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Abstract

This study tested the hypothesis that prenatal DEHP exposure affects female reproduction. To test 

this hypothesis, pregnant female CD-1 mice were orally dosed daily with tocopherol-stripped corn 

oil (vehicle control) or DEHP (20μg/kg/day-750mg/kg/day) from gestation day 11-birth. Pups 

were counted, weighed, and sexed at birth, ovaries were subjected to evaluations of follicle 

numbers on postnatal days (PNDs) 8 and 21, and fertility was evaluated at 3-9 months. The results 

indicate that prenatal DEHP exposure increased male-to-female ratio compared to controls. 

Prenatal DEHP exposure also increased preantral follicle numbers at PND 21 compared to 

controls. Further, 22.2% of the 20 μg/kg/day treated animals took longer than 5 days to get 

pregnant at 3 months and 28.6% of the 750 mg/kg/day treated animals lost some of their pups at 6 

months. Thus, prenatal DEHP exposure alters F1 sex ratio, increases preantral follicle numbers, 

and causes some breeding abnormalities

Introduction

Phthalates are a class of chemicals found in wide range of consumer, medical, and building 

materials and products [1-4]. Di-(2-ethylhexyl) phthalate (DEHP) is a plasticizing agent 

commonly found in polyvinyl chloride (PVC) products such as shower curtain liners, car 

upholstery, baby toys, wire sheathing, synthetic wall coverings, medical tubing, and IV and 

blood transfusion bags [1-4]. DEHP is not covalently bonded to the polymers of these 

products and, as a result, readily leaches from products into the environment [5-7].

Because of the quantity and variety of products containing DEHP, exposure can occur via 

oral ingestion, inhalation, dermal contact, and intravenously through medical procedures 

[8-12]. DEHP and its metabolites have been identified in a number of human tissues and 

fluids, including urine, serum, cord blood, breast milk, amniotic fluid, and ovarian follicular 
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fluid [13-14]. The presence of DEHP in follicular fluid indicates its ability to reach the 

ovary, and its presence in amniotic fluid and cord blood implies it is able to reach the fetus. 

The Agency for Toxic Substances and Disease Registry estimates that humans are exposed 

daily to DEHP between 3-30 μg/kg/day [15].

Human exposure to DEHP is of concern because it is a known endocrine disrupting 

chemical and a reproductive toxicant [16-19]. Epidemiological studies have associated in 

utero exposure to DEHP with reduced anogenital distance (AGD) and testosterone levels in 

males [16], and experiments in rodent models have corroborated these findings [17]. 

Additionally, epidemiological studies have reported correlations between prenatal exposure 

to DEHP and endometriosis, precocious puberty, early pregnancy loss, preterm birth, and 

low birth weight, though these findings have been inconsistent [18-19].

The mechanism by which phthalate exposure is associated with adverse reproductive 

outcomes in humans is unknown. Recent studies, however, have shown that DEHP, through 

its bioactive metabolite mono-(2-ethylhexyl) phthalate (MEHP), may alter peroxisome 

proliferator-activated receptor (PPAR) downstream activity in a number of tissues in animal 

models. PPARs exist in three different isoforms: α, β, and γ [20]. The receptors are located 

in adipose tissue [21], liver cells [22], uterine endometrial cells [23], and throughout the 

ovary [24]. Changes in activity of PPARs in these tissues have been linked with 

reproductive problems in animal models [19] and thus, may play a role in the association 

between phthalate exposure and reproductive outcomes in humans.

Although few studies have examined phthalates in humans, the effects caused by exposure 

to DEHP have been extensively researched in rodent models using a variety of exposure 

windows and concentrations [17, 19, 25-28]. However, most previous studies have focused 

on males [17, 25-27] and, thus, not much is known about the effects of prenatal exposure to 

DEHP on female reproduction. Further, few studies have been conducted using a wide range 

of doses of DEHP during a critical period of ovarian development and few studies have 

focused on the impact of prenatal DEHP exposure on ovarian development and future 

fertility of the female offspring.

Thus, this study was designed to test the hypothesis that prenatal DEHP exposure adversely 

affects ovarian development and reproductive outcomes in the female offspring of mice.

Materials and Methods

Chemicals

DEHP (99% purity) was purchased from Sigma-Aldrich (St. Louis, MO). Stock solutions of 

DEHP were prepared by diluting the chemical in tocopherol-stripped corn oil (MP 

Biomedicals, Solon, OH) to achieve the desired concentrations.

Animals

Adult cycling female outbred CD-1 mice (8 weeks old) or CD-1 males (8 weeks) were 

housed at 25°C in conventional polystyrene cages on 12L:12D cycles. The mice were 

provided Teklad Rodent Diet 8604 (Harlan) and high purity water (reverse osmosis filtered) 
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ad libitum. Male CD-1 mice (8 weeks old) were housed with females during breeding (2 

females and 1 male per cage). All animal procedures were approved by the University of 

Illinois Institutional Animal Care and Use Committee.

Breeding Protocol

At 8 weeks of age, 50 female mice (F0) were mated with control males of the same age. 

Mating was confirmed by the presence of vaginal plug. The day the vaginal plug was 

detected was defined as gestation day (GD) 1. Once the vaginal plug was observed, females 

were individually housed.

Dosing Regimen

Previous studies have shown that DEHP appears to have a non-monotonic dose-response 

curve [25] so we used a wide range of doses in these studies. Each pregnant female was 

randomly assigned to one of 6 treatment groups: control, 20 μg/kg/day, 200 μg/kg/day, 200 

mg/kg/day, 500 mg/kg/day, or 750 mg/kg/day. The lowest dose, 20 μg/kg/day, was selected 

because it is the EPA reference dose for humans [15]. The 200 μg/kg/day, 200 mg/kg/day, 

and 750 mg/kg/day doses were selected because exposure to them during adulthood has 

been shown to affect primordial follicle recruitment in adult mice [28]. The 500 mg/kg/day 

dose was selected because it has been shown to have adverse effects in male mice, such as 

abnormal seminiferous tubule formation, decreased sperm count and motility, impaired stem 

cell function, decreased nipple retention, decreased anogenital distance, and delayed 

pubertal onset following prenatal exposure [17, 26].

From GD 11 until birth of the pups, pregnant dams were orally dosed once a day with 

tocopherol-stripped corn oil (vehicle control) or the assigned dose of DEHP by placing a 

pipette tip containing the dosing solution into the mouth. This dosing regimen was selected 

to mimic oral exposure in humans. GD 11 until birth was selected as the exposure window 

because this is a critical time period of ovarian development [29].

Tissue collection (F1)

On post-natal day (PND) 0, the numbers of pups, numbers of males and females, and 

numbers of dead pups (if any) were counted. The average birth weights of the pups were 

determined by measuring weights of all live pups in the litter combined, and dividing the 

total weight by the total number of live pups in the litter. On PND 1 – 60 (5-16 females per 

treatment group), tissues (ovaries, uteri, and livers) were collected and weighed as described 

below. Further, one ovary per pup was fixed in Dietrich fixative for histological evaluation 

as described below in the section called Histological Evaluation of Ovaries.

Body and Organ Weight Analysis (F1)

At each of the tissue collections, the pups were weighed prior to euthanasia and organs were 

aseptically removed, cleaned of interstitial tissue, and weighed. Organ weights were 

recorded as whole organ weights in grams (g). Average body weights for each treatment 

group at PND 1, 8, 21, 60, three months, and six months were recorded and compared to 

control weights at each age.

Niermann et al. Page 3

Reprod Toxicol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Analysis of Estrous Cyclicity (F1)

After weaning at PND 21, at least four F1 females from each treatment group were selected 

for examination of puberty onset and estrous cyclicity. These mice were weighed and 

checked for vaginal opening daily. Once vaginal opening occurred, estrous cyclicity was 

evaluated by examining vaginal smears daily for 30 days. The first observed estrus and the 

percentage of time that F1 females remained in each stage of the estrous cycle were 

calculated and reported. A mouse was considered to be in proestrus if a majority of cells in 

the vaginal smear were nucleated epithelial cells. A mouse was considered to be in estrus if 

an overwhelming majority of the cells observed in the vaginal smear were cornified 

epithelial cells. A mouse was considered to be in metestrus if the cells present were a 

mixture of cornified epithelial cells and a large number of leukocytes. A mouse was 

considered to be in diestrus when all cells present were leukocytes, or mostly leukocytes 

with a small number of nucleated epithelial cells. Metestrus and diestrus were combined 

during analysis because these two stages are very similar in cytology and hormone profile.

Histological evaluation of ovaries (F1)

The ovaries from F1 females on PND 8 and 21 were collected and fixed in Dietrich fixative. 

The fixed tissues were embedded in paraffin, serially sectioned (8 μm), mounted on glass 

slides, and stained with Weigert's hematoxylin and picric acid–methyl blue. Every 10th 

section of the ovary was used to count the numbers of primordial follicles, primary follicles, 

preantral follicles, and antral follicles. All sections were evaluated without knowledge of the 

treatment group. Follicles were classified based on the following criteria: primordial 

follicles contained an oocyte surrounded by a single layer of squamous granulosa cells, 

primary follicles contained an oocyte surrounded by a single layer of cuboidal granulosa 

cells, preantral follicles contained an oocyte surrounded by at least two layers of cuboidal 

granulosa cells and theca cell layers, and antral follicles contained an oocyte surrounded by 

multiple layers of cuboidal granulosa cells with a fluid-filled antral space and theca cell 

layers [29-31]. All primordial and primary follicles with oocytes, regardless of nuclear 

material in the oocytes, were counted, whereas only preantral and antral follicles with a clear 

nucleus in the oocyte were counted to avoid redundant counting of follicles large enough to 

span multiple sections [30-31].

Analysis of Fertility (F1)

At least three F1 females from each treatment group (all F1 females were from different F0 

dams) were selected to examine fertility at the ages of three, six, and nine months. By 

placing the mice in breeding studies at the selected time points, we were able to test 

breeding capacity over time and in turn, determine whether the mice prenatally exposed to 

DEHP experience premature reproductive senescence (evidenced by losing the ability to 

become pregnant and produce normal sizes of healthy litters earlier than controls). In each 

fertility test, the selected F1 females were first subjected to daily vaginal smears for two 

weeks to evaluate estrous cyclicity and then they were mated with fertility confirmed 

untreated males for two weeks or until a vaginal plug was observed. During mating, all the 

females were weighed twice weekly to monitor pregnancy weight gain. Once a vaginal plug 

was observed, females were weighed and individually caged. Litter sizes, average pup 
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weights, sex ratios, and percent of dead pups were recorded on PND 0. After the two-week 

mating period, females who did not become pregnant were singly housed.

Various breeding anomalies and complications were also recorded (i.e. number of dead 

pups, no pups born and no weight gain following observation of a vaginal plug, lack of 

pregnancy after more than five days with a male). The cut-off of 5 days was selected 

because the average estrous cycle for mice is about 4-5 days, and mice are proficient 

breeders so most should become pregnant during the first cycle [32].

Statistical analyses

All data were analyzed using the F0 dam as the experimental unit (n). Data from multiple F1 

females from the same litter were averaged and combined as n = 1. For all analyses except 

those for data on breeding complications, data were expressed as means ± standard error of 

the means (SEM) from at least three different F0 litters. One-way ANOVA followed by 

Dunnett (2-sided) post hoc comparisons was used to make multiple comparisons between 

treatment groups. If data had unequal variances according to Levene, Brown-Forsythe, or 

Welch tests, Games-Howell and Dunnett T3 post hoc comparisons were performed to 

compare treatment groups. If the data did not have a normal distribution according to 

Shapiro-Wilk analysis, the data from each treatment group were compared using Mann-

Whitney and Kruskal-Wallis tests. For data on breeding complications, comparisons were 

made using Chi-square and Fisher Exact tests. Statistical significance was assigned at p ≤ 

0.05 for all comparisons.

Results

Effect of In Utero DEHP Exposure on F0 Fertility Outcomes

To determine if there were any effects on F0 fertility outcomes from exposure to DEHP 

from GD 11 until birth, F1 litters were analyzed for number of live pups and birth weight 

(Figure 1), and sex ratio (Figure 2). DEHP exposure did not significantly affect the number 

of live pups or birth weight when compared to controls (n = 5-18 dams/treatment group). 

However, DEHP exposure (200 μg/kg/day) significantly increased the ratio of males to 

females compared to controls (n = 5-15 dams/treatment group; p ≤ 0.05).

Effect of In Utero DEHP Exposure on F1 Body and Organ Weights

Prenatal exposure to 200 mg/kg/day DEHP decreased body weight at PND 8 and prenatal 

exposure to 750 mg/kg/day DEHP decreased body weight at PND 60 (Table 1, n = 3-15 

dams/treatment group except n = 2 dams for 20 μg/kg/day DEHP at PND 60 only; p ≤ 0.05). 

Prenatal DEHP exposure, however, did not significantly affect F1 body weight at any other 

doses or time-points. At PND 8, DEHP at 200 mg/kg/day significantly reduced liver weight 

compared to controls (Table 1, n = 4-15 dams/treatment group; p ≤ 0.05). DEHP exposure 

did not significantly affect liver weight at any other doses or time-points. At PND 8 and 60, 

DEHP did not significantly affect uterine weight, but at PND 21, DEHP exposure 

significantly increased uterine weight compared to controls at the 200 μg/kg/day dose 

compared to controls (n = 3-16 dams/treatment group except n = 2 dams for 20 μg/kg/day 

DEHP at PND 60 only; p ≤ 0.05). At PND 21, DEHP exposure significantly decreased 
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ovarian weight in mice exposed to 20 μg/kg/day compared to controls (Table 1, n = 3-14 

dams/treatment group; p ≤ 0.05). In contrast, DEHP did not significantly affect ovarian 

weight compared to controls at any other doses or time-points.

Effect of In Utero DEHP Exposure on F1 Pubertal Outcomes

The age at vaginal opening (Figure 3A), weight at vaginal opening (Figure 3B), and age at 

first estrus (Figure 3C) were recorded as indicators of pubertal onset. DEHP exposure did 

not significantly affect any of these markers of puberty compared to controls (n = 4-15 

dams/treatment group). Further, estrous cyclicity for 30 days after vaginal opening as well as 

average cycle length (Figures 4A and 4B, respectively) were not significantly different for 

any DEHP treatment group compared to control animals (n = 4-14 dams/treatment group).

Effect of In Utero DEHP Exposure on F1 Ovarian Morphology

On PND 8, DEHP exposure did not significantly affect numbers of primordial, primary, 

preantral, or antral follicles (Figure 5A, n = 4-14 dams/treatment group). In contrast, on 

PND 21, prenatal exposure to DEHP at the 200 μg/kg/day and 500 mg/kg/day doses 

significantly increased the number of preantral follicles compared to controls (Figure 5B; n 

= 3-10 dams/treatment group; p ≤ 0.05).

Effect of In Utero DEHP Exposure on Fertility Outcomes of F1 offspring

Prenatal DEHP exposure did not significantly affect the days between mating and presence 

of vaginal plug (Figure 6A), number of F2 pups per litter (Figure 6B), or F2 birth weight 

(Figure 6C) compared to controls (n = 4-15 dams/treatment group). Unlike what we 

observed in the F1 litters (Figure 2), DEHP exposure did not significantly affect male to 

female ratio in the F2 litters (Figure 6D, n = 4-13 dams/treatment group).

Interestingly, prenatal DEHP exposure increased the percentage of F1 dams with some 

breeding complications at 3 months compared to controls (Table 2). For example, none of 

the control dams took longer than 5 days to get pregnant, whereas 22.2% of the dams 

exposed to 20 μg/kg/day DEHP took longer than 5 days to get pregnant (n=9-19 dams per 

treatment group; p<0.05).

Prenatal DEHP exposure also increased the percentage of F1 dams with some breeding 

complications at 6 months (Table 3). For example, none of the control dams lost pups, but 

25% of the dams exposed to 20 μg/kg/day (n=4-10; p <0.06) and 28.6% of the dams exposed 

to 750 mg/kg/day lost some pups (n=4-10 dams/treatment group; p ≤ 0.05). Interestingly, 

25% of the control dams took longer than 5 days to become pregnant, but all of the dams 

treated with 200 μg/kg/day DEHP became pregnant in less than 5 days. In contrast, prenatal 

DEHP did not significantly affect the ability of the dams to produce a litter at 6 months 

(Table 3). It also did not significantly affect the ability of dams to get pregnant, the time to 

pregnancy, and the loss of pups at 9 months (Table 4).
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Discussion

The purpose of this study was to evaluate the effects of prenatal exposure to the plasticizer 

DEHP on female reproductive function. Previous studies examining the effects of prenatal 

exposure to DEHP on reproductive outcomes have been limited and primarily focused on 

males [16-17, 25-27]. These studies have observed effects of DEHP exposure such as 

reduced anogenital distance, reduced testes weights, reduced testosterone production [17, 

25], delayed pubertal onset, and abnormal seminiferous tubule formation [26]. A few studies 

have examined the effects of exposure to DEHP on female reproduction [28, 33-35]. These 

studies have shown that DEHP exposure causes a decline in pregnancy rates and irregular 

estrous cyclicities at very high doses [33], decreased overall fertility [34], atresia of tertiary 

follicles in adult rats, and delayed onset of puberty [35]. These previous studies on females, 

however, did not examine the effects of prenatal exposure to DEHP on female reproduction 

in the F1 offspring. Thus, limited information was available on the effects of only in utero 

DEHP exposure and female reproductive outcomes.

Our data indicate that prenatal exposure to DEHP (200 μg/kg/day) increases the ratio of 

males to females in F1 litters. Since dosing began after determination of chromosomal sex, 

the mechanism by which DEHP affects sex ratio is unclear. It is possible that DEHP was 

toxic to recently implanted female embryos, causing more females to die in utero, and 

resulting in fewer live female pups at birth than male pups in each litter. One would expect 

that if this were the case, there would be an effect of DEHP exposure on overall litter size as 

well, and this was not observed in the current study. It is possible that prenatal exposure to 

200 μg/kg/day DEHP resulted in more pups per litter in utero, but the litter sizes normalized 

due to some post-implantation losses from DEHP exposure. Thus, future experiments should 

examine the uteri from F0 dams for implantation sites throughout pregnancy to determine 

whether DEHP causes implantation loss. Interestingly, DEHP exposure did not alter the sex 

ratio in F2 litters, suggesting that the effect of DEHP on sex ratio in F1 litters is not 

multigenerational. Our data differ from a study by Xi et al., which examined the effects of 

prenatal DEHP exposure on sex ratio in mice [36]. Specifically, Xi et al. noted a dose-

dependent decrease in male-to-female ratio in F1 litters, which the investigators attributed to 

a possible interaction between DEHP and SRY activity [36]. The reasons for the differences 

between our results and those of Xi et al. [36] could be that we used a smaller dosing 

window, which included only prenatal exposure, whereas Xi et al. [36] used a larger dosing 

window, which included perinatal and lactational exposure and spanned the time of sex 

determination. Additionally, Xi et al. [36] used a mixture of DEHP and bisphenol-A (BPA), 

which could also explain the different effect on sex ratio observed in their study compared to 

our study. Our data, however, are similar to other studies showing that endocrine disrupting 

chemicals alter sex ratio [37-38]. For example, Mocarelli et al. have shown that prenatal 

exposure to dioxin is associated with a lowered male/female sex ratio in humans, which 

persists for years after exposure [37-38].

Our results also indicate that DEHP exposure (200 mg/kg/day and 750 mg/kg/day) 

significantly decreased pup weights at PND 8 and PND 60. A difference in body weight 

caused by factors that occur prenatally is possibly due to a change in gene expression during 

development. Thus, expression of genes involved in metabolism and body fat deposition, 
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such as PPARs, should be analyzed as a possible explanation for the observed DEHP-

induced decrease in body weight. It is also possible that the type of chemical exposure, dose, 

and timing of exposure play a role in determining which specific chemicals affect body 

weight. A study by Hao et al. observed an increase in body weight in adult life following 

perinatal exposure to DEHP, and proposed that this occurred through PPAR-mediated 

pathways [39]. Our data showed a contrasting effect, but this could be explained by the 

difference in timing of exposure, as well as doses used in our study versus those used by 

Hao et al [39].

Our data also showed a significant reduction in mean liver weight at PND 8 for animals in 

the 200 mg/kg/day group, and a trend towards reduction in liver weight for the two higher 

doses (500 and 750 mg/kg/day) compared to controls. This is interesting because exposure 

to DEHP is usually associated with an increase in liver weight due to activation of PPARs in 

the liver, resulting in liver cell hypertrophy and hyperplasia [22]. Like our unexpected 

results in overall body weight, the reduced liver weight could be a result of interaction with 

the PPARs differently than expected because of the selected doses and specific exposure 

window. This possibility is supported by David et al., who showed a possible threshold dose 

for PPAR-induced liver effects in mice [40].

Our study shows that prenatal exposure to 200 μg/kg/day DEHP significantly increases 

uterine weight at PND 21 compared to controls. Uterine weight increases in response to 

estrogen or estrogen-mimicking compounds [41-42], and this may occur through cross-talk 

between estrogen and PPARs [23]. An increase in uterine weight could be explained by an 

increase in PPAR activation related to an increase in estrogen synthesis by preantral and 

antral follicles present in the ovaries of mice at these two time-points. The increase in 

follicle numbers observed in PND 21 ovaries from DEHP exposed animals versus controls 

supports this explanation, but future studies should compare estrogen levels in control and 

DEHP-treated animals.

Our data indicate that prenatal exposure to 20 μg/kg/day DEHP significantly decreases 

ovarian weight at PND 21. This decrease in ovarian weight could be explained by a 

significant decrease in preantral and antral follicle numbers at the same dose. However, this 

was not observed in our study. In contrast, prenatal exposure to 200 μg/kg/day and 500 

mg/kg/day DEHP significantly increased preantral follicle numbers compared to controls. A 

decrease in ovarian weight, but no change or an increase in preantral follicle numbers could 

be explained by the follicles being smaller on average than follicles in control ovaries, with 

fewer granulosa cells per follicle. This possibility is supported by previous studies indicating 

that DEHP and its metabolite MEHP inhibit follicle growth [43-45].

The reason that prenatal exposure to DEHP increases pre-antral follicle numbers is unclear. 

It could be that the prenatal exposure is somehow inhibiting the natural atretic process that 

occurs in preantral follicles, allowing more than a normal number of preantral follicles to 

survive. It is also possible that prenatal exposure to DEHP accelerated growth of primordial 

and primary follicles to the prenatal stage, resulting in an increased number of prenatral 

follicles. If this were the case, we would have expected to see a reduced number of 

primordial and primary follicles in the DEHP treatment group compared to controls, but we 
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did not observe this to be the case. It is possible, however, that we missed the time-point in 

which primordial and primary follicle numbers declined because we only examined the 

ovaries at PND 8 and PND 21. The decline could have occurred between PND 8 and PND 

21.

A few studies have shown that exposure to DEHP prior to and during pregnancy affects 

overall female fertility based on whether a litter was produced following pairing with an 

untreated male [33-34]. However, the effects were only observed at very high doses that also 

caused general toxicity. Our data shows that prenatal exposure to DEHP (at doses that do 

not cause overt toxicity) does not significantly affect days to pregnancy, F2 birth weight, F2 

pups per litter, and F2 male-to-female sex ratio in the F1 females in comparison to control 

animals. However, DEHP exposure resulted in a few breeding anomalies in F1 females. 

Approximately 22.2% of the F1 females in the 20 μg/kg/day group took more than 5 days to 

become pregnant and 28.6% of the females in the 750 mg/kg/day group lost some pups at 6 

months. While the reasons for the pup losses are unknown, it could be that DEHP exposed 

dams had difficulty nursing their entire litter or that some pups were born with abnormalities 

that resulted in their death.

Interestingly, our data also indicate that prenatal DEHP exposure does not have clear typical 

dose-response effects on the female reproductive system. The dose of DEHP that alters 

some outcomes in one tissue does not affect outcomes in other tissues. Further, sometimes 

the low doses of DEHP cause a much more profound effect than the high doses of DEHP. It 

is likely that DEHP, like other endocrine disrupting chemicals, exhibits non-monotonic dose 

response curves. Specifically, previous studies have indicated that DEHP has a non-

monotonic dose response curve specific to gene expression in cultured mouse antral follicles 

[44-45]. Further, studies in males have shown non-monotonic responses in terms of 

testicular and serum testosterone levels and anogenital distance and brain aromatase activity 

[25, 46]. The reasons for the non-monotonic responses to DEHP are unknown, but could 

stem different tissues having different capacities to respond to DEHP or to metabolize 

DEHP to less toxic compounds. Alternatively, although we estimate that we had enough 

power to detect significant differences between treatment groups, it is always possible that 

this was not the case. Thus, future studies should further examine the effects of DEHP on 

female reproduction using larger sample sizes.

In conclusion, the present study provides evidence that prenatal exposure to 200 μg/kg/day 

DEHP affects the ratio of males to females in F1 litters, and that prenatal exposure to 200 

mg/kg/day and 750 mg/kg/day DEHP reduces overall body weight at PND 8 and PND 60, 

though these shifts are not dramatic. The present study also shows that prenatal exposure to 

200 mg/kg/day DEHP reduces liver weight at PND 8, and that prenatal exposure to 200 

μg/kg/day of DEHP significantly increases uterine weight at PND 21. Further, this study 

shows that prenatal exposure to 20 μg/kg/day DEHP significantly reduces ovarian weight at 

PND 21 and that prenatal exposure to 200 μg/kg/day and 500 mg/kg/day DEHP increases 

the number of preantral follicles per ovary at PND 21. Finally, this study shows that prenatal 

DEHP exposure causes a few breeding complications in the F1 offspring at 3 and 6 months. 

Future studies should examine the mechanisms by which prenatal DEHP exposure causes 

these female reproductive outcomes.
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Highlights

• Prenatal exposure to DEHP increases male-to-female sex ratio in the F1 

generation

• Prenatal exposure to DEHP increases preantral follicle numbers on postnatal day 

21

• Prenatal exposure to DEHP (20 μg/kg/day) increases time to pregnancy

• Prenatal exposure to DEHP (750 mg/kg/day) causes loss of some pups
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Figure 1. Effect of DEHP on F1 Litter Outcomes
At birth, the number of live pups in each litter (A) was counted and compared in each 

treatment group. Graph represents means ± SEM (n=5-17 dams/treatment group). Average 

weight of live pups (B) was also calculated as described in methods and compared in each 

treatment group. Graph represents means ± SEM (n=5-18 dams/treatment group).
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Figure 2. Effect of DEHP on F1 Litter Sex Ratio
At birth, male to female ratio was calculated as described in methods and compared in each 

treatment group. Graph represents means ± SEM (n=5-15 dams/treatment group). Asterisk 

(*) represents significant difference from vehicle control (p ≤ 0.05).
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Figure 3. Effect of DEHP on Pubertal Outcomes
Age at vaginal opening (A), weight at vaginal opening (B), and age at first estrus (C) were 

determined and analyzed as described in methods. The means were compared in each 

treatment group. Graph represents means ± SEM (n=4-15 dams/treatment group).
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Figure 4. Effect of DEHP on Estrous Cyclicity
After vaginal opening, estrous cyclicity was monitored for 30 days and the average cycle 

length for this time frame was determined as described in the methods. The percent of time 

out of 30 days spent in each stage was calculated (A), as well as the average cycle length 

(B). The means were compared in each treatment group. Graph represents means ± SEM 

(n=4-14 dams/treatment group).
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Figure 5. Effect of DEHP on Ovarian Morphology
Ovaries collected from mice on PND 8 (A) and PND 21 (B) were subjected to histological 

evaluation of follicle numbers based on criteria described in the methods. The graphs 

represent the mean total number of each follicle type present ± SEM (n=3-14 dams/

treatment group). Asterisks (*) represent significant difference from vehicle control (p ≤ 

0.05).
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Figure 6. Effect of DEHP on F1 Fertility
At three months of age, F1 females were paired with proven breeder males to evaluate the 

fertility of the females. Fertility was based on time to pregnancy as determined by the 

number of days between pairing with a male and observing a plug (A), litter size (B), 

average pup birth weight (C), and sex ratio (D). These data were compared in each treatment 

group. Graphs represent means ± SEM (n=4-15 dams/treatment group).
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Table 2
F1 Breeding Complications Following DEHP Exposure (3 months)

Treatment no litter produced >5 days to get pregnant Lost some pups (2 or less) Lost all pups

control 5.3 (n=19) 0.0 (n=19) 11.1 (n=18) 11.1 (n=18)

20 μg/kg/day 11.1 (n=9) 22.2 (n=9)* 0.0 (n=8) 0.0 (n=8)

200 μg/kg/day 18.2 (n=11) 9.1 (n=11) 11.1 (n=9) 11.1 (n=9)

200 mg/kg/day 11.1 (n=9) 11.1 (n=9) 12.5 (n=8) 0.0 (n=8)

500 mg/kg/day 25.0 (n=4) 0.0 (n=3) 0.0 (n=3) 0.0 (n=3)

750 mg/kg/day 10.0 (n=10) 0.0 (n=10) 11.1 (n=9) 22.2 (n=9)

*
p < 0.05
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Table 3
F1 Breeding Complications Following DEHP Exposure (6 months)

Treatment No litter produced >5 days to get pregnant Lost some pups (2 or less) Lost all pups

control 16.7 (n=12) 25.0 (n=12) 0.0 (n=10) 10.0 (n=10)

20 μg/kg/day 11.1 (n=9) 25.0 (n=8) 25.0 (n=8)ˆ 25.0 (n=8)

200 μg/kg/day 27.3 (n=11) 0.0 (n=11)* 0.0 (n=8) 12.5 (n=8)

500 mg/kg/day 0.0 (n=4) 0.0 (n=4) 0.0 (n=4) 25.0 (n=4)

750 mg/kg/day 30.0 (n=10) 20.0 (n=10) 28.6 (n=7)* 0.0 (n=7)

*
p < 0.05

ˆ
p <0.06
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Table 4
F1 Breeding Complications Following DEHP Exposure (9 months)

Treatment No litter produced >5 days to get pregnant Lost some pups (2 or less) Lost all pups

control 45.5 (n=11) 12.5 (n=8) 50.0 (n=5) 33.3 (n=6)

20 μg/kg/day 55.6 (n=9) 25.0 (n=8) 25.0 (n=4) 25.0 (n=4)

200 μg/kg/day 27.3 (n=11) 22.2 (n=9) 37.5 (n=7) 37.5 (n=8)

500 mg/kg/day 16.7 (n=6) 20.0 (n=5) 20.0 (n=5) 20.0 (n=5)

750 mg/kg/day 22.2 (n=9) 0.0 (n=10) 42.9 (n=6) 42.9 (n=7)
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