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Highlights
Serum concentration of PFAS was associated with reproductive hormone based on a young population.
The concentrations of PFOA, PFOS, and PFUA associated with reproductive hormone significantly.
Reproductive hormones of females, ages 12-17, were significantly influenced by PFAS concentrations.

Abstract
Background: Few studies have explored the association between perfluoroalkyl substances (PFAS) and reproductive hormones in adolescents and young adults.
Objectives: This study aimed to investigate the association of PFAS with reproductive hormones in adolescents and young adults.
Methods: We recruited 540 subjects aged 12-30 years from a 1992-2000 mass urine screening population and established a cohort from 2006 to 2008 via invitations by mail or/and telephone. Serum PFAS levels were analyzed with a Waters ACQUITY UPLC system coupled with a Waters Quattro Premier XE triple quadrupole mass spectrometer. Serum reproductive hormone levels were measured by immunoluminometric assay with an Architect random access assay system. PFAS levels were divided into different percentiles according to their detection limits in the multiple regression models to analyze associations between reproductive hormone levels and exposure with PFAS.
Results: The adjusted mean serum level of sex hormone-binding globulin (SHBG) decreased significantly in association with the <50th, 50–75, 75-90 and >90th percentile categories of perfluorooctanoic acid (PFOA) compared with a reference category for the females in the 12-17-year-old group. The follicle-stimulating hormone (FSH) levels were significantly decreased in association with the different percentile categories of perfluorooctane sulfonate (PFOS) in the male 12-17-year-old group and the different percentile categories of perfluoroundecanoic acid (PFUA) in the female 12-17-year-old group. The serum FSH levels in the females aged 12-17 were also decreased in association with the different percentile categories of PFUA. On the other hand, there was a significantly negative association between the different percentile categories of PFOS and the serum testosterone level among the female 12-17-year-old group.
Conclusions: We found that the serum concentrations of PFOA, PFOS, and PFUA were negatively associated with the serum levels of SHBG, FSH, and testosterone in the young Taiwanese population and that these effects were the strongest in the females aged 12-17. Further studies are needed to determine whether these associations are causal.
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Introduction
Perfluoroalkyl substances (PFAS), such as perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), are highly bio-accumulative environmental pollutants (Austin et al. 2003) that, which are widely used for both industrial and everyday purposes (Lau et al. 2004). Although food (including migration from packaging and cookware) and drinking water are the primary sources of PFAS exposure in humans, additional exposure routes include air and dust (Haug et al. 2011). Therefore, these substances are widespread in the environment, affecting wildlife and humans (Kannan et al. 2004). In addition, they have been associated with adverse health effects. Until now, the majority of animal studies have associated exposure to PFAS with developmental deficits (Lau et al. 2004), neurotoxicity (Johansson et al. 2008), and immunotoxicity (Keil et al. 2008). Epidemiological research has shown an association among PFAS exposure, child development (Chen et al. 2013), higher thyroid levels (Lin et al. 2013b), and immune system function (Dong et al. 2013).
PFOS and PFOA are well-recognized endocrine disruptors that have antagonistic effects on the synthesis of steroid hormone (Zhao et al. 2010). Reproductive hormones are important for the reproductive system because they play pivotal roles in both male and female puberty development and are crucial to growth and the functioning of a broad range of tissues (Kjeldsen and Bonefeld-Jorgensen 2013). In general, the average age of the onset of puberty is ten years for girls and twelve years for boys, suggesting that the female onset of puberty occurs earlier than that of males (Sorensen et al. 2012). Few prior epidemiological studies have investigated the impact of PFAS on the human reproductive system, and results have been inconsistent. J Joensen et al. selected 247 healthy young Danish men with a median age of 19 years to examine the association between reproductive hormones, semen quality and PFAS in the general population (Joensen et al. 2013). They found that the serum PFOS concentration was negatively associated with testosterone levels. Additionally, Lopez-Espinosa et al. have demonstrated that the delay of puberty in children is correlated with PFOS and PFOA levels based on the level of testosterone or oestradiol and the self-reported status (Lopez-Espinosa et al. 2011). A nested case-control study reported that PFAS exposure during pregnancy was not associated with age at menarche in a British cohort (Christensen et al. 2011). Furthermore, a recent study of a pregnant Danish cohort has found that higher levels of PFOA exposure in utero may be associated with a later age of menarche compared with lower levels of exposure (Kristensen et al. 2013). In animals, PFOA has been associated with decreased serum testosterone levels in Leydig cell adenomas (Cook et al. 1992) and increased oestradiol levels in rodents (Biegel et al. 1995). The mechanism of the endocrine-disrupting activities of PFAS has been discussed by Lau et al., who have reported that this estrogenic effect is mediated via the oestrogen receptor pathway (Lau et al. 2007).
  Studies investigating the impact of PFAS on human reproductive health are limited and controversial and have mainly focused on PFOA and PFOS. Furthermore, there are few studies investigating the health effects of PFAS in adolescents. Therefore, the aim of this study was to assess the association between PFAS and reproductive hormones in young adolescents and young adults. 

Materials and methods
Subjects and data collection
The study groups were established from a 1992-2000 mass urine screening population of individuals attending grades 1-12 in Taiwan (Wei et al. 2003). From 2006 to 2008, we invited students in the Taipei area to participate in the study and a follow-up health examination at the National Taiwan University Hospital. Trained assistants and nurses invited these subjects by mail or/and telephone to undergo the health examination and complete a questionnaire. The information has been detailed in previous studies (Lin et al. 2013a; Lin et al. 2013b; Su et al. 2014). Out of 7,097 subjects living in Taipei, 790 students completed the follow-up health examination, including the collection of a blood sample and the completion of a questionnaire, but we did not measure the serum PFAS or reproductive hormone levels of all of the subjects due to the collection of limited serum samples. Among the 790 students, 145 had an insufficient serum sample volume for PFAS measurement, and an additional 105 had an insufficient reproductive hormone measurement. Thus, 540 subjects with both PFAS and reproductive hormone measurements were included in the final analysis. This study was approved by the Ethics Committee of the National Taiwan University Hospital (Research Ethics Committee, NTUH). All of the participants and their parents (for the child and adolescent participants) signed informed consent documents upon enrolment in the study.
A questionnaire, including patient age, gender, BMI, lifestyle (drinking, eating, and exercise), household income, and dietary intake (high fat and high sugar), were recorded during the follow-up examinations performed from 2006 to 2008. The subjects were separated by gender and were subdivided by age into 12-17-year-old and 18-30-year-old groups according to the clinical (Moore et al. 2013) definition of adolescence as the period from 12 to 17 years of age. Moreover, the general population has been reported to experience puberty between the ages of 10 and 17 years (Parent et al. 2003). Smoking status (active smoker, passive smoker or has never smoked) and alcohol intake (current alcohol consumption or no alcohol consumption) were determined via the questionnaire and categorized. Household income groups were categorized as above 50,000 New Taiwan dollars (NTD) (equivalent to $1,600 USD) per month or below. Weight and height were measured during the follow-up health examination. Body mass index (BMI) was determined as the weight (in kilograms) divided by the square of the height (in metres). Exercise was assessed based on the presence or absence of current exercise habits. A high-sugar diet was defined as one in which subjects consumed sweet foods and soft drinks at a frequency of four times a week or more. Subjects that consumed ham, fatty foods, and fast foods at a frequency of four times a week or more were categorized as having a high-fat diet.
Exposure assessment
All of the plasma samples were stored at -80℃ prior to PFAS analysis. A previous study has reported a fast and sensitive ultra-high performance liquid chromatography/tandem mass spectrometry method to determine PFAS levels (Lien et al. 2011). We first analysed the levels of 12 PFAS, including potassium perfluorohexanesulfonate (PFHxS), perfluoroheptanoic acid (PFHpA), perfluorononanoic acid (PFNA), perfluorooctanoic acid (PFOA), perfluorooctyl sulfonate (PFOS), perfluorodecanoic acid (PFDeA), perfluoroundecanoic acid (PFUA), perfluorododecanoic acid (PFDoA), 2-(N-methyl-perfluorooctane sulfonamido) acetic acid (Me–PFOSA–AcOH), 2-(N-ethylperfluorooctane sulfonamido) acetic acid (Et–PFOSA–AcOH), perfluorohexanoic acid (PFHxA), and perfluorooctane sulfonamide (PFOSA). However, the levels of eight of these PFAS were more than 70% below the limit of quantitation (LOQ). Therefore, only PFOA, PFOS, PFNA, and PFUA were used for the final analysis. The details of the analytical methods have been previously described (Lien et al. 2011; Lin et al. 2013b). The samples were first vortexed for homogeneity for 30 seconds. An additional 30-second vortex was performed following the addition of 100 µL of 1% formic acid (pH=2.8) to the 100-µl plasma samples. Eighty microliters of methanol and 20 µl of a 0.375 ng/mL internal standard (13C8-PFOA) in methanol were mixed with the solution, and the mixture was then sonicated for 20 minutes and centrifuged at 14,000 rpm for 20 minutes. Before analysis, the supernatant was collected and filtered through a 0.22 µm PVDF syringe filter. One hundred microliters of bovine plasma with standard calibration solutions were prepared as described above. The concentrations of the specific analytes were equivalent to 0.05 mL in 300 ng/mL bovine plasma with a fixed amount of internal standard (75 ng/mL). All samples were analysed using a Waters ACQUITY UPLC System (Waters Corporation, Milford, MA) coupled with a Waters Quattro Premier XE triple quadrupole mass spectrometer (Waters Corporation, Milford, MA). The limit of quantitation (LOQ) for PFOA and PFUA was 1.5 ng/mL, that for PFOS was 0.22 ng/mL, and that for PFNA was 0.75 ng/mL. No PFOS and trace background amounts of PFOA (up to 1.5 ng/mL), PFNA (up to 0.75 ng/mL), and PFUA (up to 3 ng/mL) were detected in the blank samples. Therefore, the reported PFOA, PFNA, and PFUA concentrations were corrected by subtracting the background levels of the blank. The PFAS concentration was below the detection limits (37.4% for PFOA, 1.5% for PFOS, 55% for PFNA and 25% for PFUA); therefore, we used a proxy value of half of the detection limit.
Assessment of reproductive hormones
The samples were stored at -80℃ after centrifugation until analysis was performed. The reproductive hormones and PFAS were analysed at the same time. The serum concentrations of reproductive hormones, including sex hormone-binding globulin (SHBG), oestrogen (E2), follicle-stimulating hormone (FSH), luteinizing hormone (LH), testosterone (T), and free testosterone (free T), were measured by immunoluminometric assay with an Architect random access assay system (Abbott Diagnostics, Abbott Park, IL). The intra-assay coefficients of variation of these measurements were all below 10%, and the inter-assay coefficients of variation were all below 15%.
Statistical analysis
The PFAS concentrations were described as the geometric mean and geometric standard deviation. The relationships among the PFAS were assessed using the Spearman correlation coefficient. The Mann–Whitney U test or Kruskal–Wallis test was used to evaluation the relationships among the PFAS variables and categorical variables. We divided each PFAS concentration into different categories for linear regression analysis due to the high percentage of PFAS below the detection limit (37.4% for PFOA, 1.5% for PFOS, 55% for PFNA and 25% for PFUA). The PFOA levels were divided into the 50th (the reference category), 75th, and 90th percentiles, and the PFOS and PFUA levels were divided into the 25th (the reference category), 50th, and 75th percentiles. Additionally, the PFNA levels were divided into the 60th (the reference category) and 90th percentiles. The SHBG, E2, FSH, LH, T, and free T levels were skewed and were thus log-transformed in the regression models. 
Covariates, including age, sex, BMI, and high-fat diet intake, were considered to be significant predictive outcomes in the regression model because they changed the estimates by >10%. Other covariates, such as household income, alcohol consumption, smoking status, high-sugar diet, and exercise, were considered but were not included in the final model.
E Each PFAS model was analysed separately. SAS (version 9.3; SAS Institute Inc., Cary, NC, USA) was used to perform all statistical analyses and a p-value of <0.05 was considered to be statistically significant.
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Results
  The basic characteristics of the sample population are shown in Table 1. The geometric mean and geometric standard deviation of the concentrations of PFOA, PFOS, PFNA, and PFUA were 2.74 (2.95) ng/mL, 7.78 (2.40) ng/mL, 1.10 (3.55) ng/mL, and 5.84 (2.88) ng/mL, respectively. Among the 540 subjects, 330 were female and 210 were male. The males had a significantly higher mean concentration of PFOS than the females (p<0.001). The 18- to 30-year-old groups had higher mean serum concentrations of PFOS than the 12- to 17-year-old groups (p<0.05). The subjects with a higher BMI (≥24) also had a higher PFOS concentration than those with a BMI of below 24 (P<0.05). In addition, the PFOS and PFNA serum concentrations were higher in those consuming a high-fat diet (p<0.05). The reproductive hormone levels are shown in Supplementary Data (Table 2).
The association between the serum level of PFAS and that of sex hormone-binding globulin (SHBG) is shown in Table 3. The serum level of SHBG in the females decreased significantly in association with the percentile categories (<50th, 50–75, 75-90 and >90th percentiles) of PFOA (p for trend <0.05). The association between FSH and the serum level of PFAS after adjustments for covariates is listed in Table 4. The mean serum follicle-stimulating hormone (FSH) level was significantly decreased (p for trend <0.05) in association with the different percentile categories of PFOS in the male subjects aged 12-17. The female serum FSH level in the 12-17-year-old group was also decreased (p for trend <0.01) across the different percentile categories of PFUA. As shown in Table 5, there was a significantly negative association (p for trend <0.05) among the percentile categories of PFOS with the female serum testosterone level in the 12-17-year-old group, but the other three PFAS were not associated with testosterone. However, the serum levels of PFOA, PFOS, PFNA, and PFUA were not associated with the oestrogen level. The concentration of PFAS was also not associated with the LH level. Moreover, the serum level of PFAS was not associated with free testosterone. The association between PFAS and the reproductive hormones of the subpopulations are shown in Tables S1-S7. There were no associations between PFAS and the reproductive hormone levels stratified by BMI and high-fat diet.

Discussion
  In this study, we found that the serum level of PFAS was associated with reproductive hormones in the younger age groups, especially PFOA, PFOS, and PFUA. Moreover, the reproductive hormones of the females were significantly influenced by the PFOS and PFUA concentrations. However, we did not find that an elevation in the PFAS level was associated with the oestrogen or LH level. To our knowledge, this is the first study to assess the serum levels of PFAS and reproductive hormones in a cohort of adolescent and young adults; however, the effects were determined to be minute and subclinical.
  Our results revealed that the serum PFOA, PFOS, and PFUA concentrations were higher in the 12-17-year-old group compared with the 18-30-year-old group. Due to the existence of different growth stages, we divided the subjects into two groups and examined the differences between them. The subjects in the 12-17-year-old group were within the age range of puberty, which is a complex and immature stage driven by the endocrine system (Den Hond and Schoeters 2006). One review study has investigated the effects of endocrine disrupters on puberty and has found that exposure to endocrine disrupters may be associated with puberty disturbances, including delayed male and accelerated female puberty (Maranghi and Mantovani 2012). Another study has also revealed that in utero expose to high levels of PFOA may delay menarche in females (Kristensen et al. 2013). PFAS act as an endocrine disrupter; therefore, the 12-17-year-old group was more vulnerable than the 18-30-year-old group to this exposure, which resulted in obvious effects. One study has also found that the age of puberty onset is correlated with PFOS and PFOA concentrations (Lopez-Espinosa et al. 2011). However, the primary mechanism is unclear and requires further investigation.
  We found that the PFOA, PFOS and PFUA concentrations were negatively associated with reproductive hormones, except LH, oestrogen, and free testosterone. Although there are few human studies investigating associations between PFAS exposure and reproductive hormones in adolescent and young adults, Joensen et al. have reported negative associations between PFOS exposure and testosterone in young men (median age of 19 years) (Joensen et al. 2013). A study of puberty evaluating males of a similar age found a relationship between reduced odds of the onset of puberty with an increase in the serum level of PFOS in boys, using total testosterone as a puberty indicator (Lopez-Espinosa et al. 2011). However, additional studies have found no association between PFOS and reproductive hormones, except for SHBG in the spouses of pregnant women (Specht et al. 2012), and a relationship has also been detected between PFOS and PFOA and testosterone levels in males (Joensen et al. 2013; Raymer et al. 2012). Thus, associations between PFAS exposure and reproductive hormones have been reported; however, the possible effects of PFAS exposure are inconsistent. The observations of the current study may provide novel information in this regard.
Most relevant published studies have focused primarily on male adult populations and have rarely examined the effects of PFAS on female study populations (Joensen et al. 2013; Lopez-Espinosa et al. 2011; Raymer et al. 2012). Our study revealed that female reproductive hormones were affected by PFAS. Female SHBG decreased with increasing serum PFOA, FSH decreased with increasing serum PFUA, and testosterone decreased with increasing PFOS. One possible explanation for these findings is that females usually experience the onset of puberty earlier than males and are thus more vulnerable to the effects of PFAS than males. An animal study reported that the levels of ammonium perfluorooctanoate (C8), administered by gavage for 14 days to adult male rats, were associated with increased oestradiol levels (Biegel et al. 1995). However, we did not observe similar results. We found that male FSH decreased with increasing serum PFOS. The human reproductive system is complicated and is influenced by the hypothalamus and pituitary glands. FSH is primarily regulated by the hypothalamus and pituitary glands and responds to development, whereas LH serves as a secondary trigger of this regulation (Moore et al. 2013). Therefore, we observed a significant association between FSH and PFUA and PFOS; however, we did not observe an association between reproductive hormones and PFAS. However, more studies, including not only animal studies but also epidemiological studies of humans, are needed to assess the association between PFAS and reproductive hormones.
We also found that SHBG in the female subjects was inversely associated with PFOA. Recently, a review has investigated the bioaccumulation of PFAS and has concluded that PFAS has a tendency towards protein binding; however, there are some mechanisms that still need to be explained (Ng and Hungerbuhler 2014). On the other hand, hormone levels and mechanisms such as enzyme activity (Zhao et al. 2010), cell membrane fluidity and permeability (Hu et al. 2003), and tissue distribution (Ng and Hungerbuhler 2014) are quite complex; moreover, the physiology of hormone regulation is rather complicated in adolescents, and most underlying mechanisms are not well understood. However, the females in our population did not exhibit variations in their hormone levels due to menstruation, which is the most important limitation that may have influenced our results. These results suggest that PFAS have endocrine-disrupting properties. Additional studies are needed to examine the related health outcomes.
Subgroup analysis did not indicate that the hormone levels varied due to a higher BMI or high-fat diet intake across the different PFAS concentrations; however, high BMI and high-fat diet intake are risk factors for hormone imbalance. High doses of PFOS and PFOA have been associated with weight loss in animal studies (Hines et al. 2009; Thibodeaux et al. 2003). A human epidemiological study has shown that PFOS, PFOA, and PFNA have few meaningful associations with body weight (Nelson et al. 2010), but other studies have explored prenatal PFOA exposure and body weight later in life (Halldorsson et al. 2012). An additional study has shown that obesity causes alterations in the reproductive hormones of male adolescents (Zhang et al. 2013). An animal study has revealed that high-fat diets induce the early onset of reproductive function in female rats (Fungfuang et al. 2013). Important contributors to PFOA intake are derived from different types of dietary routes (Noorlander et al. 2011). Therefore, more studies are needed to investigate the associations between body weight and reproductive hormones and between dietary intake and reproductive hormones across different PFAS concentrations.
The strengths of our study included the use of a complete set of PFAS data and the measurement of a variety of reproductive hormones in adolescents and young adults. The measurements of PFAS have been validated (Lin et al. 2013b) and have been demonstrated to have different health effects in this cohort (Lin et al. 2011; Lin et al. 2013a; Lin et al. 2013b; Su et al. 2014). This study also had several limitations. The main limitation was that we did not consider menarche status or examine any other puberty indicators, although they may influence hormone levels and results. Additionally, although reproductive hormone levels in women vary according to menarche status, we considered these levels to be random sampling results. Second, other environmental pollutants that may impact both PFAS and reproductive hormone levels were not measured in this study. Third, causality cannot be confirmed because this is a cross-sectional study. Furthermore, we did not take into account medications that may impact reproductive hormones; however, more than 95% of the participants self-reported no significant clinical diseases and no medication history. Finally, our study subjects were obtained from a mass urine screening population in Taipei. We cannot extrapolate the same association to the general population; however, this fact does not necessarily negate the clinical relevance of this study.
In conclusion, we found that PFAS levels were associated with reproductive hormone levels, particularly the higher PFOA and lower SHBG levels, higher PFUA and PFOS and lower FSH levels, and higher PFOS and lower testosterone levels in the adolescents and young adults. Although the observed potential biological effects on humans were low and subclinical in the study population, the effects observed among the females and the 12-17-year-old group are of particular interest. Further long-term cohort studies are needed to clarify whether these associations are causal.
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	Table 1.
Basic demographics of the sample subjects including geometric mean (geometric SD) of PFAS concentrations.

	
	No.
	PFOA (ng/ml)
	PFOS (ng/ml)
	PFNA (ng/ml)
	PFUA (ng/ml)

	Total
	540
	2.74 (2.95)
	7.78 (2.40)
	1.10 (3.55)
	5.84 (2.88)

	Sex
	
	
	
	
	

	Male
	210
	2.75 (2.93)
	8.97 (2.59)**
	1.21 (3.86)
	5.89 (2.95)

	Female
	330
	2.73 (2.97)
	7.11 (2.25)**
	1.03 (3.36)
	5.81 (2.83)

	Age (years)
	
	
	
	
	

	12-17
	95
	3.03 (2.98)
	7.12 (1.95)*
	0.98 (3.53)
	6.42 (3.06)

	18-30
	445
	2.68 (2.94)
	7.93 (2.49)*
	1.12 (3.56)
	5.72 (2.84)

	Household income
	
	
	
	
	

	<50000NTD per month
	220
	2.58 (2.99)
	7.43 (2.40)
	1.01 (3.50)
	5.89 (2.88)

	≥50000NTD per month
	319
	2.84 (2.92)
	8.04 (2.41)
	1.16 (3.58)
	5.78 (2.88)

	Smoking status
	
	
	
	
	

	Never smoked
	452
	2.78 (2.97)
	7.62 (2.41)
	1.04 (3.47)
	5.76 (2.85)

	Passive smoker
	13
	2.12 (2.89)
	9.94 (1.66)
	1.46 (4.70)
	7.02 (3.21)

	Active smoker
	70
	2.65 (2.83)
	8.43 (2.51)
	1.38 (3.85)
	6.18 (3.01)

	Current alcohol consumption
	
	
	
	
	

	No
	465
	2.76 (2.97)
	7.65 (2.40)
	1.04 (3.51)
	5.78 (2.90)

	Yes
	67
	2.69 (2.86)
	8.72 (2.52)
	1.40 (3.68)
	6.27 (2.72)

	Body mass index (kg/m2)
	
	
	
	
	

	<24
	417
	2.88 (2.90)
	7.47 (2.38)*
	1.08 (3.53)
	5.76 (2.84)

	≥24
	123
	2.31 (3.09)
	8.97 (2.44)*
	1.16 (3.64)
	6.12 (3.02)

	Exercise
	
	
	
	
	

	No
	336
	2.74 (2.89)
	7.23 (2.49)
	1.14 (3.50)
	5.72 (2.90)

	Yes
	144
	2.68 (2.88)
	8.20 (2.22)
	1.23 (3.82)
	5.75 (2.95)

	High sugar diet
	
	
	
	
	

	No
	342
	2.58(2.92)
	7.54(2.24)
	1.15(3.52)
	5.78(2.92)

	Yes
	138
	3.10(2.76)
	7.44(2.85)
	1.19(3.79)
	5.60(2.92)

	High fat diet
	
	
	
	
	

	No
	443
	2.66 (2.88)
	7.36 (2.38)*
	1.11 (3.48)*
	5.63 (2.90)

	Yes
	37
	3.48 (2.87)
	9.60 (2.70)*
	1.94 (4.67)*
	7.03 (3.01)

	PFAS, perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PFNA, perfluorononanoic acid; PFUA, perfluoroundecanoic acid; NTD, new Taiwan dollars.
 * p value < 0.05
**p value <0.01



	Table 2.	
Distribution of reproductive hormones in the whole study group.

	
	Mean
	SD
	Median
	Percentile 05
	Percentile 95

	All
	
	
	
	
	

	E2 (pg/mL)
	85.3
	84.2
	48.2
	48.2
	290.5

	FSH (mIU/mL)
	4.70
	2.67
	4.07
	4.07
	8.71

	LH (mIU/mL)
	3.82
	4.61
	2.48
	2.48
	11.6

	SHBG (nmol/L)
	42.7
	26.0
	36.8
	36.8
	91.7

	Testosterone (ng/dL)
	253.9
	286.7
	54.4
	54.4
	789

	Free Testosterone (ng/dL)
	5.40
	6.43
	0.86
	0.86
	17.0

	Male 12-17
	
	
	
	
	

	E2 (pg/mL)
	36.1
	10.0
	36.0
	36.0
	53.3

	FSH (mIU/mL)
	4.15
	1.96
	4.02
	4.02
	8.13

	LH (mIU/mL)
	1.60
	0.87
	1.41
	1.41
	3.54

	SHBG (nmol/L)
	28.6
	14.1
	29.1
	29.1
	50.6

	Testosterone (ng/dL)
	508.2
	181.8
	537.5
	537.5
	820.0

	Free Testosterone (ng/dL)
	10.7
	3.74
	10.4
	10.4
	17.4

	Female 12-17
	
	
	
	
	

	E2 (pg/mL)
	89.6
	81.8
	55.7
	55.7
	257

	FSH (mIU/mL)
	5.41
	2.05
	5.47
	5.47
	8.63

	LH (mIU/mL)
	4.58
	3.75
	3.70
	3.70
	12.9

	SHBG (nmol/L)
	45.0
	21.2
	43.6
	43.6
	81.8

	Testosterone (ng/dL)
	42.7
	20.0
	38.4
	38.4
	87.8

	Free Testosterone (ng/dL)
	0.66
	0.34
	0.59
	0.59
	1.28

	Male 18-30
	
	
	
	
	

	E2 (pg/mL)
	36.9
	10.9
	35.2
	35.2
	54.7

	FSH (mIU/mL)
	3.72
	1.91
	3.25
	3.25
	7.53

	LH (mIU/mL)
	1.75
	0.74
	1.57
	1.57
	3.23

	SHBG (nmol/L)
	27.3
	11.9
	25.9
	25.9
	50.9

	Testosterone (ng/dL)
	599.8
	167.2
	590.5
	590.5
	890.5

	Free Testosterone (ng/dL)
	13.3
	3.48
	12.9
	12.9
	18.9

	Female 18-30
	
	
	
	
	

	E2 (pg/mL)
	122.7
	97.4
	89.0
	89.0
	341.0

	FSH (mIU/mL)
	5.25
	3.08
	5.15
	5.15
	9.38

	LH (mIU/mL)
	5.29
	5.82
	3.56
	3.56
	15.3

	SHBG (nmol/L)
	54.1
	28.9
	51.2
	51.2
	107.0

	Testosterone (ng/dL)
	42.0
	16.2
	38.2
	38.2
	74.2

	Free Testosterone (ng/dL)
	0.59
	0.32
	0.52
	0.52
	1.30



	Table 3.
Mean and standard error of natural log-transformed sex hormone-binding globulin (ln-SHBG) across categories of serum PFAS levels in linear regression models (n=540).

	
	ln-SHBG (nmol/L)
	
	
	

	
	Total
	Male 12–17
	Female 12–17
	Male 18–30
	Female 18–30

	No.
	540
	30
	65
	180
	265

	PFOA (ng/ml)
	
	
	
	
	

	<3.63 (<50th)
	3.37 (0.07)
	3.24 (0.29)
	3.50 (0.24)*
	3.14 (0.07)
	3.83 (0.21)

	≤6.78 (50th–75th)
	3.43 (0.08)
	3.45 (0.29)
	3.50 (0.25)*
	3.17 (0.09)
	3.86 (0.20)

	≤9.80 (75th–90th)
	3.41 (0.08)
	3.67 (0.36)
	3.45 (0.29)*
	3.20 (0.10)
	3.81 (0.22)

	>9.80 (>90th)
	3.33 (0.10)
	3.79 (0.39)
	2.96 (0.34)*
	3.10 (0.14)
	3.78 (0.23)

	
	
	
	
	
	

	PFOS (ng/ml)
	
	
	
	
	

	<5.37 (<25th)
	3.47 (0.08)
	3.62 (0.29)
	3.58 (0.29)
	3.13 (0.10)
	3.90 (0.21)

	≤8.65 (25th–50th)
	3.36 (0.08)
	3.31 (0.30)
	3.36 (0.29)
	3.18 (0.10)
	3.82 (0.20)

	≤13.29 (50th–75th)
	3.40 (0.08)
	3.47 (0.38)
	3.49 (0.24)
	3.13 (0.09)
	3.89 (0.22)

	>13.29 (>75th)
	3.38 (0.08)
	3.46 (0.39)
	3.41 (0.44)
	3.16 (0.08)
	3.80 (0.21)

	
	
	
	
	
	

	PFNA (ng/ml)
	
	
	
	
	

	<1.64 (<60th)
	3.38 (0.07)
	3.45 (0.24)
	3.46 (0.25)
	3.13 (0.08)
	3.84 (0.20)

	≤6.87 (60th–90th)
	3.36 (0.08)
	3.51 (0.35)
	3.52 (0.26)
	3.08 (0.09)
	3.79 (0.21)

	>6.87 (>90th)
	3.47 (0.09)
	3.59 (0.36)
	3.53 (0.41)
	3.27 (0.10)
	3.92 (0.23)

	
	
	
	
	
	

	PFUA (ng/ml)
	
	
	
	
	

	<1.53 (<25th)
	3.38 (0.08)
	3.26 (0.41)
	3.81 (0.28)
	3.15 (0.09)
	3.81 (0.21)

	≤6.53 (25th–50th)
	3.39 (0.08)
	3.62 (0.30)
	3.42 (0.32)
	3.19 (0.10)
	3.80 (0.21)

	≤13.41 (50th–75th)
	3.40 (0.08)
	3.26 (0.37)
	3.38 (0.24)
	3.17 (0.08)
	3.88 (0.21)

	>13.41 (>75th)
	3.40 (0.08)
	3.33 (0.36)
	3.78 (0.30)
	3.12 (0.09)
	3.85 (0.20)

	Model: adjusted for age, gender, BMI, and high fat diet. PFAS, perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PFNA, perfluorononanoic acid; PFUA, perfluoroundecanoic acid.
*p for trend<0.05



	Table 4.
Mean and standard error of natural log-transformed follicle-stimulating hormone (ln-FSH) across categories of serum PFAS levels in linear regression models (n=540).

	
	ln-FSH (mIU/mL)
	
	
	

	
	Total
	Male 12–17
	Female 12–17
	Male 18–30
	Female 18–30

	No.
	540
	30
	65
	180
	265

	PFOA (ng/ml)
	
	
	
	
	

	<3.63 (<50th)
	1.41 (0.08)
	1.29 (0.28)
	1.47 (0.20)
	1.29 (0.08)
	1.69 (0.24)

	≤6.78 (50th–75th)
	1.42 (0.08)
	1.58 (0.27)
	1.38 (0.21)
	1.28 (0.10)
	1.65 (0.24)

	≤9.80 (75th–90th)
	1.34 (0.09)
	1.21 (0.34)
	1.23 (0.25)
	1.23 (0.11)
	1.64 (0.25)

	>9.80 (>90th)
	1.46 (0.11)
	1.49 (0.36)
	1.35 (0.29)
	1.13 (0.15)
	1.79 (0.26)

	
	
	
	
	
	

	PFOS (ng/ml)
	
	
	
	
	

	<5.37 (<25th)
	1.43 (0.09)
	1.50 (0.22)*
	1.56 (0.23)
	1.20 (0.11)
	1.71 (0.25)

	≤8.65 (25th–50th)
	1.42 (0.08)
	1.56 (0.22)*
	1.67 (0.23)
	1.27 (0.11)
	1.66 (0.23)

	≤13.29 (50th–75th)
	1.42 (0.09)
	1.26 (0.28)*
	1.36 (0.19)
	1.34 (0.10)
	1.71 (0.25)

	>13.29 (>75th)
	1.36 (0.08)
	0.76 (0.29)*
	1.23 (0.35)
	1.26 (0.08)
	1.69 (0.25)

	
	
	
	
	
	

	PFNA (ng/ml)
	
	
	
	
	

	<1.64 (<60th)
	1.44 (0.08)
	1.47 (0.21)
	1.53 (0.20)
	1.30 (0.08)
	1.69 (0.23)

	≤6.87 (60th–90th)
	1.36 (0.08)
	1.43 (0.31)
	1.26 (0.22)
	1.32 (0.10)
	1.58 (0.24)

	>6.87 (>90th)
	1.36 (0.10)
	1.19 (0.32)
	1.37 (0.33)
	1.17 (0.11)
	1.73 (0.26)

	
	
	
	
	
	

	PFUA (ng/ml)
	
	
	
	
	

	<1.53 (<25th)
	1.44 (0.08)
	1.07 (0.33)
	1.59 (0.23)*
	1.26 (0.09)
	1.73 (0.24)

	≤6.53 (25th–50th)
	1.41 (0.09)
	1.73 (0.24)
	1.56 (0.26)*
	1.22 (0.11)
	1.69 (0.24)

	≤13.41 (50th–75th)
	1.41 (0.08)
	1.45 (0.30)
	1.37 (0.20)*
	1.33 (0.09)
	1.64 (0.24)

	>13.41 (>75th)
	1.35 (0.08)
	1.05 (0.29)
	1.24 (0.24)*
	1.21 (0.10)
	1.65 (0.24)

	Model: adjusted for age, gender, BMI, and high fat diet. PFAS, perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PFNA, perfluorononanoic acid; PFUA, perfluoroundecanoic acid.
*p for trend<0.05



	Table 5.
Mean and standard error of natural log-transformed testosterone (ln-T) across categories of serum PFAS levels in linear regression models (n=540).

	
	ln-T (ng/dL)
	
	
	

	
	Total
	Male 12–17
	Female 12–17
	Male 18–30
	Female 18–30

	No.
	540
	30
	65
	180
	265

	PFOA (ng/ml)
	
	
	
	
	

	<3.63 (<50th)
	4.96 (0.05)
	6.23 (0.23)
	3.85 (0.20)
	6.32 (0.05)
	3.70 (0.15)

	≤6.78 (50th–75th)
	5.00 (0.06)
	5.97 (0.22)
	3.96 (0.21)
	6.32 (0.06)
	3.75 (0.15)

	≤9.80 (75th–90th)
	4.97 (0.06)
	6.46 (0.28)
	3.95 (0.25)
	6.32 (0.07)
	3.65 (0.16)

	>9.80 (>90th)
	4.97 (0.07)
	6.48 (0.30)
	3.84 (0.29)
	6.28 (0.09)
	3.71 (0.16)

	
	
	
	
	
	

	PFOS (ng/ml)
	
	
	
	
	

	<5.37 (<25th)
	5.00 (0.06)
	6.11 (0.23)
	3.97 (0.23)*
	6.33 (0.06)
	3.73 (0.15)

	≤8.65 (25th–50th)
	5.02 (0.06)
	6.25 (0.24)
	4.00 (0.23)*
	6.29 (0.07)
	3.75 (0.15)

	≤13.29 (50th–75th)
	4.95 (0.06)
	6.24 (0.30)
	3.87 (0.19)*
	6.32 (0.06)
	3.64 (0.16)

	>13.29 (>75th)
	4.94 (0.06)
	6.34 (0.31)
	3.61 (0.36)*
	6.33 (0.05)
	3.65 (0.15)

	
	
	
	
	
	

	PFNA (ng/ml)
	
	
	
	
	

	<1.64 (<60th)
	5.00 (0.05)
	6.18 (0.19)
	3.93 (0.20)
	6.33 (0.05)
	3.74 (0.15)

	≤6.87 (60th–90th)
	4.96 (0.06)
	6.35 (0.27)
	3.85 (0.21)
	6.30 (0.06)
	3.70 (0.15)

	>6.87 (>90th)
	4.93 (0.06)
	6.12 (0.28)
	3.64 (0.33)
	6.32 (0.06)
	3.65 (0.17)

	
	
	
	
	
	

	PFUA (ng/ml)
	
	
	
	
	

	<1.53 (<25th)
	4.97 (0.06)
	6.61 (0.29)
	4.01 (0.24)
	6.30 (0.05)
	3.70 (0.15)

	≤6.53 (25th–50th)
	4.99 (0.06)
	5.90 (0.21)
	3.95 (0.28)
	6.34 (0.06)
	3.79 (0.15)

	≤13.41 (50th–75th)
	5.01 (0.05)
	6.33 (0.26)
	3.85 (0.21)
	6.37 (0.05)
	3.78 (0.15)

	>13.41 (>75th)
	4.93 (0.06)
	6.53 (0.25)
	3.99 (0.26)
	6.26 (0.06)
	3.69 (0.15)

	Model: adjusted for age, gender, BMI, and high fat diet. PFAS, perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PFNA, perfluorononanoic acid; PFUA, perfluoroundecanoic acid.
*p for trend<0.05





	Table S1.
Linear regression coefficients (95% CI) of log-transformed E2 (pg/mL), FSH (mIU/mL), LH (mIU/mL), testosterone (mIU/mL), free testosterone (mIU/mL), and SHBG (nmol/L) with PFAAs concentrations (ng/mL) in the sample subjects by increase an unit BMI.

	Body mass index (kg/m2)

	
	ln-E2 (pg/mL)
	ln-FSH
(mIU/mL)
	ln-LH
(mIU/mL)
	ln-T
(mIU/mL)
	ln-freeT
(mIU/mL)
	ln-SHBG
(nmol/L)

	PFOA (ng/ml)
	-0.004
(-0.017,0.01)
	-0.005
(-0.017,0.008)
	-0.01
(-0.025,0.006)
	-0.01
(-0.018,0.002)
	0.022
(-0.012,0.032)
	-0.063
(-0.074,0.052)

	PFOS (ng/ml)
	-0.006
(-0.02,0.008)
	-0.004
(-0.016,0.008)
	-0.01
(-0.026,0.006)
	-0.009
(-0.018,0.001)
	0.023
(-0.013,0.033)
	-0.063
(-0.074,0.053)

	PFNA (ng/ml)
	-0.004
(-0.018,0.01)
	-0.005
(-0.017,0.007)
	-0.01
(-0.026,0.005)
	-0.01
(-0.018,0.002)
	0.021
(-0.011,0.031)
	-0.063
(-0.073,0.052)

	PFUA (ng/ml)
	-0.004
(-0.017,0.01)
	-0.005
(-0.017,0.008)
	-0.01
(-0.025,0.006)
	-0.01
(-0.018,0.002)
	0.022
(-0.012,0.032)
	-0.063
(-0.073,0.052)

	Model: adjusted for age, gender, and high fat diet.
PFASs, perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PFNA, perfluorononanoic acid; PFUA, perfluoroundecanoic acid.
*p for trend<0.05





	Table S2.
Mean and standard error of natural log sex hormone-binding globulin (SHBG) across categories of serum PFAS levels in subpopulation.

	
	log SHBG (nmol/L)
	
	

	
	Body mass index (kg/m2)
	High fat diet

	
	<24
	≥24
	No
	Yes

	No.
	417
	123
	443
	37

	PFOA (ng/ml)
	
	
	
	

	<3.63 (<50th)
	3.56 (0.09)
	3.23 (0.13)
	3.29 (0.07)
	3.61 (0.18)

	≤6.78 (50th–75th)
	3.62 (0.09)
	3.31 (0.15)
	3.3 3(0.08)
	4.13 (0.18)

	≤9.80 (75th–90th)
	3.61 (0.10)
	3.30 (0.18)
	3.34 (0.09)
	3.70 (0.20)

	>9.80 (>90th)
	3.45 (0.12)
	3.39 (0.21)
	3.28 (0.11)
	3.54 (0.27)

	
	
	
	
	

	PFOS (ng/ml)
	
	
	
	

	<5.37 (<25th)
	3.69 (0.09)
	3.35 (0.16)
	3.39 (0.08)
	4.07 (0.29)

	≤8.65 (25th–50th)
	3.55 (0.09)
	3.20 (0.16)
	3.26 (0.08)
	3.83 (0.23)

	≤13.29 (50th–75th)
	3.60 (0.09)
	3.28 (0.16)
	3.32 (0.08)
	3.97 (0.23)

	>13.29 (>75th)
	3.52 (0.09)
	3.24 (0.15)
	3.27 (0.08)
	3.72 (0.18)

	
	
	
	
	

	PFNA (ng/ml)
	
	
	
	

	<1.64 (<60th)
	3.59 (0.08)
	3.21 (0.14)
	3.32 (0.07)
	3.69 (0.17)

	≤6.87 (60th–90th)
	3.49 (0.09)
	3.23 (0.14)
	3.27 (0.07)
	4.14 (0.20)

	>6.87 (>90th)
	3.63 (0.10)
	3.42 (0.19)
	3.41 (0.10)
	3.79 (0.18)

	
	
	
	
	

	PFUA (ng/ml)
	
	
	
	

	<1.53 (<25th)
	3.60 (0.09)
	3.23 (0.16)
	3.31 (0.08)
	3.52 (0.23)

	≤6.53 (25th–50th)
	3.61 (0.09)
	3.10 (0.18)
	3.28 (0.08)
	3.82 (0.19)

	≤13.41 (50th–75th)
	3.58 (0.09)
	3.27 (0.14)
	3.30 (0.08)
	4.06 (0.19)

	>13.41 (>75th)
	3.55 (0.09)
	3.32 (0.15)
	3.34 (0.08)
	3.62 (0.20)

	Model: adjusted for age and gender.
PFAS, perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PFNA, perfluorononanoic acid; PFUA, perfluoroundecanoic acid.
*p for trend<0.05



	Table S3.
Mean and standard error of natural log estrogen (E2) across categories of serum PFAS levels in subpopulation.

	
	log E2 (pg/mL)
	
	

	
	Body mass index (kg/m2)
	High fat diet

	
	<24
	≥24
	No
	Yes

	No.
	417
	123
	443
	37

	PFOA (ng/ml)
	
	
	
	

	<3.63 (<50th)
	3.93 (0.12)
	4.00 (0.14)
	3.96 (0.09)
	3.96 (0.26)

	≤6.78 (50th–75th)
	3.96 (0.12)
	3.99 (0.16)
	3.98 (0.10)
	4.08 (0.27)

	≤9.80 (75th–90th)
	4.04 (0.13)
	3.84 (0.18)
	4.05 (0.11)
	3.54 (0.30)

	>9.80 (>90th)
	3.93 (0.16)
	3.98 (0.21)
	3.95 (0.13)
	4.12 (0.39)

	
	
	
	
	

	PFOS (ng/ml)
	
	
	
	

	<5.37 (<25th)
	3.94 (0.13)
	3.88 (0.16)
	3.93 (0.10)
	3.99 (0.38)

	≤8.65 (25th–50th)
	3.97 (0.12)
	3.89 (0.16)
	4.00 (0.10)
	3.66 (0.30)

	≤13.29 (50th–75th)
	3.91 (0.12)
	4.03 (0.16)
	3.95 (0.10)
	3.67 (0.31)

	>13.29 (>75th)
	4.03 (0.13)
	4.05 (0.15)
	4.08 (0.10)
	4.05 (0.24)

	
	
	
	
	

	PFNA (ng/ml)
	
	
	
	

	<1.64 (<60th)
	4.02 (0.11)
	3.91 (0.15)
	3.97 (0.09)
	3.88 (0.24)

	≤6.87 (60th–90th)
	4.09 (0.13)
	4.02 (0.14)
	4.07 (0.09)
	3.99 (0.30)

	>6.87 (>90th)
	3.75 (0.14)
	3.96 (0.19)
	3.76 (0.12)
	3.84 (0.26)

	
	
	
	
	

	PFUA (ng/ml)
	
	
	
	

	<1.53 (<25th)
	3.93 (0.12)
	3.85 (0.16)
	3.93 (0.09)
	3.24 (0.30)

	≤6.53 (25th–50th)
	3.98 (0.13)
	3.64 (0.18)
	3.91 (0.11)
	4.20 (0.24)

	≤13.41 (50th–75th)
	4.00 (0.12)
	4.04 (0.14)
	4.02 (0.10)
	4.01 (0.24)

	>13.41 (>75th)
	3.97 (0.12)
	4.00 (0.15)
	4.03 (0.10)
	3.69 (0.26)

	Model: adjusted for age and gender.
PFAS, perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PFNA, perfluorononanoic acid; PFUA, perfluoroundecanoic acid.
*p for trend<0.05



	Table S4.
Mean and standard error of natural log follicle-stimulating hormone (FSH) across categories of serum PFAS levels in subpopulation.

	
	log FSH (mIU/mL)
	
	

	
	Body mass index (kg/m2)
	High fat diet

	
	<24
	≥24
	No
	Yes

	No.
	417
	123
	443
	37

	PFOA (ng/ml)
	
	
	
	

	<3.63 (<50th)
	1.40 (0.09)
	1.42 (0.16)
	1.44 (0.08)
	1.44 (0.23)

	≤6.78 (50th–75th)
	1.40 (0.10)
	1.42 (0.18)
	1.45 (0.08)
	1.23 (0.24)

	≤9.80 (75th–90th)
	1.28 (0.11)
	1.49 (0.21)
	1.36 (0.09)
	1.69 (0.27)

	>9.80 (>90th)
	1.45 (0.13)
	1.38 (0.24)
	1.49 (0.12)
	1.37 (0.36)

	
	
	
	
	

	PFOS (ng/ml)
	
	
	
	

	<5.37 (<25th)
	1.39 (0.10)
	1.49 (0.18)
	1.45 (0.08)
	1.30 (0.35)

	≤8.65 (25th–50th)
	1.40 (0.10)
	1.42 (0.19)
	1.43 (0.08)
	1.57 (0.28)

	≤13.29 (50th–75th)
	1.35 (0.10)
	1.56 (0.18)
	1.45 (0.09)
	1.32 (0.28)

	>13.29 (>75th)
	1.36 (0.10)
	1.30 (0.17)
	1.37 (0.09)
	1.42 (0.22)

	
	
	
	
	

	PFNA (ng/ml)
	
	
	
	

	<1.64 (<60th)
	1.40 (0.09)
	1.51 (0.17)
	1.45 (0.07)
	1.63 (0.20)

	≤6.87 (60th–90th)
	1.28 (0.10)
	1.49 (0.16)
	1.38 (0.08)
	1.34 (0.25)

	>6.87 (>90th)
	1.38 (0.11)
	1.18 (0.22)
	1.41 (0.11)
	1.23 (0.22)

	
	
	
	
	

	PFUA (ng/ml)
	
	
	
	

	<1.53 (<25th)
	1.44 (0.1)
	1.37 (0.19)
	1.47 (0.08)
	1.49 (0.30)

	≤6.53 (25th–50th)
	1.37 (0.1)
	1.49 (0.21)
	1.41 (0.09)
	1.61 (0.24)

	≤13.41 (50th–75th)
	1.38 (0.1)
	1.44 (0.16)
	1.43 (0.08)
	1.26 (0.25)

	>13.41 (>75th)
	1.30 (0.1)
	1.41 (0.18)
	1.38 (0.08)
	1.33 (0.26)

	Model: adjusted for age and gender.
PFAS, perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PFNA, perfluorononanoic acid; PFUA, perfluoroundecanoic acid.
*p for trend<0.05
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