivity analyses, the adjusted linear regression models for infant hormone serum 

concentrations at four months of age were additionally adjusted for gestational age, BMI 

SDS at four months, and breastfeeding, as these factors might mediate the association 

between maternal PFAA exposure and offspring hormone concentrations (Figure S1). 

Finally, analyses were reanalyzed among term births only, as a prolonged and augmented 

surge in reproductive hormones has been described in premature infants when compared 

with full-term infants (Kuiri-Hanninen et al. 2011a; Kuiri-Hanninen et al. 2011b).
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Model assumptions of all models were validated through comprehensive residual analyses, 

and multicollinearity was assessed using variance inflation factors. A two-sided significance 

level of 5% was used. Data were analyzed using STATA/IC version 15.1 (StataCorp, College 

Station, TX, USA).

3. Results

A total of 373 mother-child dyads with both maternal PFAA concentrations and infant 

hormone status at four months of age were eligible for inclusion in the final analyses (165 

girls, 208 boys).

Of the 373 mother-child pairs, mothers had a mean age of 30.1 (± 4.4 SD) years at the time 

of parturition and were predominantly nulliparous (58.1%) and of European origin (98.7%), 

18.2% were in the highest educational group (completed high school +> 4 years), and 1.3% 

smoked during pregnancy (Table S1). The included children (44% girls; 56% boys) were 

born after a median gestation of 40.1 (5th; 95th percentile: 36.9; 41.7) weeks, their hormone 

status was evaluated at a mean age of 3.9 (± 0.9 SD) months, and they had a mean BMI SDS 

of 0.05 (± 0.96 SD) at the four-month clinical examination. The included girls and boys 

were comparable regarding maternal age, parity, maternal BMI, smoking, education, 

ethnicity, gestational age, breastfeeding, infant age and BMI at blood sampling (Table 2). 

The included mother-child pairs were similar to the rest of the participants in OCC in regard 

to maternal age, educational level, gestational age, and sex of the child, but they smoked 

less, had a higher pre-pregnancy BMI, and were more often nulliparous and of European 

origin (data now shown).

Nulliparous women had significantly higher concentrations of all five PFAAs compared to 

parous women, and women giving birth before gestational week 40 had significantly higher 

concentrations of PFHxS, PFOS, PFOA, and PFNA concentrations compared to women 

giving birth after gestational week 40 (Table S1). PFOS and PFOA concentrations decreased 

with increasing maternal age (Table S1), and the estimates were similar and in the same 

direction when stratifying according to nulliparous and parous women, but not statistically 

significant. Finally, PFDA concentration was lower in women with offspring below −1 BMI 

SDS at four months (Table S1). A weak to strong intercorrelation was found between the 

five PFAA concentrations, as the Spearman correlation coefficients ranged from 0.28 

(PFHxS and PFDA) to 0.73 (PFNA and PFDA) (Table S2).

There was no statistically significant difference in exposure concentrations for the five 

PFAAs between girls and boys (Table 1). Girls had significantly higher concentrations of 

DHEA, androstenedione, and FSH, but lower concentrations of 17-OHP and LH compared 

to boys (Table 1). In girls, 17-OHP decreased with increasing maternal age, and DHEA and 

DHEAS concentrations decreased with increasing offspring age at the four-month clinical 

examination, but borderline significant for the DHEAS (p=0.06) (Table S3). In boys, 

DHEAS concentrations increased with offspring BMI SDS at age four months, while 

testosterone and testosterone / LH ratio were higher when being breastfed at the time of 

blood sampling, and all hormone concentrations decreased with increasing age of the child 
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at the four-month clinical examination, but borderline significant for DHEA (p=0.08) and 

DHEAS (p=0.07) (Table S3).

After adjustment for the confounders, a two-fold increase in maternal PFDA concentration 

was associated with a decrease by −10.7% (95% CI: −20.0%, −0.4%) in offspring DHEA 

concentration at four months of age (Table 3a). Trends of interaction between PFDA and sex 

was found (p=0.15). In girls, a two-fold increase in maternal PFDA concentration was 

strongly associated with a reduction by −19.6% (95% CI: −32.9%, −3.8%) in DHEA 

concentrations after adjustment, while PFHxS, PFOS, PFOA, and PFNA were non-

significantly and inversely associated with DHEA (Table 3a). A two-fold increase in 

maternal PFDA was also non-significantly (p<0.11) associated with decreased 

androstenedione and DHEAS concentrations in girls after adjustment (Tables 3a–b). In boys, 

no significant association was found between maternal PFAA concentrations and DHEA, 

DHEAS, or androstenedione concentrations (Tables 3a–b). Maternal PFAA concentrations 

were not significantly associated with offspring concentrations of 17-OHP, testosterone, 

testosterone / LH ratio, or gonadotropins in girls or in boys (Table 3b and Tables S4–5).

In sensitivity analyses, estimates from the multiple linear regressions did not change 

markedly after additionally adjusting for the BMI SDS of child at four months, 

breastfeeding, gestational age, or if preterm births (< 37 GA) (N=19) were excluded (data 

not shown).

4. Discussion

This is the first cohort study investigating associations between maternal serum PFAA 

concentrations in early pregnancy and offspring concentrations of androgens, androgen 

precursors, and gonadotropins during mini puberty. Only in girls, we found that higher 

maternal pregnancy PFDA concentrations were significantly associated with decreased 

concentration of DHEA and non-significantly (p<0.11) with reduced concentrations of 

androstenedione and DHEAS during mini puberty. Otherwise, no significant association was 

found between maternal serum PFAA concentrations and concentrations of 17-OHP, 

testosterone, and gonadotropins in girls or in boys during mini puberty.

Our findings are supported by in vitro studies performed in a steroidogenesis assay using a 

human adrenal cortico-carcinoma cell line (Du et al. 2013; Rosenmai et al. 2013). Rosenmai 

et al. demonstrated reduced concentrations of DHEA and androstenedione and increased 

concentration of estrone induced by exposure to concentrations of PFAA precursors, referred 

to as polyfluoroalkyl phosphate surfactants (PAPS) (Rosenmai et al. 2013). Du et al. also 

reported decreased concentrations of androgens and increased concentration of estradiol 

after PFOS exposure (Du et al. 2013). To the best of our knowledge, there is no in vivo study 

on fetal adrenal gland and concentrations of androgens during mini puberty in relation to 

concentrations of PFAAs and PAPS. In a different setting, an in vivo study in male rats 

found that higher exposure to PFDA resulted in decreased concentrations of plasma 

androgens and unchanged LH concentrations (Bookstaff et al. 1990). Our findings and the 

results reported by others (Du et al. 2013; Rosenmai et al. 2013) are suggestive of a 

disruption of the enzyme-regulated steroidogenesis, possibly involving the enzyme CYP17 
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(Figure 1), which is expressed in the adrenal gland, testis, and ovary (Boron and Boulpaep 

2016). CYP17 is a significant bifunctional enzyme with 17,20-lyase and 17-alpha-

hydroxylase activities, and CYP17 (17,20-lyase) plays a pivotal role in the synthesis of the 

essential androgens, DHEA and androstenedione (Figure 1, dashed circles) (Boron and 

Boulpaep 2016; Longcope 1986). In accordance, Du et al. (Du et al. 2013) reported a 

significant decrease in the gene expression of CYP17 after exposure to PFOS, thereby 

resulting in decreased androgen concentrations. An increased aromatization of androgens 

into estrogens by the aromatase enzyme should also be considered as a potential contributing 

mechanism (Du et al. 2013; Rosenmai et al. 2013). Our observation of a significant 

association between PFDA and DHEA in girls could be explained by the female reliance of 

androgen secretion from the adrenal gland, especially DHEA (Arlt et al. 1998; Longcope 

1986). It is well-known that females are more dependent on adrenal androgen production 

compared to males, as the main production of androgen for males occur in the testes 

(Antoniou-Tsigkos A 2000, South Dartmouth, MDText.com, Inc.; 2000; Longcope 1986).

We observed no significant association between prenatal PFAA concentrations and 

testosterone or DHEA in boys at four months of age. This is in agreement with findings 

from another prospective Danish study reporting no association between maternal PFOS and 

PFOA in late pregnancy and testosterone in young adult men (Vested et al. 2013) and 

women (Kristensen et al. 2013). Three cross-sectional studies (Joensen et al. 2013; Lopez-

Espinosa et al. 2016; Tsai et al. 2015) indicated that higher exposure to PFOS was 

associated with lower concentration of testosterone in American boys and girls aged six to 

nine years (Lopez-Espinosa et al. 2016), lower testosterone concentration in 12–17 year old 

Taiwanese girls (Tsai et al. 2015), and lower concentration of total and calculated free 

testosterone concentration in adult Danish men (median age of 19 years) (Joensen et al. 

2013). The inverse associations between PFOS concentrations and testosterone 

concentrations reported in cross sectional studies (Joensen et al. 2013; Lopez-Espinosa et al. 

2016; Tsai et al. 2015) are different to findings from ours and other (Kristensen et al. 2013; 

Vested et al. 2013) prospective studies. Results could be affected by different study designs 

and stages in life, as mini puberty and pre-puberty may differ in more ways, than we 

currently are aware of, thus cautious comparisons must be made. We demonstrated no 

significant association between maternal PFAA concentrations in early pregnancy and LH 

and FSH in neither girls nor boys at four months. This is in line with observations in young 

women from the prospective Danish study (Kristensen et al. 2013), where no association 

was found between prenatal PFOA or PFOS concentrations and LH and FSH, but, in adult 

men, concentrations of both LH and FSH increased significantly across tertiles of prenatal 

PFOA concentrations (Vested et al. 2013). Pregnant women in the Danish cohort (Kristensen 

et al. 2013; Vested et al. 2013) were recruited in the late 1980s, where a two-fold higher 

concentration of PFOA (3.8 ng/mL) and PFOS (21.2 ng/mL) was found in comparison to 

concentrations in our study. In a Faroese cross-sectional study (Petersen et al. 2018), higher 

PFOS concentration was associated with increased concentrations of LH but not FSH in 

adult men (median age of 20 years), nevertheless, no measurement of prenatal exposure was 

available.

The maternal serum PFDA concentration in early pregnancy in this study was comparable to 

serum PFDA concentration at first trimester in pregnant women from the Danish National 
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Birth Cohort (Ernst et al. 2019), although the latter was conducted earlier. Maternal 

pregnancy PFHxS, PFOS, and PFOA concentrations were lower compared to a British 

cohort study also relying on early pregnancy blood samples collected in the early 1990ties 

(Maisonet et al. 2015), whereas our PFNA concentration was somewhat higher. PFOS and 

PFOA concentrations were lower than in a Danish cohort study using late pregnancy PFAA 

assessment (Kristensen et al. 2013; Vested et al. 2013) obtained in the late 1980s.

The major strength of the present study is the longitudinal study design with maternal 

PFAAs obtained in early pregnancy and unique data on infant hormone status during mini 

puberty. In our study, maternal concentrations of legacy PFAAs were measured in early 

pregnancy around the most sensitive stage of fetal adrenal and gonad development. Whereas 

other prospective studies (Kristensen et al. 2013; Vested et al. 2013) determined PFAA 

concentrations in late pregnancy putatively resulting in lowered maternal serum 

concentration, as PFAAs bind to proteins in plasma, and plasma volume and glomerular 

filtration rate in the kidneys increase during pregnancy (Hussein and Lafayette 2014; 

Monroy et al. 2008). Our single-time point measurement of exposure largely mirrors the 

PFAA concentrations throughout pregnancy and mini puberty due to the stable and long 

half-lives of PFAAs in humans ((ATSDR) 2018). So, children highly exposed to PFAA 

concentrations during pregnancy will most likely still be highly exposed during mini 

puberty, thus more likely to reveal effects of PFAAs on the steroidogenesis in children at 

mini puberty. Additionally, humans are continuously exposed to these chemicals, hence it 

stresses the necessity to follow-up these children at adrenarche and pubarche in order to 

assess putative long-term associations with PFAAs later in childhood. Misclassification is 

most likely minimal, and any misclassification would be non-differential, as the three trained 

health care professionals conducting the clinical child examinations and the parents were 

blinded to maternal PFAA concentrations and infant concentrations of androgens, androgen 

precursors, and gonadotropin.

Some potential limitations should be noted. We acknowledge the risk of chance findings due 

to multiple comparison bias, as associations were not adjusted for multiple testing. However, 

the study was conducted with an exploratory approach based on a priori hypothesis. The 

investigated associations may have been affected by residual confounding from other 

unknown or unmeasured covariates related to maternal PFAA exposure and mini puberty, 

such as exposure to correlated endocrine disrupting chemicals during infancy, diet, or 

genetic disposition. The gonadotropins and hormones in girls and boys peak around three 

months of age during mini puberty and hereafter slowly decline (Kurtoglu and Bastug 2014; 

Lanciotti et al. 2018). The somewhat wide age span at the time of infant examination and the 

moderate sample size may have introduced the risk of type II error, when investigating 

associations between maternal PFAA concentrations and infant concentrations of androgens 

and gonadotropins during mini puberty. Finally, the included mothers smoked less, had a 

higher pre-pregnancy BMI, were more often nulliparous and of European origin compared 

to the rest of the women in OCC, but this potential lack of complete representativity is 

unlikely to have affected the association between maternal PFAA concentrations and infant 

concentrations of androgens during mini puberty.
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5. Conclusion

Increased maternal serum PFDA concentration in early pregnancy is associated with 

significantly decreased serum DHEA in girls at age four months of age. The potential 

disruption of in utero PFDA exposure on offspring steroidogenesis during infancy 

underscores the necessity of a follow-up of children at adrenarche and pubarche in order to 

assess putative long-term associations with PFAAs later in childhood. Moreover, it would be 

clinically relevant to investigate time to pregnancy and prevalence of premature ovarian 

failure in relation to PFAA exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LH Luteinizing hormone

LOQ Limit of Quantification

OCC Odense Child Cohort

PFAAs Perfluoroalkyl substances

PFDA Perfluorodecanoic acid
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Figure 1. 
Steroidogenesis

** Higher exposure to maternal PFDA concentration was associated with decreased levels of 

dehydroepiandrosterone (DHEA) in girls.

* Higher exposure to maternal PFDA concentration was non-significantly associated with 

decreased levels of androstenedione in girls.

Circles with dashed lines represent hypothetical potential PFDA target sites in the 

steroidogenesis.

A 2-column fitting image
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Figure 2. 
Flowchart of participant exclusion and inclusion

A 2-column fitting image
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Table 2.

Maternal and offspring characteristics

Variables All Girls Boys

N (%) N (%) N (%) p-value

Total 373 (100) 165 (100) 208 (100)

Maternal characteristics

Maternal age (years)

 Mean (±SD) 30.1 (±4.4) 30.1 (±4.5) 30.0 (±4.2) 0.95

 <25 38 (10.1) 18 (10.9) 20 (9.6)

 25–29 129 (34.6) 54 (32.7) 75 (36.1)

 30–34 148 (39.7) 71 (43.0) 77 (37.0)

 >35 58 (15.5) 22 (13.3) 36 (17.3) 0.53

Parity

 Nulliparous 217 (58.1) 92 (55.8) 125 (60.1)

 Parous 156 (41.8) 73 (44.2) 83 (39.9) 0.40

BMI

 Median (p5, p95) 23.9 (19.3; 32.9) 23.8 (19.2; 32.1) 24.2 (19.5; 34.7) 0.55

Smoking

 Yes 5 (1.3) 3 (1.8) 2 (1.0)

 No 368 (98.7) 162 (98.2) 206 (99.0) 0.48

Education

 High school or less 103 (27.6) 41 (24.8) 62 (29.9)

 High school + 1–4 years 199 (53.4) 88 (53.3) 111 (53.3)

 High school + >4 years 68 (18.2) 34 (20.7) 34 (16.3) 0.42

 Missing 3 (0.8) 2 (1.2) 1 (0.5)

Ethnicity

 European 368 (98.7) 163 (98.8) 205 (98.6)

 Non-European 5 (1.3) 2 (1.2) 3 (1.4) 0.84

Child Characteristics

Gestational age (weeks)

 Median (p5, p95) 40.1 (36.9; 41.7) 40.1 (36.7; 41.7) 40.1 (37.0; 41.9) 0.89

 <40 162 (43.4) 70 (42.4) 92 (44.2)

 >40 211 (56.6) 95 (57.6) 116 (55.8) 0.73

Breastfeeding at infant blood sampling

 No 91 (24.4) 34 (20.6) 57 (27.4)

 Yes 227 (60.9) 102 (61.8) 125 (60.1) 0.22

 Missing 55 (15.7) 29 (17.6) 26 (12.5)

Body mass index SDS at four months of age

 Mean (±SD) 0.05 (±1.0) −0.4 (±0.93) 0.13 (±0.98) 0.10

 <−1 53 (14.2) 27 (16.4) 26 (12.5)

 −1 >1 261 (70.0) 117 (70.9) 144 (69.2)

 >1 56 (15.0) 20 (12.1) 36 (17.3) 0.27
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Variables All Girls Boys

N (%) N (%) N (%) p-value

 Missing 3 (0.8) 1 (0.6) 2 (1.0)

Age at 3 months examination

 Mean (±SD) 3.8 (±0.9) 3.8 (±0.9) 3.8 (±0.8) 0.68

 0–4 219 (58.7) 92 (55.8) 127 (61.1)

 4–5 124 (33.3) 57 (34.5) 67 (32.2)

 >5 30 (8.0) 16 (9.7) 14 (6.7) 0.45

P-value, when comparing maternal and infant characteristics between girls and boys, using t-test (normally distributed variables) or Wilcoxon’s 
rank sum test (non-normally distributed variables) between groups, and Chi square test for categorical variable
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