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Abstract

Phthalates are used in many consumer products, leading to daily human exposure. Although many studies focus on single phthalates,
humans are exposed to mixtures of phthalates. Our laboratory created a phthalate mixture consisting of six different phthalates and
found that it negatively affected female reproduction and accelerated some biomarkers of reproductive aging. However, it was unknown
if prenatal exposure to the mixture accelerates the natural decline in reproductive capacity and ovarian aging in mice. Therefore, we
tested the hypothesis that prenatal exposure to a phthalate mixture accelerates the age-related decline in reproductive capacity and
biomarkers of ovarian aging in the F1 generation of mice. Pregnant CD-1 dams were orally dosed with control or phthalate mixture
(20 pg/kg/day-200 mg/kg/day) daily from gestational day 10—birth. The F1 female pups were aged to 11-13 months, and then estrous
cyclicity and breeding trials were conducted at 11 and 13 months. Ovaries were collected from the F1 females at 13 months to examine
biomarkers of ovarian aging. Prenatal exposure to the phthalate mixture decreased the time the F1 females spent in proestrus and the
ability of the F1 females to give birth at 11 and 13 months of age compared to control. In contrast, prenatal exposure to the mixture
did not affect biomarkers of direct aging of the ovary in the F1 generation. Collectively, our data show that prenatal phthalate mixture
exposure accelerates the natural age-related decline in reproductive capacity but may not affect some biomarkers of ovarian aging in
the F1 generation.
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(DBP), diisobutyl phthalate (DiBP), di(2-ethylhexyl) phthalate
(DEHP), benzylbutyl phthalate (BzBP), and di-isononyl phthalate
(DINP). Our laboratory found that prenatal exposure to the phtha-
late mixture caused detrimental effects on female reproduction,

Introduction

Phthalates are a group of chemicals abundantly used in the world
today that have been shown to cause harmful effects to the
endocrine system [1-3]. Phthalates are used to produce many con-

sumer products, including nail polishes, perfumes, medical bags including increased uterine weights, decreased anogenital dis-

and intravenous (IV) tubing, children’s toys, and building materi-
als [4, 5]. Additionally, phthalates have been found in household
dust [6, 7]. With this constant exposure, humans are exposed
daily via ingestion, inhalation, and dermal contact [8]. However,
ingestion is the most common route of exposure [8].

Many toxicological studies have examined the effects of phtha-
lates on reproduction, but many of these studies focus on single
phthalate exposure [9-14] when in fact we are exposed to mix-
tures of different phthalates on a daily basis due to the widespread
use of these chemicals. Therefore, our laboratory developed a
mixture of six phthalates based on the phthalate metabolite levels
in urine of pregnant women in central Illinois [15]. The phthalates
in the mixture include diethyl phthalate (DEP), dibutyl phthalate

tance, altered estrous cyclicity, and disrupted fertility ranging
from postnatal day 0-9 months of age in a multiple and transgen-
erational manner in female mice [16, 17].

We recently determined that prenatal exposure to the mixture
accelerated some biomarkers of reproductive aging in multiple
generations of aging female mice [18]. We found that the mix-
ture dysregulated hormone levels and increased cystic ovaries
in the F1 generation, decreased the percentage of antral folli-
cles and testosterone levels in the F2 generation, and it caused
irregular cyclicity, decreased the percentage of ovarian follicles,
and increased the occurrence of cysts in the F3 generation of
mice [18]. Acyclicity, decreased sex steroid hormone and inhibin
B levels, increased gonadotropin hormone levels, and a decreased
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ovarian follicle pool are key characteristics of reproductive aging
in females [19-22]. In addition, rodents display cystic ovaries as
they age [23]. Together, these biomarkers of reproductive aging
can lead to decreased fertility.

In addition to the aforementioned characteristics of reproduc-
tive aging in females, the ovary also exhibits direct signs of aging.
The direct signs of ovarian aging include a drastic decrease in
the ovarian follicle pool and the quality of oocytes. Addition-
ally, the aging ovary accumulates reactive oxygen species and
has increased cell death and fibrosis [24-31]. Moreover, the health
of the oocyte can deteriorate with aging due to altered cell cycle
progression and DNA repair, increased apoptosis, and increased
oxidative stress [24-28, 32]. Besides the oocyte, the ovarian stroma
endures drastic effects with aging. The stroma has many different
components, including immune cells, ovarian surface epithe-
lium, tunica albuginea, rete ovarii, and the ovarian extracellular
matrix [27, 29-31, 33]. Studies have shown that the stroma dis-
plays increased fibrosis with aging that could be due to decreases
in the remodeling of the extracellular matrix in the ovary
[27, 29-31].

Due to our previous findings that prenatal exposure to a phtha-
late mixture accelerated some biomarkers of reproductive aging
[18], the goal of these studies was to examine if the phthalate
mixture accelerates the natural age-related decline in fertility in
aging female mice by monitoring their estrous cyclicity and per-
forming breeding tests at 11 and 13months of age. Additionally,
because we previously determined that prenatal exposure to the
phthalate mixture may accelerate some biomarkers of reproduc-
tive aging in the ovary (e.g. increased cysts and altered follicu-
logenesis) [18], we determined whether the phthalate mixture
accelerates the aging of the ovary by decreasing the expression
of antioxidant enzymes, increasing the expression of apoptotic
factors and cell cycle regulators, altering the expression of DNA
repair genes, and increasing the amount of fibrosis in the aging
mouse ovary sooner than control animals. Thus, this study tested
the hypothesis that prenatal exposure to an environmentally
relevant phthalate mixture accelerates the natural age-related
decline in reproductive capacity and the occurrence of biomark-
ers of direct aging of the ovary in the F1 generation of female
mice.

Methods
Chemicals

DEP, DBP, DiBP, DEHP, BzBP, and DiNP were purchased from
Sigma-Aldrich (St. Louis, MO). The phthalate mixture was made
up of 35.22% DEP, 21.03% DEHP, 14.91% DBP, 15% DiNP, 8%
DiBP, and 5.13% BzBP. The percentages of each phthalate in
the mixture were calculated from levels of phthalate metabo-
lites measured in urine from pregnant women in central Illi-
nois (iKids study) [15-18]. The mixture was thoroughly mixed
and diluted in tocopherol-stripped corn oil (vehicle control). The
doses used for this study were 20 ng/kg/day, 200 pg/kg/day, and
200mg/kg/day. Our laboratory has previously conducted multiple
experiments using these doses of the phthalate mixture and found
that they negatively affected female reproduction [16-18, 34]. Fur-
thermore, our laboratory has determined that the individual
phthalates in the mixture for the 20 and 200 pg/kg/day doses
fall within the ranges of daily human exposure, infant expo-
sure, and occupational exposure [18, 35, 36]. Specifically, in
humans, the DEHP daily exposure range is 3-30 pg/kg/day, the
DEP daily exposure range is 2.32-12 pug/kg/day, the BzBP daily
exposure range is 0.26-0.88 nug/kg/day, the DBP daily exposure

range is 0.84-5.22 pg/kg/day, and the DiBP daily exposure range is
0.12-1.4 ng/kg/day. In addition, the DINP occupational exposure
can reach 26 ng/kg/day, and it can reach 120 pg/kg/day in infants
[17, 18]. The dose of DEHP used in the 20 pg mixture is about
4.2 ng (21.03% of the 20 ug mixture), which is in the range of
daily human exposure. The dose of DEHP in the 200 pg mixture
is about 42 pg (21.03% of the 200 pug mixture), which mimics daily
human exposure. The dose of DEP used in the 20 pg mixture is
about 7 ug (35.22% of the 20 ng mixture), which is in the range of
daily human exposure. The dose of BzBP used in the 20 ug mix-
ture is about 1pug (5.13% of the 20 ug mixture), which is close
to the reported range of daily human exposure. The dose of DBP
used in the 20 pg mixture is about 3 ng (14.91% of the 20 pg mix-
ture), which mimics daily human exposure. The dose of DiBP used
in the 20 pg mixture is about 1.6 pg (8% of the 20 ug mixture),
which is close to the reported range of daily human exposure.
Finally, the dose of DINP used in the 200 ng mixture is about 30 ug
(15% of the 200 pg mixture), which mimics the occupational expo-
sure level [17, 18]. In addition, the highest dose of 200 mg/kg/day
was chosen so that we could compare our results to other stud-
ies examining single phthalate exposure on female reproduction
[9-12, 37-40].

Animals

Cycling adult female CD-1 mice and adult male CD-1 mice were
purchased from Charles River Laboratories (Wilmington, Mas-
sachusetts) and housed in the animal facility at the College
of Veterinary Medicine at the University of Illinois at Urbana-
Champaign (Champaign, IL). Animals were housed individually at
25°C in polysulfone cages with a light/dark cycle of 12:12hours.
Facility temperature was maintained at 21.1+2.2°C, and humid-
ity was maintained at 50+20%. Mice were given the Teklad
Rodent Diet 8604 and reverse-osmosis filtered high-purity water
ad libitum. The mice were acclimated to the facility for at least
1week prior to beginning the experiment. All animal handling and
animal procedures, including euthanasia and tissue collections,
were approved by the University of Illinois Institutional Animal
Care and Use Committee.

Dosing and Experimental Design

At 8weeks of age, female mice (FO) were mated with nontreated
males to create the F1 generation of mice. Females were moni-
tored for the presence of a copulatory vaginal sperm plug. Once
a vaginal sperm plug was observed, females were separated from
males and individually housed. Females were weighed biweekly
to confirm pregnancy. Once the pregnant females (FO) reached
gestational day 10, oral dosing began at the same time every
day with either the vehicle control (tocopherol-stripped corn oil)
or one of the doses of the mixture (20 and 200 ng/kg/day and
200mg/kg/day). Dosing continued every day until the birth of
pups. The dosing regimen was chosen to mimic daily human
exposure, and the dosing window was chosen because this is a
critical time period for ovarian development in the mouse. Pups
born from the pregnant FO generation were considered the F1
generation, and these pups were exposed directly to vehicle or
phthalate mixture as the developing pup within the FO pregnant
dam.

Each dam is considered the experimental unit. Thus, in this
study, two F1 female mice from each dam (n=9-10 dams per
treatment group) were used for experiments. One F1 mouse per
dam was designated for tissue collection at 13months of age.
This mouse was used to monitor fertility outcomes at 3, 6, and



Prenatal exposure to a mixture of phthalates accelerates the age-related decline in F1 reproductive capacity | 3

9months of age before tissue collections [16]. When mice reached
13months of age, they were euthanized by CO, asphyxiation fol-
lowed by cervical dislocation during late metestrus or diestrus.
Whole ovaries were collected from each mouse. One ovary was
fixed in Dietrich’s fixative for the picrosirius red (PSR) staining, and
the other ovary was immediately snap frozen and stored at -80°C
for RNA extraction. Another F1 mouse from each dam was used
for breeding trials and fertility indices at 11 and 13 months of age.
These females were group housed with mice in the same treat-
ment group until they reached 11months of age. At 11months
of age, the mice were housed individually for at least 1week to
acclimate before monitoring estrous cyclicity.

Estrous Cyclicity

Mice were vaginally lavaged with 1x phosphate-buffered saline
daily for 14 days before each breeding trial occurring at 11 and
13months of age (n=8-10 females per treatment group). Stages
of estrus were determined by previously defined criteria [41].
Metestrus and diestrus were combined because they are similar
in cytology and hormone profile. The percentage of days spent in
each cycle was calculated by the number of days in each cycle
divided by 14 and multiplying that value by 100.

Breeding Trials and Fertility Indices

At 11 and 13 months of age following the monitoring of the estrous
cycle, F1 female mice were mated with untreated males to exam-
ine different fertility outcomes (n=28-10 females per treatment
group). The methods for breeding trials and fertility indices have
been previously described by our laboratory [11, 13, 14, 16, 17].
Females were weighed on the day of mating and again on the
day a copulatory sperm plug was found. Females were monitored
twice a day for the presence of a sperm plug to indicate successful
mating. If a sperm plug was found, the weight of the female was
recorded, and the mouse was put into a new cage individually.
Mice were given 14 days to become pregnant because they should
have cycled three or four times in that period. The time to plug
was recorded and analyzed. All female mice were weighed twice
a week to monitor weight gain regardless of a sperm plug. If a
vaginal sperm plug was not observed, females were still housed
individually in a new cage and their weight was recorded after
14 days. Females were considered pregnant if: (i) a sperm plug was
observed and they gained at least 4 g, (ii) a sperm plug was not
observed, but they gained atleast 4 g, or (iii) a sperm plug was not
observed, but they gave birth to pups. Females were checked twice
a day for the birth of pups. Length of gestation was calculated by
recording the day of the observed sperm plug and the day of birth.

In addition, different F1 fertility indices were calculated,
including matingindex, pregnancy rate, fertility index, gestational
index, and the index of the number of F1 females who gave birth.
Specifically, mating index was calculated by taking the number of
females with sperm plugs divided by the number of total females
bred x 100. Pregnancy rate was determined by taking the num-
ber of pregnant females divided by the number of total females
bred x 100. Fertility index was calculated by taking the number of
pregnant females divided by the number of females with a sperm
plug x 100. Gestational index was calculated by taking the num-
ber of females who gave birth to pups divided by the number of
pregnant females x 100. Last, the index for females who gave birth
was calculated by dividing the number of females who gave birth
to pups by the number of total females bred x 100. If a female gave
birth to pups (F2), the total number of pups, number of males and
females, average weight of live pups, and number of dead pups

were recorded. The percentage of females was calculated by tak-
ing the number of live female pups divided by the total number of
pups x 100. Pup mortality was calculated by dividing the num-
ber of pups who died by the total number of pups in the litter
x 100. If only dead pups or body parts were found, this was con-
sidered 100% mortality. Additionally, if the number of total pups
or the number of females or males could not be determined due
to cannibalism, data were not used for certain parameters. Last,
the average weight of each litter was measured by weighing all
live pups on postnatal day 0 and dividing the total weight by the
number of live pups.

PSR Staining of Ovaries and Imaging

Ovaries from F1 females were collected at 13months of age
(n=7-10 females per treatment group). After being fixed in Diet-
rich’s solution, ovaries were embedded in paraffin and sectioned
at 5 pm. After sectioning, slides were stained with PSR. All slides
were stained at the same time to minimize variability. We used the
protocol for PSR staining and imaging adapted from Dr. Francesca
Duncan’s laboratory at Northwestern University as previously
described [29-31]. Slides were scanned using a 20x objective with
the Hamamatsu NanoZoomer 2.0 HT (Model #C9600-12) using
NDP.scan 3.2.15. To quantify the area of ovarian tissue that
stained positively for PSR staining, Image] software was used to
set a threshold based on the staining in the mouse that appeared
to have the most PSR staining, and this was kept constant for all
sections [29-31].

Gene Expression Analysis

Frozen whole F1 ovaries collected at 13months were used for
quantitative real-time polymerase chain reaction (QPCR) analy-
sis (n=4-5 ovaries per treatment group). Total RNA (>100 ng)
was extracted from the whole ovaries using the RNeasy Mini Kit
(Qiagen, Austin, TX, USA) according to the manufacturer’s pro-
tocol, including DNase digestion. Total RNA (100 ng) was reverse
transcribed to complementary DNA (cDNA) using the iScript RT
Kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according
to the manufacturer’s protocol. Each cDNA sample was diluted
1:8 using nuclease-free water prior to qPCR analysis. Analysis
of gPCR was performed using the CFX96 C1000 Real-Time PCR
Detection System and CFX Manager Software (Bio-Rad Labora-
tories, Inc., Hercules, CA, USA) according to the manufacturer’s
protocol. All gPCR reactions were conducted in duplicate using
2 uL of cDNA, forward and reverse primers (5 pmol) for select
genes, nuclease-free water, and SsoFastEvaGreen Supermix for
a final reaction volume of 10 uL. The selected genes included
the housekeeping gene beta-acin (Actb), the antioxidant enzymes
superoxide dismutase 1 (Sod1), glutathione peroxidase (Gpx), cata-
lase (Cat), and glutathione reductase (Gsr), the anti-apoptotic
factor B cell leukemia/lymphoma 2 (Bcl2), the pro-apoptotic fac-
tor Bcl2-associated X protein (Bax), the cell cycle regulators
cyclin-dependent kinase inhibitor 1A (Cdknla), cyclin-dependent
kinase inhibitor 2A (Cdkn2a), cyclin-dependent kinase inhibitor 1B
(Cdkn1b), and the DNA repair genes tumor suppressor gene p53
(p53) and breast cancer 2 (Brca2) (Table 1).

The CFX96 C1000 Real-Time PCR Detection machine quantifies
the amount of PCR product generated by measuring SsoFastEva-
Green dye (Bio-Rad Laboratories, Inc., Hercules, CA) that fluo-
resces when bound to double-stranded DNA. The gPCR program
consisted of an enzyme activation step (95°C for 1min), an ampli-
fication and quantification program (40 cycles of 95°C for 10s,
60°C for 105, single fluorescence reading), at 72°C for 5min, a melt
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Table 1: Sequences of primer sets used for gene expression analysis

Primer sequence

Gene symbol Gene name Forward Reverse

Bax BCL2-associated X protein TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG
Bcl2 B cell leukemia/lymphoma 2 ATGCCTTTGTGGAACTATATGGC GGTATGCACCCAGAGTGATGC
Cat Catalase GCAGATACCTGTGAACTGTC GTAGAATGTCCGCACCTGAG
Gpx Glutathione peroxidase TTCGGACACCAGGAGAATGG TAAAGAGCGGGTGAGCCTTC
Gsr Glutathione reductase CAGTTGGCATGTCATCAAGCA CGAATGTTGCATAGCCGTGG
p53 Tumor suppressor gene p53 CTCTCCCCCGCAAAAGAAAAA CGGAACATCTCGAAGCGTTTA
Sod1 Superoxide dismutase 1 TTCCGTCCGTCGGCTTCTCGT CGCACACCGCTTTCATCGCC
Brca2 Breast cancer 2 GGGAGTCCCTTCACTTCAGC GGCACTCGTCTGACAGGTAG
Cdknla Cyclin-dependent kinase inhibitor 1A TTAGGCAGCTCCAGTGGCAACC ACCCCCACCACCACACACCATA
Cdkn2a Cyclin-dependent kinase inhibitor 2A GCTCTGGCTTTCGTGAACAT CGAATCTGCACCGTAGTTGA
Cdknlb Cyclin-dependent kinase inhibitor 1B GTTTCAGACGGTTCCCCGAA TTCTTAATTCGGAGCTGTTTACGTC

curve (65°C-95°C heating 0.5°C/s with continuous fluorescence
readings), and a final step at 72°C for 5min per the manufac-
turer’s protocol. All gene expression data were normalized to the
housekeeping gene. Relative fold changes were calculated as the
ratio of each treatment group to the control group level and ana-
lyzed using a mathematical model for relative quantification of
real-time PCR data developed by Pfaffl [42].

Statistical Analysis

If data were normally distributed and met the assumption of
homogeneity of variance, a one-way analysis of variance was per-
formed and the post hoc test of Dunnett (two-sided) was used.
However, if equal variances were not assumed, the post hoc test of
Games-Howell was used. If data did not meet normality or were
presented as percentages, independent sample Kruskal-Wallis H
tests were used to compare each treatment group, followed by
the Mann-Whitney U test. Nominal data were analyzed using a
one-sided Fisher’s exact test. Statistical significance was assigned
P <0.05, but when P-values were greater than 0.05, but less than
0.1, data were considered to exhibit a trend toward significance
and were denoted by a caret. In the few instances where the treat-
ment group n was less than 3 (i.e. 1 or 2), that treatment group was
not included in statistical analysis. The software SPSS (SPSS Inc.,
Chicago, IL) was used for data analysis.

Results

Effect of Prenatal Exposure to the Phthalate
Mixture on Estrous Cyclicity of F1 Female Mice at
11 and 13 Months

The estrous cycle was monitored for 14days prior to fertil-
ity testing at 11 and 13months of age in F1 female mice. At
11months, the phthalate mixture (200 ng/kg/day) caused a bor-
derline decrease in the time spent in proestrus, butit did not affect
the time spent in estrus or metestrus/diestrus compared to con-
trol (Fig. 1A; n=8-10 females per treatment group, » 0.05<P<0.1).
At 13months of age, the phthalate mixture (20 ng/kg/day and
200mg/kg/day) significantly decreased the amount of time mice
spent in proestrus, but it did not affect the time spent in estrus or
metestrus/diestrus compared to control (Fig. 1B; n=8-10 females
per treatment group, *P <0.05).

Effect of Prenatal Exposure to the Phthalate
Mixture on F1 Fertility at 11 and 13 Months
At 11months of age, prenatal exposure to the phthalate mix-
ture did not affect mating index, pregnancy rate, fertility index,

or gestational index in the F1 females compared to control
(Fig. 2A-D; n=6-10 females per treatment group). Furthermore,
the phthalate mixture did not affect time to pregnancy or gesta-
tion length in the F1 females compared to control (Supplemental
Fig. 1a and b). However, the phthalate mixture (200 ng/kg/day and
200mg/kg/day) caused a borderline decrease in the percentage of
F1 females who gave birth compared to control (Fig. 2E; n=8-10
females per treatment group, * 0.05<P<0.1).

When examining the pups born to the F1 dams at 11 months,
the phthalate mixture did not affect the litter size or the aver-
age live pup weight (Supplemental Fig. 1c and d), but the mixture
(20 ng/kg/day and 200 mg/kg/day) decreased the F2% female pups
and it (20 ng/kg/day) decreased the percentage of F2 pup mortality
compared to control (Fig. 3A and B; n= 3-8 females per treatment
group, except n=2 in the 200 pg/kg/day group for percentage of
female pups, *P <0.05, * 0.05<P<0.1).

At 13months of age, the phthalate mixture did not affect
gestation length (Supplemental Fig. 2a), mating index, preg-
nancy rate, or fertility index in the F1 females compared
to control (Fig. 4B-D; n=8-10 females per treatment group).
However, the phthalate mixture (200 png/kg/day) decreased
time to pregnancy, it (200 pg/kg/day) decreased gestational
index, and it (200 ng/kg/day) decreased the percentage of F1
females who gave birth compared to control (Fig. 4AE and
F; n=5-10 females per treatment group, *P<0.05, ”0.05<
P<0.1).

At 13months, the phthalate mixture did not affect F2 lit-
ter size or average F2 live pup weight (Supplemental Fig. 2b
and c), but it (20 pg/kg/day) decreased the F2% female pups
compared to control (Fig. 5A; n=3-5 females in each treat-
ment group, except n=1in the 200 pg/kg/day and 200 mg/kg/day
treatment groups, *P<0.05). Lastly, the phthalate mixture
did not affect F2 pup mortality at 13months of age com-
pared to control (Fig. 5B; n=5-6 females in each treat-
ment group, except n =1 in the 200 pg/kg/day treatment

group).

Effect of Prenatal Exposure to the Phthalate
Mixture on Fibrosis of F1 Ovaries at 13 Months

Ovarian sections from 13-month-old mice were stained with PSR
to examine the amount of fibrous collagen in the ovary (Fig. €B).
PSR staining (dark red staining) was observed in all ovaries. The
phthalate mixture did not affect the percentage of PSR stain-
ing, or fibrosis, found in the F1 ovaries at 13months of age
compared to control (Fig. 6A; n=7-10 females per treatment

group).
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Figure 1: Effect of prenatal exposure to the phthalate mixture on estrous cyclicity at 11 and 13months of age in the F1 generation of female mice.
Percentage of days in proestrus, estrus, and metestrus/diestrus were calculated and compared to controls in each treatment group at 11 months (panel
A: control = 10 females/treatment group, 20 pg/kg/day =9 females/treatment group, 200 pg/kg/day = 8-9 females/treatment group, 200 mg/kg/day =9
females/treatment group) and 13 months (panel B: control = 10 females/treatment group, 20 ug/kg/day = 9 females/treatment group,

200 pg/kg/day =9 females/treatment group, 200 mg/kg/day = 8 females/treatment group). Graphs represent mean percentages + SEM. Asterisks (*)
indicate significant differences compared to the control (P<0.05) and carets (") indicate borderline significance compared to the control (0.05<P<0.1)
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Figure 2: Effects of prenatal exposure to the phthalate mixture on fertility indices at 11 months of age in the F1 generation of female mice. Breeding
was monitored by examining mating index (panel A: control = 10 females/treatment group, 20 pg/kg/day = 8 females/treatment group,

200 ng/kg/day = 9 females/treatment group, 200 mg/kg/day = 9 females/treatment group), pregnancy rate (panel B: control = 10 females/treatment
group, 20 ng/kg/day = 8 females/treatment group, 200 ng/kg/day = 9 females/treatment group, 200 mg/kg/day = 9 females/treatment group), fertility
index (panel C: control = 10 females/treatment group, 20 ng/kg/day = 8 females/treatment group, 200 ng/kg/day =9 females/treatment group,

200 mg/kg/day = 9 females/treatment group), gestational index (panel D: control =9 females/treatment group, 20 pg/kg/day = 6 females/treatment
group, 200 ng/kg/day = 6 females/treatment group, 200 mg/kg/day = 7 females/treatment group), and females who gave birth (panel E: control = 10
females/treatment group, 20 pg/kg/day = 8 females/treatment group, 200 pg/kg/day = 9 females/treatment group, 200 mg/kg/day =9

females/treatment group). Graphs represent mean percentages in the F1 generation at 11 months. Carets (") indicate borderline significance
compared to the control (0.05<P<0.1)

A 11 Month F2 Percent Female Pups B 11 Month F2 Pup Mortality
70 q 120 -
60 1 100
. 50 4 A .
40 4 * €
g 30 A g &
20 4 40
10 4 I 20 *
L 0
Control 20 pg/kgiday 200 pgikg/day 200 mg/kg/day Control 20 pgikg/day 200 pgfkg/day 200 mg/kg/day

Figure 3: Effects of prenatal exposure to the phthalate mixture on F2 pup outcomes after breeding the F1 generation of female mice at 11 months of
age. The percentage of female pups (panel A: control =5 females/treatment group, 20 pg/kg/day = 4 females/treatment group, 200 pg/kg/day =2
females/treatment group, 200 mg/kg/day = 3 females/treatment group) and pup mortality (panel B: control = 8 females/treatment group,

20 ng/kg/day = 4 females/treatment group, 200 pg/kg/day =4 females/treatment group, 200 mg/kg/day = 4 females/treatment group) was analyzed.
Graphs represent mean percentages + SEM in the F1 generation at 11 months. Asterisks (*) indicate significant differences compared to the control
(P<0.05) and carets (") indicate borderline significance compared to the control (0.05<P<0.1)
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Figure 4: Effects of prenatal exposure to the phthalate mixture on time to mating and fertility indices at 13 months of age in the F1 generation of
female mice. Breeding was monitored by examining time to pregnancy (panel A: control = 8 females/treatment group, 20 pg/kg/day =8
females/treatment group, 200 ng/kg/day = 8 females/treatment group, 200 mg/kg/day =5 females/treatment group), mating index (panel B:
control = 10 females/treatment group, 20 ng/kg/day = 9 females/treatment group, 200 pg/kg/day = 9 females/treatment group, 200 mg/kg/day =8
females/treatment group), pregnancy rate (panel C: control = 10 females/treatment group, 20 pg/kg/day =9 females/treatment group,

200 pg/kg/day =9 females/treatment group, 200 mg/kg/day = 8 females/treatment group), fertility index (panel D: control = 10 females/treatment
group, 20 ng/kg/day = 9 females/treatment group, 200 ng/kg/day =9 females/treatment group, 200 mg/kg/day = 8 females/treatment group),
gestational index (panel E: control = 7 females/treatment group, 20 ng/kg/day = 8 females/treatment group, 200 ng/kg/day =5 females/treatment
group, 200 mg/kg/day = 7 females/treatment group), and females who gave birth (panel F: control = 10 females/treatment group, 20 ng/kg/day =9
females/treatment group, 200 pg/kg/day = 9 females/treatment group, 200 mg/kg/day = 8 females/treatment group). Graphs represent mean
percentages (+ SEM for time to pregnancy) in the F1 generation at 13 months. Asterisks (*) indicate significant differences compared to the control
(P<0.05) and carets (") indicate borderline significance compared to the control (0.05<P<0.1)
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Figure 5: Effects of prenatal exposure to the phthalate mixture on F2 pup outcomes after breeding the F1 generation of female mice at 13 months of
age. The percentage of female pups (panel A: control =4 females/treatment group, 20 pg/kg/day = 3 females/treatment group, 200 ug/kg/day =1
female/treatment group, 200 mg/kg/day = 1 female/treatment group) and pup mortality (panel B: control = 6 females/treatment group,

20 ng/kg/day = 6 females/treatment group, 200 ng/kg/day = 1 female/treatment group, 200 mg/kg/day =5 females/treatment group) was analyzed.

Graphs represent mean percentages + SEM in the F1 generation at 13 months. Asterisks (*) indicate significant differences compared to the control
(P<0.05)

Effect of Prenatal Exposure to the Phthalate
Mixture on Gene Expression in F1 Ovaries at

13 Months

The phthalate mixture did not affect the ovarian expression of
the antioxidant enzymes Gpx, Cat, or Gsr, but it (200 mg/kg/day)
caused a borderline increase in the expression of Sod1 compared to
control in the F1 generation (Fig. 7A-D; n=4-5 females per treat-
ment group, * 0.05<P<0.1). Additionally, the phthalate mixture
did not affect ovarian expression of the anti-apoptotic factor Bcl2,
but it (200 mg/kg/day) caused a borderline increase in the expres-
sion of pro-apoptotic factor Bax compared to control in the F1

generation (Fig. 8A and B; n=4-5 females per treatment group,
~0.05<P<0.1). The phthalate mixture (200mg/kg/day) caused
borderline increases in the ovarian expression of the DNA repair
genes p53 and Brca2 compared to control in the F1 generation (Fig.
9A and B; n=4-5 females per treatment group, " 0.05<P<0.1).
Lastly, the phthalate mixture did not affect the ovarian expression
of Cdknla, but it (20 ng/kg/day and 200 mg/kg/day) caused a bor-
derline increase in the ovarian expression of Cdkn2a and Cdknlb,
and it (200mg/kg/day) significantly increased the expression of
Cdknlb compared to control in the F1 generation (Fig. 10A-C;
n=4-5 females per treatment group, *P <0.05, » 0.05<P<0.1).
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Figure 6: Effect of prenatal exposure to the phthalate mixture on the percentage of fibrosis in the ovary at 13 months of age in the F1 generation of
female mice. Ovaries were sectioned and stained with PSR to evaluate the amount of fibrosis. The percentage of fibrosis was analyzed for each
treatment group (panel A: control = 10 females/treatment group, 20 ng/kg/day = 6 females/treatment group, 200 pg/kg/day =9 females/treatment
group, 200 mg/kg/day =9 females/treatment group). Graphs represent mean percentages + SEM in the F1 generation of female mice. The image (panel
B) shows an ovarian section, with dark red staining indicating fibrosis from a 13 month old mouse in the F1 generation
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Figure 7: Effects of prenatal exposure to the phthalate mixture on the antioxidant enzymes Sod1 (panel A: control =5 females/treatment group,

20 pg/kg/day =5 females/treatment group, 200 pg/kg/day =4 females/treatment group, 200 mg/kg/day =5 females/treatment group), Gpx (panel B:
control =5 females/treatment group, 20 pg/kg/day =5 females/treatment group, 200 png/kg/day = 4 females/treatment group, 200 mg/kg/day =5
females/treatment group), Cat (panel C: control =5 females/treatment group, 20 ng/kg/day =5 females/treatment group, 200 ng/kg/day =4
females/treatment group, 200 mg/kg/day =5 females/treatment group), and Gsr (panel D: control =5 females/treatment group, 20 ng/kg/day =5
females/treatment group, 200 ng/kg/day =4 females/treatment group, 200 mg/kg/day =5 females/treatment group) in ovaries from mice at 13 months
of age in the F1 generation. All gene expression is relative to the housekeeping gene, Actb, and the relative fold change is normalized to 1 for control.
Graphs represent means 4 SEM. Carets (") indicate borderline significance compared to the control (0.05<P<0.1)
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Figure 8: Effects of prenatal exposure to the phthalate mixture on the anti-apoptotic factor Bcl2 (panel A: control =5 females/treatment group,
20 ug/kg/day =5 females/treatment group, 200 png/kg/day = 4 females/treatment group, 200 mg/kg/day =5 females/treatment group) and the
pro-apoptotic factor Bax (panel B: control =5 females/treatment group, 20 ng/kg/day = 4 females/treatment group, 200 pg/kg/day =4
females/treatment group, 200 mg/kg/day =5 females/treatment group) in ovaries from mice at 13 months of age in the F1 generation. All gene
expression is relative to the housekeeping gene, Actb, and the relative fold change is normalized to 1 for control. Graphs represent means + SEM.
Carets (") indicate borderline significance compared to the control (0.05<P<0.1)
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Figure 9: Effects of prenatal exposure to the phthalate mixture on DNA repair genes p53 (panel A: control =5 females/treatment group,

20 ng/kg/day =5 females/treatment group, 200 pg/kg/day = 4 females/treatment group, 200 mg/kg/day =5 females/treatment group) and Brca2 (panel
B: control =5 females/treatment group, 20 pg/kg/day =5 females/treatment group, 200 pg/kg/day = 4 females/treatment group, 200 mg/kg/day =5
females/treatment group) in ovaries from mice at 13 months of age in the F1 generation. All gene expression is relative to the housekeeping gene, Actb,
and the relative fold change is normalized to 1 for control. Graphs represent means 4+ SEM. Carets (") indicate borderline significance compared to the

control (0.05<P<0.1)
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Figure 10: Effects of prenatal exposure to the phthalate mixture on the cell-cycle regulators Cdknla (panel A: control =5 females/treatment group,

20 pg/kg/day = 4 females/treatment group, 200 pg/kg/day = 4 females/treatment group, 200 mg/kg/day =5 females/treatment group), Cdkn2a (panel B:
control =5 females/treatment group, 20 ng/kg/day =5 females/treatment group, 200 pg/kg/day = 4 females/treatment group, 200 mg/kg/day =5
females/treatment group), and Cdkn1b (panel C: control =5 females/treatment group, 20 ng/kg/day =5 females/treatment group, 200 ug/kg/day =4
females/treatment group, 200 mg/kg/day =5 females/treatment group) in ovaries from mice at 13 months of age in the F1 generation. All gene
expression is relative to the housekeeping gene, Actb, and the relative fold change is normalized to 1 for control. Graphs represent means - SEM.
Carets () indicate borderline significance compared to the control (0.05<P<0.1)

Discussion

This study tested the hypothesis that prenatal exposure to an
environmentally relevant phthalate mixture accelerates the aging
of the ovary and the age-related decline in reproductive capac-
ity in the F1 generation of mice. Previously, we have shown that
prenatal exposure to the phthalate mixture accelerated some
biomarkers of reproductive aging, including increasing the time
spent in metestrus/diestrus, altering folliculogenesis, and dysreg-
ulating hormones in the hypothalamic-pituitary—gonadal (HPG)
axis expected with normal reproductive aging, and these effects
occurred in a multiple and transgenerational manner in female
mice [18]. The current study expands on our recent findings to
further determine if the mixture accelerates the direct aging of
the ovary by decreasing the expression of antioxidant enzymes,
increasing the expression of apoptotic factors and cell cycle regu-
lators, altering the expression of DNA repair genes, and increasing
the amount of fibrosis in the aging mouse ovary. Additionally, this

study examined the age-related decline in the reproductive capac-
ity of aging female mice in the F1 generation. Our results show
that prenatal exposure to the phthalate mixture decreased the
time spent in proestrus and accelerated the age-related decline in
some fertility indices, butit did not significantly affect the amount
of fibrosis or factors involved in the direct aging ovary in the F1
generation.

At 11 and 13 months of age, we found that prenatal exposure
to the phthalate mixture decreased the time spent in proestrus
compared to control. When rodents are in the stage of proestrus,
estradiol levels are usually increasing compared to other stages of
the cycle. However, our previous study found that, at 13 months of
age, the phthalate mixture did not significantly affect the levels of
estradiol in the F1 generation of female mice [43]. In that previous
study, we collected sera in the stage of diestrus. Thus, it is possible
that we missed changing the levels of estradiol during proestrus
because we collected samples in diestrus. In the future, it may



Prenatal exposure to a mixture of phthalates accelerates the age-related decline in F1 reproductive capacity | 9

be interesting to examine how prenatal exposure to the phthalate
mixture affects hormone levels during the different stages of the
estrous cycle.

Furthermore, the decrease in proestrus differs from previous
studies showing that exposure to single phthalates do not affect
estrous cyclicity. Specifically, adult exposure to DINP and DEHP
did not alter the time spent in proestrus at 12 and 15 months post-
dosing in female mice [14]. Furthermore, adult exposure to DiNP
and DEHP did not drastically affect hormone levels that can influ-
ence estrous cyclicity at 12 and 15months [18, 43]. The observed
effects of phthalate exposure on estrous cycles could be due to
difference in exposure windows (adult exposure vs. prenatal expo-
sure) or differences in the effect of single phthalates versus a
phthalate mixture.

At 11 and 13 months of age, prenatal exposure to the mixture
did not affect gestation length, mating index, pregnancy rate, or
fertility index in the F1 generation compared to control. Further-
more, the mixture did not affect F2 litter size or the F2 average
live pup weight at 11 and 13months. Similarly, when examining
the effects of prenatal exposure to the phthalate mixture on fer-
tility at 3, 6, and 9months age in previous studies, the mixture
did not cause changes in fertility indices compared to control in
the F1 generation [16]. Moreover, another study similarly found
that adult exposure to DEHP and DiNP did not affect most fertility
indices 9 months after exposure compared to control [13]. Collec-
tively, these data suggest that exposure to phthalates may not
affect a female’s ability to mate with a male and become pregnant
as they age.

In the current study, we found that the mixture decreased
the F2% female pups born to the F1 dams in this study at 11
and 13months. These data are consistent with studies that have
shown that maternal age may contribute to an altered sex ratio
[44, 45]. In addition, our laboratory previously has shown that
phthalate exposure may be accelerating biomarkers of reproduc-
tive aging by decreasing the ovarian follicle pool, dysregulating
the HPG axis, causing acyclicity, and increasing the occurrence
of cystic ovaries in aging female mice [12, 18]. Thus, it is possible
that phthalate exposure plus maternal age may be the cause of the
observed altered sex ratio. Similarly, Chiang et al. found that adult
exposure to DiINP and DEHP decreased the number of female pups
born to the treated dams 9 and 12 months after treatment [13, 14].
It is interesting that different exposure windows and exposure to
a single phthalate versus phthalate mixture are eliciting similar
effects on the number of female pups born to each dam.

Our data show that phthalate mixture-exposed females had
no issues mating with males or becoming pregnant, but we found
that the phthalate mixture decreased the ability of F1 females to
produce pups at 11 and 13months, and it decreased the ability
of F1 females to carry out their pregnancy at 13months of age
(decreased gestational index). It is possible that the mixture could
be targeting the uterus in these aging female mice. In a collabora-
tive study, Li et al. found that prenatal exposure to the phthalate
mixture negatively affected the uterine morphology of 13-month-
old mice in multiple generations [43]. The Li et al. study also found
that the mixture increased many types of uterine abnormalities,
higher incidence of myometrium intrusion in the endometrium,
presence of myofibroblasts in the endometrium, and intrusion
of endometrial tissues in the myometrium, and together these
may be associated with adenomyosis or fibroids [43]. Adenomyosis
is described as the abnormal growth of endometrial glands and
stroma in the myometrium and has been associated with infertil-
ity in women [46, 47]. Furthermore, fibroids or uterine leiomyomas
are benign tumors that arise from the myometrium and are linked

to early pregnancy loss and infertility [46-48]. Therefore, the
phthalate mixture may be affecting the proper function of the
uterus, leading to decreased ability of these females to carry out
their pregnancy and/or deliver pups.

We found that prenatal exposure to the phthalate mixture did
not affect the amount of PSR staining, a marker of fibrosis, in
the ovaries of 13-month-old F1 mice. Interestingly, control-treated
mice also did not display large amounts of fibrosis. It is likely
that fibrosis was not increased at 13 months of age because pre-
vious studies have found that increased fibrosis occurs around
22 months old in CD-1 mice and 17 months old in CB6F1 mice
[29, 30]. Additionally, a recent study determined that even at
18 months of age, female C57BL/6 mice did not exhibit fibrotic
ovaries [27]. Because we did not find drastic changes in the number
of follicles in phthalate-treated mice in the F1 generation [18] or
increased fibrosis, the phthalate mixture may not be accelerating
the direct aging of the ovary at 13 months of age.

Prenatal exposure to the phthalate mixture caused mini-
mal changes in ovarian gene expression related to antioxidant
enzymes, apoptotic factors, DNA repair genes, and cell cycle reg-
ulators in the F1 generation. Because the phthalate mixture did
not decrease the ovarian follicle pool [18] and fibrosis was not
increased in these aging F1 female mice, the lack of effects on
ovarian gene expression of factors directly related to ovarian aging
is not surprising. Although the phthalate mixture did not sig-
nificantly affect gene expression in ovaries from aging female
mice, future studies should measure protein levels because some
biomarkers are regulated posttranslationally.

In conclusion, this study found that prenatal exposure to
an environmentally relevant phthalate mixture accelerates the
age-related decline in reproductive capacity in the F1 generation
of female mice. Specifically, the mixture decreased the abil-
ity of females to carry out their pregnancies and produce pups
at 11 and 13months of age. Furthermore, prenatal exposure
to the phthalate mixture decreased the time spent in proestrus
in F1 females. However, prenatal exposure to the mixture did
not significantly affect key biomarkers of ovarian aging (fibro-
sis, antioxidants, apoptotic factors, DNA repair genes, or cell
cycle regulators) in the F1 ovary. Additionally, because the phtha-
late mixture accelerated biomarkers of reproductive aging in
the F2 and F3 generations of female mice [18], future studies
should examine if prenatal exposure to the phthalate mixture
directly accelerates the aging of the ovary in those generations.
A previous study from our laboratory found that prenatal expo-
sure to the single phthalate, DEHP, negatively affected the gene
expression of key pathways important for proper ovarian func-
tion in a transgenerational manner and that gene expression
may have been influenced by changes in DNA methyltransferases
and 10 or 11 translocation enzymes [49]. Therefore, future stud-
ies should examine epigenetic mechanisms that contribute to
the effects of phthalate mixtures on female reproduction in a
multiple and transgenerational manner in female mice. Finally,
while our results are important, there are some limitations in
our study that make it difficult to compare with human fer-
tility. Thus, future studies could examine fertility outcomes in
treated mice after performing in vitro fertilization with embryo
transfer.
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