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Abstract

Di(2-ethylhexyl) phthalate (DEHP) is a phthalate commonly used for its plasticizing capabilities.
Because of the wide production and use of DEHP, humans are exposed to DEHP on a daily basis.
Diisononyl phthalate (DiNP) is often used as a DEHP replacement chemical, and because of the
increased use of DiNP, humans are increasingly exposed to DiNP over time. Of concern is that
DEHP and DiNP both exhibit endocrine disrupting capabilities, and little is known about how
short-term exposure to either of these phthalates affects aspects of female reproduction. Thus, this
study tested the hypothesis that short-term exposure to DEHP or DiNP during adulthood has long-
lasting consequences on ovarian follicles and hormones in female mice. Female CD-1 mice aged
39-40 days were orally dosed with either vehicle control (corn oil), DEHP (20 pg/kg/day—200
mg/kg/day), or DiNP (20 pg/kg/day—200 mg/kg/day) for 10 days. Ovarian follicle populations,
estradiol, testosterone, progesterone, follicle stimulating hormone (FSH), and inhibin B were
analyzed at time points immediately post-dosing and 3, 6, and 9 months post-dosing. The results
indicate that 10 days of exposure to DEHP and DiNP changed the distribution of ovarian follicle
populations and sex steroid hormones at multiple time points, including the last time point, 9
months post-dosing. Further, FSH was increased at multiple doses up to 6 months post-dosing.
Inhibin B was not affected by treatment. These data show that short-term exposure to either DEHP
or DiINP has long-term consequences that persist long after cessation of exposure.
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1. INTRODUCTION

Maintenance of female fertility is a carefully controlled event with multiple inputs and
feedback loops. Namely, female fertility is maintained by the cyclical rise and fall of a
variety of hormones at key time points throughout the cycle. In females, the hypothalamus
releases gonadotropin releasing hormone (GnRH), which travels to the pituitary via the
hypophyseal portal system. Once GnRH arrives in the pituitary, it stimulates specialized
cells called gonadotropes to release the gonadotropins, follicle stimulating hormone (FSH)
and luteinizing hormone (LH) (McArdle and Roberson 2015). FSH and LH are key
components in proper development of the ovarian follicles, and LH initiates ovulation,
which releases the mature oocyte for fertilization (Albertini 2015). The follicle is also a
major player in the maintenance of female fertility. The follicle is the primary site of
production of sex steroid hormones, including estradiol, testosterone, and progesterone.
These hormones also contribute to the cyclic nature of female fertility, and they can exert
both positive and negative feedback at the level of the hypothalamus, pituitary, or even at the
level of the ovary by acting on neighboring follicles (Auchus 2015, McArdle and Roberson
2015). Additionally, they play roles in mating behavior as well as receptivity of the
endometrial lining to an implanting embryo (Binder, Winuthayanon et al. 2015, Pfaus, Jones
et al. 2015). Thus, disruption of the hormonal profiles may lead to disruption of follicular
development and vice versa. In addition to disruption of fertility, altering levels of sex
steroid hormones can elicit negative effects on somatic health. Disruption of the hormonal
milieu in females has been linked to several negative health outcomes including
cardiovascular disease, stroke, osteoporosis, and increased mortality (van der Schouw, van
der Graaf et al. 1996, Cooper and Sandler 1998, Hu, Grodstein et al. 1999, Gallagher 2007,
Rocca, Grossardt et al. 2012); thus, making reproductive health important for the overall
health of the female (Chiang, Mahalingam et al. 2017).

Concerningly, a variety of environmental contaminants have been designated as endocrine
disrupting chemicals that can impact the reproductive and overall health of exposed
individuals. One such class of environmental endocrine disruptors is phthalates. Di(2-
ethylhexyl) phthalate (DEHP) is a prominent member of the phthalate family and is
commonly found in consumer products such as shower curtains, furniture and car
upholstery, medical tubing, and blood storage bags (U.S. Department of Health and Human
Services 2002). Because of the use of DEHP in a variety of consumer products, humans are
ubiquitously exposed to DEHP on a daily basis at an estimated daily intake of 3-30
pg/kg/day for a 70kg adult (U.S. Department of Health and Human Services 2002). This is
concerning because DEHP is an endocrine disruptor. Multiple studies have found that DEHP
is associated with reduced anogenital distance, a marker of fetal androgens, at birth in
humans (Radke, Braun et al. 2018), and DEHP has been shown to transgenerationally
disrupt female reproductive parameters in animal studies (Brehm, Rattan et al. 2018, Rattan,
Brehm et al. 2018). Further, DEHP is associated with reproductive disorders in women
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(Chiang, Mahalingam et al. 2017, Rattan, Zhou et al. 2017). One study found that women
diagnosed with endometriosis had higher serum levels of DEHP than women without
endometriosis (Nazir, Usman et al. 2018), and another study found that urinary DEHP
metabolites were associated with increased uterine volume, which is used as a proxy for
burden of uterine fibroids in women (Zota, Geller et al. 2019).

Diisononyl phthalate (DiNP) is another member of the phthalate family. Although a less
prominent member of this family, DiNP production has been rising over the past several
years ((ECHA) 2013), and subsequently, humans are being exposed to greater levels of
DiNP as evidenced by rapidly increasing levels of DiNP metabolites in human urine samples
(Zota, Calafat et al. 2014). Because DiNP is commonly used as a substitute for DEHP, it can
be found in many of the same products (Commission 2010, (ECHA) 2013). However, few
studies have been conducted that explore the reproductive consequences of exposure to
DiNP, especially in terms of exposure during adulthood, and the scarce literature that is
present indicates that DiNP has endocrine disrupting capabilities. For example, DiNP has
been associated with reduced semen quality parameters and reduced testosterone in men in
epidemiological studies (Radke, Braun et al. 2018). Additionally, one animal study found
that /n utero exposure to DiNP reduces intratesticular testosterone in fetal rats (Li, Bu et al.
2015), and previous studies have suggested the anti-androgenic effects of DiNP act through
similar mechanisms of action as DEHP (Boberg, Christiansen et al. 2011). DiNP has also
been shown to have negative effects in females. A study investigating reproductive outcomes
in couples found that women with higher levels of serum DiNP had increased time to
pregnancy (Specht, Bonde et al. 2015). Additionally, an animal study found that rats exposed
through the maternal diet during gestation had reduced corpora lutea in the ovary at
postnatal week 11 when compared to controls (Masutomi, Shibutani et al. 2003). Although
these aforementioned studies have investigated the effects of DiNP on both male and female
reproduction, a significant lack of studies that utilize environmentally relevant doses exists,
and few studies have investigated the effects of DiNP exposure on follicle populations within
the ovary or hormone levels in exposed females.

This study was designed to fill the gap in knowledge concerning the effects of short-term
exposure to DEHP and DiNP during adulthood on major reproductive hormones and follicle
populations within the ovary in female mice. Previously, our laboratory has shown that
short-term exposure to both DEHP and DiNP affects cyclicity and fertility for up to nine
months following completion of dosing (Hannon, Niermann et al. 2016, Chiang and Flaws
2019). However, it is still unknown if short-term exposure to DEHP or DiNP during
adulthood affects follicle populations and hormones, including sex steroid hormones and
peptide hormones. Thus, this study tested the hypothesis that short-term exposure to DEHP
and DiNP during adulthood affects folliculogenesis and hormone levels in female mice.

MATERIALS AND METHODS

Chemicals

DEHP and DiNP were purchased from Sigma-Aldrich (St. Louis, MO). Corn oil (vehicle
control) was purchased from MP Biomedicals (Solon, OH). Dosing stock solutions were
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created by serially diluting from the highest dose down to the lowest dose. Batches of stock
solutions were stored at room temperature away from light for up to a month.

Animals and Dosing

Female CD-1 mice were purchased from Charles River (Wilmington, MA) and housed in the
College of Veterinary Medicine Animal Facility at the University of Illinois at Urbana-
Champaign (Urbana, IL). Mice were allowed to acclimate to the facilities for a minimum of
5 days before the dosing period started. Ambient temperature was maintained at 21.1 +
2.2°C, with humidity at 50 + 20%. Mice were given ad /ibitum access to reverse osmosis-
treated water and Teklad Rodent Diet (8604). Mice were kept on 12 hour light-dark cycles.
All procedures involving animal handling were approved by the University of Illinois at
Urbana-Champaign Institutional Animal Care and Use Committee (Protocol No.: 17079).

Mice were dosed orally via pipette at age 39—-40 days with either vehicle control (corn oil),
DEHP (20 ug/kg/day, 200 pg/kg/day, 20 mg/kg/day, 200 mg/kg/day), or DiNP (20 pg/kg/
day, 100 pg/kg/day, 20 mg/kg/day, 200 mg/kg/day) for 10 consecutive days every morning at
2 hours following the start of the light cycle. Mice were weighed daily prior to dosing to
determine the necessary dose volume each day. To minimize contamination between
treatment groups, mice were group housed 3 to a cage, and all 3 mice within a single cage
were assigned to the same treatment group. At the beginning of dosing for each time point,
the original sample size for each treatment group was 6 mice per phthalate treatment and 12
mice in control groups. Final sample sizes used in statistical analyses for every result are
reported in the figure legends and after every result in the results section. Sample sizes for
the treatment groups less than 6 and control less than 12 are due to either unexpected death
of an animal or removal of a data point as an outlier unless otherwise mentioned. Outliers
were minimal throughout the study, and in no instance did any one group for any outcome
have more than one outlier. Unexpected death of an animal was also minimal, and only 5
animals total were found dead or euthanized due to illness throughout the study.

The doses above were chosen because the 20 pg/kg/day DEHP dose is within the estimated
range for average daily exposure for a 70kg adult (3—-30 ug/kg/day) (U.S. Department of
Health and Human Services 2002). The 200 pg/kg/day DEHP dose falls within the range for
those that are occupationally exposed (143-286 pg/kg/day) (Kavlock, Boekelheide et al.
2002). The 20 and 200 mg/kg/day DEHP doses were chosen because they have been used in
previous toxicological studies and also allow us to investigate a wide range of doses
(Hannon, Peretz et al. 2014, Niermann, Rattan et al. 2015, Rattan, Brehm et al. 2018). The
doses for DiNP were chosen for similar reasons. The 20 pg/kg/day DiNP dose falls within
the estimated range for occupational exposure (up to 26 pg/kg/day) (Hines, Hopf et al.
2012). The 100 pg/kg/day DiNP dose is within the estimated range of exposure for infants
who are chewing on plastic toys (up to 260 ug/kg/day) (CPSC 2001). Lastly, the 20 and 200
mg/kg/day DiNP doses were chosen because we wanted to directly compare the toxicity of
DiNP to DEHP by using similar doses when possible.
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Experimental Design

Groups of animals were euthanized via CO, asphyxiation at different periods following
completion of dosing: immediately post-dosing, 3 months post-dosing, 6 months post-
dosing, and 9 months post-dosing. Females were lavaged every morning prior to euthanasia.
Lavage samples were analyzed for cytology under a light microscope, and females in the
diestrous stage of the cycle were designated for euthanasia and collection that day.
Euthanasia during the diestrous stage was chosen because the hormone fluctuation during
diestrus is minimal when compared to other stages of the estrous cycle, allowing for a better
chance of lower variability in hormone endpoints (Levine 2015).

Assaying Levels of Sex Steroid Hormones and Peptide Hormones

Blood was collected in a heparinized needle from the inferior vena cava immediately
following euthanasia in the diestrous stage of the cycle and allowed to clot at room
temperature for a minimum of 15 minutes, followed by a minimum of 15 minutes in ice.
Blood samples were then centrifuged at 4 °C at 14,000 RPM for 15 minutes. Sera that were
separated out were collected and stored at =80 °C until use. Testosterone, progesterone, and
estradiol ELISA kits were purchased from DRG®. Lypocheck® from Bio-Rad Laboratories
was used as a control with known values for all DRG® ELISA kits. The limits of detection
(LOD) for testosterone, progesterone, and estradiol were 0.083 ng/mL, 0.045 ng/mL, and
10.60 pg/mL, respectively. The inter- and intra-assay %CVs were < 9.94 and < 4.16, < 9.96
and < 6.99, and < 14.91 and < 9.23 for testosterone, progesterone, and estradiol,
respectively. The total number of samples throughout the study that were below the LOD for
testosterone, progesterone, and estradiol were 5, 4, and 1, respectively. Remaining serum
samples were aliquoted and sent to the University of Virginia Center for Research in
Reproduction Ligand Assay and Analysis Core for analysis of levels of FSH
(radioimmunoassay) and inhibin B (ELISA). The LODs for FSH and inhibin B were 1.6
ng/mL and 35 pg/mL, respectively. Intra- and inter-assay %CVs for FSH were 7.2 and 8.5,
respectively, and intra- and inter-assay %CVs for inhibin B were 1.8 and 6.6, respectively
(https://med.virginia.edu/research-in-reproduction/wp-content/uploads/
Sites/311/2019/04/2019-INTRA-INTER-ASSAY-CVs__030419.pdf). The number of
samples below the LOD for FSH from immediately post-dosing, 3 months post-dosing, 6
months post-dosing, and 9 months post-dosing time points were 20, 32, 37, and 0,
respectively. The only sample below the LOD for inhibin B was 1 sample from the 9 months
post-dosing timepoint. Samples below the LOD were analyzed using the LOD value specific
to the assay divided by the square root of 2.

Histological Evaluation of Ovarian Tissues

Ovaries were dissected out of mice, cleaned of gonadal fat, and fixed in Dietrich’s solution.
Tissues remained in the fixative overnight at minimum and then were transferred to 70%
ethanol before being embedded into paraffin wax. Ovaries were serially sectioned at 8 um
width onto microscope slides and stained with hematoxylin and eosin. Every 101" serial
section was used to assess follicle populations using previously defined criteria (Pedersen
and Peters 1968, Flaws, Doerr et al. 1994). Primordial follicles were designated as oocytes
with a single layer of squamous granulosa cells, primary follicles were designated as oocytes
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surrounded by a single layer of cuboidal granulosa cells, preantral follicles were designated
as oocytes surrounded by more than one layer of cuboidal granulosa cells, and antral
follicles were designated as oocytes surrounded by multiple layers of cuboidal granulosa
cells with a distinct fluid filled antrum (Hannon, Niermann et al. 2016, Rattan, Brehm et al.
2018). Nuclei must have been present in preantral and antral follicles to be counted to assure
that one follicle was not counted twice across sections. Presence of the nucleus was not
required for counting primordial or primary follicles because the follicles are too small to
span multiple sections at this stage. Each ovary was assigned a unique ID with no
information about treatment group to blind counters to treatment and prevent bias.
Percentages of each follicle type were achieved by taking the raw number of a particular
follicle type and dividing by the total number of follicles and multiplying by 100. All follicle
types were summed together to determine the total number of follicles. Ovarian follicle
population data for the DEHP treatment groups in the immediately post-dosing time point
are not included herein because a study conducted by our research group previously
published data on the immediate consequences of 10 days of exposure to DEHP on
folliculogenesis (Hannon, Peretz et al. 2014).

Statistical Evaluation

RESULTS

Outliers for normally distributed data were identified and removed from analysis v/a
Grubb’s Test (https://www.graphpad.com/quickcalcs/Grubbsl.cfm). Outliers were minimal
throughout the study, and in no instance did any one group for any outcome have more than
one outlier. If data met the assumptions of normality and homogeneity of variance, then a
oneway analysis of variance (ANOVA) was used and followed by Dunnett T 2-sided tests. If
data were non-parametric, not normally distributed, or lacked homogeneity of variance, then
the Kruskal-Wallis test followed by the Mann-Whitney U test was used to compare
treatment to control. All statistical analyses except those for determination of outliers were
performed with SPSS statistical software (SPSS Inc., Chicago, Illinois). Significance was
assigned at p < 0.05.

Effects of DEHP and DiNP on ovarian follicle populations

Immediately Post-Dosing—A previous study in our lab found that 10 days of exposure
to DEHP immediately disrupted folliculogenesis (Hannon, Peretz et al. 2014). In the present
study, we investigated the immediate effects of 10 days of exposure to DiNP. Immediately
post-dosing, 20 pg/kg/day of DiNP borderline increased the percent of antral follicles when
compared to control (Fig. 1, n = 5-12 mice/group, p = 0.08). DiNP did not affect total
follicle numbers when compared to control (data not shown).

3 Months Post-Dosing—At 3 months post-dosing, 100 pg/kg/day of DiNP decreased the
percent of primordial follicles (Fig. 2, n = 4-11 mice/group, p < 0.05) and borderline
increased the percent of primary follicles when compared to control (Fig. 2, n = 4-11 mice/
group, p = 0.08). Treatment with DEHP and DiNP did not affect total follicle numbers when
compared to control (data not shown).
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6 Months Post-Dosing—At 6 months post-dosing, 200 mg/kg/day of DiNP increased the
percent of primary follicles (Fig. 3, n = 4-11 mice/group, p < 0.05) and borderline decreased
the percent of preantral follicles when compared to control (Fig. 3, n = 4-11 mice/group, p =
0.10). Further, treatment with 20 pg/kg/day DiNP and 100 pg/kg/day DiNP decreased the
percentages of antral follicles when compared to control (Fig. 3, n = 4-11 mice/group, p <
0.05). No effects were observed on total follicle numbers due to treatment (data not shown).

9 Months Post-Dosing—At 9 months post-dosing, 20 ug/kg/day of DiNP significantly
decreased percentages of primary follicles when compared to control (Fig. 4, n = 4-12 mice/
group, p < 0.05). Further, 200 pg/kg/day (Fig. 4, n = 4-12 mice/group, p = 0.10) and 20 and
200 mg/kg/day of DEHP (Fig. 4, n = 4-12 mice/group, p < 0.05) increased the percent of
preantral follicles when compared to control. Additionally, 20 pg/kg/day of DEHP
borderline decreased the percent of antral follicles when compared to control (Fig. 4, n = 4—
12 mice/group, p = 0.07). DEHP and DiNP did not affect total follicle numbers when
compared to control (data not shown).

Effects of DEHP and DiNP on hormone levels

Immediately Post-Dosing—Immediately following completion of dosing, DEHP and
DiNP both altered the levels of several different hormones at multiple doses. Treatment with
20 and 100 pg/kg/day and 200 mg/kg/day of DiNP significantly reduced testosterone levels
when compared to control (Fig. 5A, n = 6-12 mice/group, p < 0.05). Treatment with 200
mg/kg/day of DEHP (Fig. 5B, n = 5-11 mice/group, p < 0.05) and 20 mg/kg/day DiNP (Fig.
5B, n = 5-11 mice/group, p = 0.10) increased progesterone levels when compared to control.
Additionally, DEHP (20 mg/kg/day) and DiNP (100 ug/kg/day and 200 mg/kg/day)
significantly decreased levels of estradiol when compared to control (Fig. 5C, n = 5-12
mice/group, p < 0.05), and 20 ug/kg/day of DiNP borderline decreased estradiol levels when
compared to control (Fig. 5C, n = 5-12 mice/group, p = 0.10). Further, 20 pg/kg/day and 20
mg/kg/day of DEHP increased levels of FSH (Fig. 6A, n = 4-11 mice/group, p < 0.05), and
treatment with 100 pg/kg/day of DiNP borderline increased levels of FSH when compared to
control (Fig. 6A, n = 4-11 mice/group, p = 0.09). No differences due to treatment were
detected for inhibin B at this time point, although some treatment groups lacked adequate
number of samples to statistically analyze due to insufficient volume of serum samples from
some mice (Fig. 6B, n =1 for 20 and 100 ug/kg/day DiNP treatment groups, all other groups
n = 3-9 mice/group).

3 Months Post-Dosing—After 3 months following completion of dosing, fewer effects
were observed on the sex steroid hormones than at immediately post-dosing, but some
effects persisted. The 100 pg/kg/day dose of DiNP significantly decreased levels of
testosterone and progesterone when compared to control (Fig. 7A and 7B, n = 5-12 mice/
group, p < 0.05). Further, 20 ug/kg/day of DiNP borderline decreased levels of progesterone
(Fig. 7B, n = 5-12 mice/group, p = 0.08), and 200 mg/kg/day of DiNP borderline increased
levels of estradiol when compared to control (Fig. 7C, n = 5-12 mice/group, p = 0.08).
Additionally, the 20 mg/kg/day dose of DiNP borderline increased levels of FSH when
compared to control (Fig. 8A, n = 5-12 mice/group, p = 0.08), and no effects due to
treatment were seen on levels of inhibin B (Fig. 8B, n = 4-11 mice/group).
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6 Months Post-Dosing—Following 6 months after completion of dosing, 100 ug/kg/day
of DiNP significantly reduced levels of testosterone in mice when compared to control, an
effect seen at all previous time points (Fig. 9A, n = 5-11 mice/group, p < 0.05).
Additionally, 20 pg/kg/day and 200 ug/kg/day of DEHP and 100 ug/kg/day and 200
mg/kg/day of DiNP significantly increased estradiol when compared to control. (Fig. 9C, n
= 5-11 mice/group, p < 0.05). Further, 20 mg/kg/day DEHP borderline increased estradiol
when compared to control (Fig. 9C, n = 5-11 mice/group, p = 0.08). However, no effects of
DEHP and DiNP were seen on progesterone at any dose when compared to control (Fig. 9B,
n = 6-11 mice/group). The 20 and 200 mg/kg/day doses of DEHP both significantly
increased levels of FSH when compared to control (Fig. 10A, n = 4-11 mice/group, p <
0.05). In contrast, inhibin B continued to be unaffected by treatment with either DEHP or
DiNP (Fig. 10B, n = 3-11 mice/group)

9 Months Post-Dosing—At 9 months post-dosing, the only effect observed was a
borderline increase in testosterone in the 200 pg/kg/day of DEHP treatment group when
compared to control (Fig. 11A, n = 5-12 mice/group, p = 0.09). Progesterone, estradiol,
FSH, and inhibin B were not affected by treatment at this time point (Figs. 11B and 11C, n =
5-12 mice/group, Figs. 12A and 12B, n = 4-12 mice/group).

DISCUSSION

This study tested the hypothesis that short-term exposure to DEHP and DiNP alters ovarian
follicle populations and levels of circulating hormones. Previously, we have shown that
short-term exposure to DEHP during adulthood disrupts cyclicity, hormones, and follicle
populations at 9 months following completion of dosing (Hannon, Niermann et al. 2016).
Additionally, a previous study from our research group showed that short-term exposure to
DiNP can negatively impact female reproductive aspects such as cyclicity, mating behavior,
and overall fertility up to 9 months following completion of dosing (Chiang and Flaws
2019). The current study builds upon this previous knowledge by assessing the effects of
short-term exposure to DEHP and DiNP on ovarian follicle populations and hormone levels
at time points where fertility has been disrupted in previous studies. Further, this study fills a
gap in knowledge concerning the effects of DiNP on female reproduction.

In a previous study, we found that treatment with 20 ug/kg/day of DEHP and DiNP
disrupted the ability of females to achieve pregnancy at 3 months post-dosing (Chiang and
Flaws 2019). Surprisingly, in the current study, we did not observe disruptions in
folliculogenesis or hormones that could explain the disrupted fertility observed by Chiang
and Flaws (2019). This suggests that the mechanism through which DEHP and DiNP
disrupted female fertility in the study by Chiang and Flaws (2019) likely does not lie in
alteration of circulating hormone levels or folliculogenesis. Thus, DEHP and DiNP likely
affect an aspect other than follicular populations and hormone levels to reduce fertility. One
study conducted in equine oocytes found that acute /7 vitro exposure to DEHP inhibits
oocyte maturation (Ambruosi, Uranio et al. 2011), and another utilizing acute exposure
during adulthood in dairy cattle reported that DEHP decreased developmental competence
of oocytes (Kalo, Hadas et al. 2015). Thus, it is possible that DEHP and DiNP may affect
oocyte quality in a manner that is undetectable via the histological evaluation utilized in the
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present study. Further, although the ovary is important and necessary for female
reproduction, the uterus is also a key component in female fertility. DEHP and DiNP may
affect aspects of uterine function that were not examined in this study. Thus, it is possible
DEHP- and DiNP-induced effects on the uterus led to the decrease in fertility at 3 months
post-dosing observed in the previous study by Chiang and Flaws (2019). Therefore, future
studies that investigate how DEHP and DiNP exposure affect the health and quality of both
the oocyte and the uterus may be able to shed light on the disruption of female fertility
observed by Chiang and Flaws (2019).

The present study also builds on findings from a previous study wherein the effects of 10
days of exposure to DEHP on female reproductive outcomes were examined following 9
months post-dosing (Hannon, Niermann et al. 2016). Hannon et a/. (2016) found that 10
days of DEHP exposure elicited similar modest effects on many of the same endpoints that
we examined in the present study. While the majority of our 9 month post-dosing hormone
and follicle results coincide with those reported in Hannon et a/. (2016), we do note some
differences. The most striking difference between the present study and the previous study
by Hannon et al. (2016) is that we observed that multiple doses of DEHP increased the
percent of preantral follicles, whereas Hannon et a/. (2016) did not report any treatment-
induced changes in percent of preantral follicles. The presence of slight differences between
the present study and the previous was not surprising considering the experimental designs,
while very similar, differ slightly. The dosing period in Hannon ef a/. (2016) occurred at
nearly twice the age of that used in the present study. Further, the mice were group housed in
the present study, whereas Hannon ef a/. (2016) housed all mice singly. Housing
arrangement amongst mice has been shown to alter estrous cyclicity (Ryan and Schwartz
1977). Thus, it is possible that other endpoints may have been affected by the difference in
housing style. Overall, while some differences are observed between the previous study by
Hannon et al. (2016) and present study, both studies show modest effects of 10 days of
DEHP exposure on follicle populations and hormones following 9 months after completion
of dosing.

The alteration of follicle population proportions induced by 100 pg/kg/day of DiNP at 3
months post-dosing is characteristic of accelerated folliculogenesis, an event in which
follicles mature at faster rates than is normal and may result in early entry into reproductive
senescence if left unchecked. This is concerning because of the myriad of negative health
outcomes that are associated with premature ovarian failure (van der Schouw, van der Graaf
et al. 1996, Cooper and Sandler 1998, Hu, Grodstein et al. 1999, Rocca, Grossardt et al.
2012). While this effect did not persist at later time points, it is possible that longer exposure
may result in more persistent acceleration of folliculogenesis. Thus, further investigation of
the effects of short-term exposure to DiNP on folliculogenesis should be conducted to fully
understand the risk of DiNP exposure.

The observed increases in the percent of primary follicles due to treatment with DiNP at 6
months post-dosing suggest that some disruption of folliculogenesis still persists at 6 months
post-dosing. It is possible that more primordial follicles are being recruited to grow into
primary follicles and fewer primary follicles are being signaled to grow into preantral
follicles, leading to the observed increase in primary follicles. A delay in advancement of
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follicles past the primary stage could also explain the decrease in the percent of preantral
and antral follicles observed in some of the DiNP treatment groups when compared to
control. Finding that DiNP elicited more effects at this time point than DEHP was surprising
because DiNP has been purported to be less reproductively toxic when compared to DEHP
(SCENIHR 2008). Future studies should investigate how DiNP may alter expression of
genes involved in folliculogenesis to help elucidate the mechanism through which DiNP acts
on ovarian follicles.

At 9 months post-dosing, treatment with DEHP led to an increase in the proportion of
preantral follicles in multiple treatment groups. Several genes are involved in the transition
from the preantral to antral stage of the follicle. Additionally, FSH is necessary for
advancement from the preantral to antral stage, and during this transition, the follicles
convert from FSH-independent growth to FSH-dependent growth (Yen, Strauss et al. 2014,
Albertini 2015). Some studies have found that DEHP decreases expression of FSH receptor
(FSHR), suggesting that DEHP may interfere with the ability of the follicle to respond to
FSH (zZhang, Zhang et al. 2013, Ernst, Jann et al. 2014). Further, one proposed mechanism
of action of DEHP is that its metabolite, MEHP, may directly interfere with FSH binding to
FSHR (Lovekamp-Swan and Davis 2003). Thus, DEHP may alter the ability of follicles to
respond to FSH in combination with altering genes involved with follicular development,
which could explain the observed pattern of folliculogenesis disruption at 9 months post-
dosing.

Further evidence that treatment with DEHP may interfere with the ability of follicles to
respond to FSH is the sudden and drastic reappearance of DEHP-induced increases in FSH
at 6 months post-dosing. While the 20 mg/kg/day DEHP group exhibited borderline
increases in estradiol to accompany the rise in FSH, we expected a much more dramatic
increase in estradiol to match the sharp increase in FSH. The lack of expected FSH-induced
rises in estradiol at this timepoint suggests that the follicles are not responding to the
observed elevation in FSH. In support, one study reported that MEHP in culture with rat
granulosa cells decreased the levels of FSH-induced estradiol (Lovekamp-Swan and Davis
2003). This reduced sensitivity of follicles to FSH could be explained by DEHP-induced
modulations of FSHR and/or FSH binding to FSHR as described above. Thus, it is possible
that the observed increases in FSH are compensatory and due to a lack of response of the
follicle to normal levels of FSH.

One of the most persistent effects observed in this study was the 100 pg/kg/day DiNP-
induced decrease in testosterone. This reduction was first noted immediately post-dosing and
persisted until 6 months post-dosing. Epidemiological literature agrees with this outcome
and has shown that DiNP has anti-androgenic properties and is associated with lower
testosterone in men (Radke, Braun et al. 2018). With the exception of 6 months post-dosing,
we did not observe concurrent increases in estradiol alongside the decreased testosterone. It
is possible that increased metabolism of estradiol due to treatment could stimulate
compensatory increases in aromatization of testosterone, leading to decreased testosterone
while maintaining stable estradiol levels. The upregulation of metabolic enzymes in
response to exogenous compounds resulting in increased hormone metabolism is a familiar
concept that was exemplified by the thinning eggshells seen in birds that had been exposed
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to dichlorodiphenyltrichloroethane (DDT) in the mid-1900s (Peakall 1970). Thus, it is
possible a similar toxicant-induced increase in hormone metabolism may have occurred in
the current study. Additionally, treatment might have directly reduced the synthesis of
testosterone by modulating the steroidogenic enzymes responsible for its production such as
17B-HSD. Phthalate-induced alterations in enzymes involved in the steroidogenic pathway
have been observed in a multiple studies (Yuan, Zhao et al. 2012, Kay, Bloom et al. 2014).
Future studies concerning the effects of DiNP exposure on metabolic and steroidogenic
enzymes should be made priority, as current literature is scarce.

In terms of the sex steroid hormones, most disruptions occurred at the early time points in
the study. Deviations from this pattern are most striking at 6 months post-dosing where
several doses of DEHP and DiNP increased levels of circulating estradiol and two doses of
DEHP sharply increased FSH levels. These data contrast with the idea that the window of
adulthood is not a particularly sensitive window in terms of exposure. Due to the scarcity of
experimental designs similar to the one used in the current study, comparison to previous
literature is difficult. These results highlight the importance of increasing the priority of
investigating exposure times that fall outside those that are classically thought to be the most
sensitive such as prenatal and pubertal exposure windows.

Interestingly, the hormone and follicle count data in this study did not always correlate. This
was surprising because antral follicles are the primary source of sex steroid hormones in
females (Auchus 2015). These data suggest that the mechanism through which DEHP and
DiNP affect hormone levels is not solely through manipulation of antral follicle numbers,
and that it may involve changing the expression or activity of enzymes responsible for the
synthesis and/or breakdown of hormones. However, immediately post-dosing, the effects of
DEHP and DiNP on sex steroid hormones and FSH are much more correlative. Treatment
groups with reduced estradiol also tended to have increased levels of FSH, suggesting that
treatment directly reduced estradiol levels and alleviated the estradiol-induced suppression
of FSH. Interestingly, the treatment groups that displayed increased progesterone were not
the same ones that displayed an increase in FSH, indicating the treatment-induced levels of
progesterone were likely not due to FSH-mediated mechanisms.

Collectively, our data show that short-term exposure to both DEHP and DiNP have negative
impacts on ovarian function and folliculogenesis throughout the reproductive life of the
mouse. Interestingly, throughout our study we observed changes in and sometimes
inversions of effects from timepoint to timepoint, indicating the mechanism or mechanisms
through which these phthalates are acting are complex. Although the antral follicle is the
primary source of sex steroid hormones in females, we did not always find that antral follicle
changes correlated with hormone changes, suggesting that the mechanism of action does not
solely involve changes to the antral follicle population. Some studies have found that
phthalates can change steroidogenic enzyme expression within the ovary (Hannon, Brannick
et al. 2015, Lai, Liu et al. 2017, Tripathi, Pandey et al. 2019), and others have found that
phthalates can change how the ovary responds to other endocrine signals (Lovekamp-Swan
and Davis 2003, Zhang, Zhang et al. 2013, Ernst, Jann et al. 2014). Further, DEHP has been
shown to be capable of causing oxidative stress in the ovary and affecting oocyte
development and competency (Ambruosi, Uranio et al. 2011, Wang, Craig et al. 2012, Kalo,
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Hadas et al. 2015). Thus, there could be a combination of multiple pathways that contribute
to the variety of effects seen in this study and the fertility effects seen in a previous study
from our laboratory (Chiang and Flaws 2019). Future studies should investigate the
mechanisms through which DEHP and DiNP act to disrupt these aspects of female
reproduction.
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. DEHP and DiNP disrupt folliculogenesis up to 9 months post-dosing

. Disruption in hormones is present up to 9 months post-dosing
. DiNP consistently decreases testosterone up to 6 months post-dosing
. In some aspects, DiNP appears to have similar toxic properties as DEHP
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Figure 1.
Effects of DiNP on ovarian follicle populations immediately post-dosing. Adult female

CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil) or DiNP (20
pg/kg/day — 200 mg/kg/day). Mice were euthanized in the diestrous stage of the estrous
cycle immediately following dosing and the ovaries were collected and processed for
histological evaluation of the percent of healthy follicle types (n = 5-12 mice/group). Data
are represented as means + standard error. Statistically significant difference when compared
to control (p < 0.05) is denoted with an asterisk (*). Borderline statistical significance (0.05
< p <0.10) is denoted with a caret (*).
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Effects of DEHP and DiNP on ovarian follicle populations at 3 months post-dosing. Adult
female CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil),
DEHP (20 pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice
were euthanized in the diestrous stage of the estrous cycle 3 months post-dosing and the
ovaries were collected and processed for histological evaluation of percent of healthy follicle
types (n = 4-11 mice/group). Data are represented as means + standard error. Statistically
significant difference when compared to control (p < 0.05) is denoted with an asterisk (*).

Borderline statistical significance (0.05 < p < 0.10) is denoted with a caret (").

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chiang et al.

Percent

60

50

40

30

20

10

6 Months Post-Dosing

Primordial Primary Preantral

Figure 3.

Page 18

O Control

020 pg/kg DEHP
@200 pg/kg DEHP
@20 mg/kg DEHP
@ 200 mg/kg DEHP
020 ug/kg DINP
100 pg/kg DINP
@ 20 mg/kg DiNP
M 200 mg/kg DiNP

* %

Antral

Effects of DEHP and DiNP on ovarian follicle populations at 6 months post-dosing. Adult
female CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil),
DEHP (20 pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice
were euthanized in the diestrous stage of the estrous cycle 6 months post-dosing and the
ovaries were collected and processed for histological evaluation of percent of healthy follicle
types (n = 4-11 mice/group). Data are represented as means + standard error. Statistically
significant difference when compared to control (p < 0.05) is denoted with an asterisk (*).

Borderline statistical significance (0.05 < p < 0.10) is denoted with a caret (").
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Effects of DEHP and DiNP on ovarian follicle populations at 9 months post-dosing. Adult
female CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil),
DEHP (20 pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice
were euthanized in the diestrous stage of the estrous cycle 9 months post-dosing and the
ovaries were collected and processed for histological evaluation of percent of healthy follicle
types (n = 4-12 mice/group). Data are represented as means + standard error. Statistically
significant difference when compared to control (p < 0.05) is denoted with an asterisk (*).

Borderline statistical significance (0.05 < p < 0.10) is denoted with a caret (").
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Figure 5.

Effects of DEHP and DiNP on sex steroid hormones immediately post-dosing. Adult female
CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil), DEHP (20
pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice were
euthanized in the diestrous stage of the estrous cycle immediately post-dosing and sera were
collected for analysis of testosterone (n = 6-12 mice/group) (A), progesterone (n = 5-11
mice/group) (B), and estradiol (n = 5-12 mice/group) (C). Data are represented as means +
standard error. Statistically significant difference when compared to control (p < 0.05) is
denoted with an asterisk (*). Borderline statistical significance (0.05 < p < 0.10) is denoted
with a caret ().
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Figure 6.
Effects of DEHP and DiNP on FSH and inhibin B immediately post-dosing. Adult female

CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil), DEHP (20
pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice were
euthanized in the diestrous stage of the estrous cycle immediately post-dosing and sera were
collected for analysis of FSH (n = 4-11 mice/group) (A) and inhibin B (n = 1-9 mice/group)
(B). Data are represented as means + standard error. Statistically significant difference when
compared to control (p < 0.05) is denoted with an asterisk (*). Borderline statistical
significance (0.05 < p < 0.10) is denoted with a caret (*).
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Figure 7.
Effects of DEHP and DiNP on sex steroid hormones at 3 months post-dosing. Adult female

CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil), DEHP (20
pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice were
euthanized in the diestrous stage of the estrous cycle 3 months post-dosing and sera were
collected for analysis of testosterone (n = 5-12 mice/group) (A), progesterone (n = 5-12
mice/group) (B), and estradiol (n = 5-12 mice/group) (C). Data are represented as means +
standard error. Statistically significant difference when compared to control (p < 0.05) is
denoted with an asterisk (*). Borderline statistical significance (0.05 < p < 0.10) is denoted
with a caret ().
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Figure 8.
Effects of DEHP and DiNP on FSH and inhibin B at 3 months post-dosing. Adult female

CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil), DEHP (20
pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice were
euthanized in the diestrous stage of the estrous cycle 3 months post-dosing and sera were
collected for analysis of FSH (n = 5-12 mice/group) (A) and inhibin B (n = 4-11 mice/
group) (B). Data are represented as means * standard error. Statistically significant
difference when compared to control (p < 0.05) is denoted with an asterisk (*). Borderline
statistical significance (0.05 < p < 0.10) is denoted with a caret (*).
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Effects of DEHP and DiNP on sex steroid hormones at 6 months post-dosing. Adult female
CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil), DEHP (20
pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice were
euthanized in the diestrous stage of the estrous cycle 6 months post-dosing and sera were
collected for analysis of testosterone (n = 5-11 mice/group) (A), progesterone (n = 5-11
mice/group) (B), and estradiol (n = 5-11 mice/group) (C). Data are represented as means +
standard error. Statistically significant difference when compared to control (p < 0.05) is
denoted with an asterisk (*). Borderline statistical significance (0.05 < p < 0.10) is denoted

with a caret ().

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2021 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Chiang et al.

A

30 1

25

6 Months Post-Dosing FSH B
% 2500 -
2000
|, 1500 1
£
®
1000
500

Page 25

6 Months Post-Dosing Inhibin B

Treatment

120 pg/kg DINP E100 pg/kg DINP B 20 mg/kg DiNP B 200 mg/kg DiNP

Figure 10.

Effects of DEHP and DiNP on FSH and inhibin B at 6 months post-dosing. Adult female
CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil), DEHP (20
pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice were
euthanized in the diestrous stage of the estrous cycle 6 months post-dosing and sera were
collected for analysis of FSH (n = 4-11 mice/group) (A) and inhibin B (n = 3-11 mice/
group) (B). Data are represented as means * standard error. Statistically significant
difference when compared to control (p < 0.05) is denoted with an asterisk (*).
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Figure 11.
Effects of DEH

Treatment

P and DiNP on sex steroid hormones at 9 months post-dosing. Adult female

CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil), DEHP (20
pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice were
euthanized in the diestrous stage of the estrous cycle 9 months post-dosing and sera were
collected for analysis of testosterone (n = 5-12 mice/group) (A), progesterone (n = 5-12
mice/group) (B), and estradiol (n = 5-12 mice/group) (C). Data are represented as means +
standard error. Statistically significant difference when compared to control (p < 0.05) is
denoted with an asterisk (*). Borderline statistical significance (0.05 < p < 0.10) is denoted

with a caret ().
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Figure 12.
Effects of DEHP and DiNP on FSH and inhibin B at 9 months post-dosing. Adult female

CD-1 mice were orally dosed for 10 days with either vehicle control (corn oil), DEHP (20
pg/kg/day — 200 mg/kg/day), or DiNP (20 pg/kg/day — 200 mg/kg/day). Mice were
euthanized in the diestrous stage of the estrous cycle 9 months post-dosing and sera were
collected for analysis of FSH (n = 5-12 mice/group) (A) and inhibin B (n = 4-12 mice/
group) (B). Data are represented as means * standard error. Statistically significant
difference when compared to control (p < 0.05) is denoted with an asterisk (*).
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