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Normal reproductive function and fertility is considered a “sixth vital sign”
because disruptions to this sensitive physiological system can forewarn other
health issues, including exposure to environmental toxicants. We found that
female mice exhibited profound loss of embryos during pre-implantation and
fetal development coincident with a change to the source of their drinking
water. When female mice were provided with tap water from the building in
which they were housed (Water 2), instead of tap water from a neighboring
building which was their previous supply (Water 1), ovulated oocytes were
degenerated or had impaired meiotic maturation, and failed to form embryos.
The harmful effects of Water 2 exposure were not reversible even following a
recovery period; however, carbon-filtration of Water 2 removed the toxic
contaminant. Water composition analysis to identify the responsible toxicant(s)
found that trace elements were present at expected levels and phthalates
were undetectable. Per- and Poly-fluoroalkyl Substances (PFAS), a family of
persistent organic pollutants were detected at ~4 ng/L. To investigate further,
female mice were given drinking water categorized by level of PFAS
contamination (0.6 ng/L, 2.8 ng/L, or 4.4 ng/L) for 9 weeks. Compared to mice
consuming purified MilliQ water, mice consuming PFAS-contaminated water
had decreased oocyte quality, impaired embryogenesis and reduced cell
numbers in blastocysts. PFAS concentration in the drinking water was
negatively correlated with oocyte viability. Importantly, the levels of PFAS
detected in the tap water are within current “safe level” guidelines, and further
research is needed to determine whether PFAS are responsible for the
observed reproductive toxicity. However, this research demonstrating that
water deemed suitable for human consumption has detrimental effects on
mammalian embryo development has important implications for public health
and water quality policies.
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Safe drinking water is essential to human health and civic
regulatory agencies are charged with ensuring that resident
consumers are provided with water that is safe for consumption
and household use. Guidelines in most municipalities dictate that
water for human consumption is prevented from contacting
human or livestock waste, is disinfected (e.g., chlorinated) and
filtered to remove viruses where required. Higher level regulatory
agencies, such as the Environmental Protection Agency (EPA),
monitor potential water borne “contaminants” defined as any
physical, chemical, biological or radiological substance or matter
[The Safe Drinking Water Act (SDWA)]. Based on evidence of a
contaminant’s effects on human health and likelihood of its
presence in the public water systems, new regulations or health
advisories must be initiated as warranted to ensure drinking
water safety (1).

Historically, there have been many instances where toxic
chemicals have entered the water supply that is delivered to
municipal buildings for human consumption. A particularly
notorious and tragic example is the Flint Water Crisis, in which
the drinking water supply to residents of Flint Michigan (USA)
was switched from being provided by a treatment plant (the City
of Detroit), to being piped directly from the Flint River. Soon
after, Flint residents reported that exposure to the new water
supply was causing skin rashes, hair loss and itchy skin, and
hyperactivity and agitation in children (2, 3). It was through
determined efforts of the Flint community that the toxic nature
of the water supply was documented and eventually rectified (4).
The importance of this episode is captured in national Drinking
Water Guidelines which highlight that “Consumers are the
ultimate assessors of water quality. Consumers may not be able
to detect trace concentrations of individual contaminants, but
their ability to recognize change should not be discounted. In
some cases, consumer complaints may provide valuable
information on potential problems not detected by testing water
quality or monitoring treatment processes” (5).

The current study reports the findings of adverse health and
reproductive outcomes in mice at a research animal facility after
a change in their drinking water source. Specifically, when mice
were provided with tap water from the building in which they
were housed, instead of tap water from a neighboring building
which was their previous supply, they exhibited skin lesions, hair
loss, female infertility and fetal malformations. Notably, there
was a dramatic decrease in oocyte viability and preimplantation
embryo development that occurred following just a few days of
exposure to the new water source. Comprehensive analysis of
both water sources did not find any compounds [heavy metals,
phthalates, Per- and Poly-fluoroalkyl Substance (PFAS)] that
were outside of levels deemed safe. However, PFAS concentration
in the mouse drinking water was significantly correlated with the
loss of oocyte viability and poor embryo development. These
findings, of detrimental effects on mammalian oocyte viability
following exposure to tap water that is consumed by humans,
have implications for public health and safe water standards in
urban buildings.
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2.1 Mice

Female C57BL/6 and CBA.F1 mice at indicated ages, and males
at 6-8 weeks of age, were obtained from the Western Australian
Animal Resources Centre (ARC, C57BL/6 mice) or the University
of Adelaide’s Laboratory Animal Services (LAS, CBA.F1 mice).
Mice were maintained in 12h/12h light/dark conditions and
given water and 10% fat rodent chow ad libitum. The water source
that mice were provided and the duration of consumption are
indicated in the Results and each Figure. To determine the effect
of copper levels on oocyte and embryo outcomes, mice were
provided with either MilliQ water (i.e., free of trace elements) or
MilliQ water supplemented with 500ppb Cu** (CuCl,, Chem-
Supply, #CA004) for two weeks. All male mice used for sperm for
IVF were provided with “Water 1”. All protocols were approved
by the University of Adelaide’s Animal Ethics Committee and
conducted in accordance with the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes.

2.2 In vitro fertilization (IVF) and embryo
culture

To generate embryos via in vitro fertilization, female mice
were given 7.5IU pregnant mare’s serum gonadotropin (PMSG,
Lee BioSolutions, #493-10), followed by 7.5IU human chorionic
(hCG, 47.5h
intraperitoneal (i.p.) injection. Male mice were humanely killed

gonadotropin Pregnyl) later, each via
by cervical dislocation, and epididymal spermatozoa were

collected and underwent capacitation in pre-warmed
fertilization media (Vitro Fertilization; Cook Australia, Brisbane,
Australia) under paraffin oil at 5% O,, 6% CO,, 37°C for 1h
prior to IVF. Female mice were humanely culled by cervical
dislocation 15h after hCG administration, and ovaries and
oviducts collected and placed in pre-warmed (37°C) aMEM-
HEPES handling media.

clusters

Cumulus-oocyte complex (COC)

were isolated by puncturing oviducts. Following
retrieval, COC clusters were gently washed twice in pre-warmed
(37°C) fertilization media (Vitro Fertilization; Cook Australia,
Brisbane, Australia), before being placed in a 100 pl fertilization
drop containing the equivalent of 10 ul of capacitated sperm
(noted as “fertilization time”), before being returned to the
incubator (37°C, 5% O,, 6% CO,) for 4h. Following this,
presumptive zygotes were cleaned of all excess sperm and
cumulus cells via gentle aspiration. At this time, zygotes
underwent morphological and maturation assessments.

Zygote morphology was classified into three groups: “live”
zygotes displayed typical morphology, such as the oocyte
occupying the majority of the zona volume, no fragmentation,
and uniform cytoplasm (see for example), while
“degenerated” zygotes appeared dark and shrunken within the
zona pellucida. When extensive fragmentation was observed
zygotes were classed as “fragmented” (see for example,

degeneration and fragmentation indicated by arrows and
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asterisks, respectively). Zygotes were considered to have undergone
normal meiotic maturation if they displayed one or two polar
bodies (number of polar bodies was dependent on fertilization
status, see Figure 3C, polar bodies indicated by arrow heads),
and were deemed abnormal if a very small polar body or no
polar body was present, despite the absence of the germinal
vesicle (GV), (Figure 1G-i). This was commonly accompanied by
a degree of oocyte shrinkage away from the zona (Figures 1G-ii, 3).

10.3389/frph.2024.1394099

Live presumptive zygotes were transferred to a culture dish
containing cleave media (Vitro Cleave; Cook Australia, Brisbane,
Australia, 10 embryos per 20 ul cleave media drop) and returned
to the incubator. For in vivo fertilized zygote collection, following
hCG administration, females were paired 1:1 with a male of
proven fertility. 16 h after hCG administration zygotes were
collected from oviducts and cultured in cleave media as above.
24 h post-fertilization or post-collection, zygotes were scored as

FIGURE 1

right eye is missing (H).

Phenotypic abnormalities observed following a facility change to water 2. Coincident with a change to the drinking water supplied to mice (Water 2),
abnormal physical characteristics were noted, including hair loss in young mice (4-6 weeks, A), and skin lesions in older adult females (9-12 months, B).
Aggression in males resulted in wounds from fighting (C). Mice used in metabolic studies exhibited a reduction in weekly weight gain (D). A decrease in
zygote viability was observed, with many degenerated by 4 h post-fertilization (E). Oocytes exhibited signs of abnormal nuclear maturation, including
small polar bodies (i—arrow head), increased space between the oocyte and zona (ii—arrow), and no polar body in the absence of the germinal
vesicle (GV, iii) (F). Young female mice paired with males of proven fertility displayed elevated fetal resorption rates (arrow) as evident in excised
uterus on gestation day 17.5 (G). Mice from breeding colonies were frequently born missing an eye, as shown in two three-week old mice where the
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either “degenerated” (defined as morphological evidence of failed
cleavage, lysis, shrinkage, and/or fragmentation), or “viable”
[having successfully reached the 2 cell (2C) stage]. Embryos were
then returned to the incubator until 96 h post fertilization time,
when development to blastocyst stage was scored.

2.3 Blastocyst differential stain

Blastocysts were fixed 103 h post-fertilization in 4% PFA-PBS
overnight at 4°C. Samples were washed once in PBS-PVP and
incubated for 5 min at RT in 0.1M glycine, followed by 3 x 5 min
washes in PBS-PVP. Samples were permeabilized in 0.5% Triton
X-100 for 30 min at RT, washed 3x in PBS-PVP and blocked for
1h at RT in 10% donkey serum (Sigma). Primary antibodies
were diluted 1:500 (Oct 3/4 Santa Cruz #sc-8626, CDX2 Abcam
#ab76541) in 10% donkey serum and samples incubated
overnight at 4°C. Following 3 x5 min washes in PBS-PVP,
samples were incubated in secondary antibodies at a dilution of
1:1,000 for 1h (Life technologies, Alexa Fluor 594 donkey anti-
rabbit and Alexa Fluor 488 donkey anti-goat), with 10 pg/ml
Hoechst-33342 added for the final 10 min of the incubation.
Samples were mounted using ProlongTM Diamond Antifade
Mountant (Invitrogen, #P36965) and imaged using a Cell
Voyager CV1000 spinning disc confocal (Yokogawa) with a 40x
objective and z-stacked with a 0.7 um step height. Z-stacks were
imported to Image ] and a maximum intensity z-project was
created to enable counting of individual cells.

2.4 Inductively coupled plasma mass
spectrometry (ICP-Ms)

ICP-MS was performed on duplicate water samples from
indicated sources to measure elemental content. 1.8 ml of sample
was added to a 2 ml Safe Lock tube (Eppendorf, #0030123344) with
200 pl of 35% nitric acid, boiled at 96°C for 30 min, and centrifuged
for 20 min at 18,000 rcf after cooling, to remove debris.
Supernatants 5 ml (Sarstedt,
#63.9921.522). Tubes were verified to not leach elements of interest
upon acid exposure. Standards for each element were made in 3.5%

were transferred to tubes

nitric acid to the following concentrations (in ppb) 500, 200, 100,
50, 20, 10, 1, and blank. The full element list analyzed is: Li
(lithium), Be (beryllium), Na (sodium), Mg (magnesium), K
(potassium), Ca (calcium), Cr (chromium), Mn (manganese), Fe
(iron), Co (cobalt), Ni (nickel), Cu (copper), Zn (zinc), As (arsenic),
Se (selenium), Sr (strontium), Cd (cadmium), Sn (tin), Sb
(antimony), Pb (lead), Bi (bismuth). All detected elements are
shown in the figures, undetected elements are not shown.

2.5 PFAS content analysis
Water samples were collected in supplied plastic containers

from Envirolab Services (Australia) according to Envirolab
Services’ instructions. “Trace level extended suite analysis” was
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conducted using liquid chromatography and mass spectrometry
in combination (LC-MS/MS, Envirolab Services), to quantify 28
PFAS compounds with a detection limit ranging from 0.2 ng/L to
10 ng/L, depending on the PFAS compound. Detection limits for
compounds found were 0.2 ng/L (PFOS, PFOA, PFHxS) and
0.4 ng/L (PFHpA, PFBS, 6:2 FTS).

2.6 Statistical analysis

Results are presented as mean + SEM. Statistical analysis was
performed using Graph Pad Prism version 8 for Windows
(GraphPad Software Inc., La Jolla, CA). Paired t-test, unpaired
t-test, one-way ANOVA, chi-squared analysis, and Pearson’s
Correlation were used as indicated and statistical significance was
considered at P-value < 0.05.

3.1 Water source is associated with
physical symptoms and reproductive
phenotypes in mice

Our biomedical research, focused on female fertility and
embryology, utilizes mouse models which are housed within a
state-of-the-art environmentally controlled animal facility, and
yet suddenly, over the course of just a few weeks, mice
throughout the facility exhibited highly uncharacteristic physical
symptoms. These included extensive hair loss, even in weanlings,
and self-inflicted flesh wounds resulting from scratching and
,B). Handlers
also noticed unusual behaviors; particularly a high degree of

over-grooming that were slow to heal (

agitation in young female mice, and a sudden marked increase in
aggression in male mice resulting in frequent occurrences of
severe fighting wounds littermates

( )-

monitored, mice exhibited an abrupt and uncharacteristic failure

amongst cohabitating

In metabolic studies where weight gain was
to gain weight ( ). Profound reproductive abnormalities
were also commonly observed. Investigators studying ovarian
biology found young healthy female mice ovulated degenerated
oocytes (
meiotic maturation [i.e., with no polar bodies ( )].

), and oocytes that failed to undergo normal

Mated female mice often failed to achieve pregnancy, and those
that progressed to pregnancy showed poor outcomes, reflected by
small litter sizes and elevated fetal resorption rates ( ).
In breeding colonies, pups exhibited unusual degrees of
developmental anomalies, including absence of normal eye
development ( ). Whilst these observations and
phenotypes were not quantified, because they occurred in
multiple strains of mice and animals of both sexes, they
prompted an urgent investigation into the underlying cause of
these serious health issues.

All aspects of the facility environment and husbandry were
investigated as possible causes of these adverse health effects, and

no alterations to diet, cages, bedding, air flow, building
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FIGURE 2
Preparation of drinking water. Animals were provided with drinking water from two different facilities (A). Water 1: Municipal water supplied to the
building (HMAF) underwent standard procedures to sterilize water for consumption by laboratory animals, including sediment, carbon, and UV
filtration, acidification and autoclaving. Water 2: Municipal water supplied to a nearby building (AHMS) underwent water softening, which adds
sodium to reduce calcium and magnesium. Following observations of physical and reproductive phenotypes Water 2 processing procedures were
changed to sediment, carbon, and UV filtration (Water 2F). ICP-MS analysis of mineral content in water samples from Water 1, Water 2, and Water
2F (B). Water 2 has notable differences in mineral content to Water 1, and Water 2F more closely reflects the composition of Water 1.

vibrations, or light cycles were identified. This pointed to the
drinking water supply, which had been recently changed, from
drinking water delivered from a neighboring facility (Water 1;
which had been the source for the previous two years) to in-
house drinking water (Water 2; obtained from within the facility)
(see Figure 2A). Thus, we investigated whether differences
between “Water 17 and “Water 2” could be responsible for the
poor health phenotypes the mice displayed. Our focus was the
oocyte  quality embryo
development, given the particular significance of environmental

change to and preimplantation

toxins for reproductive health. To investigate this, we utilized an

by
gonadotropin induced ovulation, followed by in vitro fertilization

experimental strategy involving generation of oocytes
(IVF) and in vitro embryo development.

Young female mice (CBA.F1 strain, 3 weeks of age) were
divided into equivalent cages and provided with Water 2 for
either 1 week or 4 weeks upon arrival in the Facility, prior to
gonadotropin-induced ovulation and assessment of oocyte
developmental competence (see Figure 3A). Specifically, at seven
weeks of age, mice were treated with gonadotropins and ovulated
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cumulus-oocyte complexes (COCs) were collected and fertilized
in vitro, with zygote morphology assessed 4 h post-fertilization
(Figure 3A). Mice of both groups ovulated similar numbers of
oocytes but those that were given Water 2 for 4 weeks yielded
greatly reduced numbers of live oocytes compared to those that
had just 1 week of exposure (Figures 3B-D); due to increased
proportions of degenerated oocytes (27.5% compared to 0%) and
lysed oocytes (28.0% compared to 7.9%) (Figures 3B-D). As
such, longer exposure to Water 2 (4 weeks vs. 1 week) resulted
in a greatly decreased proportion of live, mature, and
morphologically normal zygotes (see Figure 3C for examples),
and a higher proportion of non-viable oocytes (lysed and

degenerated, see Figure 3D for examples).

3.2 "Water 2" causes poor oocyte quality
and impaired embryo development

To better define the period of exposure required for onset of
the phenotype, and to rule out a strain-specific effect, we

frontiersin.org
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analyzed using chi-square test, ****p < 0.0001.
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FIGURE 3

Water 2 exposure time correlates with oocyte degeneration. Mice were provided the indicated drinking water type (either 1 or 2) from 3 weeks of age.
At 6 weeks of age, mice maintained on Water 1 were given Water 2 for the final week (A). Thus mice were exposed to Water 2 for either 1 week or 4
weeks. Ovulated oocytes were fertilized via IVF and morphology assessed 4 h later (B). Based on morphology, oocytes were classified as live, lysed,
fragmented, or degenerated. Examples of live zygotes are shown, with polar bodies indicated by arrow heads (C). Zygotes classified in any category
other than “live” are unable to successfully form embryos, with examples of degenerated (arrows) and fragmented (asterisk) zygotes shown (D). Data

examined both C57BL/6 and CBA.F1 mice, at 6 weeks of age. Mice
were provided with either Water 1 or Water 2 for a period of 10
days prior to commencement of gonadotropin stimulation,
resulting in a total of just 12 days exposure to Water 2
(Figure 4A). In C57BL/6 mice, exposure to Water 2 did not
affect the number of oocytes that were ovulated (Water 1: 26.5 +
0.8 (n=6); Water 2: 27.8+0.5 (n=6); p=0.19 by unpaired
t-test). However, those exposed to Water 2 displayed a trend
towards poorer oocyte morphology (p=0.094, unpaired t-test),
with the mean proportion of live oocytes decreasing from 91% to
80%, and a concomitant increase in degenerated oocytes
(Figure 4B). Degenerated oocytes exhibited severely abnormal
morphology, and were dark and shrunken within the zona
pellucida (Figure 4C). Assessment of the live zygotes showed that
meiotic maturation was decreased in females exposed to Water 2
(Figure 4D) with the mean proportion of mature live oocytes
only 49% compared to 84% with Water 1 exposure. Thus, mice
exposed to Water 2 ovulated a high proportion of oocytes that
did not possess a polar body even though germinal vesicle
breakdown had occurred (see Figure 4E for examples). Further
development was not assessed because the majority of oocytes
were immature and not fertilizable.

In CBAFl mice, both groups ovulated similar numbers
of oocytes (Water 1: 388+1.2 (n=6); Water 2: 357+2.0
(n=6); p=0.21 by unpaired t-test). Zygote viability was not

Frontiers in Reproductive Health

impacted by 12 days of Water 2 exposure (Figure 4F, p=0.53,
unpaired t-test), however the proportion of oocytes with normal
meiotic maturation was decreased in mice exposed to Water 2
(Figure 4G). Subsequent development of mature fertilized oocytes
to 2C embryos was diminished when mice had been exposed to
Water 2 (Figure 4H), and the ability of the 2-cell embryos to
form blastocysts tended to be lower compared to the Water 1
group (Figure 41, p=0.15, paired t-test). Taken together, these
results indicate that exposure to Water 2 for just 12 days
perturbs meiotic maturation in two mouse strains.

A similar analysis was conducted on embryos fertilized in vivo.
In this case, female C57BL/6 mice were provided with either Water
1 or Water 2 for two weeks, and then stimulated with
gonadotropins to induce ovulation and housed overnight with a
male of proven fertility (Figure 5A). Presumptive zygotes were
retrieved from oviducts 16 h after hCG stimulation and cultured
in vitro. Females exposed to Water 2 exhibited a high degree of
oocyte degeneration (Figure 5B, p=0.055, unpaired t-test).
Following 5 days of in vitro culture, the proportion of 2-cell
embryos that successfully reached the blastocyst stage was greatly
reduced in the females exposed to Water 2 (Figure 5C), with
many embryos fragmenting or arresting at early stages of pre-
implantation development (Figure 5D).

To determine if the adverse oocyte and embryo phenotypes
could be rescued in mice exposed to Water 2, the effect of a

frontiersin.org
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Exposure to water from different sources affects oocyte morphology, meiotic maturation, and embryo developmental competence. CBA.F1 or C57BL/
6 mice were provided with either Water 1 or Water 2 for 10 days, prior to gonadotropin stimulation, resulting in a total exposure of 12 days (A). Ovulated
oocytes were fertilized via IVF and morphology assessed 4 h later (B—G). Based on morphology, oocytes were classified as live or degenerated (B,F),
with examples of degenerated oocytes shown (C), and live oocytes further classified as having undergone abnormal maturation or normal nuclear
maturation (mature) based on polar body presence (D,G), with examples of oocytes without a polar body shown (E) In CBA.F1 mice, 2C and
blastocyst development was also assessed (H and |, respectively). C57BL/6 data from n=6 mice per group (B,D). CBA.F1 oocyte viability and
maturation data from 32 mice per group (n =4 independent experiments with 8 mice per group; F,G), and IVF was repeated n =3 times with
oocytes pooled from 8 mice per group each time (H,l). Data analyzed using unpaired t-test (B—G, where analysis was conducted on the
proportion of normal oocytes, i.e., “live” for B,F, or "mature” for D,G) or paired t-test (H,1), *p = 0.0346, ***p = 0.0002, ****p <0.0001.

wash-out (“recovery”) period was evaluated. Some mice were
provided with Water 1 for the entirety of a 6-week period, while
two other groups were exposed to Water 2 for three weeks, and
then switched to Water 1 for another three weeks prior to IVF
(Figure 6A). Assessment of zygote morphology at the end of the
fertilization period revealed that despite the recovery period,
zygotes derived from mice with prior exposure to Water 2
exhibited greatly increased oocyte degeneration compared to
those exposed to Water 1 (Figure 6B). The proportion of live
oocytes that were meiotically mature was also markedly
decreased in mice exposed to Water 2 (Figure 6C). Even in
morphologically normal mature (MII stage) oocytes, 2-cell and
blastocyst rates were significantly decreased in the Water 2

Frontiers in Reproductive Health

exposed group (Figures 6D,L, respectively). Cumulatively, this
indicates that the damage induced in oocytes by exposure to
Water 2 for 3 weeks is not rectified within an equivalent
recovery period.

3.3 Carbon-filtration of water 2 improves
oocyte and embryo outcomes

Considering these findings, the differences between the two
drinking water sources were more closely evaluated. It was noted
that Water 1 was carbon-filtered prior to its administration to
mice, while Water 2 underwent a water-softening process but not
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carbon-filtration (see Figure 2A). Thus, the processing of Water 2
was changed to include carbon filtration, in order to mimic the
purification process of Water 1, and was deemed Water 2F. This
modification afforded the opportunity to investigate whether the
water contained a contaminating solute that could be removed,
and potentially identify this contaminant. Inductively coupled
plasma mass spectrometry (ICP-MS) analysis was conducted to
compare the trace-metal compositions of each water type.
Analysis of mineral content showed that Water 2 had higher
levels of copper, sodium, and lead, and lower levels of
magnesium, calcium, lithium, strontium, iron, and chromium,
compared to Water 1 (Figure 2B and Supplementary Figure SI).
Modified processing to remove water softening and include UV
irradiation and carbon filtration (Water 2F) restored sodium,
magnesium, and calcium to levels similar to Water 1 (Figure 2B),
as expected. As well, copper levels were greatly decreased in
Water 2F compared to Water 2, likely due to the carbon
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filtration (Figure 2B). Altogether, changing the processing
procedures for Water 2 to generate Water 2F resulted in a
composition more similar to Water 1.

To assess the impact of the new water processing procedure on
oocyte quality phenotypes, mice were provided Water 2 or Water
2F for 3 weeks prior to ovulation and IVF (see Figure 7A). Mice
exposed to Water 2F ovulated a higher proportion of oocytes
that were both live and mature, than females exposed to Water 2
(Figure  7B). 2-cell embryo
development also markedly improved with filtered drinking
water, by an average of 20% (Figure 7C, 73% with Water 2 vs.
93% with Water 2F), and blastocyst development occurred at
normal rates (Figure 7D). Following the implementation of
Water 2F for mouse consumption, quality control IVFs were
performed weekly to monitor the transition and document

Fertilization and subsequent

effects on oocyte quality and embryo development (Figure 7E,
Supplementary Figure S2). On the day of oocyte collections the
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FIGURE 6
A recovery period does not rescue oocyte quality and embryo development from previous water 2 exposure. (A) CBA.F1 mice were exposed to Water 1
for 6 weeks. A further two groups (kept separate due to a slight age difference of 3 weeks) were exposed to Water 2 for 3 weeks, then switched to
Water 1 to test a recovery period. Ovulated oocytes from each group were pooled and fertilized via IVF and morphology and maturity assessed 4 h
later (B,C). Based on morphology, oocytes were classified as live, fragmented or degenerated (B), and live oocytes further classified as abnormal or
mature based on polar body presence (C). Subsequent 2-cell and blastocyst development were also assessed (D,E, respectively). Data analyzed
using chi-squared test, ***p = 0.0001, ****p < 0.0001.

drinking water of the mice was retained. Oocyte viability, maturity,
2-cell and blastocyst
(Supplementary Figure S2A). Mineral levels in the mouse

development rates were measured
drinking water were analyzed as a direct functional measure of
filter efficiency (Supplementary Figure S2B). Again there was a
clear correlation between poor oocyte quality and mice drinking
non-filtered water. Specifically, when their drinking water was
appropriately filtered (depicted as Cu2+ < 100ppb),

oocytes exhibited typical survival rates of >90% (Figure 7E). In

mouse

contrast, the mice that had oocytes collected in weeks 6, 7, and
9, were drinking non-filtered water, and these mice had the
poorest oocyte viability. To determine if the high levels of copper
in Water 2 were responsible for the reduced oocyte viability and
embryo development, C57BL/6 mice were provided MilliQ water
or MilliQ water supplemented with 500ppb copper for 2 weeks
prior to ovulation and IVF (Supplementary Figure S3). Exposure
to high levels of copper did not diminish ovulation, oocyte
viability or maturity, or on-time development to 2-cell or
blastocyst (Supplementary Figure S3), indicating that high copper
levels were not the cause. Taken together, carbon filter-
processing of Water 2 to generate Water 2F resulted in better
oocyte quality and pre-implantation development. This suggested
that the addition of the carbon filter removed a harmful embryo-
toxic component from the drinking water.

Frontiers in Reproductive Health

Although they were not quantitatively assessed, other
phenotypes that had been observed following the switch to
Water 2 exposure also resolved following the change to Water
2F. Weight gain
(Figure 1D) returned to the same rate as mice that had

in mice involved in metabolic studies
consumed Water 1 (Supplementary Figure S4, mean weekly
weight gain: Water 1=3.04 g; Water 2=1.51 g and Water 2F =
3.11 g). In addition, extensive hair loss was no longer observed,
the high incidence of wounds disappeared, and agitation and
aggression were no longer noticed. These observations in oocytes
prompted analysis of sperm quality in male mice housed in the
same rooms as the female mice. Sperm DNA oxidation levels,
indicated by 8oxodG-positive sperm cells and indicative of DNA
damage, were increased during the time when mice were
maintained on Water 2, and returned to baseline levels following
the change to Water 2F (Supplementary Figure S5).

3.4 Per- and poly-fluoroalkyl substance
(PFAS) levels in drinking water correlate with
poorer oocyte quality and IVF outcomes

Mineral insufficiency or imbalance was unlikely to explain
the observed phenotypes as mice obtain the majority of their
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Carbon filtration of water 2 prevents toxicity to oocytes and embryos. CBA.F1 mice were given either Water 2 or Water 2F to determine if water
processing via filtration could improve embryo outcomes (A). Four hours after fertilization presumptive zygotes were assessed for morphology and
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removed by filtration) and compared to oocyte survival (green, left y-axis) (E). Data analyzed using chi-square test (B) or unpaired t-test (C,D),
**p =0.0036, ****p < 0.0001.

required mineral content from food. Also of concern was that the
toxic effects on oocyte viability did not resolve when mice were
switched to a water source with reduced mineral content for a
further 3 weeks (see Figure 6), suggesting that developing
oocytes as well as ovulated eggs were affected by the putative
toxin in Water 2. Extensive testing of the water from our
facilities was conducted for heavy metals (Supplementary
Table S1), phthalates (Supplementary Table S2), and PFAS
(Supplementary Table S3). A total of 16 heavy metals were
analyzed using ICP-MS (minimum density of 5g/cm’® was
required to be considered a heavy metal). Many heavy metals
(cadmium, silver, thallium, tin, and

were undetectable
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uranium), or did not differ greatly between water sources
(antimony, arsenic, bismuth, cobalt, manganese, and nickel)
(Supplementary Table S1). Furthermore, the concentration of
several detected heavy metals was not altered by the change in
water processing from Water 2 to Water 2F (chromium, iron,
lead, and zinc; Supplementary Figure S1) and were therefore
unlikely to contribute to observed phenotypes.

Endocrine disrupting chemicals (EDCs) were also considered
as a cause of water toxicity. Seven phthalate esters were analyzed
and not detected in samples from either water source (Water 1
and Water 2, Supplementary Table S2). In contrast, analysis for
28 PFAS compounds detected levels of perfluorooctanoic acid
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(PFOS),
perfluorohexanoic

(PFOA), perfluorooctane sulfonate perfluorohexane
sulfonate  (PFHXxS), (PFHxA),
perfluoroheptanoic acid (PFHpA), and perfluorobutane sulfonic
acid (PFBS) at cumulative levels of 3-5 ng/L, with PFOA, PFOS,
and PFHxS the
(Supplementary Table S3).
To determine if these trace levels of PFAS were contributing to

acid

being most  prevalent contaminants

sub-fertility phenotypes, mice were given either pure water (MilliQ)

10.3389/frph.2024.1394099

that was confirmed to not contain detectable PFAS, or water from
the other sources (Water 1 or Water 2) for 9 weeks. For this
experiment, the water sources were categorized according to their
level of PFAS contamination (as PFAS A, PFAS B, PFAS C),
with levels ranging from 0.6 to 4.4 ng/L (see Figure 8A).
Interestingly, mice exposed to the waters PFAS B and PFAS C
ovulated a slightly reduced number of oocytes (MilliQ: 29.8 + 3.6;
PFAS A: 17.7+42 (p=0.07); PFAS B: 165+2.4 (* p=0.04);

A
Week: 0 2 4 6 8 9
\d \J \J yv
- 5
W [milia  ong/L o
n=5 [
[
LI |
*"; PFAS A 0.6ng/L 5o p ‘
n=6 1 {/ \
i | [VF—
\\ S—— / \\ — 4
Zygote viability Fertilisation Blastocyst
[
PFASC 4.4ng/L 1 assessment assessment assessment
"_6 1 (4 hours post- (24 hours post- (96 hours post-
n= L fertilisation) fertilisation) fertilisation)
5w.0 PMSG;
hCG
Oocyte maturity Blastocyst development
B . c . D E -
Oocyte viability 2C development
* *% ok sk ok kol
- o rE— * %
— 100+ 1009 &
1004 1004 /== 125 1= 1 . o
L 804 80
804 ” 804 § rg %‘
8 =3 Live %’ © 60 2 60
EGO- =3 Fragmented § 604 =31 Normal 2 2
= Lysed [ =1 Abnormal £ g
R 40 = Degenerated :f 404 ] 2 40 ‘% 404
S 6] K
20 24| | ES S 201 S 201
E3 °
M ° O o % O M ® O
% \al . \el . v~
» @ 2 L N o 9 o N &)
Aol s A S A S
AP Ay WK &8 NP
F
G |
Inner Cell Mass Trophectoderm Total cell number
ook ok ok Sk Kk A
25 = 60 e 80 b
*ok ok h b
ok Kk ., .
3 2 g 8 60
:4% 151 r=En 2 1= 3 e
g = 8 £ 40 asgte
| === gl % !
% 10 =] == % 20 |-32—| £ |—:E'! :—I-|
S 5l * 0 | S 204
= = | I
0 \el N4 O 0 \y > ¢} 0 Ny N4 O
PRS- W o' 97 o N o 9 o
A SO S A S A S
RSP S S
FIGURE 8
Trace-level PFAS exposure is associated with sub-fertility in female mice. C57BL/6 mice were given water from sources verified to be PFAS-free
(MilliQ) or contaminated with PFAS at trace-levels (PFAS A: 0.6 ng/L, PFAS B: 2.8 ng/L, PFAS C: 4.4 ng/L) to determine if trace-level PFAS exposure
was related to sub-fertility outcomes (A). Ovulated oocytes were fertilized via IVF and morphology and maturity assessed 4 h later (B,C). Based on
morphology, oocytes were classified as live, fragmented or degenerated (B), and live oocytes further classified as abnormal or mature based on
polar body presence (C). Subsequent 2-cell and blastocyst development were also assessed (D,E, respectively). Blastocysts were immuno-stained
to identify the two specified cell populations and allow individual cells to be counted (F). Oct3/4 (green) defines the ICM (G), CDX2 (red) defines
the TE (H), and Hoechst (blue) marks all cells (I). Data analyzed using one-way ANOVA for proportion of live oocytes (B), normally matured
oocytes (C), on-time embryo development and blastocyst cell counts (D,E,G-I), *p <0.03, **p <0.005, ***p <0.0007, **** p <0.0001.
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PFAS C: 16.3 £2.4 (* p=0.04); via one-way ANOVA compared to
MilliQ). Ovulated oocytes were fertilized via IVF and then oocyte
quality, fertilization, and blastocyst development were assessed
(Figure 8A). Oocyte viability was decreased in mice exposed to
PFAS B water (2.8 ng/L PFAS) or PFAS C water (4.4 ng/L of
PFAS). Specifically, there was an increase in the proportion of
degenerated oocytes ovulated compared to oocytes from mice
exposed to PFAS-free MilliQ water or water with the lowest level
of PFAS exposure (3.4% MilliQ and 4.8% PFAS A, compared to
19.4% PFAS B and 21.3% PFAS C, Figure 8B). Assessment of the
live zygotes showed that meiotic maturation was decreased in
oocytes from females exposed to PFAS-contaminated water
(Figure 8C), with mean numbers of mature live oocytes 76.3%
(PFAS A), 69.4% (PFAS B) and 77.5% (PFAS C), compared to
90.4% with MilliQ water consumption. Thus, mice exposed to
PFAS-contaminated water ovulated a higher proportion of
oocytes that were non-viable. Of those that were viable, PFAS
exposure resulted in a higher proportion of oocytes that did not
possess a polar body.

Assessment of 2-cell development rates showed a reduction in
the fertilization rate for the PFAS-contaminated water groups,
compared to mice that were given purified MilliQ water
(Figure 8D). Further, blastocyst development assessed at day 5
post-IVF was reduced in all PFAS-exposed groups; from 89.7%
in mice consuming MilliQ water, to 68.6% in PFAS A, 46.3% in
PFAS B, and 47.6% in PFAS C groups (Figure 8E). To further
assess blastocyst development and quality, the inner cell mass
(ICM), trophectoderm (TE), and nuclei were immuno-labelled
and quantified (Figure 8F). Exposure to any of the contaminated
water sources (PFAS A, PFAS B or PFAS C) was associated with
a decrease in the number of cells in both the inner cell mass
(Figure 8G) and trophectoderm (Figure 8H) when compared to
blastocysts derived from mice that had consumed MilliQ water.
Overall, PFAS exposure was associated with a decreased total
blastocyst cell number (Figure 8I).

As the reduction in oocyte viability was one of the most
pronounced phenotypes observed in this investigation, the
proportion of live oocytes (i.e., oocyte viability rate) was
correlated with the PFAS contamination level (ng/L) in water
consumed by the mice, in each instance where contamination
level was known (Figure 9). Increasing PFAS contamination
in drinking water was associated with a clear reduction in
oocyte viability. Cumulatively, these data point to PFAS as at
least partly responsible for the observed adverse effects of
Water 2, and implies that exposure to low levels of PFAS in
water can contribute to severely compromised oocyte quality
and embryo development within a matter of weeks of

exposure onset.

4 Discussion

These observations document that two different sources of
potable water, both considered safe for human consumption (5),
have dramatically different effects on systemic health and female

reproduction in a mammalian model system. In particular, we
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FIGURE 9

Increasing PFAS in drinking water correlates with decreased oocyte
viability. Total levels of PFAS in mouse drinking water (ng/L) was
correlated with oocyte viability (% live oocytes). Total PFAS
concentration for PFAS A: 0.6 ng/L, 1.0 ng/L; PFAS B: 2.8 ng/L;
PFAS C: 3.6 ng/L, 3.8 ng/L, 4.0 ng/L, 41ng/L, 44 ng/L. Each data
point represents the mean viability (+SEM) of oocytes from n=5-
6 mice. Data analyzed using Pearson’s Correlation with r-value and
p-value shown.

found that water from one building was detrimental to oocyte
quality, preimplantation embryo development, and normal fetal
growth in mice. Most concerning, the toxic effects on oocyte
quality were not immediately reversible even when the animals
were no longer exposed to the contaminated water. Future work
is required to identify the specific contaminant responsible for
these health effects and whether oocyte quality would eventually
recover; however, reassuringly, our data shows that the toxin(s)
can be removed by carbon-filtration. Amongst the panel of
molecules most

we measured, poor oocyte

significantly correlated with the levels of PFAS in the drinking

quality was

water, but whether PFAS exposure is directly responsible must be
addressed with future studies.

Our observation of sudden female infertility onset in response
to an environmental change in an animal research facility is
remarkably similar to the events that identified Bisphenol-A
(BPA) as an endocrine disruptor (6). In that case, researchers
noticed a sudden increase in the incidence of meiotic aneuploidy
in the oocytes of their mice (7). Extensive investigations
ultimately uncovered that BPA leaching from the polycarbonate
plastic of the mouse cages was responsible (7). Because of this
initial serendipitous observation in mice, it has now been
established that BPA has serious effects on human health and
female fertility (8, 9). These observations underscore the value of
careful evaluation of pre-clinical models. For instance, with mice
housed in research facilities, their genetic similarity across large
numbers of individuals and highly controlled environmental
conditions provide the opportunity to detect phenotypic changes
in response to even minute exposures. The sensitivity of these
and other pre-clinical models provides powerful platforms to
identify factors that, similar to BPA, will emerge to also have
significant effects on human health.

Our investigations have not yet conclusively identified the
molecular factor(s) responsible for the multiple phenotypic
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abnormalities that arose in the animals exposed to Water 2, but
strongly implicate PFAS compounds as at least a contributing
factor. After extensive investigation of possible mediators of the
detrimental health effects in mice, PFAS was identified as a
compound class that was significantly different between the toxic
vs. non-toxic drinking waters and correlated with poor oocyte
quality. Human health effects of exposure to PFAS have been
studied extensively (

), and carcinogenic, reproductive,
endocrine, neurotoxic, dyslipidemic, and immunotoxic effects
have been found. Specific epidemiological studies show PFAS
)

impaired kidney function (15), and early menopause (16). There

exposure is associated with compromised immunity (
is a known association between serum PFAS levels and early
miscarriage in women (17), and fetal loss in the affected mice
was observed by multiple research teams in the building
( and data not shown). We were also struck by the
observations of eye defects ( ), that have never
previously been observed in our decades of experience in
breeding mice. Notably there are reports of eye malformations in
children of women working in PFAS-producing factories (18),
with  delayed

development in mice following high doses of gestational PFOA

and our observations are consistent eye
exposure (19).

Importantly, the PFAS levels we detected are well within
standards that are deemed to be safe for human consumption. In
Australia, safe drinking water guidelines for PFAS are currently
set at 70 ng/L for the sum of PFOS and PFHxS and 560 ng/L
PFOA by the National Health and Medical Research Council and
the Natural Resource Management Ministerial Council (5).
However, in June 2022 the Environmental Protection Agency
(USA) announced an interim health advisory that reduced the
safe drinking water level of some PFAS to 0.004 ng/L for PFOA
and 0.02 ng/L for PFOS (20). The agency effectively warned that
no amount of PFAS is safe. Our evidence that even short-term
exposure to trace levels of PFAS in drinking water (3-5ng/L)
negatively affects embryogenesis and fetal development in mice,
is consistent with this.

There are almost certainly other candidate toxic compounds
besides PFAS present in Water 2 that remain to be identified.
The building that housed the animals was a new construction
and it is likely that plumbing materials were coated with
chemicals to prevent bacterial growth, corrosion, and blockages.
As evidence of this, distilled water generated on-site and
plumbed to the laboratories was found to be contaminated with
trace amounts of PFAS (PFOA: 0.7 ng/L + 0.2 ng/L), and possibly
other contaminants; presumably acquired during flow from the
reverse osmosis equipment on the top floor of the building to
the faucets several floors below. Water supplied to drinking
fountains in the building had similar composition to the tap
water provided to the mice: samples tested showed 414.8 +48.1
ppb Cu?* and 3.55 +0.41 ng/L. PFAS for instance. Whether the
humans drinking this tap water experienced any cytotoxic effects
is not known, but our observations raise the alarm that this is a
distinct possibility.

Our work demonstrates that current regulation of drinking
water standards at the level of municipal supply may be
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inadequate. We consider that our findings strongly point to a
need for introducing strict standards and regulatory processes for
water quality within the interior of buildings, particularly public
buildings where large numbers of people are exposed. It is well
documented that our built environments contribute to a
constellation of health issues known as Sick Building Syndrome,
Non-specific Building-related Symptoms (NBRS) and Building-
Related Symptoms (21, 22). Yet to date the focus has been
quality,
contaminants such as formaldehyde and other volatile organic
compounds (VOCs) (23,
materials, contributions from plumbing are not included [for
),)J. Thus, this study contributes to the field of
residential and workplace exposures and suggests that, as well as

primarily on air noise, and chemical

lighting,
). Even in studies focused on building
instance (

standards for water quality within buildings, better evaluation
and monitoring of building materials that contact the potable
water supply are required.

Lastly, this work highlights that the female reproductive system
is exquisitely sensitive to environmental signals, and can be
considered an “early responder” to water-borne toxicants. Future
studies are needed to determine the cellular mechanisms by
which PFAS, and other common environmental contaminants,
are cytotoxic to oocytes and fetal tissues to a greater extent than
other somatic cell types. These observations may be cause to
justify advice to people who are pregnant or planning for
pregnancy; specifically to include recommendations to drink
carbon-filtered water where possible in order to avoid additional
exposure to PFAS and other water-borne contaminants.

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

The animal study was approved by The University of Adelaide
Animal Ethics Committee. The study was conducted in accordance
with the local legislation and institutional requirements.

YW: Conceptualization, Formal Analysis, Funding acquisition,
Investigation, Methodology, Visualization, Writing - original draft,
Writing - review & editing. MG: Formal Analysis, Investigation,
Methodology, Writing — review & editing. EA: Formal Analysis,
Methodology,
HC: Formal Analysis, Investigation, Methodology, Writing -

Investigation, Writing - review & editing.
review & editing. JB: Conceptualization, Investigation, Writing —
review & editing. MW: Investigation, Methodology, Writing -
review & editing. DR: Resources, Supervision, Writing — review &
editing. CS: Conceptualization, Funding acquisition, Resources,

Writing - review & editing. SR: Conceptualization, Supervision,


https://doi.org/10.3389/frph.2024.1394099
https://www.frontiersin.org/journals/reproductive-health
https://www.frontiersin.org/

Winstanley et al.

Writing - review & editing. RR: Conceptualization, Funding
acquisition, Project administration, Resources, Supervision, Writing —
original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.

National Health and Medical Research Council APP1165633
(RR). Robinson Research Institute Seed Grant Funding (YW).
Australian Research Council FT190100854 (CS).

Acknowledgments

The authors acknowledge Adelaide microscopy (for ICP-MS
assays), and our colleagues who contributed to understanding the
health problems that were affecting our research animals and
actioning solutions: Jaimee Spurr and Tiffany Boehm (Laboratory
Animal Services), Prof Mark Nottle, Dr Nicole McPherson, Prof
Michael Davies, Prof Raymond Rodgers, and Prof Michael Liebelt.

References

1. Water EO0GWaD. United States Environmental Protection Agency. (2023). Available
online at: https://www.epa.gov/sdwa/how-epa-regulates-drinking-water-contaminants
(Accessed February 04, 2024).

2. Ezell JM, Bhardwaj S, Chase EC. Child lead screening behaviors and health
outcomes following the flint water crisis. J Racial Ethn Health Disparities. (2023) 10
(1):418-26. doi: 10.1007/s40615-022-01233-6

3. Ezell JM, Chase EC. A population-based assessment of physical symptoms and
mental health outcomes among adults following the flint water crisis. J Urban
Health. (2021) 98(5):642-53. doi: 10.1007/s11524-021-00525-2

4. Denchak M. Flint Water Crisis: Everything You Need to Know: Natural Resources
Defense Council. (2018). Available online at: https://www.nrdc.org/stories/flint-water-
crisis-everything-you-need-know#summary (Accessed February 04, 2024).

5. National Health and Medical Research Council NRMMC. Australian Drinking
Water Guidelines Paper 6 National Water Quality Management Strategy. Canberra:
Commonwealth of Australia (2018).

6. Hunt PA, Susiarjo M, Rubio C, Hassold TJ. The bisphenol A experience: a primer
for the analysis of environmental effects on mammalian reproduction. Biol Reprod.
(2009) 81(5):807-13. doi: 10.1095/biolreprod.109.077008

7. Hunt PA, Koehler KE, Susiarjo M, Hodges CA, Ilagan A, Voigt RC, et al.
Bisphenol a exposure causes meiotic aneuploidy in the female mouse. Curr Biol.
(2003) 13(7):546-53. doi: 10.1016/S0960-9822(03)00189-1

8. Rochester JR. Bisphenol A and human health: a review of the literature. Reprod
Toxicol. (2013) 42:132-55. doi: 10.1016/j.reprotox.2013.08.008

9. Vom Saal FS, Vandenberg LN. Update on the health effects of bisphenol A:
overwhelming evidence of harm. Endocrinology. (2021) 162(3):bqaal71. doi: 10.1210/
endocr/bqaal71l

10. Fenton SE, Ducatman A, Boobis A, DeWitt JC, Lau C, Ng C, et al. Per- and
polyfluoroalkyl substance toxicity and human health review: current state of
knowledge and strategies for informing future research. Environ Toxicol Chem.
(2021) 40(3):606-30. doi: 10.1002/etc.4890

11. Bonato M, Corra F, Bellio M, Guidolin L, Tallandini L, Irato P, et al. PFAS
Environmental pollution and antioxidant responses: an overview of the impact on
human field. Int J Environ Res Public Health. (2020) 17(21):8020. doi: 10.3390/
ijerph17218020

12. Sunderland EM, Hu XC, Dassuncao C, Tokranov AK, Wagner CC, Allen JG. A
review of the pathways of human exposure to poly- and perfluoroalkyl substances
(PFASs) and present understanding of health effects. J Expo Sci Environ Epidemiol.
(2019) 29(2):131-47. doi: 10.1038/s41370-018-0094-1

Frontiers in Reproductive Health

10.3389/frph.2024.1394099

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor AW declared a past co-authorship with the
author SR.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made
by its manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/frph.2024.

1394099/full#supplementary-material

13. Evich MG, Davis MJB, McCord JP, Acrey B, Awkerman JA, Knappe DRU, et al.
Per- and polyfluoroalkyl substances in the environment. Science. (2022) 375(6580):
eabg9065. doi: 10.1126/science.abg9065

14. Grandjean P, Andersen EW, Budtz-Jorgensen E, Nielsen F, Molbak K, Weihe P,
et al. Serum vaccine antibody concentrations in children exposed to perfluorinated
compounds. JAMA. (2012) 307(4):391-7. doi: 10.1001/jama.2011.2034

15. Blake BE, Pinney SM, Hines EP, Fenton SE, Ferguson KK. Associations between
longitudinal serum perfluoroalkyl substance (PFAS) levels and measures of thyroid
hormone, kidney function, and body mass index in the Fernald Community
Cohort. Environmental Pollution (Barking, Essex: 1987). (2018) 242(Pt A):894-904.
doi: 10.1016/j.envpol.2018.07.042

16. Ding N, Harlow SD, Randolph JF Jr, Loch-Caruso R, Park SK. Perfluoroalkyl
and polyfluoroalkyl substances (PFAS) and their effects on the ovary. Hum Reprod
Update. (2020) 26(5):724-52. doi: 10.1093/humupd/dmaa018

17. Jensen TK, Andersen LB, Kyhl HB, Nielsen F, Christesen HT, Grandjean P.
Association between perfluorinated compound exposure and miscarriage in danish
pregnant women. PloS One. (2015) 10(4):€0123496. doi: 10.1371/journal.pone.0123496

18. Rich N. The lawyer who became DuPont’s worst nightmare. The New York
Times Magazine. January 6. (2016). Available online at: https://www.nytimes.com/
2016/01/10/magazine/the-lawyer-who-became-duponts-worst-nightmarehtml (Accessed
February 04, 2024).

19. Wolf CJ, Fenton SE, Schmid JE, Calafat AM, Kuklenyik Z, Bryant XA, et al.
Developmental toxicity of perfluorooctanoic acid in the CD-1 mouse after cross-foster and
restricted gestational exposures. Toxicol Sci. (2007) 95(2):462-73. doi: 10.1093/toxsci/kfl159

20. Technical fact sheet: drinking water health advisories for four pfas
(pfoa, pfos, genx chemicals, and pfbs). In: Division EOOWHaEC, editor. EPA 822-F-
22-002. Washington, DC: United States Environmental Protection Agency (2022).

21. Mendes A, Teixeira JP. Sick building syndrome. In: Wexler P, editor. Encyclopedia
of Toxicology (Third Edition). Oxford: Academic Press (2014). p. 256-60.

22. Jansz J. Sick building syndrome. In: Quah SR, editor. International Encyclopedia
of Public Health (Second Edition). Oxford: Academic Press (2017). p. 502-5.

23. Kumar P, Singh AB, Arora T, Singh S, Singh R. Critical review on emerging
health effects associated with the indoor air quality and its sustainable management.
Sci Total Environ. (2023) 872:162163. doi: 10.1016/j.scitotenv.2023.162163

24. Nordin S. Mechanisms underlying nontoxic indoor air health problems: a
review. Int ] Hyg Environ Health. (2020) 226:113489. doi: 10.1016/j.ijheh.2020.113489

25. Wi S, Kim MG, Myung SW, Baik YK, Lee KB, Song HS, et al. Evaluation and
analysis of volatile organic compounds and formaldehyde emission of building
products in accordance with legal standards: a statistical experimental study.
] Hazard Mater. (2020) 393:122381. doi: 10.1016/j.jhazmat.2020.122381

frontiersin.org


https://www.frontiersin.org/articles/10.3389/frph.2024.1394099/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frph.2024.1394099/full#supplementary-material
https://www.epa.gov/sdwa/how-epa-regulates-drinking-water-contaminants
https://doi.org/10.1007/s40615-022-01233-6
https://doi.org/10.1007/s11524-021-00525-2
https://www.nrdc.org/stories/flint-water-crisis-everything-you-need-know&num;summary
https://www.nrdc.org/stories/flint-water-crisis-everything-you-need-know&num;summary
https://doi.org/10.1095/biolreprod.109.077008
https://doi.org/10.1016/S0960-9822(03)00189-1
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1210/endocr/bqaa171
https://doi.org/10.1210/endocr/bqaa171
https://doi.org/10.1002/etc.4890
https://doi.org/10.3390/ijerph17218020
https://doi.org/10.3390/ijerph17218020
https://doi.org/10.1038/s41370-018-0094-1
https://doi.org/10.1126/science.abg9065
https://doi.org/10.1001/jama.2011.2034
https://doi.org/10.1016/j.envpol.2018.07.042
https://doi.org/10.1093/humupd/dmaa018
https://doi.org/10.1371/journal.pone.0123496
https://www.nytimes.com/2016/01/10/magazine/the-lawyer-who-became-duponts-worst-nightmare.html
https://www.nytimes.com/2016/01/10/magazine/the-lawyer-who-became-duponts-worst-nightmare.html
https://doi.org/10.1093/toxsci/kfl159
https://doi.org/10.1016/j.scitotenv.2023.162163
https://doi.org/10.1016/j.ijheh.2020.113489
https://doi.org/10.1016/j.jhazmat.2020.122381
https://doi.org/10.3389/frph.2024.1394099
https://www.frontiersin.org/journals/reproductive-health
https://www.frontiersin.org/

	Drinking water quality impacts oocyte viability and embryo development
	Introduction
	Materials and methods
	Mice
	In vitro fertilization (IVF) and embryo culture
	Blastocyst differential stain
	Inductively coupled plasma mass spectrometry (ICP-Ms)
	PFAS content analysis
	Statistical analysis

	Results
	Water source is associated with physical symptoms and reproductive phenotypes in mice
	“Water 2” causes poor oocyte quality and impaired embryo development
	Carbon-filtration of water 2 improves oocyte and embryo outcomes
	Per- and poly-fluoroalkyl substance (PFAS) levels in drinking water correlate with poorer oocyte quality and IVF outcomes

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


