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Abstract

Background. Per- and polyfluoroalkyl substances (PFAS) comprise a large group of
chemicals that are ubiquitous in the environment and include recognized persistent organic
pollutants. The aim of this cross-sectional study was to investigate possible endocrine

disrupting effects of different PFAS in adolescents.

Methods. Serum concentrations of PFAS, thyroid, parathyroid and steroid hormones were
measured in 921 adolescents aged 15-19 years in the Fit Futures study, Northern Norway. The
questionnaire included data on self-reported age at menarche and puberty development score
(PDS). Multiple linear and logistic regression analyses and principle component analyses
(PCA) were used to assess associations of PFAS with hormones concentrations and puberty

indices.

Results. In girls, total PFAS (3PFAS), perfluorooctanoate (PFOA), perfluorooctane sulfonate
(PFOS), perfluorononanoate (PFNA), perfluorodecanoate (PFDA) were positively associated
with dehydroepiandrosterone sulfate (DHEAS) and negatively associated with 11-
deoxycorticosterone (11-DOC)/DHEAS ratio. In boys, the associations with 11-
DOC/DHEAS ratio were positive for > PFAS, perfluoroheptanoate (PFHpA),
perfluoroheptane sulfonate (PFHpS), PFOA, and PFOS. Perfluoroundecanoate (PFUNDA)
was negatively associated with free thyroxine (fT4) and free triiodothyronine (fT3) in boys.
PFNA and PFDA were also negatively associated with fT3 in boys. Serum parathyroid
hormone concentration (PTH) was negatively associated with > PFAS and perfluorohexane
sulfonate (PFHXS) in girls, and with PFOS in boys. PFDA and PFUnDA were positively
associated with early menarche, while > PFAS and PFOA were positively associated with

PDS in boys.



No associations of PFAS with serum testosterone, follicle-stimulating hormone, or luteinizing
hormone were found in either sex. In girls, PFOA was positively associated with free
testosterone index (FTI). In boys, PFOA was positively associated with androstendione and

17-OH-progesterone, while PFHpA was positively associated with estradiol.

Conclusions. Serum concentrations of several PFAS were associated with parathyroid and
steroid hormones in both sexes, and with thyroid hormones in boys, as well as with early

menarche in girls and higher PDS in boys.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are industrially produced chemicals abundant in
the environment worldwide. PFAS have unique hydrophobic and lipophobic properties and
have therefore been widely industrially produced and applied for over 60 years. PFAS are still
used in many consumer products: impregnated textiles and leather, waterproof clothes, food
packages, cosmetics, fire-fighting foams, lubricants, ski waxes, coating agents, paints and
stain repellent treated carpets (Paul et al., 2009). PFAS are omnipresent and can be found in
food, drinking water, air, soil and within all other environmental compartments. However,
dietary intake is the main route of exposure to these compounds in the general population
(Domingo & Nadal, 2017; Jian et al., 2018), whereas other exposure pathways include
inhalation and dermal contact. Most abundant PFAS, such as perfluorohexane sulfonate
(PFHxS), perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) are defined in the
Stockholm convention as persistent organic pollutants (POPs) (Schrenk D, 2020). Little is
known about health effects of other PFAS that are not yet included in the Stockholm
convention and are widely used to replace PFOS and PFOA in consumer products and other
applications. There is increasing evidence that several PFAS may act as endocrine disrupting
chemicals (EDC). PFAS may display EDC effects by affecting cellular functions via ligating
intracellular receptors such as peroxisome proliferator-activated receptors (PPARs) that are
regulators of lipid and carbohydrate metabolism, cell proliferation and inflammation (Lau et
al., 2007; Rosen et al., 2017). Animal studies showed development of liver steatosis and
obesity in the PFAS exposed mice (Attema et al., 2022; Das et al., 2017; Marques et al.,
2020). However, different EDC effects of PFAS in humans are not fully understood.
Exposure to PFAS was associated with dysregulation of thyroid function in several
epidemiological studies (Aimuzi et al., 2020; Blake et al., 2018; Itoh et al., 2019; Lewis et al.,

2015; Lin et al., 2013; Preston et al., 2020; Wang et al., 2014; Webster et al., 2016; Wen et



al., 2013). Some studies have also linked PFAS exposure to sex hormones disruption (Cui et
al., 2020; Joensen et al., 2013; Lopez-Espinosa et al., 2016; Tsai et al., 2015; Wang et al.,
2021) and showed a possible effect on onset of puberty in boys and girls (Carwile et al., 2021,
Ernst et al., 2019). Exposure to PFAS was associated with disturbances in steroid synthesis
both in animals and humans (Kang et al., 2016; Maisonet et al., 2015; Zhou et al., 2017). Few
studies assessed EDC effects of PFAS exposure in children and teenagers (Lewis et al., 2015;
Lin et al., 2013; Lopez-Espinosa et al., 2016; Tsai et al., 2015). Teenagers represent one of the
most vulnerable groups for EDC effects due to the crucial hormonal changes occurring during

growth and puberty.

The aim of this study was to investigate associations of various PFAS with thyroid,
parathyroid, steroid and sex hormones, as well as with menstrual function and pubertal

development in teenagers recruited from the general population of Northern Norway.

2. Methods

2.1 The study population

The first Fit Futures study (FF1) was conducted in 2010-2011 in the municipalities of Tromsg
and Balsfjord in Northern Norway. All first-year high school students aged 15-19 years
(n=1117) were invited to participate and 93% (n=1038) of the invited students attended the
FF1 study. All participants visited the Clinical Research Unit at the University Hospital of
North Norway (UNN), Tromsg, where trained research nurses did the clinical examinations,
blood sampling, and interviews, and the participants filled in an electronic questionnaire.
Time for blood sampling was registered and varied from 08:36 to 14:30. Body height and

weight were measured to the nearest 0.1 cm and 0.1 kg on a Jenix DS 102 Stadiometer



(Dong Sahn Jenix, Seoul, Korea). Body mass index (BMI) was calculated as weight

(kg)/height (m?).

Non-fasting blood samples were obtained in special glass without background contamination
with PFAS for 921 participants. Serum samples were stored at -35 °C before the analyses of
PFAS. Serum for hormones analyses was stored at -70 °C. Altogether 435 girls and 486 boys
provided blood samples for PFAS, steroid and thyroid hormone analyses. Of those,

parathyroid hormone (PTH) and 25-OH-vitamin D were measured in 425 girls and 480 boys.

The interview of girls included questions about menstruation, pregnancy, and use of hormonal
contraceptives. The following questions about menstruation were asked: Have you started
menstruating? If you have started menstruating: how regular are your periods? (always
regular, usually regular, irregular); If you have started menstruating and if you know the date
of your last menstruation; what was the date of the first day of your last menstruation? If you

have started menstruating, how old were you when you had your first menstrual period?

The participants filled in an electronic questionnaire with 143 questions concerning age at
menarche and pubertal development, lifestyle, and health problems. All the boys were asked
the following question about puberty: If you have got or started to get pubic hair, how old
were you when you started to get pubic hair?”. In a subgroup of boys (n=385), the Pubertal
Development Score was calculated (PDS) (Petersen et al., 1988). It included the following
questions: “Would you say that your growth in height has begun to spurt? Would you say that
your body hair growth has begun to grow? Have you noticed a deepening of your voice? Have
you begun to grow hair on your face?” Response options and points for each PDS question
were: 1 point for “not yet started”, 2 points for “barely started”, 3 points for “definitely
started”, and 4 points for “seems complete”. To assign a summary PDS for each boy, we

calculated the sum of scores obtained from all questions and then divided it by four. Indices



coded on a 4-point PDS scale were: 1, no development; 2 , beginning development; 3,
additional development; 4, development already passed (Petersen et al., 1988). PDS score was
not used for girls in this study as the lowest age was 15 years and all the girls have achieved
puberty.

We have compared the main characteristics of 117 participants without blood samples with
921 participants with blood samples that were included in the analyses (Table S1). Mean age,
mean age at menarche in girls and mean PDS in boys were not significantly different between
these groups. There was higher proportion of girls and slightly higher BMI in the group with

missing blood samples.

2.2 Ethics

The Regional Committee for Medical and Health Research Ethics for Northern Norway (REC
North 11694) has approved this study. Written, informed consent was obtained from all
participants, for those younger than 16 years the written informed consent was provided by a

parent/proxy.

2.3 Laboratory analyses

The Environmental Pollutant Laboratory at the Department of Laboratory Medicine, UNN,
performed all PFAS analyses. All the equipment for venous blood samples was tested for

PFAS contribution and no substantial background PFAS contamination was detected.

The serum samples for PFAS analyses were stored at -35 °C and PFAS concentrations were
measured after the completion of the survey. The sample preparation and analytical method
for PFAS measurements has been described in detail previously (Huber & Brox, 2015).
Briefly, ultra-high pressure liquid chromatography tandem-quadrupole mass-spectrometry
(UHPLC-MS/MS, Waters Acquity UPLC system, Xevo TQ-S mass spectrometer, Waters,

Milford, MA, USA) was applied for analysis of perfluorobutane sulfonate (PFBS),



perfluoropentane sulfonate (PFPS), PFHXS, perfluoroheptane sulfonate (PFHpS), PFOS,
perfluorononane sulfonate (PFNS), perfluorodecane sulfonate (PFDS), perfluorododecane
sulfonate (PFDoDS), perfluorooctane sulfonamide (PFOSA), perfluorohexanoate (PFHxA),
perfluoroheptanoate (PFHpA), PFOA, perfluorononanoate (PFNA), perfluorodecanoate
(PFDA), perfluoroundecanoate (PFUnDA), perfluorododecanoate (PFDoDA),
perfluorotridecanoate (PFTrDA) and perfluorotetradecanoate (PFTeDA) concentrations in
serum. Quantification was performed by the Masslynx and Targetlynx software (Version 4.1,
Waters, Milford, MA, USA) using the internal-standard method with isotope-labelled PFAS.
Four blank samples, four standard reference material (SRM) 1958 samples (NIST,
Gaithersburg, MD, USA) and three bovine serum samples (Sigma Aldrich, Steinheim,
Germany) were analyzed within each batch of 96 samples as quality controls. All the controls
were within the acceptable limits. Analytical coefficients of variation (CVs) were below 10%

for all PFAS except for PFUNDA with CV 12%.

Serum follicle-stimulating hormone (FSH), luteinizing hormone (LH), thyroid-stimulating
hormone (TSH), free thyroxine (fT4), free triiodothyronine (fT3), sex hormone binding
globulin (SHBG), dehydroepiandrosterone sulfate (DHEAS) and parathyroid hormone (PTH)
analyses were performed at the Cobas 6000 instrument (Roche Diagnostics, F. Hoffmann-La
Roche Ltd, Basel, Switzerland) at the Department of Laboratory Medicine, UNN, Tromsg.
CVs for all measured hormones were <6%, except for PTH and DHEAS with CV<8%. The
Department of Laboratory Medicine, UNN, participates successfully in several external
quality control programmes for hormone analyses (Labquality, DEQAS) and in the
international quality control programme for environmental pollutants (the Arctic Monitoring
and Assessment (AMAP) Ring Test for Persistent Organic Pollutants in Human Serum,

organized by the Laboratoire de Toxicologie, Institut National de Santé Publique du Quebec,



Canada). All the external quality controls during the time of the study were within the

acceptable limits.

Steroid hormone analyses (testosterone, 17-hydroxyprogesterone, 11-deoxycortisol (11-
DOC), androstenedione, estradiol, progesterone, 25-OH-vitamin D were performed in serum
samples by LC-MS/MS methods at the Hormone laboratory, Haukeland University Hospital,
Bergen. For testosterone and 17-hydroxyprogesterone, CV was <6%, for 11-DOC and
androstendione, CV was <7%, for progesterone and 25-OH-vitamin D, CV was <10%. CV for
estradiol was <13%. Both clinical laboratories in Tromsg and in Bergen are accredited by the

ISO 15189 standard.

2.4 Definitions

Early menarche was defined as menstruation start at the age <11 years (Kim & Je, 2019;

Lundblad & Jacobsen, 2018).

Late menarche in girls was defined as start of menstruation at the age >15 years (Kim & Je,

2019; Lundblad & Jacobsen, 2018).

Early puberty in boys was defined as having pubic hair at the age <9 years (Berberoglu, 2009;

Oehme et al., 2020).

Late puberty in boys was defined as starting to develop pubic hair at the age >14 years

(Bozzola et al., 2018; Haddad N.G, 2016).

Reference intervals for hormones in teenagers: TSH 0.5-4.4 IU/L, fT4 12-22 pmol/L, fT3

<8.5 pmol/L, PTH 1,1 - 6,8 pmol/L (NSMB, 2023).

Hypothyreoidism was defined as TSH >4.4 IU/L and low/normal fT4 (<22 pmol/L) or use

of Levothyroxine (T4) (ATC-code HO3AAO01L).


https://pharmacycode.com/catalog-_ATC_in_H03AA01.html

Hyperthyreoidism was defined as TSH < 0.5 IU/L and normal/high fT4 (>12 pmol/L)

Low PTH was defined as PTH < 1.1 pmol/L

High PTH was defined as PTH > 6.8 pmol/L

Free testosterone index (FTI) was calculated as testosterone (nmol/l) x 10 / SHBG (nmol/l).

Statistical analyses

Statistical analyses were performed by the SPSS program (IBM Corp. IBM SPSS Statistics
for Windows, Version 24.0. Armonk, NY: IBM Corp.). Sex differences in PFAS
concentrations were evaluated by the non-parametric Mann-Whitney U test because PFAS

concentrations were not normally distributed.

Associations between PFAS and serum hormone concentrations were assessed by multiple
linear regression analyses with hormone concentrations as dependent variables. Because of
the skewed distribution, all PFAS concentrations were log10-transformed before linear
regression analyses. Hormone concentrations as covariates for the regression models were not

log-transformed as they were nearly normally distributed.

The Targetlynx-software was used to calculate the limit of detections (LOD) for each
individual sample (LOD:i). Values below the LODi were replaced by LODi divided by 2 to
reduce possible bias of left censored data analyses.

Only PFAS with detection rate over 70% were included in multiple linear regression analyses:
PFHXS (mean LOD 0.02 ng/mL), PFHpA (mean LOD 0.07 ng/mL), PFHpS (mean LOD 0.01
ng/mL), PFOA (mean LOD 0.30 ng/mL), PFOS (mean LOD 0.04 ng/mL), PFNA (mean LOD

0.03 ng/mL), PFDA (mean LOD 0.03 ng/mL), PFUnDA (mean LOD 0.03 ng/mL). We have
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performed both individual PFAS and principle component analyses (PCA) for the mixture of
PFAS. In our previous publication (Averina et al., 2019) about possible health effects of
PFAS we have seen that sometimes the sum of all measured PFAS (3> PFAS) had stronger
association with health outcomes than individual PFAS. Therefore, we have used Y PFAS in
this article in addition to the individual PFAS analyses. Age, BMI for both sexes and the use
of hormonal contraceptives for girls were included in the regression models as covariates.
Several potential confounders were considered such as educational level of parents, ethnicity
of the adolescents (Norwegian/ indigenous Sami people/Other), smoking. These variables had
no association with PFAS and therefore were not included in the regression models.
Analyses for steroid hormones were performed separately for girls who did not use hormonal
contraceptives. Multiple linear regression analyses were performed with PDS as a dependent
variable for boys and age at menarche for girls with log10-tranformed PFAS concentrations,
age and BMI as covariates. Additionally, principle component analysis was performed for

PFAS serum concentrations.

Logistic regression analyses were used to examine the associations between PFAS and early
menarche, irregular menstruation, early or late puberty, hypothyreoidism, hyperthyreoidism,
low PTH, high PTH, serum testosterone and FT1 below 25" percentiles. All analyses were
performed stratified by sex as previous studies showed sex differences for PFAS effects (Wen

et al., 2013). An association with p-value < 0.05 was considered statistically significant.

Human endocrine system has multiple hormones; therefore, we have performed several
statistical tests that reflect the complexity of the endocrine system. Each hormone/health
outcome was tested for associations with different PFAS individually and then in the principle
component analysis. We did not use Bonferroni correction as it is a very conservative
approach and was considered not to be necessary here, because we had clear biologically

plausible hypotheses about the possible endocrine disrupting effects of PFAS.
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3. Results

General characteristics of the study population and PFAS concentrations are presented in
Table 1. Detection rates for PFHxS, PFOA, PFOS, PFNA, PFDA were 100%, for PFHpS
98%, PFUNDA 95%, and for PFHpA 75%. Almost all girls (99.4%) had started menstruating
and 14.5% of those had irregular periods. Altogether 33.3 % of girls used hormonal

contraception. Mean age at menarche was 12.7 years (SD 1.16) with range 9-17 years.

For boys, mean 4-point PDS scale in boys was 3.31 (SD 0.44) with range 2-4 points.
Altogether 9.6% of boys had PDS of 4 points, which indicates completed puberty, while

56.6% had PDS between 3 and 4 points.

3.1 Steroid hormones

Linear regression analyses showed that Y PFAS, PFOA, PFOS, PFNA, PFDA were positively
associated with DHEAS in all girls after adjustment for age, BMI, and hormonal
contraceptive use and also in girls who did not use hormonal contraceptives (Table 2). In
boys, there was an inverse statistically significant association of PFHpS and PFHpA with

DHEAS (Table 2). Other PFAS had no statistically significant association with DHEAS.

> PFAS, PFHpS, PFOA, PFOS were significantly positively associated with 11-DOC in boys,
whereas no statistically significant association was seen in girls, except for a borderline
inverse association (p=0.04) for PENA in girls who did not use hormonal contraceptives
(Table 3). PFHxS, PFHpA and PFDA were not significantly associated with 11-DOC in both

sexes (data not shown).

In girls, 11-DOC/DHEAS ratio was negatively associated with Y PFAS, PFOA, PFOS, PFNA,
PFDA, while in boys the ratio was positively associated with Y PFAS, PFHpA, PFHpS,

PFOA, PFOS (Table 4).
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Principle component analysis (PCA) of PFAS serum concentrations was performed. After the
Scree plot evaluation and elimination of all components with eigenvalues <1.0, three
principle components (PC) were retained for boys (PC1: PFNA; PFDA, PFUnDA; PC2:
PFHXS, PFHpS, PFOS; PC3: PFHpA, PFOA) and two PCs for girls (PC1: PFOA, PFNA,
PFDA, PFUNDA; PC2: PFHXS, PFHpS, PFOS). PC scores were generated from the PCA and
included as covariates in the regression analyses instead of the XPFAS variable and the

individual PFAS variables.

PC2 score in girls and PC3 score in boys were significantly associated with DHEAS in the
multiple linear regression analysis. Other PC scores were not statistically significantly
associated with DHEAS when included in the regression models together with PC2 score in
girls and PC3 score in boys. The results of the PCA compared with the regression analysis for
single PFAS indicate that these associations were mostly due to PFOS effect in girls and
PFHPpA effect in boys, as other single PFAS that defined these PCs were not significantly

associated with DHEAS.

PC1 score in girls and PC2 and PC3 scores in boys were significantly associated with the 11-
DOC/DHEAS ratio in the multiple linear regression analysis. Other PC scores were not
significantly associated with the 11-DOC/DHEAS ratio. The results of the PCA together with
regression analyses for single PFAS showed that PFNA in girls and PFHpS, PFOA in boys

contributed most to the significant associations of these PCs with 11-DOC/DHEAS ratio.

In girls, log10-transformed PFOA was positively associated with FTT (3=0.078 (95% CI
0.016 to 0.140), p=0.013) after adjustment for age, time for blood sampling, BMI and

hormonal contraceptive use.

In boys, log10-tranformed PFOA was positively associated with androstendione (=0.71

(95% C10.07 to 1.36), p=0.029) and 17-OH-progesterone (p=0.86 (95% CI 0.03 to 1.70),

13



p=0.043) after adjustment for age, BMI and time for blood sampling. > PFAS, PFHpA,
PFHpS, PFHXS, PFOS, PFNA, PFDA, PFUNDA were not associated with serum testosterone,
FTI, androstendione or serum 17-OH-progesterone concentrations after adjustment for age,
time for blood sampling and BMI in boys and girls and additional adjustment for hormonal
contraceptive use in girls (results not shown). Logl0-tranformed PFHpA was positively
associated with estradiol in boys ($=0.002 (95% C1 0.001 to 0.003), p=0.029) after adjustment

for age, BMI and time for blood sampling.

Analyses in girls who did not use hormonal contraceptives (n=290) showed no associations
between PFAS and serum testosterone, estradiol, FTI1, androstendione and 17-OH-
progesterone concentrations adjusted for age, BMI, time since last menstruation and time for
blood sampling (results not shown). Additionally, for boys, we performed logistic regression
analysis with serum testosterone below 25" percentile (<12 nmol/L in this population) and
FT1 below 25™ percentile (<4.5 for boys in this study population) as dependent variables. No
significant associations were found with PFAS concentration quartiles after adjustments for

age and BMI.

In linear regression analyses LH and FSH serum concentrations were not associated with

> PFAS, PFHpA, PFHpS, PFHXS, PFOA, PFOS, PFNA, PFDA, PFUNDA after adjustment
for age, BMI and FTI in boys, and for age, BMI, time since last menstruation, estradiol
concentrations and hormonal contraceptive use in girls (results not shown). Separate analyses

in girls who did not use hormonal contraceptives showed similar results (results not shown).
3.2 Age at menarche

Altogether 15.6% of girls reported early menarche. Increased serum concentrations of PFDA
and PFUNDA over 4" quartiles were significantly positively associated with early menarche

after adjustment for age and BMI (Table 5). Multiple linear regression analyses with

14



adjustment for age and BMI showed that age at menarche was negatively associated with both
log10-transformed PFDA (=-0.43 (95% CI -0.85 to -0.01), p=0.044) and log10-transformed
PFUnDA (= -0.52 (95% CI -0.91 to -0.12), p=0.011). BMI was considered to be a
confounder and not a mediator for the association between early menarche and PFDA,
PFUNDA, as these PFAS were slightly stronger associated with early menarche in the logistic

regression models with BMI than in the models without BMI (data not shown).

Other PFAS were not associated with age at menarche in this study. Very few girls (0.2%)

reported a late menarche and no statistical analysis for late menarche was performed.

3.2 Irregular menstruation

Logistic regression analyses showed that serum concentrations of > PFAS, PFHpA, PFHpS,
PFHXS, PFOA, PFOS, PFNA, PFDA, PFUNDA had no association with self-reported
irregular menstruation in girls who did not report use of hormonal contraception (n=290) after

adjustment for age and BMI (results not shown).

3.4 Puberty in boys

The 4-point PDS scale in boys was positively associated with log10-transformed > PFAS
(B=0.28 (95% CI 0.01 to 0.55), p=0.043) and log10-transformed PFOA ($=0.42 (95% CI 0.09

to 0.75), p=0.013) concentrations after adjustment for age and BMI.

Altogether 2% of boys had early puberty, and 3% of boys had late puberty. There were no

significant associations between early or late puberty in boys and serum PFAS concentrations.
3.5PTH
Altogether 6.6% of boys and 3.5% of girls had high PTH. There were no cases of PTH below

the reference interval in this population. Linear regression analysis showed that PTH serum

15



concentrations were significantly inversely associated with log10-transformed Y PFAS
concentrations in both sexes after adjustment for age, BMI and 25-OH-vitamin D
concentrations (f=-0.81 (95% CI -1.48 to -0.15), p=0.017 in girls and p=-0.95 (95% CI -1.82
to -0.07), p= 0.034 in boys). However, this association became not significant in boys after
additional adjustment for serum calcium concentrations (Table 6). The results of regression
analyses for single PFAS showed that PFHXS in girls and PFOS in boys had the inverse
associations with PTH concentrations after adjustment for age, BMI, 25-OH-vitamin D and
serum calcium (Table 6). Logistic regression analyses showed no significant association of

high PTH with PFAS (results not shown).

3.6 Thyroid hormones

Linear regression analyses stratified by sex showed that TSH serum concentrations were not
associated with serum concentrations of > PFAS, PFHpA, PFHpS, PFHXS, PFOA, PFOS,

PFNA, PFDA, PFUNDA in boys or in girls.

In boys, after adjustment for age and BMI, serum fT4 concentrations were negatively

associated with log10-transformed PFUnDA concentration (p=-1.36 (95% CI -2.20 to -0.51),
p=0.002), while fT3 serum concentrations were negatively associated with log10-transformed
PFNA (B=-0.89 (95% CI -1.52 to -0.26), p=0.006), PFDA (B= -0.63 (95% CI -1.20 to -0.06),

p=0.029) and PFUNDA concentrations (= -0.43 (95% CI -0.78 to -0.09), p=0.014).

PC1 score was significantly positively associated with serum fT3 in boys in the multiple
linear regression analysis. As PFNA, PFDA and PFUnDA, which defined the PC1, were

strongly positively correlated, their effects on fT3 are difficult to separate from each other.

In girls, there were no significant associations between all measured serum PFAS and fT3 and
fT4. There were 34 cases (3.7%) of hypothyreoidism and 14 cases (1.5%) of

hyperthyreoidism in this study population. There were no associations between all measured

16



PFAS and hypothyreoidism or hyperthyreoidism in this population assessed by logistic

regression models adjusted for age, sex and BMI.

4. Discussion

In the present study we found that serum concentrations of several PFAS were associated with
thyroid, parathyroid and steroid hormone serum concentrations. We observed sex-dependent
associations of PFAS with steroid hormones. In girls, there was a positive association between
several PFAS and DHEAS and negative association of several PFAS with 11-DOC/DHEAS
ratio. In boys, the associations between 11-DOC/DHEAS ratio and several PFAS were
positive. The 11-DOC/DHEAS ratio reflects glucocorticoid/androgen balance. Our study
observed that PFAS were associated with balance shift towards androgens in girls, and
balance shift towards glucocorticoids in boys. A previously published study investigating
prenatal exposure reported a negative association between glucocorticoid/androgenic
hormone ratio and PFOS in cord blood samples (Goudarzi et al., 2017). These samples were
from neonates of both sexes, but it is known that both steroid hormones and PFOS
concentrations in cord blood are influenced by concentrations of those in the mother’s blood

(Manzano-Salgado et al., 2015; Miranda & Sousa, 2018).

The physical changes of early pubertal maturation are preceded by biochemical changes that
consist of increased production of DHEA and DHEAS that have androgen effects (Oberfield
et al., 2011). Other studies showed that DHEAS concentrations were associated with earlier
pubertal maturation in girls (thelarche, pubarche, and menarche) (Merino et al., 2019; Pereira
et al., 2017). Our study found a positive association of some PFAS (i.e., PFDA and PFUnDA)
with early menarche. Our results are consistent with results of a Danish study that found that

PFOS, PFNA, PFDA were associated with earlier onset of puberty in girls (Ernst et al., 2019).

17



Serum concentrations of PFOS were four times higher in the Danish population, while PFNA
and PFDA concentrations were similar to our study and PFUnDA was not reported
previously. A study from US found later onset of puberty in girls exposed to PFOS, PFOA
and PFDA (Carwile et al., 2021). However, this US study measured only prenatal PFAS
exposure which is not necessarily reflecting exposure later in life. The prenatal serum
concentrations of PFOS, PFOA and PFDA were twice as high compared to our study.
Previously published studies on early menarche and PFAS reported exposure to different
PFAS mixtures and different PFAS concentrations. Besides, the populations may differ
genetically, phenotypically and have different lifestyles as well as dietary habits, which also
may influence susceptibility to PFAS effects, and which might explain the inconsistencies in
findings from different studies regarding PFAS exposure related to age at menarche. Several
population studies have shown previously that earlier menarche is associated with higher
BMI, more mental problems, substance use and psychological disorders in adolescence and
higher all-cause and cardiovascular mortality and risk of chronic diseases (e.g., breast cancer,
diabetes, obesity, and metabolic syndrome) in adulthood (Jacobsen et al., 2007; Kim & Je,
2019; Lee et al., 2022). Early menarche is therefore not an advantage and the association

between higher concentrations of PFAS and early menarche should be a matter of concern.

In boys, there was a positive association of Y PFAS and PFOA with the PDS, which reflects
possible earlier pubertal development associated with PFOA exposure. Interestingly, PFOA
was also weakly positively associated with androstendione in boys. > PFAS, PFHpS, PFOA
and PFOS were also positively associated with 11-DOC, a steroid hormone with
mineralocorticoid activity that acts as a precursor to aldosterone. That could be a possible
mechanism explaining the positive association between > PFAS, PFOA, PFOS and

hypertension found in the same population (Averina et al., 2021).
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Several previous studies reported negative associations between PFAS and FSH, LH,
testosterone and FTI (Cui et al., 2020; Joensen et al., 2013; Lopez-Espinosa et al., 2016; Luo
etal., 2021; Nian et al., 2020; Tsai et al., 2015). Our study found no significant associations
of PFAS with these hormones and FT1 in boys, but a positive association of PFOA with FTI
in girls. However, PFAS concentrations in general were much lower in our study compared
with the previously published literature, which might explain the difference in results. Thus, a
study in young children that reported a negative association of PFOS and PFOA with
testosterone had respectively 3.5 and 17 times higher PFOS and PFOA serum concentrations
than our study population (Lopez-Espinosa et al., 2016). Age of participants and PFAS

exposure window may also differ between the studies, which may influence the results.

Our data showed that PTH serum concentrations were inversely associated with Y PFAS in
both sexes before the adjustment for calcium. Further analyses showed that it was mostly due
to the association of PTH with PFHXS in girls and PFOS in boys. Very few studies examined
the association between PTH and PFAS. One study has reported reduced expression of PTH
receptor gene in women after exposure to PFOS and PFOA (Galloway et al., 2015). PTH is
important for control of the calcium serum concentration. PTH concentrations are influenced
by vitamin D, which exerts negative feedback on PTH secretion. However, the negative
association between PFHXS (in girls) and PFOS (in boys) and PTH remained significant after

adjustment for vitamin D and calcium serum concentrations.

There were sex differences in associations of PFAS with thyroid hormones. PENA and PFDA
were associated with lower fT3, and PFUnDA was associated with lower fT4 and fT3 serum
concentrations in boys, but not in girls. The US-NHANES study also reported sex differences
in associations between PFAS and thyroid hormones: PFHXS exposure was associated with
lower fT4 in men, but not in women (Wen et al., 2013). A study of prenatal PFAS exposure

found that higher concentrations of > PFAS was associated with lower fT4 primarily in male
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neonates (Preston et al., 2020). Previous population studies have also reported that several
PFAS (i.e., PFHXS, PFOA, PFOS, PFNA, PFUNDA) were negatively associated with fT4
(Wang et al., 2014; Webster et al., 2016). These findings are supported by the results of
animal studies in rats that showed reduced concentrations of fT3 and fT4 after exposure to
PFOS (Davidsen et al., 2022; Yu et al., 2009). However, some human studies reported only a
positive association with TSH concentrations and no association between PFAS and fT4, fT3
(Blake et al., 2018; Jain, 2013). The associations of PFAS with thyroid hormones may vary
depending on thyroid antibodies and iodine status (Itoh et al., 2019; Webster et al., 2016). The
NHANES study reported that PFHXS, PFOA, PFOS and PFNA were positively associated
with fT3, fT3/fT4 and TSH in the group with joint exposure to high thyroid peroxidase
antibodies and low iodine (Webster et al., 2016). Levels of exposure to different PFAS
mixtures, and other factors such as iodine status and thyroid antibodies may vary in different
study populations. The outcome of direction and extent of associations of PFAS with thyroid
hormones may therefore show variation in different populations, and for different age and sex

groups.

Study strengths and limitations

The main advantages of the present study are standardized measurements of hormones and
PFAS and the high attendance rate. The analyses were performed by two laboratories
accredited by ISO 15189 standard. Further, the collection of the samples and physical
investigations were conducted by trained health care professionals, which guarantees a correct
and reproducible performance through the entire study cohort. The attendance rate was high
(93%), and the results are therefore considered highly representative for this population of

young people. The limitation of this study is its cross-sectional design that does not permit to
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make conclusions about causality of the found associations. Self-reported data on
menstruation, puberty and age at menarche are also limitations of this study. However, a
previous study of the reproducibility of self-reported age at menarche in adult women in the

same community found very high reproducibility (Lundblad & Jacobsen, 2017).

5. Conclusions

Serum concentrations of several PFAS were associated with serum thyroid, parathyroid and
steroid hormones. PFDA and PFUNDA were positively associated with early menarche, while
> PFAS and PFOA were positively associated with the pubertal development score in boys.
Further prospective studies are needed to investigate causality and to assess clinical

importance of the EDC effects of PFAS.

CredIT author statement

Maria Averina: conceptualization, methodology, data curation, formal data analysis, writing-
original draft preparation; Sandra Huber: PFAS analyses, data curation and validation, writing
- review & editing; Bjgrg Almas: resources, steroid hormone analysis, writing - review &
editing; Jan Brox: resources, conceptualization, supervision, writing - review & editing;
Bjarne K. Jacobsen: conceptualization, writing - review & editing; Anne-Sofie Furberg:
resources, funding acquisition for investigation, project administration, writing - review &

editing; Guri Grimnes: conceptualization, project administration, writing - review & editing.

21



Acknowledgements

The authors are grateful for the contribution of the participants in the Fit Futures study and
would like to thank Sten Kristian Odden for assistance with sample preparation and
instrumental analysis of PFAS, the staff at the Department of Community Medicine, Faculty
of Health Sciences, UiT, The Arctic University of Norway and the staff at the Clinical
Research Department, University Hospital of North Norway for facilitating data collection;
the Department of Laboratory Medicine, University Hospital of North Norway and the
Hormone Laboratory, Department of Medical Biochemistry and Pharmacology, Haukeland
University Hospital for laboratory analyses. We are also grateful for the financial subsidies of
the University Hospital of North Norway for PFAS analyses. The Fit Futures study in 2010-
2011 was funded by Troms County Municipality, Northern Norway Regional Health
Authority (Helse Nord RHF), Odd Berg Medical Research Foundation, and “Sparebanken’s

gift fund” of the UiT the Arctic University of Norway.

22



References:

Aimuzi, R., Luo, K., Huang, R., Huo, X., Nian, M., Ouyang, F., Du, Y., Feng, L., Wang, W., Zhang, J., &
Shanghai Birth Cohort, S. (2020). Perfluoroalkyl and polyfluroalkyl substances and maternal
thyroid hormones in early pregnancy. Environ Pollut, 264, 114557.
https://doi.org/10.1016/j.envpol.2020.114557

Attema, B., Janssen, A. W. F., Rijkers, D., van Schothorst, E. M., Hooiveld, G., & Kersten, S. (2022).
Exposure to low-dose perfluorooctanoic acid promotes hepatic steatosis and disrupts the
hepatic transcriptome in mice. Mol Metab, 66, 101602.
https://doi.org/10.1016/j.molmet.2022.101602

Averina, M., Brox, J., Huber, S., & Furberg, A. S. (2021). Exposure to perfluoroalkyl substances (PFAS)
and dyslipidemia, hypertension and obesity in adolescents. The Fit Futures study. Environ
Res, 195, 110740. https://doi.org/10.1016/j.envres.2021.110740

Averina, M., Brox, J., Huber, S., Furberg, A. S., & Sorensen, M. (2019). Serum perfluoroalkyl
substances (PFAS) and risk of asthma and various allergies in adolescents. The Tromso study
Fit Futures in Northern Norway. Environ Res, 169, 114-121.
https://doi.org/10.1016/j.envres.2018.11.005

Berberoglu, M. (2009). Precocious puberty and normal variant puberty: definition, etiology, diagnosis
and current management. J Clin Res Pediatr Endocrinol, 1(4), 164-174.
https://doi.org/10.4274/jcrpe.v1i4.3

Blake, B. E., Pinney, S. M., Hines, E. P., Fenton, S. E., & Ferguson, K. K. (2018). Associations between
longitudinal serum perfluoroalkyl substance (PFAS) levels and measures of thyroid hormone,
kidney function, and body mass index in the Fernald Community Cohort. Environ Pollut,
242(Pt A), 894-904. https://doi.org/10.1016/j.envpol.2018.07.042

Bozzola, M., Bozzola, E., Montalbano, C., Stamati, F. A., Ferrara, P., & Villani, A. (2018). Delayed
puberty versus hypogonadism: a challenge for the pediatrician. Ann Pediatr Endocrinol
Metab, 23(2), 57-61. https://doi.org/10.6065/apem.2018.23.2.57

Carwile, J. L., Seshasayee, S. M., Aris, |. M., Rifas-Shiman, S. L., Claus Henn, B., Calafat, A. M., Sagiv, S.
K., Oken, E., & Fleisch, A. F. (2021). Prospective associations of mid-childhood plasma per-
and polyfluoroalkyl substances and pubertal timing. Environ Int, 156, 106729.
https://doi.org/10.1016/j.envint.2021.106729

Cui, Q., Pan, Y., Wang, J., Liu, H., Yao, B., & Dai, J. (2020). Exposure to per- and polyfluoroalkyl
substances (PFASs) in serum versus semen and their association with male reproductive
hormones. Environ Pollut, 266(Pt 2), 115330. https://doi.org/10.1016/j.envpol.2020.115330

Das, K. P., Wood, C. R., Lin, M. T., Starkov, A. A., Lau, C., Wallace, K. B., Corton, J. C., & Abbott, B. D.
(2017). Perfluoroalkyl acids-induced liver steatosis: Effects on genes controlling lipid
homeostasis. Toxicology, 378, 37-52. https://doi.org/10.1016/].tox.2016.12.007

Davidsen, N., Ramhoj, L., Lykkebo, C. A., Kugathas, I., Poulsen, R., Rosenmai, A. K., Evrard, B., Darde,
T. A., Axelstad, M., Bahl, M. |, Hansen, M., Chalmel, F., Licht, T. R., & Svingen, T. (2022).
PFOS-induced thyroid hormone system disrupted rats display organ-specific changes in their
transcriptomes. Environ Pollut, 305, 119340. https://doi.org/10.1016/j.envpol.2022.119340

Domingo, J. L., & Nadal, M. (2017). Per- and Polyfluoroalkyl Substances (PFASs) in Food and Human
Dietary Intake: A Review of the Recent Scientific Literature. J Agric Food Chem, 65(3), 533-
543. https://doi.org/10.1021/acs.jafc.6b04683

Ernst, A., Brix, N., Lauridsen, L. L. B., Olsen, J., Parner, E. T., Liew, Z., Olsen, L. H., & Ramlau-Hansen, C.
H. (2019). Exposure to Perfluoroalkyl Substances during Fetal Life and Pubertal Development
in Boys and Girls from the Danish National Birth Cohort. Environ Health Perspect, 127(1),
17004. https://doi.org/10.1289/EHP3567

Galloway, T. S., Fletcher, T., Thomas, O. J., Lee, B. P., Pilling, L. C., & Harries, L. W. (2015). PFOA and
PFOS are associated with reduced expression of the parathyroid hormone 2 receptor (PTH2R)

23


https://doi.org/10.1016/j.envpol.2020.114557
https://doi.org/10.1016/j.molmet.2022.101602
https://doi.org/10.1016/j.envres.2021.110740
https://doi.org/10.1016/j.envres.2018.11.005
https://doi.org/10.4274/jcrpe.v1i4.3
https://doi.org/10.1016/j.envpol.2018.07.042
https://doi.org/10.6065/apem.2018.23.2.57
https://doi.org/10.1016/j.envint.2021.106729
https://doi.org/10.1016/j.envpol.2020.115330
https://doi.org/10.1016/j.tox.2016.12.007
https://doi.org/10.1016/j.envpol.2022.119340
https://doi.org/10.1021/acs.jafc.6b04683
https://doi.org/10.1289/EHP3567

gene in women. Chemosphere, 120, 555-562.
https://doi.org/10.1016/j.chemosphere.2014.09.066

Goudarzi, H., Araki, A., Itoh, S., Sasaki, S., Miyashita, C., Mitsui, T., Nakazawa, H., Nonomura, K., &
Kishi, R. (2017). The Association of Prenatal Exposure to Perfluorinated Chemicals with
Glucocorticoid and Androgenic Hormones in Cord Blood Samples: The Hokkaido Study.
Environ Health Perspect, 125(1), 111-118. https://doi.org/10.1289/EHP142

Haddad N.G, E. E. A. (2016). Endocrinology: Adult and Pediatric (Seventh Edition ed.). Saunders, an
imprint of Elsevier Inc.

Huber, S., & Brox, J. (2015). An automated high-throughput SPE micro-elution method for
perfluoroalkyl substances in human serum. Anal Bioanal Chem, 407(13), 3751-3761.
https://doi.org/10.1007/s00216-015-8601-x

Itoh, S., Araki, A., Miyashita, C., Yamazaki, K., Goudarzi, H., Minatoya, M., Ait Bamai, Y., Kobayashi, S.,
Okada, E., Kashino, I., Yuasa, M., Baba, T., & Kishi, R. (2019). Association between
perfluoroalkyl substance exposure and thyroid hormone/thyroid antibody levels in maternal
and cord blood: The Hokkaido Study. Environ Int, 133(Pt A), 105139.
https://doi.org/10.1016/j.envint.2019.105139

Jacobsen, B. K., Heuch, I., & Kvale, G. (2007). Association of low age at menarche with increased all-
cause mortality: a 37-year follow-up of 61,319 Norwegian women. Am J Epidemiol, 166(12),
1431-1437. https://doi.org/10.1093/aje/kwm237

Jain, R. B. (2013). Association between thyroid profile and perfluoroalkyl acids: data from NHNAES
2007-2008. Environ Res, 126, 51-59. https://doi.org/10.1016/j.envres.2013.08.006

Jian, J. M., Chen, D., Han, F.J,, Guo, Y., Zeng, L., Lu, X., & Wang, F. (2018). A short review on human
exposure to and tissue distribution of per- and polyfluoroalkyl substances (PFASs). Sci Total
Environ, 636, 1058-1069. https://doi.org/10.1016/|.scitotenv.2018.04.380

Joensen, U. N., Veyrand, B., Antignac, J. P., Blomberg Jensen, M., Petersen, J. H., Marchand, P.,
Skakkebaek, N. E., Andersson, A. M., Le Bizec, B., & Jorgensen, N. (2013). PFOS
(perfluorooctanesulfonate) in serum is negatively associated with testosterone levels, but
not with semen quality, in healthy men. Hum Reprod, 28(3), 599-608.
https://doi.org/10.1093/humrep/des425

Kang, J. S., Choi, J. S., & Park, J. W. (2016). Transcriptional changes in steroidogenesis by
perfluoroalkyl acids (PFOA and PFOS) regulate the synthesis of sex hormones in H295R cells.
Chemosphere, 155, 436-443. https://doi.org/10.1016/j.chemosphere.2016.04.070

Kim, Y., & Je, Y. (2019). Early Menarche and Risk of Metabolic Syndrome: A Systematic Review and
Meta-Analysis. J Womens Health (Larchmt), 28(1), 77-86.
https://doi.org/10.1089/jwh.2018.6998

Lau, C., Anitole, K., Hodes, C., Lai, D., Pfahles-Hutchens, A., & Seed, J. (2007). Perfluoroalkyl acids: a
review of monitoring and toxicological findings. Toxicol Sci, 99(2), 366-394.
https://doi.org/10.1093/toxsci/kfm128

Lee, J. S., Lee, Y. A, Shin, C. H., Suh, D. I, Lee, Y. J., & Yon, D. K. (2022). Long-term health outcomes of
early menarche in women: an umbrella review. Q/IM, 115(12), 837-847.
https://doi.org/10.1093/qjmed/hcac187

Lewis, R. C., Johns, L. E., & Meeker, J. D. (2015). Serum Biomarkers of Exposure to Perfluoroalkyl
Substances in Relation to Serum Testosterone and Measures of Thyroid Function among
Adults and Adolescents from NHANES 2011-2012. Int J Environ Res Public Health, 12(6), 6098-
6114. https://doi.org/10.3390/ijerph120606098

Lin, C. Y., Wen, L. L., Lin, L. Y., Wen, T. W,, Lien, G. W., Hsu, S. H., Chien, K. L., Liao, C. C., Sung, F. C,,
Chen, P. C., & Su, T. C. (2013). The associations between serum perfluorinated chemicals and
thyroid function in adolescents and young adults. J Hazard Mater, 244-245, 637-644.
https://doi.org/10.1016/j.jhazmat.2012.10.049

Lopez-Espinosa, M. J., Mondal, D., Armstrong, B. G., Eskenazi, B., & Fletcher, T. (2016). Perfluoroalkyl
Substances, Sex Hormones, and Insulin-like Growth Factor-1 at 6-9 Years of Age: A Cross-

24


https://doi.org/10.1016/j.chemosphere.2014.09.066
https://doi.org/10.1289/EHP142
https://doi.org/10.1007/s00216-015-8601-x
https://doi.org/10.1016/j.envint.2019.105139
https://doi.org/10.1093/aje/kwm237
https://doi.org/10.1016/j.envres.2013.08.006
https://doi.org/10.1016/j.scitotenv.2018.04.380
https://doi.org/10.1093/humrep/des425
https://doi.org/10.1016/j.chemosphere.2016.04.070
https://doi.org/10.1089/jwh.2018.6998
https://doi.org/10.1093/toxsci/kfm128
https://doi.org/10.1093/qjmed/hcac187
https://doi.org/10.3390/ijerph120606098
https://doi.org/10.1016/j.jhazmat.2012.10.049

Sectional Analysis within the C8 Health Project. Environ Health Perspect, 124(8), 1269-1275.
https://doi.org/10.1289/ehp.1509869

Lundblad, M. W., & Jacobsen, B. K. (2017). The reproducibility of self-reported age at menarche: The
Tromso Study. BMC Womens Health, 17(1), 62. https://doi.org/10.1186/s12905-017-0420-0

Lundblad, M. W., & Jacobsen, B. K. (2018). Is age at menarche associated with total mortality? The
Tromso Study. Int J Womens Health, 10, 203-209. https://doi.org/10.2147/1JWH.5158706

Luo, K., Liu, X., Nian, M., Wang, Y., Qiu, J., Yu, H., Chen, X., Zhang, J., & Shanghai Birth, C. (2021).
Environmental exposure to per- and polyfluoroalkyl substances mixture and male
reproductive hormones. Environ Int, 152, 106496.
https://doi.org/10.1016/j.envint.2021.106496

Maisonet, M., Calafat, A. M., Marcus, M., Jaakkola, J. J., & Lashen, H. (2015). Prenatal Exposure to
Perfluoroalkyl Acids and Serum Testosterone Concentrations at 15 Years of Age in Female
ALSPAC Study Participants. Environ Health Perspect, 123(12), 1325-1330.
https://doi.org/10.1289/ehp.1408847

Manzano-Salgado, C. B., Casas, M., Lopez-Espinosa, M. J., Ballester, F., Basterrechea, M., Grimalt, J.
0., Jimenez, A. M., Kraus, T., Schettgen, T., Sunyer, J., & Vrijheid, M. (2015). Transfer of
perfluoroalkyl substances from mother to fetus in a Spanish birth cohort. Environ Res, 142,
471-478. https://doi.org/10.1016/j.envres.2015.07.020

Marques, E., Pfohl, M., Auclair, A., Jamwal, R., Barlock, B. J., Sammoura, F. M., Goedken, M.,
Akhlaghi, F., & Slitt, A. L. (2020). Perfluorooctanesulfonic acid (PFOS) administration shifts the
hepatic proteome and augments dietary outcomes related to hepatic steatosis in mice.
Toxicol Appl Pharmacol, 408, 115250. https://doi.org/10.1016/].taap.2020.115250

Merino, P. M., Pereira, A., Iniguez, G., Corvalan, C., & Mericq, V. (2019). High DHEAS Level in Girls Is
Associated with Earlier Pubertal Maturation and Mild Increase in Androgens throughout
Puberty without Affecting Postmenarche Ovarian Morphology. Horm Res Paediatr, 92(6),
357-364. https://doi.org/10.1159/000506632

Miranda, A., & Sousa, N. (2018). Maternal hormonal milieu influence on fetal brain development.
Brain Behav, 8(2), e00920. https://doi.org/10.1002/brb3.920

Nian, M., Luo, K., Luo, F., Aimuzi, R., Huo, X., Chen, Q., Tian, Y., & Zhang, J. (2020). Association
between Prenatal Exposure to PFAS and Fetal Sex Hormones: Are the Short-Chain PFAS
Safer? Environ Sci Technol, 54(13), 8291-8299. https://doi.org/10.1021/acs.est.0c02444

NSMB. (2023). Norwegian Society of Medical Biochemistry: National user's manual in medical
biochemistry. . https://www.brukerhandboken.no/index.php

Oberfield, S. E., Sopher, A. B., & Gerken, A. T. (2011). Approach to the girl with early onset of pubic
hair. J Clin Endocrinol Metab, 96(6), 1610-1622. https://doi.org/10.1210/jc.2011-0225

Oehme, N., Bruserud, I. S., Madsen, A., & Juliusson, P. B. (2020). Is puberty starting earlier than
before? Tidsskr Nor Laegeforen, 140(12). https://doi.org/10.4045/tidsskr.20.0043 (Starter
puberteten tidligere enn for?)

Paul, A. G., Jones, K. C., & Sweetman, A. J. (2009). A first global production, emission, and
environmental inventory for perfluorooctane sulfonate. Environ Sci Technol, 43(2), 386-392.
https://doi.org/10.1021/es802216n

Pereira, A., Iniguez, G., Corvalan, C., & Mericq, V. (2017). High DHEAS Is Associated With Earlier
Pubertal Events in Girls But Not in Boys. J Endocr Soc, 1(7), 800-808.
https://doi.org/10.1210/js.2017-00120

Petersen, A. C., Crockett, L., Richards, M., & Boxer, A. (1988). A self-report measure of pubertal
status: Reliability, validity, and initial norms. J Youth Adolesc, 17(2), 117-133.
https://doi.org/10.1007/BF01537962

Preston, E. V., Webster, T. F., Claus Henn, B., McClean, M. D., Gennings, C., Oken, E., Rifas-Shiman, S.
L., Pearce, E. N., Calafat, A. M., Fleisch, A. F., & Sagiv, S. K. (2020). Prenatal exposure to per-
and polyfluoroalkyl substances and maternal and neonatal thyroid function in the Project
Viva Cohort: A mixtures approach. Environ Int, 139, 105728.
https://doi.org/10.1016/j.envint.2020.105728

25


https://doi.org/10.1289/ehp.1509869
https://doi.org/10.1186/s12905-017-0420-0
https://doi.org/10.2147/IJWH.S158706
https://doi.org/10.1016/j.envint.2021.106496
https://doi.org/10.1289/ehp.1408847
https://doi.org/10.1016/j.envres.2015.07.020
https://doi.org/10.1016/j.taap.2020.115250
https://doi.org/10.1159/000506632
https://doi.org/10.1002/brb3.920
https://doi.org/10.1021/acs.est.0c02444
https://www.brukerhandboken.no/index.php
https://doi.org/10.1210/jc.2011-0225
https://doi.org/10.4045/tidsskr.20.0043
https://doi.org/10.1021/es802216n
https://doi.org/10.1210/js.2017-00120
https://doi.org/10.1007/BF01537962
https://doi.org/10.1016/j.envint.2020.105728

Rosen, M. B., Das, K. P., Rooney, J., Abbott, B., Lau, C., & Corton, J. C. (2017). PPARalpha-independent
transcriptional targets of perfluoroalkyl acids revealed by transcript profiling. Toxicology,
387, 95-107. https://doi.org/10.1016/j.tox.2017.05.013

Schrenk D, B. M., Bodin L, Chipman JK, del Mazo J, Grasl-Kraupp B et al. (2020). Risk to human health
related to the presence of perfluoroalkyl substances in food. EFSA Journal, 18 (9):6223.

Tsai, M. S., Lin, C. Y,, Lin, C. C.,, Chen, M. H,, Hsu, S. H., Chien, K. L., Sung, F. C., Chen, P.C., & Su, T. C.
(2015). Association between perfluoroalkyl substances and reproductive hormones in
adolescents and young adults. Int J Hyg Environ Health, 218(5), 437-443.
https://doi.org/10.1016/].ijheh.2015.03.008

Wang, Y., Aimuzi, R, Nian, M., Zhang, Y., Luo, K., & Zhang, J. (2021). Perfluoroalkyl substances and
sex hormones in postmenopausal women: NHANES 2013-2016. Environ Int, 149, 106408.
https://doi.org/10.1016/j.envint.2021.106408

Wang, Y., Rogan, W. J,, Chen, P. C,, Lien, G. W., Chen, H. Y., Tseng, Y. C., Longnecker, M. P., & Wang,
S. L. (2014). Association between maternal serum perfluoroalkyl substances during
pregnancy and maternal and cord thyroid hormones: Taiwan maternal and infant cohort
study. Environ Health Perspect, 122(5), 529-534. https://doi.org/10.1289/ehp.1306925

Webster, G. M., Rauch, S. A., Marie, N. S., Mattman, A., Lanphear, B. P., & Venners, S. A. (2016).
Cross-Sectional Associations of Serum Perfluoroalkyl Acids and Thyroid Hormones in U.S.
Adults: Variation According to TPOAb and lodine Status (NHANES 2007-2008). Environ Health
Perspect, 124(7), 935-942. https://doi.org/10.1289/ehp.1409589

Wen, L. L, Lin, L. Y., Su, T. C,, Chen, P. C,, & Lin, C. Y. (2013). Association between serum
perfluorinated chemicals and thyroid function in U.S. adults: the National Health and
Nutrition Examination Survey 2007-2010. J Clin Endocrinol Metab, 98(9), E1456-1464.
https://doi.org/10.1210/jc.2013-1282

Yu, W. G, Liu, W,, Jin, Y. H,, Liu, X. H., Wang, F. Q,, Liu, L., & Nakayama, S. F. (2009). Prenatal and
postnatal impact of perfluorooctane sulfonate (PFOS) on rat development: a cross-foster
study on chemical burden and thyroid hormone system. Environ Sci Technol, 43(21), 8416-
8422. https://doi.org/10.1021/es901602d

Zhou, Y., Hu, L. W,, Qian, Z. M., Geiger, S. D., Parrish, K. L., Dharmage, S. C., Campbell, B., Roponen,
M., Jalava, P., Hirvonen, M. R., Heinrich, J., Zeng, X. W., Yang, B. Y., Qin, X. D., Lee, Y. L., &
Dong, G. H. (2017). Interaction effects of polyfluoroalkyl substances and sex steroid
hormones on asthma among children. Sci Rep, 7(1), 899. https://doi.org/10.1038/s41598-
017-01140-5

26


https://doi.org/10.1016/j.tox.2017.05.013
https://doi.org/10.1016/j.ijheh.2015.03.008
https://doi.org/10.1016/j.envint.2021.106408
https://doi.org/10.1289/ehp.1306925
https://doi.org/10.1289/ehp.1409589
https://doi.org/10.1210/jc.2013-1282
https://doi.org/10.1021/es901602d
https://doi.org/10.1038/s41598-017-01140-5
https://doi.org/10.1038/s41598-017-01140-5

