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BACKGROUND: Per- and polyfluoroalkyl substances (PFAS) have been previously linked to polycystic ovarian syndrome (PCOS), but only a few leg-
acy PFAS were examined.

OBJECTIVES: This study aimed to explore this association with a variety of PFAS, including legacy, branched-chain isomers, and emerging alterna-
tives, as well as a PFAS mixture.

METHODS: From 2014 to 2016, we conducted a multicenter, hospital-based case—control study on environmental endocrine disruptors and infertility
in China. Three hundred sixty-six women with PCOS-related infertility and 577 control participants without PCOS were included in the current analy-
sis. Twenty-three PFAS, including 3 emerging PFAS alternatives, 6 linear and branched PFAS isomers, 6 short-chain PFAS, and 8 legacy PFAS,
were quantified in the plasma. Logistic regression and two multipollutant models [quantile-based g-computation (QGC) and Bayesian kernel machine
regression (BKMR) methods] were used to assess the association of individual PFAS and PFAS mixture with PCOS, as well as the potential interac-
tions among the congeners.

RESULTS: After adjusting for potential confounders, Each 1-standard deviation higher difference in In-transformed 6:2 chlorinated perfluoroalkyl ether
sulfonic acid (6:2 CI-PFESA) and hexafluoropropylene oxide dimer acid (HFPO-DA) level was significantly associated with a 29% (95% CL: 1.11,
1.52) and 39% (95% CI:1.16, 1.68) higher odds of PCOS, respectively. Meanwhile, branched isomers of perfluorooctane sulfonate (PFOS) and per-
fluorohexane sulfonate (PFHxS) (i.e., br-PFHxS, n-PFOS, 1m-PFOS, 23,4,5m-PFOS), short-chain PFAS (i.e., PFPeS and PFHxA) and other legacy
PFAS [i.e., total concentrations of PFOS (T-PFOS), and perfluorododecanoic acid (PFDoA)] were significantly associated with increased odds of
PCOS. The PFAS mixture was positively related to PCOS in the BKMR model. A similar trend was observed in QGC model, a In-unit increase in
the PFAS mixture was associated with a 20% increased risk of PCOS [adjusted odds ratio (aOR) = 1.20 (95% CI: 1.06, 1.37)]. After controlling for
other PFAS homologs, 6:2 CI-PFESA, HFPO-DA, X3,4,5m-PFOS, and PFDoA were the major contributors based on the QGC and BKMR models.
The associations were more pronounced in overweight/obese women.

CoNcLUSIONS: In this group of women, environmental exposure to a PFAS mixture was associated with an elevated odds of PCOS, with 6:2 Cl-
PFESA, HFPO-DA, X3,4,5m-PFOS, and PFDoA being the major contributors, especially in overweight/obese women. https://doi.org/10.1289/

EHP11814

Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large class of
synthetic aliphatic hydrocarbons containing at least one carbon
atom, and all hydrogen atoms on the carbon chain are replaced by
fluorine atoms to form perfluoroalkyl.! PFAS have excellent stabil-
ity in the environment and the human body owing to its extremely
stable carbon—fluorine (C=F) bond.! Specifically, traditional
long-chain PFAS have long half-lives in humans. For example,
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid
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(PFOA), the two most common PFAS, have half-lives of 5.4 and
3.8 y, respectively.>? Because of rising health-risk concerns, the
use of these long-chain PFAS has been restricted or banned in
Europe and North America.*> This move has indirectly steered
PFAS manufacturing toward new alternatives, such as short-chain
congeners [e.g., perfluorobutyric acid (PFBA) and perfluorobuta-
nesulfonic acid (PFBS)].® and chlorinated polyfluoroether sulfo-
nates (CI-PFESA, trade name F-53B).” At the same time, the
manufacturing of these chemicals has also relocated to developing
countries, such as China.® Considerable evidence from epidemio-
logical and toxicological studies suggests that legacy PFAS have
endocrine-disrupting properties and potential reproductive and de-
velopmental toxicity, but the knowledge on PFAS alternatives is
limited and inconsistent.”~!!

Polycystic ovarian syndrome (PCOS) is a common endocrine
disorder in women of reproductive age.'? It is among the most
common causes of infertility, resulting in 80% of female anovula-
tory infertility.!> Although the etiology of PCOS is unclear,
endocrine-disrupting chemicals (EDCs) could be one of the most
important environmental drivers.'* Experimental research in
human cell lines indicates that some legacy PFAS and alterna-
tives (e.g., CI-PFESA) can cause follicle-stimulating hormone
(FSH)-stimulated down-regulation of insulin-like growth factor
1 (IGF-1), steroidogenic factor-1 (SF-1), zinc finger DNA-
binding protein 4 (GATA4), aromatase, and estrogen via induc-
tion of peroxisome proliferator-activated receptor-y (PPARY) at
higher concentraitons.!> Studies in mice have shown exposure
can also reduce the expression of steroidogenic acute regulatory
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protein (StAR) and cholesterol side chain decomposition enzyme
(P450scc) mRNA, which impairs the production of FSH, thereby
further increasing the prevalence of PCOS.!%!” However, to our
knowledge, only two human studies have assessed the association
between PFAS exposure and PCOS,!"!® and these studies were
limited to legacy PFAS. Thus, it is unknown whether emerging
PFAS alternatives are linked to PCOS.

PFAS are primarily produced via telomerization and electro-
chemical fluorination processes, which typically involve the scis-
sion and reorganization of carbon chains.!® Humans are exposed
to both branched-chain and linear PFAS. Previous studies have
suggested that, unlike linear isomers, branched-chain isomers
may pose different risks to human health (e.g., adverse cardiome-
tabolic and birth outcomes).?>-?> However, the reproductive
toxicity of branched-chain PFAS isomers has received little atten-
tion. Furthermore, rather than being exposed to PFAS in isola-
tion, people are typically exposed to numerous PFAS at the same
time. Yet, previous studies examined only the associations with
individual PFAS, and the effects of PFAS mixture as a whole
have not been thoroughly investigated.!'"'® Given that some
PFAS are highly correlated owing to similar sources,?® ignoring
PFAS mixtures may lead to biased estimates of individual PFAS.
At the same time, different degrees of insulin resistance are com-
mon in patients with PCOS. Obesity amplifies insulin resistance
in patients with PCOS and promotes PCOS development.2* We
hypothesized that obesity status in women of reproductive age
may modify the health effects of PFAS exposure. In addition to
legacy PFAS, the present study aimed to further explore the rela-
tionship between emerging PFAS alternatives and branched-
chain isomers and PCOS, the impact of a joint mixture exposure,
and the interaction between PFAS and body mass index (BMI)
on PCOS.

Methods and Materials
Study Population

From May 2014 to December 2016, we conducted a multicenter,
hospital-based case—control study on environmental endocrine
disruptors and female infertility in Shanghai, Shandong, and
Zhejiang provinces, China. Infertility was defined as couples who
had regular intercourse without using any contraceptives for 1 y
and failed to conceive.?> Women were considered potentially eli-
gible if they were 2040 years of age; had no severe underlying
diseases, such as cancer, cerebrovascular disease, trauma, severe
liver, kidney, heart, or respiratory diseases or chromosomal
abnormalities; and were first diagnosed as infertile at the partici-
pating hospitals (including Shandong University Fertility Center,
Renji Hospital Affiliated to Shanghai Jiao Tong University
School of Medicine, and Women’s Hospital affiliated to Zhejiang
University School of Medicine). Participants were interviewed
by trained research assistants using a standardized questionnaire
on demographic characteristics (e.g., date of birth, household
income, education, occupation, height, weight), menstrual history
(e.g., age of menarche, menstrual cycle, menstrual duration),
reproductive characteristics (e.g., gravidity, parity), behavior and
lifestyle (e.g., smoking and drinking status, physical activities,
sleep quality), family history, medical history (e.g., PCOS), and
medication in the past 3 months (e.g., contraceptives, estrogen
and progesterone, ovulation drugs). Medical records were
reviewed and information on infertility testing was abstracted by
trained researchers. All participants provided their informed con-
sent prior to the study. The study protocol was approved by the
ethics committee of Xinhua Hospital Affiliated to Shanghai Jiao
Tong University School of Medicine (approval no. XHEC-C-
2015-046) and participating hospitals.
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For this cross-sectional case—control study, we selected the
cases as women whose infertility was due to PCOS, defined
according to the National Institutes of Health (NIH) criteria,
including biochemical or clinical androgen hypertrophy and ovu-
latory dysfunction, with the exclusion of other specific disor-
ders.?® The control participants consisted of healthy women with
no endocrine disorders who were planning artificial insemination
with donor sperm. There were no specific matching criteria for
the controls. After further consideration of the availability of
blood samples and missing values on key covariates, 366 PCOS
cases and 577 controls with complete data were included in the
final analyses (Figure S1).

PFAS Measurements

Blood and urine samples were collected at enrollment, processed
immediately, and stored at —80°C until testing. Thirty-five target
PFAS congeners were measured in 100 pL of plasma, including
perfluoroalkyl carboxylic acids (PFCAs) [n=11; PFBA, per-
fluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), PFOA, perfluorononanoic acid
(PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic
acid (PFUnDA), perfluorododecanoic acid (PFDoA), perfluorotri-
decanoic acid (PFTrDA), perfluorotetradecanoic acid (PFTeDA)];
perfluoroalkyl sulfonates (PFSAs) [n = 14; PFBS, perfluoropentane
sulfonic acid (PFPeS), n-perfluorohexane sulfonate (n-PFHxS),
branched PFHxS (br-PFHxS), perfluorohexane sulfonate (PFHpS),
n-PFOS, perfluoro-6-methylheptanesulfonate (6m-PFOS), 3m-PFOS,
4m-PFOS, 5m-PFOS, Xm2-PFOS, 1m-PFOS, perfluorononanesul-
fonic acid (PFNS), perfluorodecane sulfonic acid (PFDS)]; perfluor-
oalkyl acid (PFAA) precursors [n=6; perfluorooctanesulfonamide
(FOSA), N-methylperfluorooctane sulfonamido acetic acid (N-
MeFOSAA), N-ethylperfluorooctane sulfonamido acetic acid (N-
EtFOSAA), 1H,1H,2H,2H-perfluorohexane sulfonic acid (4:2FTS),
1H,1H,2H,2H-perfluorooctane sulfonic acid (6:2FTS), 1H,1H,2H,2H-
perfluorodecane sulfonic acid (8:2FTS)]; and PFAS alternatives
[n =4; hexafluoropropylene oxide dimer acid (HFPO-DA), ammo-
nium 4,8-dioxa-3H-perfluorononanoate (ADONA), 6:2 chlorinated
perfluoroalkyl ether sulfonic acid (6:2 CI-PFESA), 8:2 chlorinated per-
fluoroalkyl ether sulfonic acid (8:2 CI-PFESA)]. PFAS were measured
using ultra-performance liquid chromatography (UPLC; Agilent 1290)
coupled with an Agilent 6495C triple quadrupole tandem mass spec-
trometry (MS/MS; Agilent Technologies). PFAS standards (n = 35)
were purchased from the Wellington Laboratories. Table 1 contains a
list of the reference standards, chemical names, and acronyms for the
selected PFAS investigated in the present study.

Pretreatment of PFAS. For the determination of PFAS, an ali-
quot of 0.1 mL of plasma was cleaned up by solid phase extraction
(SPE) as described in our previous study.?’ In brief, after thawing
and centrifuging, plasma was buffered with 1.0 mL of 0.1 M for-
mic acid after internal standards were spiked. The mixture was
loaded onto an Oasis HLB cartridge (3 mL/60 mg; Waters Corp.),
which was preconditioned with 1.0 mL of methanol (MeOH) and
1.0 mL of 0.1 M formic acid. Sequentially, the cartridge was
washed with 1.0 mL of 0.1 M formic acid, 3.0 mL of
MeOH-0.1 M formic acid (1:1, vol/vol), and 0.5 mL of 1% ammo-
nium hydroxide to remove matrix interference. After the cartridge
was completely dried under vacuum for 20 min, the retained analy-
tes were eluted with 1.8 mL of acetonitrile containing 1% ammo-
nium hydroxide. The eluent was concentrated to near dryness by
an SPD121P SpeedVac (Thermo Scientific). Finally, the extract
was reconstituted in 0.1 mL of MeOH-10 mM ammonium acetate
(6:4, vol/vol) and then transferred into UPLC-MS/MS analysis.
Calibration curves ranged from 0.01 to 100 ng/mL and exhibited
excellent linearity, with R> >0.99.
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Table 1. Names, acronyms, and detection limits of selected PFAS.

Acronym Chemical full name Quantification transitions Surrogate standards LOD (ng/mL)
Legacy PFAS
PFOA Perfluorooctanoic acid 413/369 MSPFOA 0.0083
T-PFOS“ Total concentrations of perfluorooctane sulfonate — — —
PFNA Perfluorononanoic acid 463/419 MOPENA 0.0037
PFDA Perfluorodecanoic acid 513/469 MO6PFDA 0.0017
T-PFHxS” Total concentrations of perfluorohexane sulfonate — — —
PFHpS Perfluorohexane sulfonate 449/80 M3PFHxS 0.0051
PFDoA Perfluorododecanoic acid 613/569 MPFDoA 0.0038
PFUnDA Perfluoroundecanoic acid 563/519 M7PFUdA 0.0072
PFAS isomers
n-PFHxS Linear perfluorohexane sulfonate 399/80 M3PFHxS 0.0066
br-PFHxS Branched perfluorohexane sulfonate 399/80 M3PFHxS 0.0025
n-PFOS Linear perfluorooctane sulfonate 499/80 MSBPFOS 0.0044
1m-PFOS Pertluoro-1-methylheptanesulfonate 499/419 MS8PFOS 0.0044
6m-PFOS Perfluoro-6-methylheptanesulfonate 499/80 MBPFOS 0.0013
23.,4,5m-PFOS Perfluoro-3/4/5-methylheptanesulfonate 499/80 MSPFOS 0.0005
Emerging PFAS alternatives
6:2 CI-PFESA 6:2 Chlorinated perfluoroalkyl ether sulfonic acid 531/361 MS8PFOS 0.0027
8:2 CI-PFESA 8:2 Chlorinated perfluoroalkyl ether sulfonic acid 631/451 MBS8PFOS 0.0054
HFPO-DA Hexafluoropropylene oxide dimer acid 285/185 MS8PFOA 0.0064
Short-chain PFAS
PFBA Perfluorobutanoic acid 213/169 MPFBA 0.0060
PFBS Perfluorobutane sulfonate 299/80 M3PFBS 0.0030
PFPeA Pertluoropentanoic acid 263/219 MS5PFPeA 0.0017
PFPeS Perfluoropentane sulfonate 349/80 M3PFHxS 0.0010
PFHxA Perfluorohexanoic acid 313/269 MS5PFHxA 0.0020
PFHpA Perfluoroheptanoic acid 363/319 M4PFHpA 0.0020

Note: —, not applicable; LOD, limit of detection; PFAS, per- and polyfluoroalkyl substances.

“Sum of dimethyl isomers of PFOS.
®Sum of branched isomers of PEHXS.

Instrument analysis. UPLC-MS/MS analysis was conducted
using a 1290 Infinity Series high-performance LC (HPLC) sys-
tem (Agilent), coupled to a 6495 C triple quadrupole mass spec-
trometer (Agilent) that was operated under the electrospray
ionization (ESI) negative ion mode. A ZORBAX RRHD Eclipse
Plus C18 column (2.1 X 50 mm, 1.8 pm; Agilent) equipped with
a ZORBAX Eclipse Plus C18 guard column (2.1X5 mm,
1.8 um; Agilent) maintained at 40°C. A ZORBAX Eclipse Plus
C18 column (4.6 x50 mm, 5 um; Agilent) was placed between
the pump and the injector valve to remove interferences from the
mobile phase. The injection volume was 5 pL. The separation
was achieved by gradient elution of mobile phase A (milli-Q
water with 10 mM ammonium acetate) and mobile phase B
(MeOH) at a flow rate of 0.4 mL/min. A gradient program was
used as follows: 0—0.75 min, 40% B; 2.75 min, 60% B; 6.75 min,
65% B; 9.70 min, 90% B; 13.70 min, 98% B with a final hold of
1.3 min (15.0 min). The mass spectrometer was operated in mul-
tiple reaction monitoring (MRM) modes. The temperature and
flow of the sheath gas were set at 375°C and 15 L/min, respec-
tively. The nebulizer gas was 35 psi and the capillary voltage was
—3,500 V.

Quality assurance and quality control. To monitor the impu-
rity from the instrument, one solvent blank (MeOH) was injected
before the operation of each batch and after every 10 samples.
One blank control (sheep plasma or newborn calf serum) was an-
alyzed every 21 samples to monitor the background contamina-
tion from the whole process. To ensure the stability of the
method, we analyzed two quality control samples (QCs) every 21
samples, including a QC of low spiked level (QClow; 1 ng/mL)
and a QC of high spiked level (QChigh; 10 ng/mL). All the poly-
propylene tubes and the tips of the pipette used in the experi-
ments were soaked in MeOH for >4 h and dried to avoid
background contamination. All the repeatedly used glassware
was rinsed consecutively with MeOH/water (1:1, vol/vol) and
milli-Q water before use. MeOH was injected into the instrument
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continuously before the analysis until the instrumental back-
ground baseline was stable.

A total of 23 PFAS had a detection rate >80% of all partici-
pants and were included in the data analysis. The limit of detec-
tion (LOD) for each PFAS was set at a signal-to-noise ratio of 3
(S/N=3), ranging from 0.0005 to 0.0083ng/mL (Table 1).
PFAS concentrations below the LOD were estimated as the LOD
divided by the square root of 2.8

Covariates

Previous research and a directed acyclic graph were used to gen-
erate a set of minimal sufficient adjustment variables for con-
founding control (Figure S2).!!18 They included age (linear), age
at menarche (linear), BMI (<18.5, 18.5-23.9, 24.0-27.9, and
>28.0kg/m?), educational level (less than high school, high
school graduate, and college graduate or higher), annual household
income (30,000, 30,000-50,000, 50,000-100,000, and >100,000
RMB/person), study site (Zhejiang, Shanghai, and Shandong),
and menstrual volume (normal, menorrhagia, and hypomenor-
rhea). The height and weight of the participants were measured
by trained researchers and BMI (in kilograms per meter squared)
was calculated. Menstrual volume was assessed by asking partic-
ipants to use the pictorial blood loss assessment chart (PBAC).
Participants rated the degree of blood staining of each tampon
according to the Higham criteria, which reflect the degree of
staining of tampons and cotton tampons during the menstrual
cycle.230

Statistical Analysis

In this study, continuous variables were reported as medians and
interquartile ranges, whereas categorical covariates were reported
as numbers and percentages. For further model analysis, all
PFAS concentrations were In-transformed. The Wilcoxon rank-
sum test (for skewed distributions) or the chi-square test (for
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categorical variables) was used to test differences in PFAS and
characteristics between the cases and controls. To estimate pair-
wise correlations among In-transformed PFAS, Spearman corre-
lation coefficients were calculated.

We applied logistic regression to explore the association
between PFAS and PCOS prevalence. To evaluate covariate multi-
collinearity, tolerance and variance inflation factor (VIF) values
were determined; a tolerance of <0.1 and VIF >10 were regarded
as an indication of multicollinearity. All models were adjusted for
age (continuous), BMI (continuous), annual household income (cat-
egorical), educational level (categorical), study site (categorical),
age at menarche (continuous), and menstrual volume (categorical).
We then used a restricted cubic spline (RCS) with three nodes (10th,
50th, and 90th percentiles) to explore the potential nonmonotonic
response between PFAS exposure and the prevalence of PCOS.

Because of the close correlations among some PFAS, Bayesian
kernel machine regression (BKMR) was employed to assess the
individual and cumulative effects of PFAS on PCOS prevalence.
BKMR is an analytical model specifically designed to assess the
health effects of mixture exposure to multiple environmental pollu-
tants.?! The basic principle of this method is to estimate the multi-
pollutant exposure-response relationship based on the covariance
(inner product) between individual pollutant exposure characteris-
tics by introducing a kernel function.?' At present, simulation stud-
ies have demonstrated that BKMR can fully fit the potential
complex nonlinear relationship and estimate the difference of study
outcomes under different exposure levels (e.g., the 75th vs. 25th
quantile) and possible interactions between pollutants. Here, to
reduce the influence of the variability of different PFAS concentra-
tions, prior to the BKMR analysis, all PFAS concentrations were
further normalized after In-transformation using the z-score
method. The following formula was used to scale a specific PFAS
concentration:

PFASnormalized = (PFASIn — PFASTn) s
SDPFAS In

where PFAS In represents a In-transformed PFAS, PFAS In refers
to the mean value of In-transformed PFAS, and SDppss1, i the
standard deviation of In-transformed PFAS. Here, PFAS can be
any individual PFAS congener, rather than the total or sum of
PFAS. Then PFAS were screened using a hierarchical variable
screening method.>? The 21 PFAS were divided into branched-
chain and straight-chain PFAS. The relative importance of indi-
vidual PFAS was assessed primarily in two perspectives: the ex-
posure—response relationship and the importance of each PFAS
in association with a specific outcome using the posterior inclu-
sion probability (PIP). A grouping level PIP (groupPIP) of >0.5
indicates that the overall PFAS of the group may be more impor-
tant, whereas the relative importance of PFAS within a group is
more dependent on the relative size of the conditional PIP
(condPIP) within the group. The combined exposure effect of
PFAS is defined as the difference from the predicted value of the
outcome variable at a specific quantile (e.g., the 75th quantile) of
PFAS when all PFAS component concentrations are at their me-
dian concentrations. The effect of a single PFAS was defined as
the mean change in the corresponding outcome variable as the
target PFAS concentration increased from the 25th quantile to the
75th quantile when other coexisting PFAS concentrations were
fixed at the median concentration. Estimates of BKMR were gen-
erated after 20,000 iterations.

We also used parametric estimation to evaluate the combined
effect by the recently developed quantile-based g-computation
(QGC) method.*® The basic principle of QGC is to reflect
the mixed exposure of multiple pollutants by constructing a
weighted index, and the weight of each pollutant represents the
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corresponding relative importance. When g-computation con-
structs the weighted quantile sum (WQS) index of exposure to
multiple pollutants, it allows different components to be associ-
ated with target outcomes in different directions, and at the same
time, it can also consider mixed exposures and the nonlinear rela-
tionship between single pollutants and outcomes to a certain
extent. Before analysis, the PFAS was subjected to quantile proc-
essing (quartiles were used in this study). Given that the con-
structed WQS index does not satisfy the parametric distribution,
the corresponding regression coefficients and statistical inference
are based on 200 bootstrap sampling. Furthermore, because
PFAS exposure may be associated with weight gain in women of
reproductive age, obesity may increase the risk of PCOS, strati-
fied analyses by BMI (< or >24 kg/m?) were performed in the
BKMR and QGC models.*

Furthermore, to assess the robustness of our results, several sen-
sitivity analyses were performed. a) We further classified plasma
PFAS concentrations of the controls into tertiles, with the first tertile
serving as a reference, and applied logistic regression to examine
the association between PFAS in tertiles and the prevalence of
PCOS, adjusting for the above covariates. b) Menstrual bleeding is
thought to be a significant pathway of PFAS excretion in premeno-
pausal women.3> Simultaneous expulsion of the placenta, fetus, and
other tissues when giving birth and breastfeeding are the primary
pathways of PFAS clearance in women of reproductive age.®

Table 2. Characteristics of women diagnosed with infertility, by polycystic
ovarian syndrome (PCOS) status (n =943), from a hospital-based study in
Shanghai, Shandong, and Zhejiang provinces, China, 2014-2016.

Characteristics” PCOS (n=366) Non-PCOS (n=577) p—Valueb
Age [y, median (Q1-Q3)] 28.0 (26.0-32.0)  28.0 (26.0-32.0) 0.81
BMI (kg/m?) [1 (%)] 0.002
<18.5 154.1) 70 (12.1)
18.5-23.9 166 (45.4) 371 (64.3)
24.0-27.9 95 (26.0) 100 (17.3)
>28.0 90 (24.5) 36 (6.3)
Educational level [n (%)] 0.21
Less than high school 188 (51.4) 266 (46.1)
High school graduate 101 (27.6) 188 (32.6)
College graduate or 77 (21.0) 123 (21.3)
higher
Annual household income 0.007
(RMB/person) [n (%)]
<30,000 250 (68.3) 280 (48.5)
30,000-50,000 61 (16.7) 157 (27.2)
50,000-100,000 29 (7.9) 84 (14.6)
>100,000 26 (7.1) 56 (9.7)
Parity [n (%)] 0.18
Nulliparous 300 (82.0) 492 (85.3)
Multipara 66 (18.0) 85 (14.7)
Study site 0.002
Zhejiang 34.(9.3) 159 (27.6)
Shanghai 33 (9.0) 165 (28.6)
Shandong 299 (81.7) 253 (43.8)

Menstrual cycle length 33.0 (30.040.0)  30.0 (28.0-30.0) 0.009
[d, median (Q1-Q3)]
Menstrual period length
[d, median (Q1-Q3)]
Age at menarche

[y, median (Q1-Q3)]

6.0 (5.0-7.0) 5.0 (4.0-5.0) 0.005

14.0 (13.0-15.0)  14.0 (13.0-15.0) 0.48

Menstrual volume [n (%)] 0.0002
Normal 299 (81.7) 531 (92.0)
Menorrhagia 22 (6.0) 26 (4.5)
Hypomenorrhea 45 (12.3) 20 (3.5)

Note: BMI, body mass index; menstrual cycle length, duration of the first day of two
consecutive menstrual periods; menstrual period length, duration of each menstrual pe-
riod; Q, quartile.

“Data are complete for all characteristics.

’p-Values were calculated using the Wilcoxon rank-sum test for continuous variables
and the chi-square test for categorical variables.
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Therefore, we performed a sensitivity analysis in women with nor-
mal menstrual bleeding and in nulliparous women.

All statistical analyses were conducted in R (version 3.6.1; R
Development Core Team). The RCS, BKMR, and QGC models
were implemented using the R package ‘“rcs,” “bkmr,” and
“QGC,” respectively. The threshold for statistical significance
was set at p < 0.05 (two-tailed).

Results

Population Characteristics

Demographic characteristics of the study population are pre-
sented in Table 2. The average age of the participants was 29.3 y.
The mean BMI was 23.20kg/m?. Almost a third of the partici-
pants (n=321) were overweight or obese. The PCOS group had
a higher BMI than the controls (p =0.002). In both groups, most
participants were nulliparous (>80%). Most women had normal
menstrual volume (81.7% of women with PCOS and 92% of con-
trols). Compared with the controls, the cases had longer men-
strual cycles (p=0.009) and menstruation (p=0.005), lower
annual household income (p =0.007), and a higher prevalence of
hypomenorrhea (p =0.0002).

Plasma PFAS Concentrations

Table 3 summarizes the distribution and detection rate of plasma
PFAS concentrations. All PFAS congeners were highly detectable
(88%—100%) in the plasma samples. In general, the cases had signif-
icantly higher levels of emerging PFAS alternatives (6:2 Cl-
PFESA, 8:2 CI-PFESA, and HFPO-DA), PFAS isomers (n-PFHxS,
br-PFHxS, n-PFOS, 1m-PFOS, 6m-PFOS, X3,4,5m-PFOS), short-
chain PFAS (PFBA, PFPeS, PFPeA, PFHxA, and PFHpA) and

other legacy PFAS (PFOA, T-PFOS, PFNA, PFDA, T-PFHxS,
PFHpS, PFDoA and PFUnDA) than the controls. Some PFAS con-
centrations were highly correlated with each other, with Spearman
correlation coefficients ranging from 0.01 to 0.92 (Figure S3; Excel
Table S1). We further evaluated the association of PFAS separately
in the PCOS case group and the control group and found similar
associations between the two groups (Figure S4; Excel Tables S2
and S3). In addition to the strong correlations observed for tradi-
tional PFAS (i.e., PFDoA, PENA, PFDA, and PFUnDA) (r > 0.6),
PFAS alternatives (i.e., 6:2 CI-PFESA) and branched PFAS (i.e.,
n-PFOS) were also observed to have significant correlations (Figure
S4; Excel Tables S2 and S3).

Associations between PFAS Concentrations in Plasma and
the Prevalence of PCOS

Table 4 presents the association between individual PFAS expo-
sure and PCOS prevalence before and after controlling for poten-
tial confounders. Two long-chain PFAS (T-PFOS and PFDoA),
four branched PFAS isomers (br-PFHxS, n-PFOS, 1m-PFOS,
23,4,5m-PFOS), two emerging PFAS alternatives (6:2 Cl-
PFESA and HFPO-DA) and two short-chain PFAS (PFPeS and
PFHxA) were significantly positively associated with PCOS (all
p < 0.05). RCS analysis indicated that exposure to most PFAS
congeners showed a significant nonmonotonic response with
PCOS prevalence (Figure S5; Excel Table S4).

Results of PFAS Joint and Individual Exposure in BKMR
Analyses

Figure 1 shows that the PFAS mixture was positively associated
with PCOS after adjusting for potential confounders (Excel

Table 3. Distribution of plasma PFAS in polycystic ovarian syndrome (PCOS) cases and controls among women diagnosed with infertility in Shanghai,

Shandong, and Zhejiang provinces, China, 2014-2016.

PCOS cases (n=366)

Controls (n=577)

PFAS (ng/mL)* >LOD (%) Median (P25-P75) >LOD (%) Median (P25-P75) p-Value”
Legacy PFAS
PFOA 100 8.52 (5.37-14.75) 100 7.18 (3.70-12.61) 0.006
T-PFOS* 100 5.07 (3.73-7.61) 100 3.91 (2.71-6.66) 0.009
PFNA 100 0.92 (0.57-1.48) 100 0.77 (0.41-1.44) 0.007
PFDA 100 0.92 (0.59-1.56) 100 0.69 (0.34-1.44) 0.005
T-PFHxS? 100 0.31 (0.17-0.65) 100 0.22 (0.10-0.52) 0.0006
PFHpS 98.4 0.09 (0.06-0.14) 98.3 0.08 (0.05-0.14) 0.002
PFDoA 98.6 0.14 (0.11-0.20) 99.8 0.11 (0.08-0.17) 0.0002
PFUnDA 100 0.66 (0.43-1.19) 100 0.49 (0.23-1.14) 0.003
PFAS isomers
n-PFHxS 99.2 0.30 (0.21-0.50) 99.7 0.22 (0.12-0.38) 0.008
br-PFHxS 89.6 0.03 (0.02-0.04) 92.0 0.02 (0.01-0.02) 0.001
n-PFOS 100 4.26 (2.59-7.42) 100 3.29 (1.72-6.69) 0.003
6m-PFOS 89.3 0.39 (0.21-0.63) 91.7 0.31 (0.17-0.48) 0.009
1m-PFOS 98.6 0.16 (0.11-0.22) 99.1 0.11 (0.08-0.20) 0.004
23,4,5m-PFOS 99.2 0.58 (0.38-1.11) 99.3 0.47 (0.23-0.87) 0.0007
PFAS alternatives
6:2 CI-PFESA 100 3.72 (2.55-6.07) 100.0 2.96 (1.57-6.46) 0.0001
8:2 CI-PFESA 92.1 0.10 (0.05-0.15) 91.7 0.06 (0.03-0.14) 0.001
HFPO-DA 94.3 0.04 (0.03-0.07) 89.9 0.02 (0.01-0.04) 0.0009
Short-chain PFAS
PFBS 89.3 0.06 (0.03-0.10) 89.4 0.05 (0.03-0.10) 0.06
PFBA 99.5 0.09 (0.06-0.13) 99.1 0.08 (0.06-0.11) 0.008
PFPeS 95.1 0.01 (0.01-0.01) 95.5 0.01 (0.00-0.01) 0.03
PFPeA 88 0.04 (0.02-0.10) 87.5 0.02 (0.01-0.08) 0.007
PFHxA 94.5 0.02 (0.02-0.03) 94.5 0.01 (0.01-0.01) 0.0003
PFHpA 98.6 0.07 (0.05-0.11) 99.3 0.05 (0.03-0.08) 0.006

Note: LOD, limit of detection; P, percentile; PFAS, per- and polyfluoroalkyl substances.
“For full chemical names see Table 1.

bWilcoxon rank-sum test for PFAS level between PCOS cases and controls.

“Total PFOS(T-PFOS) = n-PFOS+6m-PFOS+1m-PFOS+ )" 3,4,5m-PFOS.

“Total PFHxS(T-PFHxS) = n-PFHxS+br-PFHxS.
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Table 4. Associations of In-transformed plasma PFAS concentrations with
PCOS-related infertility in logistic regression model for women from
Shanghai, Shandong, and Zhejiang provinces, China (n=943), 2014-2016.

Crude OR Adjusted OR
PFAS® (95% CI)” p-value (95% CI)° p-Value
Legacy PFAS
PFOA 1.05 (0.86, 1.25)  0.86 1.07 (0.83,1.36)  0.61
T-PFOS 1.16 (1.05, 1.32)  0.01 1.27 (1.08, 1.45)  0.007
PFNA 1.02 (0.85,1.20) 0.85 1.13(0.89, 1.44)  0.42
PFDA 1.02 (0.76, 1.28)  0.62 1.08 (0.85, 1.32)  0.27
T-PFHxS 1.20 (0.92, 1.54)  0.07 1.26 (0.98, 1.65)  0.22
PFHpS 1.01 (0.81, 1.23)  0.08 1.06 (0.85,1.28)  0.16
PFDoA 1.21 (1.10, 1.36)  0.01 1.32(1.17, 1.49)  0.005
PFUnDA 1.06 (0.86, 1.27)  0.36 1.15(0.89, 1.46)  0.28
PFAS isomers
n-PFHxS 1.02 (0,92, 1.15)  0.16 1.08 (0.96, 1.22)  0.07
br-PFHxS 1.12 (1.02, 1.25)  0.03 1.18 (1.05, 1.34)  0.02
n-PFOS 1.12(1.01, 1.32)  0.06 1.22(1.07, 1.41)  0.01
6m-PFOS 1.16 (091, 1.42) 0.16 1.25(0.98, 1.53)  0.08
1m-PFOS 1.17 (1.02, 1.34)  0.02 1.27 (1.09, 1.49)  0.009
23,4,5m-PFOS  1.26 (1.08, 1.45) 0.04 1.35(1.12,1.57)  0.002
PFAS alternatives
6:2 CI-PFESA  1.21(1.08,1.36) 0.0009 1.29 (1.11, 1.52)  0.0007
8:2 CI-PFESA  1.14(0.86,1.42) 0.36 1.18 (0.91, 1.47)  0.26
HFPO-DA 1.26 (1.11, 1.47)  0.01 1.39 (1.16, 1.68)  0.006
Short-chain PFAS
PFBS 1.15(0.81,1.49) 0.42 1.26 (0.91, 1.60)  0.25
PFBA 0.78 (0.65, 0.96)  0.02 0.86 (0.69, 1.07)  0.07
PFPeS 1.17 (1.02, 1.31)  0.03 1.19(1.04, 1.37)  0.04
PFPeA 1.05(0.82,1.28) 0.12 1.11 (091, 1.31)  0.85
PFHxA 1.20 (1.04, 1.35)  0.02 1.21 (1.06, 1.39)  0.01
PFHpA 1.19 (090, 1.47) 0.22 1.16 (0.74, 1.57)  0.52

Note: BMI, body mass index; CI, confidence interval; OR, odds ratio; PCOS, polycystic
ovarian syndrome; PFAS, per- and polyfluoroalkyl substances.

“For full chemical names see Table 1.

PLogistic regression models were carried out to assess the OR and 95% CI of PCOS,
which were estimated by 1-standard deviation higher difference in In-transformed PFAS
as continuous variables.

“Adjusting for age (linear), BMI (categorical), annual household income (categorical),
educational level (categorical), study site (categorical), age at menarche (linear), and
menstrual volume (categorical).

Table S5). The BKMR model also found 6:2 CI-PFESA
(cPIP =0.64), HFPO-DA (cPIP=0.13), PFDoA (cPIP=0.11),
and 3,4,5m-PFOS (cPIP =0.46) as significant contributors to the
overall association (Figure 2; Table S1; Excel Table S6). There
was no significant interaction between PFAS homologs (Figure
S6; Excel Table S7).

When stratified by BMI, a significant positive association of
PFAS mixture with the prevalence of PCOS was more pro-
nounced in overweight/obese women and attenuated in normal-
weight participants (Figure S7; Excel Tables S8 and S9). Among
normal-weight participants, only 6:2 CI-PFESA (cPIP =0.66)
and HFPO-DA (cPIP=0.11) showed relatively greater impor-
tance. In the overweight/obese group, the major contributors (6:2
CI-PFESA, HFPO-DA, PFDoA, and X3,4,5m-PFOS) were con-
sistent with the main results (Table S1).

Results of Mixture Analyses Based on the QGC Model

The results of the QGC analysis are shown in Table 5. Overall,
PFAS were associated with an increased prevalence of PCOS, with
an odds ratio of 1.20 [95% confidence interval (CI): 1.06, 1.37] for
each quantile of PFAS concentration. 6:2 CI-PFESA, HFPO-DA,
PFDoA, and £3,4,5m-PFOS were more strongly associated with
PCOS prevalence (p <0.05). In addition, estimated weights of
individual PFAS homologs showed that 6:2 CI-PFESA had the
highest weight among PFAS that were significantly associated
with PCOS. This is consistent with the BKMR results. Likewise,
the associations between PFAS mixture and individual PFAS (6:2
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CI-PFESA, HFPO-DA, PFDoA, and X3.4,5m-PFOS) and PCOS
prevalence were stronger in overweight/obese women.

Results of Sensitivity Analyses

The sensitivity analyses showed that the associations of PFAS
with PCOS did not change substantially after the analyses were
restricted to women with normal menstrual volume and in nulli-
paras (Tables S2 and S3, respectively). When PFAS concentra-
tions were in tertiles, the results were consistent with Table 4.
The highest tertiles of T-PFOS, T-PFHxS, Br-PFHxS, n-PFOS,
and PFPeS exposure were positively associated with PCOS prev-
alence (p < 0.05), whereas exposures in both the second and third
tertiles of 6:2 CI-PFESA, HFPO-DA, PFDoA, Xx3.4,5m-PFOS,
and PFHxA were associated with an increased prevalence of
PCOS (Tables S4-S7).

Discussion

This multicenter case—control study showed significant associa-
tions of exposure to legacy PFAS, emerging substitutes, and
PFAS isomers with PCOS in women of reproductive age with
infertility. The combined effect of multiple PFAS homologs was
more pronounced in overweight/obese women. More specifically,
6:2 CI-PFESA, HFPO-DA, PFDoA, and X3,4,5m-PFOS were the
main contributors.

Recently, 6:2 CI-PFESA was recognized as the most persis-
tent PFAS in humans with the longest median elimination half-
life (15.3 y); that is, it may be more important than PFOS when
considering human bioaccumulation (half-life: 6.7 y).3” In addi-
tion, 6:2 CI-PFESA has a higher placental transfer efficiency than
PFOS, raising more concerns of increased fetal toxicity.®
Limited epidemiological studies have shown that 6:2 CI-PFESA
had similar or more serious effects on neonatal birth weight,®
preterm birth,>* and estradiol levels*® compared with PFOS.
Studies based on zebrafish zygotes have shown that 6:2 CI-
PFESA exposure can enhance the expression of CYP190.,*¢ com-
pete with estradiol for binding to the estrogen receptor (2
(ERB2), and up-regulate the expression of the ERB2 gene,*! but it
inhibits the expression of the androgen receptor (AR) gene,
thereby interfering with the ER and downstream AR receptors.*?
Normal regulation of signaling is closely related to negative feed-
back regulation of gonadotropin-releasing hormone (GnRH) in
the hypothalamus and the normal process of oogenesis.** 6:2 CI-
PFESA and HFPO-DA may interfere with the expression of
key hormones and receptors in the regulation of hypothalamic—
pituitary—ovarian axis (HPO) signaling and become one of the
potential mechanisms through which the two PFAS exposures
increase the risk of PCOS.**> In addition to directly affecting
endocrine organs, PFAS can alter the normal function of the
hypothalamic—pituitary—gonadal (HPG) axis, disrupting hormone
secretion and the menstrual cycle, further producing reproductive
dysfunction.*® Meanwhile, PFAS can also alter the levels of pro-
lactin and human chorionic gonadotropin (hCG).*6

Meanwhile, several in vivo and in vitro experiments have
demonstrated that 6:2 C1-PFESA and HFPO-DA can significantly
inhibit the synthesis of androgen and stimulate the synthesis of
estrogen, resulting in an imbalance in the ratio of estrogen and
androgen in the body.*'**” Blake et al. used a high-throughput
toxicity screening (HTTS) technique to evaluate the effect of
PFAS on gene expression in human placental JEG-3 trophoblast
cells, and the results suggested that placental dysfunction is
accompanied by altered steroid hormone exposure associated
with HFPO-DA.*® The disturbance of hormone homeostasis may
affect follicle maturation.*® Nonetheless, the reproductive effects
of PFAS alternatives remain to be unveiled.
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Figure 1. Overall joint associations of PFAS mixture (estimates and 95% confidence intervals) with the PCOS prevalence in Chinese women diagnosed with
infertility estimated by Bayesian kernel machine regression (BKMR) (n=943) (see Excel Table S5 for corresponding numeric data). All estimates were
adjusted for age (continuous), BMI (categorical), annual household income (categorical), educational level (categorical), study site (categorical), age at men-
arche (continuous), and menstrual volume (categorical). This figure plots the estimated difference in the probit of PCOS when exposures are at a particular per-
centile (x-axis) in comparison with when exposures are all at the 50th percentile (Pso= —0.71). Note: BMI, body mass index; PCOS, polycystic ovarian

syndrome; PFAS, per- and polyfluoroalkyl substances.

We also observed that legacy PFAS and their isoforms were
associated with an increased prevalence of PCOS. Our findings
were, in general, similar to those of previous research. Vagi et al.
found that PFOA and PFOS had a significant positive association
with PCOS.'8 Meanwhile, a case—control study in China observed
that with increasing PFDoA concentration, the risk of PCOS
increased significantly (prreng =0.01). However, no association
was found with PFBS, PFHpA, PFHxS, PFOA, PFOS, PFNA, and
PFDA.'! In another study, the patients with PCOS had higher se-
rum PFOS levels than the controls.’ In both women with PCOS
and normal controls, high serum PFOS levels were associated with
menstrual irregularities. These results suggested that PFAS might
increase the prevalence of PCOS and PCOS-related disorders in
women of reproductive age.

On the other hand, among the six branched PFAS isomers exam-
ined (4 branched PFOS isomers and 2 branched PFHXS isomers),
only X3,4,5m-PFOS was found to be positively associated with
PCOS prevalence. We have no prior study to compare with at the
moment. Given the high detection rate,”® possible biomagnifica-
tions,>! and well-documented threats to other systems (e.g., birth out-
comes, cardiometabolic profiles),'>? more research is warranted to
confirm the association and elucidate the underlying mechanisms.

We observed a significant positive association between PFHxA,
one of the new short-chain alternatives, and PCOS. Despite that
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epidemiological research in humans is still lacking, PFHXA has
been shown to be harmful to reproductive systems in various labora-
tory experiments. Specifically, animal models have suggested the
potential association between PFHxA and PCOS.'>>3 For example,
in a previous study, female offspring from pregnant mice exposed to
PFHXA exhibited symptoms of impaired ovarian functions, such as
ovarian size, decreased ovarian follicle numbers (all stages),>*
delayed vaginal opening, delayed estrus,> prolonged interestrus,
and decreased serum estradiol levels.>® In vitro experiments have
also shown that short-chain PFAS can activate peroxisome
proliferator-activated receptor-o. (PPARar) and -y.>” The activation
of these receptors, especially the y subtype, can inhibit the conver-
sion of androgens to estrogens by interfering with the nuclear factor
kappa light chain enhancer of activated B cells (NF-kB) pathway
and inhibiting the activity of aromatase.’® A study on porcine fol-
licles found that activation of PPARY significantly inhibits CYP17
and 17B-hydroxysteroid dehydrogenase (173-HSD) enzymatic ac-
tivity, decreases the expression of related genes, reduces progester-
one levels, and results in delayed ovulation.”® Whether these
mechanisms mediate the association between PFHXA and PCOS
prevalence in women remains to be confirmed.

The association between PFAS exposure and PCOS varied in
previous observational studies, probably owing to differences in
PFAS exposure levels, demographics, and exposure routes. For
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Figure 2. Univariate exposure—response relationship of individual plasma PFAS concentrations (estimates and 95% Cls) with the prevalence of PCOS, in
Chinese women diagnosed with infertility estimated by Bayesian kernel machine regression (BKMR) for each PFAS, with the other pollutants fixed at the me-
dian (n=943) (see Excel Table S6 for corresponding numeric data). All estimates were adjusted for age (continuous), BMI (categorical), annual household
income (categorical), educational level (categorical), study site (categorical), age at menarche (continuous), and menstrual volume (categorical). The boundaries
of the gray areas represent the 95% Cls of the exposure—response relationship. For full chemical names see Table 1. Note: CI, confidence interval; BMI, body
mass index; PCOS, polycystic ovarian syndrome; PFAS, per- and polyfluoroalkyl substances.

example, our research showed that this relationship is nonmono-
tonic. At certain exposure levels, no association or even a nega-
tive association was observed. A significant positive association
was noted when the exposure levels reached or exceeded a cer-
tain level (Figure S4). Furthermore, because previous studies
used traditional logistic regression models to associate a single
pollutant with PCOS risk, the association between PFAS was not
fully considered.!"'® To account for correlations among PFAS,
we employed two flexible multipollutant models. Notably, when
the menstrual features and parity history were taken into account,
these associations of PFAS with PCOS-related infertility remained
constant. Further research on the possible link and the underlying
mechanisms are warranted.

Our study also revealed that the association of PFAS exposure
with PCOS prevalence is more pronounced in overweight/obese
women than in normal-weight women; that is, BMI may play a mod-
erating role in the association. Previous studies adjusted for BMI as
a covariate in regression models but did not explore its possible
moderating role in different BMI subgroups.'!!® Insulin resistance
is common in patients with PCOS, and PFAS may directly interfere
with glucose homeostasis, further increasing the risk of PCOS.47-60
Animal experiments revealed that PFAS increase the apoptosis rate
of pancreatic cells in nonobese diabetic mice, significantly reduce
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the normal immune function of macrophages, and promote the pro-
gression of insulin resistance.®! Obesity leads to insulin resistance
by inducing the levels of free fatty acids, inflammation, and oxida-
tive stress in the body.®? Therefore, obesity may promote the devel-
opment of PCOS by further amplifying the disturbing effect of
PFAS on insulin homeostasis.%* This may be a potential explanation
as to why the association of PFAS with PCOS prevalence is more
pronounced in overweight/obese women than in normal-weight
women, but the role of BMI in the PFAS exposure-PCOS preva-
lence relationship requires further evaluation.

Our study has several strengths. First, we applied strict eligi-
bility criteria in selecting PCOS cases. Women with chromo-
somal, other endocrine, anatomical, alloimmune, autoimmune, or
infectious factors were excluded. Second, our study has a much
larger sample size than previous ones, allowing us to conduct
subgroup analyses. Third, our observation on the association
between PFAS alternatives and isomers and PCOS may prompt
further investigation. Last, the BKMR and QGC methods allow
joint marginal structural models to estimate mixed dose-response
parameters. With regard to the nonlinear relationship between
PFAS mixture exposure and PCOS prevalence, the BKMR model
serves as a good predictor of key pollutants and the QGC model
can generate parametric estimates of the mixture effects.
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Table 5. Associations of plasma PFAS mixture and individual plasma PFAS concentrations with PCOS after controlling for other PFAS congeners based on
quantile-based g-computation model, in women Shanghai, Shandong, and Zhejiang provinces, China (n = 943).

Normal-weight participants

Overweight or obese participants

All participants (n = 943)" (n=622)° (n=321)"
Items® Weight? OR (95% CI)® Weight? OR (95% CI)* Weight? OR (95% CI)¢
PFAS mixture — 1.20 (1.06, 1.37) — 1.08 (0.92, 1.25) — 1.28 (1.09, 1.42)
Legacy PFAS
PFOA 0.009 1.06 (0.85, 1.32) 0.006 1.05 (0.90, 1.24) 0.008 1.14 (0.87, 1.26)
PFNA 0.01 1.01 (0.81, 1.29) 0.01 1.09 (0.98, 1.30) 0.009 1.06 (0.75, 1.21)
PFDA -0.12 0.96 (0.79, 1.20) -0.15 0.95 (0.81, 1.19) —-0.10 0.95 (0.70, 1.07)
PFHpS 0.009 1.07 (0.95, 1.26) 0.06 1.04 (0.89, 1.21) 0.01 1.09 (0.89, 1.28)
PFDoA 0.19 1.18 (1.09, 1.31) 0.15 1.12 (0.94, 1.25) 0.21 1.21 (1.11, 1.35)
PFUnDA 0.08 1.05 (0.86, 1.27) 0.04 1.02 (0.86, 1.17) 0.05 1.08 (0.86, 1.20)
PFAS isomers
n-PFHxS —-0.06 0.84 (0.62, 1.08) -0.07 0.82 (0.71, 1.14) —-0.07 0.87 (0.75, 1.16)
br-PFHxS 0.07 1.06 (0.92, 1.25) 0.006 1.06 (0.89, 1.22) 0.06 1.08 (0.92, 1.24)
n-PFOS 0.01 1.03 (0.82, 1.17) 0.01 1.08 (0.91, 1.26) 0.007 1.06 (0.91, 1.15)
6m-PFOS 0.007 1.06 (0.92, 1.11) 0.005 1.00 (0.85, 1.09) 0.01 1.04 (0.82, 1.12)
Im-PFOS 0.04 1.09 (0.97, 1.18) 0.02 1.04 (0.90, 1.16) 0.05 1.07 (0.94, 1.19)
23,4,5m-PFOS 0.17 1.15 (1.04, 1.29) 0.11 1.10 (0.94, 1.25) 0.16 1.19 (1.06, 1.32)
PFAS alternatives
6:2 CI-PFESA 0.22 1.19 (1.07, 1.34) 0.19 1.11 (0.98, 1.21) 0.20 1.22 (1.09, 1.37)
8:2 CI-PFESA 0.07 1.04 (0.81, 1.26) 0.06 1.07 (0.87, 1.29) 0.09 1.09 (0.95, 1.26)
HFPO-DA 0.15 1.09 (1.02, 1.22) 0.14 1.07 (0.95, 1.19) 0.17 1.14 (1.05, 1.29)
Short-chain PFAS
PFBS -0.15 0.97 (0.85, 1.10) -0.17 0.95 (0.83, 1.10) —-0.15 0.97 (0.86, 1.12).
PFBA -0.22 0.85 (0.67, 1.06) -0.20 0.84 (0.70, 1.05) -0.22 0.84 (0.66, 1.03)
PFPeS 0.002 1.06 (0.84, 1.24) 0.007 1.09 (0.94, 1.26) 0.005 1.07 (0.96, 1.21)
PFPeA 0.005 1.01 (0.79, 1.19) 0.001 1.07 (0.91, 1.22) 0.007 1.06 (0.91, 1.17)
PFHxA 0.06 1.15 (0.98, 1.27) 0.12 1.02 (0.90, 1.18) 0.15 1.12 (1.04, 1.26)
PFHpA 0.007 1.02 (0.89, 1.22) 0.006 1.01 (0.85, 1.16) 0.02 1.09 (0.95, 1.32)

Note: Overweight/obesity was defined by BMI >24 kg/m?. —, Not applicable; BMI, body mass index; CI, confidence interval; OR, odds ratio; PCOS, polycystic ovarian syndrome;

PFAS, per- and polyfluoroalkyl substances.
“For full chemical names see Table 1.

Quantile-based g-computation model adjusting for age (linear), BMI (categorical), annual household income (categorical), educational level (categorical), study site (categorical), age

at menarche (linear), and menstrual volume (categorical).

“Quantile-based g-computation model adjusting for age (linear), annual household income (categorical), educational level (categorical), study site (categorical), age at menarche (lin-

ear), and menstrual volume (categorical).

“Weights indicated the contribution of individual PFAS in the associations between PFAS mixture with PCOS.
“Quantile-based g-computation models were carried out to assess the OR and 95% CI of PCOS, which were estimated by 1-standard deviation higher difference in quartiles of In-trans-

formed PFAS and PFAS mixture.

The present study also has several limitations. First, owing to
the nature of a case—control study design, blood samples were col-
lected after PCOS had occurred, which limited our ability to make
a causal inference between PFAS levels and PCOS. Given the pos-
sible reverse causation,*? it would be ideal to evaluate PFAS expo-
sure before PCOS has occurred in a large prospective cohort study.
However, most PFAS are steadily persistent chemicals with long
half-lives, indicating that PFAS levels are stable in months.
Second, evidence shows that a history of hormonal use (e.g., con-
traceptive use) is associated with the risk of PCOS.%+%> Because
our cases and controls were seeking fertility treatment, it was
unlikely that they were using any form of contraceptives. What is
more, owing to the hydrophobic and hydrophilic properties of
PFAS, they are widely used in daily home products, such as grease-
proof paper, fast food containers, and wrapping paper.! Studies
have shown an association between female exposure to PFAS and
an increased risk of being overweight and obese.®® At the same
time, overweight/obese women may eat more fast foods, which
may cause higher levels of PFAS exposure.®” Therefore, the cau-
sality of the association between PFAS exposure and high BMI
remains uncertain. However, our study did not collect information
on dietary habits, which might lead to residual confounding in our
results. Furthermore, we cannot rule out another potential residual
confounding from unmeasured environmental pollutants. Third,
even if the PBAC-based assessment of menstrual volume is consid-
ered accurate, it is still a semi-quantitative method.?8° Fourth, for
short-chain PFAS with short half-lives (less than a month) and
easy renal excretion, urine may be a more suitable matrix than
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blood for measuring concentrations of short-chain PFAS.%®
Therefore, in future studies, we will add short-chain PFAS concen-
trations in urine to accurately assess their reproductive toxicity.
Last, our study participants were recruited at infertility clinics,
which might have resulted in selection bias. Such bias could limit
the generalizability of our findings in other populations.

Conclusion

Our study showed that exposure to a PFAS mixture was associated
with an increased prevalence of PCOS in women of reproductive
age. 6:2 CI-PFESA, HFPO-DA, PFDoA, and 23,4,5m-PFOS may
be the main contributors. The association of PFAS with PCOS was
more pronounced in overweight/obese women. These findings
expand our knowledge of the reproductive toxicity of emerging
PFAS alternatives and isomers and may have important public
health implications.
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