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Abstract

Poly- and perfluoroalkyl substances are a ubiquitous class of compounds which are considered
persistent organic pollutants. Many of these compounds are unregulated and understudied but are
still widely used. One group of these compounds are fluorotelomer ethoxylates, which recently
emerged as compounds of interest following their recent detection in the environment. To
determine the health impacts of these persistent compounds, healthy pregnant CD-1 mice were
exposed to 0 ng/L (n=8), 5 ng/L (n=8), or 100 ng/L (n=7) fluorotelomer ethoxylates in drinking
water throughout gestation. At gestational day 17.5 (term is 18.5 days), high-frequency ultrasound
was performed to investigate the placental and fetal hemodynamic responses following exposure.
Maternal exposure to fluorotelomer ethoxylates showed evidence of placental insufficiency, with
a significant increase in placental weights (p<0.05), a decrease in the umbilical artery blood flow
(p<0.01) and vasodilation of the cerebral circulation (p<0.01), consistent with brain sparing to
preserve oxygen delivery to the brain. These results demonstrate that fluorotelomer ethoxylates
cause developmental toxicity and motivate further work to evaluate the risk to human pregnancies

and other vulnerable populations.

Keywords: fluorotelomer ethoxylates, mouse, perfluoroalkyl substances, placental insufficiency,
pregnancy, ultrasound

Environmental Significance Statement: Canadians spent >90% of their time indoors and
inhalation of indoor dust particles is a significant source of exposure to poly- and perfluoroalkyl
substances (PFAS). Our group recently discovered fluorotelomer ethoxylates (FTEOs), an
unregulated group of PFAS, in dust samples and in industrial wastewater. Knowing that these

compounds are persistent in the indoor environment, we aimed to study their health impact during
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the vulnerable period of pregnancy. This work used experimental mice and high-frequency
ultrasound to determine how maternal exposure to FTEOs impact pregnancy, fetal growth and
placental function. We found FTEO exposure at environmentally relevant concentrations resulted
in placental insufficiency and fetal distress. These results motivate further studies to evaluate the

risk to human pregnancies and inform environmental regulations.

1. Introduction

Poly- and perfluoroalkyl substances (PFAS) are a group of compounds that have a
fluorinated carbon chain and a wide variety of functional groups. These compounds are considered
to be persistent organic pollutants due to the slow rate at which they degrade and their ability to
bioaccumulate. The unique properties of PFAS have led to widespread use across many different
sectors including textiles, cosmetics and personal care products, and electroplating!. It is thus
unsurprising that many PFAS and their precursors have been detected in biological and
environmental media?.

PFAS are often separated into two classes: legacy PFAS and emerging/replacement PFAS.
Legacy PFAS consist of compounds such as perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS) which were at one time widely used, but have since been phased out following
investigations into their impacts on human health and subsequent regulation. PFOA in particular
has previously been linked to thyroid disease’, testicular and kidney cancers®, and ulcerative
colitis® in humans. Although legacy PFAS are now rarely used, their persistence has allowed them
to remain in the environment, thus exposure to legacy PFAS is still a cause for concern.
Replacement PFAS are new compounds being introduced to the market to replace the use of legacy

PFAS. Legacy and replacement PFAS often share structural and compositional similarities®. Yet,
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replacement PFAS are largely unregulated and often understudied leading to uncertainty around
their environmental and health impacts. There are currently over 12,000 PFAS of interest’,
demonstrating how challenging it would be to characterize the effects of each compound. It is
therefore important to perform environmental monitoring to identify key PFAS for further study®.

Recently, our group conducted nontargeted screening® in industrial wastewater and indoor
dust and found fluorotelomer ethoxylates (FTEOs) at concentrations similar to toxic PFAS such
as PFOA and PFOS!'’. FTEOs were detected in 9/15 indoor dust samples and 14/37 industrial
wastewater samples, with higher concentrations associated with industries such as healthcare,
electroplating, cosmetics and personal care products, and linen cleaning. Due to the variety of
locations in which FTEOs were found, they likely have many different applications. The
prevalence of these unregulated compounds and their unknown toxicity provided the motivation
to study in vivo exposure effects of FTEOs in mice, specifically during the vulnerable period of
pregnancy and fetal development.

The effects of legacy PFAS on pregnancy and development in mice has attracted significant
interest and concern'!. Maternal exposure to PFOA and PFOS in mice has shown that these

12-14

compounds cross the placental barrier'~'* and result in significant changes in placental weight and

differences in placental morphology'3-!’

. These changes have been associated with negative
pregnancy outcomes, such as fetal growth restriction and prenatal mortality, raising concerns about
gestational effects of PFAS in humans. While FTEOs have not been studied in vivo during
pregnancy before, FTEOs have been shown to cause significant in vitro cytotoxicity and

adipogenic activity in murine cells'®. Moreover, while studies of the biodegradation of FTEOs

present mixed results, they may degrade into perfluorinated carboxylic acids, including PFOA!®-2°,
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As such, we hypothesize that FTEOs will also have a detrimental effect on pregnancy and fetal
development.

Doppler ultrasound is the standard tool for evaluating placental health and fetal well being
in both human and mouse pregnancy?!. In the present study, we investigated the effect of maternal
exposure to FTEOs on placental and fetal growth using experimental mice. High-frequency
Doppler ultrasound was used to characterize the impact on placental function and the placental

and fetal hemodynamic responses following exposure to FTEOs.

2. Materials and Methods
2.1 Chemicals

Capstone FS-30 (CAS Number 1640092-35-8), a commercial mixture of 6:2 FTEOs, was
purchased from Apollo Scientific (Dredbury, Stockport, UK). 'H NMR and pulsed field gradient
NMR were used to confirm the purity of the Capstone FS-30 mixture. Measurements were
acquired on a Bruker Avance I 600 MHz spectrometer ('H Larmor frequency 600.29 MHz) and
a Bruker diffusion Diff30 probe with a 'H radiofrequency coil insert with an inner diameter of 5

mm.

2.2 Animals

Twenty three female CD-1 mice were purchased from Charles River Laboratories and bred
in-house between 6-15 weeks of age. Detection of a vaginal plug the morning after mating was
designated as gestational day 0.5 (GDO.5), at which time mice were singly housed to monitor water
consumption. From GDO.5 to GD17.5, mice were provided with filtered drinking water containing

either 5 ng/L 6:2 FTEOs, 100 ng/L 6:2 FTEOs, or control filtered water (three-phase micrometer
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filtration system at 5, 1 and 0.2 pm). 6:2 FTEOs were used as they were the most prevalent in
indoor dust and industrial wastewater!’. The concentrations were selected based on reported

concentrations of other PFAS in drinking water??-%3

and the upper end of concentrations of
individual FTEOs found in industrial wastewater!®. At GD17.5, high-frequency ultrasound was
conducted to measure blood flow in the umbilical artery (UA) and middle cerebral artery (MCA).
Dams were euthanized following ultrasound imaging using cervical dislocation. Dissections were
performed to measure umbilical cord lengths, fetal weights, and placental weights. Tail or skin
samples were taken for use in genotyping and stored in a -18°C freezer. Genotyping to determine
fetal sex was conducted using polymerase chain reaction (PCR) and primers designed for the sex-
determining region Y (Sry) gene. These primers had forward primer sequence
(CTCATCGGAGGGCTAAAGTG) and reverse primer sequence
(AAGCTTTGCTGGTTTTTGGA) and a total segment length of 166 base pairs. Primers for the
Cyp24al gene were used as a positive control and had forward sequence
(CCAAGTGTGCCATTCACAAC) and reverse sequence (TCTCTCGCTGAACCTGG ATT). All
experiments were conducted in accordance with guidelines established by the Canadian Council

on Animal Care and were approved by the Institutional Care Committee at Memorial University

of Newfoundland (Animal Use Protocol 20-02-LC).

2.3 High-frequency ultrasound biomicroscopy

A high-frequency ultrasound system (F2, VisualSonics, Toronto, Canada) was used with a
UHFx57 probe at a center frequency of 40 MHz and an axial resolution of 40 um. Two fetuses in
the lower abdomen of each dam were chosen for ultrasound. This ultrasound protocol was

described previously?!. Briefly, dams were anesthetized using isoflurane at 4% for induction and
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2% for maintenance in 100% oxygen. The maternal heart rate, respiration rate and temperature
were monitored throughout the experiment and the maternal temperature was maintained at 35-
37°C wusing a temperature-regulated platform. These parameters are best practices for
measurements of physiology in experimental mice?*. The blood velocity was measured using
pulsed wave Doppler recordings and accounting for the angle of insonation (<60°). The diameter
measurements of the UA were determined using M-mode recordings with the ultrasound beam at
the same location as the Doppler measurement. M-mode datasets from three of the fetuses in the
5 ng/L FTEO group had to be excluded because of failure to find a well-defined M-mode trace in
the correct location.

All values were calculated using an average over three cardiac cycles. The velocity time
integral was calculated by tracing the intensity-weighted mean velocity of the Doppler waveform
as a function of time. The vessel diameter was measured at systole and diastole using the inner
boundaries of the vessel walls. The flow was calculated by multiplying the velocity time integral
by the vessel cross-sectional area and the fetal heart rate. The pulsatility index (PI) was calculated
using the peak systolic and diastolic velocities, subtracting the two and dividing by the mean
velocity over the cardiac cycle. The cerebroplacental ratio (CPR) was calculated as the MCA PI
divided by the UA PI%.

2.4 Statistical analysis

All statistical analyses were carried out using R software (www.r-project.org) where

statistical significance was defined as p<0.05. Data from each group of animals are reported as the
means and 95% confidence intervals (CI). The maternal weights, litter sizes, male:female ratio,
and number of fetal resorptions were analyzed using a one-way analysis of variance (ANOVA) to

evaluate the effect of concentration (0, 5, 100 ng/L FTEOs). Litter was a significant factor in the
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fetal and placental weights, umbilical cord lengths, and feto-placental weight ratios and therefore
litter means were used for statistical analysis using a two-way ANOVA to evaluate the effects of
concentration (0, 5, 100 ng/L FTEOs) and biological fetal sex (female, male). If the ANOVA was
significant, Tukey post hoc tests were performed. The UA blood flow, UA diameter, fetal heart
rate, UA PI, MCA mean velocity, MCA PI, and CPR were analyzed using linear mixed-effects
models with concentration (0, 5, 100 ng/L FTEOs) as the fixed effect and litter as the random
effect to account for similarity amongst littermates®. If the linear mixed-effect model was
significant, post-hoc tests were performed by relevelling the model with different experimental

groups chosen as the reference group.

3. Results and Discussion
There was no difference in maternal weight prior to mice being randomly assigned to the 5 ng/L
FTEOs, 100 ng/L FTEOs or control group and there was no difference between groups in the
maternal weight gain at GD17.5. The dams all consumed the same amount of water, an average of
8 (CI: 7-9) mL per day. None of the dams showed any visible signs of illness (e.g. lethargy,
hunched posture, unkempt fur). There was no effect of concentration on the litter size, male:female
ratio, or number of resorptions. This demonstrates that maternal health is not significantly affected
by exposure to the concentrations of FTEOs used in this study, and thus any fetal effects are not
likely attributed to maternal illness.

At GD17.5, there was no effect of fetal sex or concentration on the umbilical cord length.
For fetal and placental weights, we observed a trend towards an increase in males compared to
females (p=0.06 and p=0.07, two-way ANOVA). While there was no effect of concentration on

the fetal weights (Figure 1a), there was a significant effect of concentration on placental weights
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(p<0.01), with the placentas from the 100 ng/L FTEOs group weighing 14% more than controls
(p<0.05, by Tukey post hoc test following two-way ANOVA) (Figure 1b). There was also a
significant effect of concentration on the feto-placental weight ratio (FPWR) (p<0.05), with a
decrease of 9 and 10% in the 5 ng/L and 100 ng/L FTEO groups compared to controls (p<0.05, by
Tukey post hoc test following two-way ANOVA) (Figure 1c¢). A decreased FPWR is associated
with adverse pregnancy outcomes?’ and suggests a decrease in placental efficiency, requiring a
larger placenta to support the same fetal growth trajectory as during normal gestation. In human
pregnancy, several fetal morbidities have been associated with increased placental weight
including low Apgar scores, neonatal seizures, and the requirement of neonatal ventilation?.
Additionally, it has been proposed that placental weights may be increased as a compensatory
mechanism due to decreased blood flow to the fetus?®. This indicates that, despite the lack of
changes in fetal weights, FTEO exposure may be causing stress on the fetoplacental unit requiring
additional oxygen and nutrients for the fetus to reach its full growth potential. To further explore
the impact of FTEO exposure on placental and fetal well being, we used high-frequency ultrasound
to quantify changes in UA and MCA blood flow.

Ultrasound demonstrated further evidence of stress on the fetoplacental unit following
exposure to FTEOs. The physiological and hemodynamic parameters are summarized in Table 1.
There was a significant effect of concentration on the UA blood flow (p<0.05) (Figure 2a), with
post hoc analysis showing a 31% decrease in the 5 ng/L. FTEO group (p<0.01, by Tukey post hoc
test following linear mixed-effects model) and a 28% decrease in the 100 ng/L. FTEO group
compared to controls (p<0.01, by Tukey post hoc test following linear mixed-effects model). There
was no effect of concentration on the UA diameter, fetal heart rate, and UA PI. The decrease in

placental blood flow following maternal exposure to FTEOs is consistent with placental
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insufficiency, deterioration of placental function that limits the amount of oxygen and nutrients
being delivered to the fetus. Pregnancies complicated by placental insufficiency are at risk of
hypoxic brain injury and fetal demise from asphyxia®-3!.

In response to hypoxia, there is physiological redistribution of the fetal circulation to
preserve oxygenation of the fetal brain at the expense of other fetal organs. This phenomenon, the
brain sparing effect, occurs in both humans?®? and mice?*** and is detected using the fetal MCA PI
and the CPR?*. In this study, there was a significant effect of concentration on the MCA mean
velocity (p<0.05), MCA PI (p<0.01) (Figure 2b) and the CPR (p<0.01) (Figure 2¢). Post hoc
analysis showed a trend towards a higher MCA PI (p=0.06) and no difference in the CPR in the 5
ng/L FTEOs group compared to controls. In contrast, the MCA PI was 15% lower in the 100 ng/L
FTEOs group compared to controls (p<0.01, by Tukey post hoc test following linear mixed-effects
model) and the CPR was 14% lower in the 100 ng/L FTEOs group compared to controls (p<0.01,
by Tukey post hoc test following linear mixed-effects model). The MCA PI and CPR were
significantly different between the two FTEO exposure groups (p<0.05, by Tukey post hoc test
following linear mixed-effects model). The significant decrease in the MCA PI indicates
vasodilation of the cerebral circulation at the highest concentration of FTEOs, a fetal adaptation
that is part of the brain sparing response to preserve oxygen delivery to the brain. Brain sparing is
a hallmark of accelerating placental dysfunction®®>, a known cause of adverse long-term
neurodevelopmental outcomes?®.

Taken together, maternal exposure to FTEOs causes reduced placental blood flow that
initiates compensatory mechanisms to increase placental growth and to redistribute blood flow to
the fetal brain to protect the fetus from hypoxic injury. The exposure does not significantly impact

fetal growth in late gestation, suggesting the placental insufficiency is late onset. To confirm this
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hypothesis, future investigations will involve longitudinal studies of placental and fetal blood flow
throughout gestation in mice. Moreover, it will be valuable to study the long-term neurological
outcomes of FTEO exposure, since by term the placenta may have evoked all of its compensatory
mechanisms and further fetal growth may result in detrimental outcomes.

The finding that maternal exposure to FTEOs during gestation causes adverse effects
during pregnancy is consistent with several studies of legacy and emerging PFAS exposure.
Exposure to PFOA and hexafluoropropylene oxide dimer acid (a replacement PFAS known as
GenX) in CD-1 mice resulted in an increase in placental weights and a reduction in the FPWR at
GD17.5'6. Histopathological lesions were also found in the placenta including necrosis and
atrophy of the placental labyrinth (the interface for gas and nutrient exchange), suggesting
impaired transfer of nutrients and oxygen. While the study by Blake et al. also reported a
significant decrease in fetal weights'®, we did not observe any significant differences following
FTEO exposure. The difference may be explained by the administered dose of the PFAS. Most of
the studies exploring the impact of PFAS on pregnancy in mice used much higher dose than those
in the present study (assuming a 50 g dam that drinks 8 mL of water per day, 0.25 mg/day PFOA
or 0.5 mg/day GenX in Blake et al. vs. 8x10”7 mg/day in the present study). This is supported by a
recent meta-analysis that reported PFOA and PFOS were only associated with lower fetal weights
when the maternal dose was greater than 5 mg/kg/day and 10 mg/kg/day respectively®’. Similar
high doses of PFOA and PFOS in CD-1 mice also resulted in a decrease in the number of live
fetuses, reduced maternal weight gain, and birth defects including cleft palate, skeletal
malformations, anasarca, and congenital heart defects!’*3-4°. Although the concentrations in the
present study are relatively low by comparison, they are similar to the newly proposed regulations

put forth by the US EPA which recommend establishing legally enforceable limits for PFOA and
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PFOS at individual concentrations of 4 ng/L (4 parts per trillion) in drinking water*!. FTEOs have
not yet been detected in finished drinking water, but they have been detected in wastewater as well
as indoor dust, which suggests inhalation may be a route to exposure.

In summary, FTEOs, a new class of PFAS, were found to have a significant impact on
placental and fetal health at environmentally relevant concentrations in mice. While the ability of
FTEOs to bioaccumulate remains unknown, their toxicity demonstrated in this study raises
significant concerns about their impact on human health.

Table 1. Physiological and hemodynamic parameters

Parameter Control FTEO-exposed FTEO-exposed
(0 ng/L) (5 ng/L) (100 ng/L)
n=16 n=13 n=14

UA diameter (mm) 0.36 (CI: 0.34-0.38) | 0.36 (CI: 0.33-0.39) | 0.33 (CI: 0.31-0.35)
Fetal heart rate (bpm) 172 (CI: 149-195) 155 (CI: 132-178) 166 (CI:150-182)
UA blood flow 0.13 (CI: 0.11-0.15) | 0.09 (CI: 0.07-0.11) | 0.10 (CI: 0.08-0.12)*

(mL/min)
UA PI 1.97 (CI: 1.89-2.05) 2.0 (CI: 1.8-2.2) 2.0 (CI: 1.9-2.1)
MCA mean velocity 13 (CI: 11-15) 11 (CI: 4-18) 6 (CI: 5-7)2
(mm/s)¢
MCA PI° 1.42 (CI: 1.33-1.51) 1.6 (CI: 1.4-1.8) 1.23 (CI: 1.14-
1.32)2b
Cerebroplacental ratio® | 0.73 (CI: 0.68-0.78) | 0.74 (CI: 0.64-0.84) 0.63 (CI: 0.58-
0.68)*°

Data are presented as means and 95% confidence interval (CI) values. MCA, middle cerebral
artery; P, pulsatility index; UA, umbilical artery. *p<0.01 compared to controls, °p<0.01 compared
to FTEO-exposed (5 ng/L), “‘n=11 Controls (0 ng/L), 8 FTEO-exposed (5 ng/L), 14 FTEO-exposed
(100 ng/L)

Abbreviations: CPR, cerebroplacental ratio; FPWR, feto-placental weight ratio; FTEOs,
fluorotelomer ethoxylates; GD, gestational day; MCA, middle cerebral artery; PFAS, poly- and
perfluoroalkyl substances; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate; PI,

pulsatility index; UA, umbilical artery
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Figure 1. Developmental changes following maternal exposure to fluorotelomer ethoxylates.
(A) There was no significant effect of the concentration of fluorotelomer ethoxylates (FTEOs) on
the fetal weights. (B) Placental weights increased significantly with increasing concentration of
FTEOs (p<0.01, two-way ANOVA). (C) Feto-placental weight ratio decreased significantly with
increasing concentration of FTEOs (p<0.05, two-way ANOVA). n = 7-8 dams/group. Data are

shown as means and 95% confidence intervals.
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Figure 2. Impact of fluorotelomer ethoxylate exposure on placental and fetal hemodynamic
responses at 17.5 days of gestation. (A) Umbilical artery blood flow was significantly decreased
following exposure to fluorotelomer ethoxylates (FTEOs) (p<0.05). (B) Middle cerebral artery
pulsatility index was significantly decreased in the 100 ng/L FTEO exposure group compared to
controls and 5 ng/L. FTEOs (p<0.01). (C) Cerebroplacental ratio was significantly decreased in the
100 ng/L FTEO exposure group compared to controls and 5 ng/L FTEOs (p<0.01). n = 8-16

fetuses/group. Data are shown as means and 95% confidence intervals.
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