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Abstract

Phthalates are known endocrine-disrupting chemicals that are found in many consumer products.
Our laboratory previously developed a relevant phthalate mixture consisting of six phthalates and
found that it disrupted female fertility in mice. However, it is unknown if prenatal exposure to
phthalate mixtures can accelerate reproductive aging and if this occurs in multiple generations.
Thus, we tested the hypothesis that prenatal exposure to a mixture of phthalates accelerates
biomarkers of reproductive aging in multiple generations of female mice. Pregnant CD-1 mice
were orally dosed with vehicle control or a phthalate mixture (20pg/kg/day-500mg/kg/day) daily
from gestational day 10 to birth. Adult F1 females born to these dams were used to create the F2
and F3 generations by mating them with unexposed males. At 13 months, estrous cyclicity was
monitored and ovaries and sera were collected for analysis. In the F1 generation, the mixture
decreased testosterone and inhibin B levels, but increased follicle-stimulating hormone and
luteinizing hormone levels compared to control. In the F2 generation, the phthalate mixture
decreased the percent of antral follicles and testosterone hormone levels compared to control. In
the F3 generation, prenatal exposure to the phthalate mixture increased ovarian weight, increased
the time in metestrus/diestrus, altered follicle numbers, and decreased the levels of luteinizing
hormone compared to control. Collectively, these data suggest that prenatal exposure to a phthalate
mixture may accelerate several biomarkers of reproductive aging in a multi- and transgenerational
manner in female mice.
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Introduction

Phthalates are a group of chemicals found in many different consumer products including
building materials, personal care products, children’s toys, and food storage containers [1].
Phthalates are found ubiquitously in the environment, and more than 18 billion pounds of
phthalates are produced annually [1]. Low molecular weight phthalates and high molecular
weight phthalates are present in different types of products to provide plasticity or act as
solvents. Low molecular weight phthalates include diethyl phthalate (DEP), dibutyl
phthalate (DBP), and diisobutyl phthalate (DiBP) and are found in colognes, perfumes, nail
polish, pharmaceuticals, and some adhesives [2, 3]. High molecular weight phthalates
include di(2-ethylhexyl) phthalate (DEHP), benzylbutyl phthalate (BzBP), and di-isonony!|
phthalate (DiNP) and are heavily used as plasticizers in polyvinyl chloride plastics, flooring,
food packaging, medical tubing, plastic toys, and paints [2]. In addition to being present in
consumer products, phthalates are detected in indoor air and household dust [4]. Due to the
widespread use of phthalates, humans are exposed daily to these chemicals. Exposure occurs
via inhalation, ingestion, and dermal contact, but the most common route of exposure is
from oral ingestion [5]. Due to widespread exposure, phthalates and/or their metabolites
have been measured in urine, blood, semen, breast milk, amniotic fluid, umbilical cord
blood, and follicular fluid [6, 7].

Phthalates are known endocrine disrupting chemicals that have been shown to have negative
effects on reproduction [8]. Exposure to single phthalates has been shown to accelerate
folliculogenesis, decrease fertility, and alter steroidogenesis in female rodents [8-14].
Specifically, prenatal exposure to DEHP accelerated the transition of germ cells to
primordial follicles in the neonatal ovary in the F3 generation of female mice [12]. In
addition, adult exposure to DEHP accelerated folliculogenesis after 10 days of exposure [9].
Moreover, prenatal exposure and adult exposure to DEHP decreased the primordial follicle
pool, leading to early reproductive senescence in aging female mice [10, 15].

Although these previous studies on single phthalates provide important information, humans
are exposed to mixtures of phthalates on a daily basis. Due to limited studies on the effects
of phthalate mixtures on reproductive outcomes, our laboratory developed a phthalate
mixture consisting of DEHP, DEP, DBP, BzBP, DiNP, and DiBP [16-18] based on the
phthalate metabolite levels found in the urine of pregnant women in central Illinois [19] and
examined the effects of prenatal exposure to this mixture on female reproductive outcomes
[16, 17]. We previously found that prenatal exposure to the mixture increased uterine
weights, altered anogenital distance, and caused fertility complications in the F1, F2, and F3
generations of female mice [16, 17]. However, we did not examine the effects of the mixture
on reproductive aging in the female mice.

In addition to limited information on the effects of a relevant phthalate mixture on
reproductive aging in females, very few studies have focused on the transgenerational effects

Reprod Toxicol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brehm et al.

Methods

Chemicals

Page 3

of mixtures of chemicals like phthalates on female reproduction. Zhou et a/. [16, 17] found
that the phthalate mixture described above disrupted female reproduction in the F1, F2, and
F3 generations of female mice. Specifically, prenatal exposure to the mixture increased the
occurrence of grossly visible cystic ovaries in the F1 and F2 generations, which is a sign of
aging of the ovary in the female rodent [16, 17]. In addition, the estrous cycles of the female
mice were monitored for 14 days prior to tissue collections at 13 months and it was found
that this mixture did not alter cycles in the F1 and F2 generations [16, 17]. Moreover,
collaborative studies found that prenatal exposure to this mixture decreased levels of
progesterone in the F2 generation, indicating a decrease in sex steroid hormone levels that
occurs with normal reproductive aging [20].

Although these studies have examined how prenatal exposure to phthalates affects female
reproduction in multiple generations of female mice, they did not examine all endpoints to
determine if prenatal exposure to a relevant phthalate mixture accelerates reproductive aging
in a transgenerational manner. Thus, the current study tested the hypothesis that prenatal
exposure to an environmentally relevant phthalate mixture accelerates reproductive aging in
multiple generations of female mice. To test this hypothesis, we determined whether prenatal
exposure to the mixture causes acyclicity in the F3 generation at time-points sooner than
controls. In addition, we examined whether the phthalate mixture decreased the ovarian
follicle pool and increased the occurrence of cystic ovaries in the F1, F2, and F3 generations
because a reduced ovarian follicle pool and increased occurrence of cysts are key
characteristics of reproductive aging. Lastly, we examined whether the mixture alters
hormones that fluctuate with reproductive aging.

The chemicals used in the mixture include DEP, DEHP, DBP, DiBP, DiNP, and BzBP and
were purchased from Sigma-Aldrich (St. Louis, MO). The mixture consisted of 35% DEP,
21% DEHP, 15% DBP, 15% DiNP, 8% DiBP, and 5% BzBP and the percentages were
calculated from levels of phthalate metabolites measured in urine from pregnant women in
central Illinois [16, 17, 19]. After creating the mixture, it was thoroughly mixed and diluted
in tocopherol-stripped corn oil (vehicle control). The doses used for this study included 20
ug/kg/day, 200 pg/kg/day, 200 mg/kg/day, and 500 mg/kg/day. We selected these doses
because the two lower doses used in this study fall within the range of human exposure to
most of the phthalates in the mixture or are very close to those levels [21, 22]. The estimated
range of daily human exposure to DEHP is about 3-30 pg/kg/day and the 20 and 200
ug/kg/day doses of the mixture contain approximately 4.2 and 42 pg of DEHP, which are
close to human exposure levels. For the phthalate DEP, human exposure ranges from 2.32—
12 ug/kg/day and the 20 pg/kg/day dose of the mixture contains approximately 7 pug of DEP.
Next, the daily human exposure to phthalate BzBP is 0.26-0.88 pg/kg/day and the 20
pg/kg/day dose of the mixture contains approximately 1 pg of BzBP, which is close to the
high range of human exposure. Human exposure to DBP falls within 0.84-5.22 pg/kg/day
and the 20 pg/kg/day dose of the mixture contains around 3 pg of DBP, making it
environmentally relevant. The phthalate DiBP has daily exposure levels ranging from 0.12—
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1.4 ug/kg/day and the 20 pg/kg/day dose of mixture contains approximately 1.6 ug of DiBP.
Last, daily human exposure for DiNP is not known, but occupational exposure levels reach
up to 26 pg/kg/day, whereas exposure in infants can reach levels of up to 120 pg/kg/day [23,
24]. The 200 pg/kg/day dose of the mixture is calculated to contain around 30 pg of DiNP,
which is in the range of occupational and infant exposure. Furthermore, the two higher doses
in this study (200 and 500 mg/kg/day) were chosen so we can compare our results to other
studies examining single phthalate exposure [9, 10, 12, 13, 15, 25-27].

Adult cycling female and adult male CD-1 mice were purchased from Charles River
Laboratories (Wilmington, MA) and housed in the College of Veterinary Medicine Animal
Facility at the University of Illinois at Urbana-Champaign (Champaign, IL). The mice were
acclimated to the facility for at least 1 week prior to beginning the experiment. The mice
were housed individually at 25°C in polysulfone cages with a light/dark cycle of 12 hours
light and 12 hours dark. Mice were given the Teklad Rodent Diet 8604 (Envigo,
Huntingdon, United Kingdom) and reverse-osmosis filtered high-purity water ad /ibitum.
Animal procedures including euthanasia and tissue collections were approved the University
of llinois Institutional Animal Care and Use Committee.

Study design and dosing

Female mice (FO) were mated with non-treated males, both 8 weeks of age, to create the F1
generation of mice. A female was considered pregnant when a vaginal sperm plug was
present. After a vaginal sperm plug was observed, females were separated from males and
individually housed. To control for litter effects, the females were randomly divided into the
5 different treatment groups. Once the pregnant females reached gestational day 10, dosing
began at the same time every day and continued until the delivery of pups. Pregnant females
were dosed orally by inserting a pipette tip into the cheek of the mouse containing either the
vehicle control (tocopherol-stripped corn oil) or one of the doses of the mixture (20 pg/kg/
day-500 mg/kg/day). Females were weighed daily to determine the correct dosing volume.
Oral dosing by pipette 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.

The pups born from these dosed females were considered the F1 generation. Each dam was
considered the experimental unit and at least 1 female per litter from at least 3 different
exposed dams in each treatment group was used in the analyses. At 3 months of age, the F1
generation was mated with non-treated males to create the F2 generation, and then the F2
females were mated with non-treated males to create the F3 generation. The F1 generation
was exposed directly as the developing pup within the FO pregnant dam, the F2 generation
was exposed as the gametes within the developing pups of the F1 generation, and the F3
generation was the first generation that was not directly exposed to the phthalate mixture.

Estrous cyclicity

Previous studies showed that prenatal exposure to the mixture did not affect estrous cyclicity
in the F1 or F2 generations of 13 month old mice [16, 17]. Thus, we expanded these results
by monitoring the estrous cycles of 13 month old mice in the F3 generation. The cycles were
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monitored for 14 days before tissue collections by performing daily vaginal lavage. Stages
of estrus were determined by previously defined criteria [28]. 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. For statistical analysis, our laboratory combined metestrus
and diestrus because they are similar in both hormone profile and cytology.

Tissue collection

Histological

Tissues were collected in the F1 and F2 generations and data on theses tissues were
published [16, 17]. However data were not previously published for the F3 generation.
Therefore, when females reached 13 months of age in the F3 generation, mice were
euthanized and tissues were collected. The morning of collections, the cyclicity of the mice
was observed approximately the same time every day, and tissues were collected if mice
were in the estrous stage of diestrus. Body weight in grams and anogenital distance (AGD)
in mm were recorded before tissues were collected. The AGD was normalized to body
weight by taking the AGD measurement and dividing it by the cubic root of the body weight
[29]. Sera were collected to use for hormone assays described below. Ovaries, uteri, and
livers were collected and weights were recorded in grams. Many mice had enlarged cystic
ovaries at 13 months, so ovarian weights were reported for one healthy ovary per mouse. If
both ovaries were cystic, no ovarian weights were recorded for that mouse. The ovaries were
considered cystic if they were very enlarged in size and/or had visible fluid-filled cysts. If
one or both ovaries were grossly cystic during tissue collections, percentages of cystic
ovaries were calculated by taking the number of ovaries with cysts divided by the total
number of ovaries in that treatment group multiplied by 100. One ovary was fixed in
Dietrich’s fixative and used for histological evaluation as described below and the other
ovary was shap-frozen and stored for future studies.

examination of ovaries

Ovaries in each generation were collected at 13 months of age. After being fixed in
Dietrich’s fixative, ovaries were embedded in paraffin, and sectioned. Ovaries in the F1
generation were sectioned at 8 um and ovaries in the F2 and F3 generations were sectioned
at 5 um. After sectioning, slides were stained with hematoxylin and eosin to prepare for
counting follicle types and determining if cysts were present. The follicle types counted
included primordial, primary, preantral, and antral follicles. Further, atretic follicles,
abnormal follicles, and number of corpora lutea were counted. Criteria to determine each
follicle type were described previously by our laboratory [9, 15]. Primordial and primary
follicles were counted whether or not nuclear material was present, but preantral, antral, and
atretic follicles were required to have nuclear material present to avoid double counting of
follicles that span multiple sections. Total number of follicles, number and percent of each
type of follicle, percent of atretic follicles, number of abnormal follicles, corpora lutea per
number of total sections, and presence of cysts were recorded without knowledge of the
treatment group. In addition, the percent of each follicle type was examined to observe the
effects of the phthalate mixture on shifts in the follicle pool because an accelerated shift in
the follicle pool could be contributing to overall reproductive aging.
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Analysis of sex steroid, gonadotropin, and peptide hormone levels

During tissues collections at 13 months of age, sera were collected from each generation of
female mice. The sera were sent to the University of Virginia Center for Research in
Reproduction Ligand Assay and Analysis Core for measurement of testosterone, inhibin B,
follicle-stimulating hormone (FSH), and luteinizing hormone (LH) by enzyme-linked
immunosorbent assays (progesterone, estradiol, testosterone, and inhibin B) or
radioimmunoassays (RIAs) (FSH and LH). Progesterone and estradiol data were not
included in this study because Li et al. [20] published the results using sera from the same
mice in this current study. Li ef a/. determined that prenatal exposure to the mixture caused a
borderline increase in estradiol levels and significantly decreased progesterone levels
compared to control mice in the F2 generation. The lowest limits of detection were 10 ng/dL
for testosterone, 2 ng/mL for FSH, 0.04 ng/mL for LH, and 10.4 pg/mL for inhibin B. If the
measurement was lower than the lowest limit of detection, the value was substituted with the
lowest limit of detection/v2. The intra- and inter-assay coefficients of variability were less
than 10%.

Statistical analysis

Results

The software SPSS (SPSS Inc., Chicago, IL) was used for data analysis. If data were
normally distributed, a one-way analysis of variance (ANOVA) was performed. The post hoc
test of Dunnett (2-sided) was used if equal variances were assumed and the post hoc test of
Games-Howell was used if equal variances were not assumed. If data were not equally
distributed or were presented as percentages, the independent sample Kruskal-Wallis H tests
were used to compare each treatment group, followed by the Mann-Whitney U'test. To
evaluate cystic ovaries, mice were assigned a 0 (indicates no cysts) or 1 (cysts observed),

and Fisher’s exact tests were used to compare treatment groups to the control group.
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 towards significance.

Effect of the phthalate mixture on estrous cyclicity of F3 female mice

We previously determined that in the F1 and F2 generations, the phthalate mixture did not
alter estrous cyclicity in 13 month old female mice compared to control [16, 17].
Interestingly, in the current study in the F3 generation, the mixture did not affect time spent
in proestrus, however, it (20 and 200 pg/kg/day, 500 mg/kg/day) caused a borderline
decrease in the time spent in estrus, and it (20 and 200 ug/kg/day, 500 mg/kg/day) increased
time spent in metestrus/diestrus compared to control (Figure 1; n = 3 to 9 females per
treatment, * p < 0.05, ~ 0.05 < p < 0.1, borderline significance).

Effect of the phthalate mixture on body weight, tissue weights, and grossly visible cystic
ovaries of F3 female mice

A previous study showed that in the F1 generation, the phthalate mixture increased the
occurrence of grossly visible cystic ovaries in all treatment groups except for the control, but
it did not affect body weight, ovary weight, uterine weight, liver weight, or AGD normalized
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to body weight in 13 month old female mice [16]. However, in the F2 generation, prenatal
exposure to the phthalate mixture (200 pg/kg/day) significantly increased body weight and it
(20 pg/kg/day) caused a borderline increase in the occurrence of grossly visible cystic
ovaries, but did not affect other tissue weights [17]. In this current study on the F3
generation, prenatal exposure to the environmentally relevant phthalate mixture did not
significantly affect body weight, uterine weight, liver weight, AGD normalized to body
weight, or the number of grossly visible cystic ovaries compared to control (Table 1; n =4 to
9 females per treatment group). However, the mixture (20 pg/kg/day) significantly increased
ovarian weight compared to control in the F3 generation (Table 1; n = 4 to 9 females per
treatment group, * p < 0.05).

Effect of the phthalate mixture on folliculogenesis of F1, F2, and F3 female mice

In the F1 generation, prenatal exposure to the phthalate mixture (200 pg/kg/day) caused a
borderline decrease in primordial follicles compared to control (Figure 2-A;n=61t09
females per treatment group, ” 0.05 < p < 0.1, borderline significance). In the F2 generation,
the mixture did not affect the number of follicles compared to control (Figure 2-B; n = 6 to
11 females per treatment group). However, in the F3 generation, the phthalate mixture (20
ug/kg/day and 500 mg/kg/day) increased the number of primary follicles compared to
control (Figure 2-C; n = 4 to 9 females per treatment group, * p < 0.05, 7 0.05<p< 0.1,
borderline significance).

In addition, the percent of each follicle type was examined to observe the effects of the
phthalate mixture on shifts in folliculogenesis, or the ability of the follicles to progress from
one follicle type to another. In the F1 generation, the phthalate mixture did not affect
folliculogenesis (Figure 3-A; n = 5 to 9 females per treatment group), but in the F2
generation, the mixture (500 mg/kg/day) significantly decreased the percent of antral
follicles compared to control (Figure 3-B; n =5 to 11 females per treatment group, * p <
0.05). In the F3 generation, the phthalate mixture (500 mg/kg/day) caused a borderline
increase in the percent of primary follicles, it (20 and 200 pg/kg/day, 200 mg/kg/day)
decreased the percent of preantral follicles, and it (20 ug/kg/day) caused a borderline
decrease in the percent of antral follicles compared to the control group (Figure 3-C; n =3 to
9 females per treatment group, * p < 0.05, ~ 0.05 < p < 0.1, borderline significance).

Prenatal exposure to the phthalate mixture did not affect total follicle numbers, the number
of corpora lutea, or the number of abnormal follicles in the F1, F2, or F3 generations of
female mice (data not shown). However, the mixture (200 pg/kg/day) caused a borderline
decrease in the percent of atretic follicles in the F2 generation compared to the control group
(n =6 to 11 females per treatment group, ~ 0.05 < p < 0.1, borderline significance; data not
shown).

No statistically significant changes were observed in the number of ovaries with cysts
compared to the control treatment group (Table 2). Although it should be mentioned that in
the F1 generation, the 200 pg/kg/day group had 77.8% of ovaries with cysts and the 200
mg/kg/day group had 62.5% of ovaries with cysts compared to the control group with 33.3%
of ovaries with cysts (Table 2; n = 6 to 9 females per treatment group). Moreover, in the F3
generation, the 200 pg/kg/day group had 85.7% of ovaries with cysts and the 500 mg/kg/day
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group had 100% of ovaries with cysts compared to the control group with 66.7% of cysts
(Table 2; n = 4 to 9 females per treatment group).

Effect of the phthalate mixture on serum sex steroid, gonadotropin, and peptide hormone
levels of F1, F2, and F3 female mice

In collaboration with Li et a/. [20], we previously determined that in the F2 generation,
prenatal exposure to the mixture (500 mg/kg/day) caused a borderline increase in estradiol
levels and it (200 pg/kg/day and 200 mg/kg/day) significantly decreased progesterone levels
compared to control mice. However, the mixture did not affect levels of estradiol or
progesterone in the F1 or F3 generations of female mice [20]. In the current study, in the F1
generation, the phthalate mixture (200 and 500 mg/kg/day) significantly decreased the levels
of testosterone compared to control (Figure 4-A; n = 7 to 9 females per treatment group, * p
< 0.05). In the F2 generation, it (20 and 200 pg/kg/day, 200 and 500 mg/kg/day) decreased
levels of testosterone compared to control (Figure 4-A; n =5 to 11 females per treatment
group, * p <£0.05, 2 0.05 < p < 0.1, borderline significance). However, in the F3 generation,
the mixture did not affect the levels of testosterone compared to the control group (Figure 4-
A; n=4to 9 females per treatment group).

The mixture affected levels of FSH and LH in the F1 and F3 generations of female mice. In
the F1 generation, prenatal exposure to the mixture (20 and 200 pg/kg/day, 200 and 500
mg/kg/day) significantly increased levels of FSH compared to the control treated mice
(Figure 4-B; n =5 to 9 females per treatment group, * p < 0.05, ~ 0.05 < p < 0.1, borderline
significance). In contrast, the mixture did not affect levels of FSH in the F2 or F3
generations compared to control (Figure 4-B; n = 4 to 10 females per treatment group).
When examining levels of LH in the F1 generation, the mixture (200 pg/kg/day and 500
mg/kg/day) significantly increased levels of LH compared to control (Figure 4-C;n=61t0 9
females per treatment group, * p < 0.05). In the F2 generation, the mixture did not affect
levels of LH compared to control (Figure 4-C; n = 6 to 11 females per treatment group).
However, in the F3 generation, prenatal exposure to the phthalate mixture (200 and 500
mg/kg/day) caused borderline decreases in LH levels compared to the control group (Figure
4-C; n = 4 to 9 females per treatment group, ” 0.05 < p < 0.1, borderline significance).

In the F1 generation, the mixture (200 mg/kg/day) caused a borderline decrease in the level
of inhibin B compared to the control group (Figure 4-D; n = 7 to 9 females per treatment
group, ~ 0.05 < p < 0.1, borderline significance). In the F2 and F3 generations, the mixture
did not affect levels of inhibin B mice compared to control (Figure 4-D; n = 4 to 10 females
per treatment group).

Discussion

In this study, we tested the hypothesis that prenatal exposure to an environmentally relevant
phthalate mixture accelerates biomarkers of reproductive aging in multiple generations of
female mice. Biomarkers of reproductive aging include acyclicity, a decrease in the ovarian
follicle pool, an increase in the occurrence of cystic ovaries (rodents), and a dysregulation of
the hormones involved in the hypothalamic-pituitary-ovarian (HPO) axis [30-32].
Previously, we found that prenatal exposure to the single phthalate DEHP accelerates
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reproductive aging in multiple generations of female mice [15]. The current study expands
our previous work by using a relevant phthalate mixture consisting of six phthalates instead
of a single phthalate.

In the F1 generation of female mice, we found that prenatal exposure to the phthalate
mixture had minimal effects on the follicle pool, but it did alter hormones involved in the
HPO axis, including testosterone, FSH, LH, and inhibin B. In the F2 generation, the mixture
decreased the percent of antral follicles and affected estradiol, progesterone, and testosterone
hormone levels in aging females. Finally, in the F3 generation, prenatal exposure to the
phthalate mixture increased ovarian weight, caused irregular cyclicity, altered follicle
numbers, and decreased the levels of LH in female mice. It is interesting that the effects of
the phthalate mixture were not the same in each generation of mice. This is most likely due
to the window of exposure being different for each generation. The F1 generation was
directly exposed as the developing pup within the pregnant dam, the F2 generation was
directly exposed via the developing ovaries within the developing pup, and the F3 generation
is the first generation that does not have direct exposure to the mixture. Effects observed in
the F1 and F2 generations are considered multigenerational, but effects observed in the F3
generation are considered transgenerational. In addition, the results did not follow a linear
dose-response curve. Non-monotonic dose responses are typical of endocrine disrupting
chemicals, are characterized by a U-shaped or bell-shaped curve, and have been observed in
other studies examining phthalate exposure [8-18, 20, 25].

Previous studies in this laboratory found that prenatal exposure to the phthalate mixture did
not alter estrous cyclicity at 13 months of age in female mice in the F1 or F2 generations
[16, 17]. In the current study, in the F3 generation, female mice spent less time in estrus and
more time in diestrus/metestrus compared to control. Increased time spent in diestrus, and
eventually acyclicity in rodents, is consistent with reproductive aging [33]. Moreover, the
estrous cycle was only affected in the F3 generation, but not in the F1 or F2 generations.
This could be due to the window of exposure being different in each generation. In a similar
study from our laboratory, we found that prenatal exposure to DEHP increased time spent in
metestrus/diestrus in the F1 and F3 generations, but not the F2 generation in one year old
female mice [15]. It is interesting that at approximately one year of age, prenatal exposure to
the single phthalate DEHP and the mixture of phthalates did not affect estrous cyclicity in
the F2 generation of female mice. In addition, time spent in estrus and metestrus/diestrus
was altered in every treatment group except for the 200 mg/kg/day group. In collaboration
with Li et al. we found that in the F3 generation, the mice in the 200 mg/kg/day group had
increased levels of estradiol, however this was not statistically significant compared to
control [20]. Further, it was found that prenatal exposure to the mixture caused a borderline
significant decrease in the levels of LH in the 200 mg/kg/group compared to control.
Together, it is possible that because of the trend towards increased estradiol levels and
decreased levels of LH, mice may have been spending more time in estrus compared to the
other treatment groups in the F3 generation. However, future studies should examine this in
greater detail.

Prenatal exposure to the phthalate mixture increased body weight of female mice in the F2
generation [17], but it did not affect body weight in the F1 or F3 generations of mice [16,
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17]. In addition, the mixture increased ovarian weight of 13 month old mice in the F3
generation, but it did not affect other tissue weights in the F1, F2, or F3 generations of
female mice [16, 17]. It is possible that the mixture increased ovarian weight by increasing
the number of total follicles or corpora lutea compared to control treated animals. However,
when we examined the effects of the mixture on total follicle numbers and corpora lutea, we
did not observe statistically significant differences compared to the control groups (data not
shown). Although the mixture did not significantly affect the number of follicles or corpora
lutea, the size of the structures may have been larger in diameter, leading to increased
ovarian weight. For example, a study examining the ovary at advanced reproductive age
found that corpora lutea from reproductively old mice, with increased ovarian weight, had a
larger average cross-sectional area than corpora lutea from young controls [34].
Additionally, in previous studies, the mixture significantly increased the occurrence of
grossly visible cystic ovaries compared to control [16, 17]. Although, in the current study in
the F3 generation, the mixture did not significantly increase the occurrence of grossly visible
ovarian cysts compared to controls. Future studies should examine the diameter of corpora
lutea and antral follicles in aging female mice.

Due to some cysts not being grossly visible during tissue collection, ovaries with cysts
observed during histological examination were noted. Despite not observing increases in
gross appearances, when histologically examining the cysts in the F3 generation, we found
that the mixture (200 pg/kg/day and 500 mg/kg/day) increased the occurrence of
histologically visible cysts compared to the control group. These increases were not
statistically significant, most likely due to our small sample size in the F3 generation.
Nilsson et al. found that prenatal exposure to endocrine disrupting chemicals including
pesticides and a plastic mixture from embryonic day 8 to 14 increased the number of ovarian
cysts in the F1 and F3 generations of one year old female mice [35]. The formation of cystic
ovaries is common as rodents age [36]. Therefore, the increase in cystic ovaries in our
treated groups could be occurring due to accelerated reproductive aging in these female
mice.

At 13 months of age, we found that prenatal exposure to the mixture caused a borderline
decrease in the absolute number of primordial follicles in the F1 generation, but it did not
affect the overall percentage of different follicle types compared to control. A decreased
primordial follicle pool is indicative of reproductive aging in females [32], so the mixture
may be accelerating the natural decline in the number of primordial follicles. In the F2
generation, the mixture did not affect the absolute number of follicles, but it did decrease the
percentage of antral follicles compared to control. Lastly, in the F3 generation, the phthalate
mixture increased the number and percent of primary follicles and it decreased the percent
of preantral and antral follicles compared to control. Although we did not observe major
effects of the mixture on follicle numbers, it is possible that the health of the oocyte may be
compromised with mixture exposure. As females age, reactive oxygen species accumulate in
the ovary, causing oxidative stress [37-40]. Oxidative stress can lead to mitochondrial
dysfunction, accumulated DNA damage, and telomere shortening in aging oocytes [39]. In
addition, the DNA damage caused by oxidative stress can disrupt methylation processes,
modify chromatin organization, and lead to hypermethylation of gene promoter regions,
which could lead to epigenetic alterations [41-43]. Phthalates have been shown to produce
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oxidative stress and induce epigenetic changes in female mice [44, 45]. Specifically, adult
exposure to DEHP increased levels of reactive oxygen species, caused DNA and
mitochondrial damage, and affected epigenetic alterations in mouse oocytes [44].
Furthermore, prenatal exposure to DEHP altered oxidative stress factors and DNA
methylation processes in multiple generations of female mice, suggesting that DNA
methylation may serve as an epigenetic mechanism underlying the observed
transgenerational effects [45]. Future studies should examine if prenatal exposure to the
phthalate mixture accelerates an increase in oxidative stress in aging females earlier than in
control treated females and determine if this occurs in multiple generations of mice.

Our data showed that prenatal exposure to the phthalate mixture dysregulated some of the
hormones involved in the HPO axis in the F1, F2, and F3 generations of aging female mice.
In the F1 generation, the mixture decreased testosterone and inhibin B levels, but increased
FSH and LH levels compared to control. Decreases in sex steroids like testosterone and the
peptide hormone inhibin B and increases in gonadotropin hormones are normal with
reproductive aging [46]. Therefore, the phthalate mixture may be accelerating reproductive
aging by dysregulating the HPO axis sooner than the control treated animals. In the F2
generation, the mixture decreased testosterone and in collaboration with Li ef a/. [20], we
found that the mixture decreased progesterone hormone levels compared to control. Another
study from our laboratory found that prenatal exposure to DEHP decreased levels of
testosterone and progesterone in the F2 generation in aging female mice compared to
controls [15]. Last, in the F3 generation, the mixture only caused a borderline decrease in
the levels of LH compared to control.

The results in the current study examining a mixture of six phthalates varies from the
previous study from our laboratory examining the same endpoints, but with the single
phthalate DEHP. Many of the effects observed in the DEHP study occurred in the higher
treatment groups of 500 and 750 mg/kg/day [15], however in the mixture study, the levels of
DEHP in each treatment group were much lower than in previous studies with DEHP alone.
The amount of DEHP in the phthalate mixture falls between 4.2 pg/kg/day (20 ug/kg/day
mixture dose) to 105 mg/kg/day (500 mg/kg/day mixture dose), clearly displaying a large
difference in the amount of DEHP the mice were exposed to prenatally. It is possible that the
mixture of phthalates may be causing synergistic or additive effects compared to the
exposure to the single phthalate. Future studies should examine how prenatal exposure to the
individual phthalates in the mixture affect reproductive aging and if these effects occur at
relevant exposure levels or much higher levels used in toxicology studies. In addition, it
would be interesting to determine if mixtures of high molecular weight phthalates versus low
molecular weight phthalates display different effects on female reproductive aging.

Collectively, this study found that prenatal exposure to an environmentally relevant phthalate
mixture may accelerate some biomarkers of reproductive aging in multiple generations of
aging female mice. In the F1 generation, the mixture altered hormone levels of testosterone,
FSH, LH, and inhibin B. In addition, it increased the occurrence of cystic ovaries in the F1
generation, but this was not statistically significant, most likely due to our small sample size.
In the F2 generation, the mixture decreased testosterone levels. Last, in the F3 generation,
the mixture increased time spent in metestrus/diestrus, a marker of reproductive aging, and it
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altered follicle numbers and the shift in the follicle pool, another marker of reproductive
aging. However, further work is needed to elucidate how the mixture is affecting the ovary
before 13 months of age, if the mixture is affecting the health of the oocyte in aging females,
and the mechanisms of reproductive aging across generations. In addition, the ovary can
show direct signs of aging by increasing fibrosis, inflammation, and oxidative stress [37, 38,
40, 47]. Further, some studies suggest that low levels of anti-Miillerian hormone are a good
measure of ovarian aging [31]. Therefore, future studies should examine if prenatal exposure
to the phthalate mixture increases signs of direct ovarian aging such as fibrosis,
inflammation, oxidative stress, and low anti-Mullerian hormone levels.
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Highlights
. Prenatal phthalate exposure decreased sex steroid hormones in the F1
generation.
. Prenatal phthalate exposure increased gonadotropin hormones in the F1
generation.
. Phthalate exposure decreased percentage of antral follicles in the F2
generation.
. Prenatal phthalate exposure caused irregular cyclicity in the F3 generation.
. Prenatal phthalate exposure altered follicle numbers in the F3 generation.
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Effect of prenatal exposure to the phthalate mixture on estrous cyclicity at 13 months of age
in the F3 generation of mice. Percentage of days in proestrus, estrus, and metestrus/diestrus
were calculated and compared to controls in each treatment group (control = 6 females/
treatment group, 20 pg/kg/day = 9 females/treatment group, 200 pg/kg/day = 7 females/
treatment group, 200 mg/kg/day = 6 females/treatment group, 500 mg/kg/day = 3—4 females/

treatment group). Graphs represent means + 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.

Effect of prenatal exposure to the phthalate mixture on follicle numbers at 13 months of age
in the F1, F2, and F3 generations of mice. Ovaries from the F1, F2, and F3 generations were
subjected to histological evaluation of follicle numbers. Follicles in the F1 generation (panel
A,; control = 6 females/treatment group, 20 pg/kg/day = 8-9 females/treatment group, 200
pg/kg/day = 9 females/treatment group, 200 mg/kg/day = 7-8 females/treatment group, 500
mg/kg/day = 9 females/treatment group), F2 generation (panel B; control = 7 females/
treatment group, 20 pg/kg/day = 10-11 females/treatment group, 200 pg/kg/day = 7 females/
treatment group, 200 mg/kg/day = 9 females/treatment group, 500 mg/kg/day = 6 females/
treatment group), and the F3 generation (panel C; control = 6 females/treatment group, 20
ug/kg/day = 8-9 females/treatment group, 200 ug/kg/day = 6 females/treatment group, 200
mg/kg/day = 6-7 females/treatment group, 500 mg/kg/day = 4 females/treatment group)
were counted and separated by stage of development in each treatment group. Graphs
represent means = SEM in the F1 generation, F2 generation, and the F3 generation.
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 3.

Effect of prenatal exposure to the phthalate mixture on the percentage of follicle types per
ovary at 13 months of age in the F1, F2, and F3 generations of mice. Ovaries from the F1,
F2, and F3 generations were subjected to histological evaluation for the percentage of each
follicle type. Follicles in the F1 generation (panel A; control = 5-6 females/treatment group,
20 pg/kg/day = 9 females/treatment group, 200 pg/kg/day = 9 females/treatment group, 200
mg/kg/day = 7-8 females/treatment group, 500 mg/kg/day = 9 females/treatment group), F2
generation (panel B; control = 7 females/treatment group, 20 pg/kg/day = 11 females/
treatment group, 200 pg/kg/day = 7 females/treatment group, 200 mg/kg/day = 9 females/
treatment group, 500 mg/kg/day = 5-6 females/treatment group), and the F3 generation
(panel C; control = 5-6 females/treatment group, 20 pg/kg/day = 8-9 females/treatment
group, 200 pg/kg/day = 5-6 females/treatment group, 200 mg/kg/day = 6-7 females/
treatment group, 500 mg/kg/day = 3—-4 females/treatment group) were counted and separated
by stage of development, and percentages of each follicle type were calculated for each
treatment group. Graphs represent means + SEM in the F1 generation, F2 generation, and
the F3 generation. 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.
Effect of prenatal exposure to the phthalate mixture on serum sex steroid, gonadotropin, and

peptide hormone levels at 13 months of age in the F1, F2, and F3 generations of mice. Sera
were subjected to ELISAS or RIAs for the measurements of testosterone (panel A; F1 =7-9
females/treatment group, F2 = 5-11 females/treatment group, F3 = 4-9 females/treatment
group), FSH (panel B; F1 = 5-9 females/treatment group, F2 = 6-10 females/treatment
group, F3 = 4-9 females/treatment group), LH (panel C; F1 = 6-9 females/treatment group,
F2 = 6-11 females/treatment group, F3 = 4-9 females/treatment group), and inhibin B
(panel D; F1 = 7-9 females/treatment group, F2 = 6-10 females/treatment group, F3 = 4-9
females/treatment group). Graphs represent means £ SEM in the F1 generation, F2
generation, and the F3 generation. 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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Effects of prenatal exposure to phthalate mixture on body weight, tissue weight, and occurrence of grossly

visible cystic ovaries in the F3 generation of 13 month old female mice

F3 Generation

Treatment
Control 46.01 +3.32
20 pg/kg/day 46.73 £ 3.65
Body Weight (g) 200 pg/kg/day | 51.28 +3.58
200 mg/kg/day | 49.19 +2.72
500 mg/kg/day | 40.47 +2.26
Control 0.0080 + 0.0010
20 pg/kg/day | 0.0148 + 0.0006*
Single Ovary Weight (g) 200 pg/kg/day | 0.0092 + 0.0015
200 mg/kg/day | 0.0118 +0.0019
500 mg/kg/day | 0.0072 + 0.0010
Control 0.2041 + 0.0244
20 pg/kg/day 0.2337 £ 0.0228
Uterine Weight (g) 200 pg/kg/day | 0.2192 +0.0239
200 mg/kg/day | 0.2278 +0.0402
500 mg/kg/day | 0.2786 + 0.0131
Control 2.5658 + 0.1604
20 pg/kg/day 2.7343 £ 0.1709
Liver Weight (g) 200 pg/kg/day | 2.9306 + 0.2055
200 mg/kg/day | 2.7714 +0.1444
500 mg/kg/day | 2.4965 + 0.0760
Control 1.7313 £ 0.0665
20 pg/kg/day 1.7435 + 0.0506
AGD (mm)/¥/Body Weight (g) 200 pg/kg/day | 1.5799 +0.0972
200 mg/kg/day | 1.6454 +0.0721
500 mg/kg/day | 1.6727 +0.1193
Control 333
20 pg/kg/day 44.4
Percent Grossly Visible Cystic Ovaries (%) | 200 ug/kg/day | 33.3
200 mg/kg/day | 33.3
500 mg/kg/day | 50.0

Asterisks (*) indicate significant differences compared to the control (p < 0.05).
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Effects of prenatal exposure to phthalate mixture on the percent of histologically visible cystic ovaries in 13
month old mice

Percent (%) Females with Cystic Ovaries
Generation

Treatment F1 F2 F3

Control 333 714 66.7

20 pg/kg/day 55.6 81.8 55.6

200 pg/kg/day | 77.8 85.7 85.7

200 mg/kg/day | 62.5 55.6 57.1

500 mg/kg/day | 55.6 50.0 100.0
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