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ABSTRACT

Phthalates ara category of chemicals that @@mmonly used in a wide range of consumer
products, iluding plastics, building materials, medical devices, and personal care products. As a
result, humans and animals are constantly exposed to phthalatedviddipolites of multiple
phthalate$requentlyhave been detected in human urine and blood sanspiggesting ubiquitous
exposure to different phthalateStudies have shown thatomen are exposed to phthalates at
higher levels compared to men, likely due to the higiseof personal carproductsby women
compared to menThis ubiquitous exposure fehthalates is of great concebecause several

phthalates have been shown to have endocrine disrupting abilities.

The developing ovary is thought to be extremely vulnerable to toxidanteammals,
females are born with a finite pool of primordiallicles, and the size of primordial follicle pool
determines the reproductive lifespan. To form the finite pool of primordial follicles, germ cells
must undergo mitosis, formation of germ cell nests, meiosis, and germ cell nest breakdown. Any
disruptionin the formation of the primordial follicle pool can affect female reproductive ability.
In the mouse, the ovaries begin to develop around embryonic day (Epddibe pool of
primordial follicles starts todrm around birth During the reproductive lifspan, some primordial
follicles grow into primary follicles, then prantral follicles, and subsequently into antral follicles.
The antral follicle is thenajor follicle type that is capable releasing an egg for fertilization and
synthesizing sex steroidormones such as estrogens. Thus, female fertility depends on normal
prenatal ovarian developmetite maintenance of a constant stream of growing follicles from the
primordial to antral stagpostnatally and the health of antral follicles. Chemicals tiné¢rfere
with developing ovarieformation of a normal number of primordial follicles, and the quality of

antral follicles will cause infertility.



Very limited information is available on the effects of phthalate mistore female
reproductionandevenless information is available dhe effects of an environmentally relevant
phthalate mixture on female reproduction. Thus, the goal of my doctoral dissertation work was to
examine the effects of an environmentally relevant phthalate mixture on fezpateluction.
Specifically, | examined the direct effect af vitro phthalate mixture exposure on mouse antral
follicles. Further | examined the effects of vivo prenatal phthalate mixture exposure on the first

and subsequent generation of mice ilmaggenerational study design.

First, | tested the hypothesis thattipalate mixture exposure decreases antral follicle
growth, compromises steroidogenic capacity, and induces atkesm@aal antral follicle growth,
steroidogenic capacity, intact oocytedasomatic cells, and undisrupted cell cycles are important
for female reproductive health and fertility. |1 found that piehalate mixture decreased antral
follicle growth starting at 24 hours compared to controls. The mixture also decse=agdl
hormonelevelsin the steroidogenic pathwaympared to controFurther, he mixturereduced
atresia rating, but it induced more oocyte fragmentation compared to céwditionally, the
phthalate mixture adversely affected antioxidant enzymes, apoptatiorsa steroidogenic
enzymes, and receptotsterestingly, the mixture adversely affected seveedllcycle regulators

to induce cell cycle arreswhich in turn reduced atresia.

Next, | tested the hypothesis thatepatal exposure to an environmentally relevant
phthalate mixture adversely affects female reproduction in rDieeeloping sex organs are very
sensitive to chemical challenges. For example, prenatal exposure to several phthalates induces
Apht hal mee sypyndabe rodents to disrupt male re
the developing female reproductive organs can resullisrupted puberty, irregular cyclicity,

subfertility, or infertility. | found thatprenatal exposure to the phthalatectore significantly



increased uterine weight and decreased anogenital distanearly ages, disrupted estrous
cyclicity at multiple time pointsandinduced cystic ovariestanold age. These observed adverse
effects are probably the reasdor the obsrved reduced fertility andincreasedbreeding

complicationdgn phthalate mixture treated mice compared to controls

Further, | tested the hypothesis thpmenatal exposure to an environmentally relevant
phthalate mixture induces transgenerational dissopon female reproduction in mice.
Multigenerational effects occur when the effects of a chemical are obsermeorenthan one
generation (F1 and F2)[ransgenerational effects occur when the effecta ahemicalis
transmittedto the generations that are not directly exposed to dhemical such as the F3
generationl found thatprenatal exposure to the phthalate mixingcedmultigenerational and
transgenerational effects in female mice. Specifically, the phthalate nsiguaifecantly increased
body weight at different agen F2 and F3 females, increased liver wesgint F2 females,
decreasednogenital distancen F2 and F3 females, increased uterine weight in F2 females
induced cystic ovariem F2 femalesand caused breed) complicationsn F2 and F3 females
Taken togethethesedata suggest that prenatal exposure to an environmentally relevant phthalate
mixturedisruptsmany aspects of female reproductiofrihand F3 femalmice.Collectively, my
doctoral dissertatiodata suggest that exposure to an environmentally relevant phthalate mixture
direcly act on antral follicles to reduce the health and function of antral follicles, and exposure
to this mixture prenatally causes fertility problems in the first and theegulent generations of

female mice
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CHAPTER |
Overview
1.1 Overview

Humans are constantly exposed to endocrine disrupting chemicals (EDCs). Numerous
studies have already indicated that EDCs, such as phthalates, can cause impaired reproductive
function (reviewed in[1]). Phthalates are a family of structurally related cloasi used as
plasticizers and additives in a wide range of common products, including various plastics,
cogmetics, personal care products)ywinyl chloride pipes, and vinyl flooring2, 3]. However,
most previous studies have only examined a single phthalate, and it is well known that humans
and animals are exposed to mixtures of phtha[dt€$. The limited number of studies conducted
with chemical mixtures either used very high dose®i(d00 times higher than human daily
exposure) or the mixtures were not made based on actual phthalates present in humans. It is crucial
to examine environmentally relevant doses of a phthalate mixture that mimics human daily
exposure so that we can betteiderstand the potential risks of phthalates on human and animal

health.

Previous studies have not determined the effects of an environmentally relevant phthalate
mixture on the ovary. It is important to determine if phthalates cause toxicity in theb®cause
ovarian toxicity can lead to infertility. The developing ovary is thought to be extremely vulnerable
to toxicants. In the mouse, the ovaries begin to develop around embryonic day (E) 10.5 after the
primordial germ cells migrate to the genitalgéd7-10]. The primordial germ cells then undergo
mitotic proliferation while they are still connected to each other to form clusters called germ cell
nestg8, 11]. This mitotic proliferation of the germ cells stops around E 13.5, when the germ cells

entg meiosis to form oocytes. At E 17.5, the oocytes become arrested at the diplotene stage of
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prophase in meiosis[7-10]. Between E 17.5 to postnatal day (PND) 5, the germ cell nests break

down, allowing the formation of individual primordial follicles. & jprimordial follicles formed
during this time period represent the reprodu
the reproductive life span, some primordial follicles grow into primary follicles, thearyrel

follicles, and subsequédntinto antral follicles. The antral follicle is thraajorfollicle type that is

capable releasing an egg for fertilization and synthesizing sex steroid hormones such as estrogens
[7]. Thus, female fertility depends on norrpaénatal ovarian developmetiie maintenance of a

constant stream of growing follicles from the primordial to antral gtagtnatally and the health

of antral follicles. Chemicals that interfere witbveloping ovariedormation of a normal number

of primordial follicles, and theuglity of antral follicles will cause infertility.

Thus,the overall goal of my doctoral dissertation work watest the effects ofghthalate
mixture onthe ovarianantral follicle health and reproductive capability female mice. The
phthalate mixtue that | usd in my studieswasmade of 21% dR-ethylhexyl phthalate (DEHP),
35% diethyl phthalate (DEP), 15% dibutyl phthalate (DBP), 8% diisobutyl phthalate (DiBP), 5%
benzylbutyl phthalate (BBzP), and 15% diisononyl phthalate (DINP). This mixire
ervironmentally relevant because it Wwassed on levels of phthalate metabolites present in human
urine samples from pregnant women in lllinois (unpublistiath from the iKids study). The
specific goal of my doctoral dissertation work was to test the hgpththat exposure tana
environmentally relevanphthalate mixture decreases the growth and steroidogenic capacity of

antral follicles and causes transgenerational fertility problems in female mice.

To complete my dissertation waqrk specifically testedthe following threemain
hypotheses 1) phthalate mixture exposure decreases antral follicle growth, compromises

steroidogenic capacity, and induces atre®jgrenatal exposure to an environmentally relevant



phthalate mixture adversely affects femadproduction in miceand3) prenatal exposure to an
environmentally relevant phthalate mixture induces transgenerational disruption on female

reproduction in miceTo test these hypotheses, | completed the following specific aims:

Specific Aim 1: Examine if phthalate mixture exposure decreases antral follicle growth,

compromises steroidogenic capacity, and induces atresia.

To complete this aim, | isolated and cultured antral follicles from adult cyclind @iixe
with vehicle contro(dimethyl sulfoxide DMSO) or phthalate mixture (600 pg/ml) for 96 hours.
During culture, antral follicle diameters were measured every 24 hours to monitor growth. After
culture, media were subjected to measurements of sex steroid hormones and follicles were
subjected to evaation of gene expression and atrediae data indicated that thphthalate
mixture (100 and 500 pg/ml) decreased antral follicle growth starting at 24 hours compared to
controls. The mixture at 10, 100, and 500 pug/ml also decremsdstenediongesbsterone,
estrone, and estradildvels compared to control. The mixture (10, 100, and|&itl) reduced
atresia rating, but it induced more oocyte fragmentation compared to control. The phthalate
mixture at different doses adversely affected cell cyadgilators, antioxidant enzymes, apoptotic
factors, steroidogenic enzymes, and recep@uo#ectively, these data indicate that exposure to an
environmentally relevant phthalate mixture reduces antral follicle growth, induces oocyte
fragmentation, and desases hormone production by adversely affecting the expression of cell
cycle regulators, apoptotic factors, steroidogenic enzymes, and recéptss.data are presented

in Chapter Il



Specific Aim 2: Determine if prenatal exposure to anenvironmentally relevant phthalate

mixture adversely affects female reproduction in mice.

To complete this aimpregnant CBL dams were orally dosed with vehicle (tocopherol
stripped corn oil) or a phthalate mixture (20 and 200 pg/kg/day, 200 and 500/day)kdaily
from gestational day 10 to birth. Female mice born to the exposed dams were subjected to
measurements of body and tissue weights, as wedisage collectionsn postnatal day 1, 4, 8, 21,
60 and 13 month. These females were also subjecfeditiy tests at3, 6, and 9 month adge.
The dataindicate that prenatal exposure to the phthalate mixture significantly increased uterine
weight and decreased anogenital distance on postnatal days 8 and 60, induced cystic ovaries at 13
months, disruged estrous cyclicity, reduced fertilitglated indices and caused breeding
complications at 3, 6, and 9 months of age. CollectitkBsedata suggest that prenatal exposure
to an environmentally relevant phthalate mixture disrupts many aspects ¢ fepraduction in

mice.These data are presented in Chapter IV.

Specific Aim 3: Test whether prenatal exposure to an environmentally relevant phthalate

mixture induces transgenerational disruption on female reproduction in mice.

To complete this aim,dosed pregnant damfr®m gestational day 10ntil birth and used
the female mice born to these dams to produce the next two generahem®seddams were
considered to be the FO generation. FO mice were orally dagedocopheroistripped corn oil
(vehicle control) or different doses of phthalatextomie (20 and 200 pg/kg/day, 2@hd 500
mg/kg/day). The pups born to FO were considered as the first generation (F1). The F1 generation
was exposed to phthalate mixture esi$es during dosing of the FO dam. The F1 females were
used to generate the second generation (F2) by breeding F1 female mice (3 months of age) with

nonexposed adult proven male breeders. This F2 generation was exposed to phthalates as germ
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cells when tb FO dams were dosed with the mixture. The F2 females were then used to generate
the third generation (F3) by breeding F2 female mice (3 months of age) witxposed adult
proven male breeders. This F3 generation was the first generation that wasosetiér phthalate
mixture during the dosing of FO dant®2 and F3 émale mice were subjecteseasurements of

body and tissue weights, as welltastissue collectionsn postnatal day 1, 4, 8, 21, 60 and 13
month. These females were also subjectd@rtdity tests at3, 6, and 9 month adge.The data
indicate that prenatal exposure to the phthalate mixture significactigased body weight at
different age in F2 and F3 females, increased liver weight in F2 females, decreased AGD on PND
21 in F2 and F3emales, increased uterine weight in F2 femaleduced cystic ovaries at 13
monthsin F2 femalesand caused breeding complicationd=2 and F3 femaleat 3, 6, and 9
months of age. Collectivelythesedata suggest that prenatal exposure to an enventaity
relevant phthalate mixturemduces multigenerational and transgenerational disruptionany

aspects of female reproductionf2 and F3 femalmice.These data are presented in Chapter V.

In summary, Chapter | describes the overview of my dissen. Chapter Il provides the
information on common phthalates, phthalate exposure, and the effects of phthalates exposure on
female and male reproduction. Chapter Ill describes the work that tested the hypothesis that
phthalate mixture exposure decremasatral follicle growth, compromises steroidogenic capacity,
and induces atresi@hapter IV describes the work that tested the hypothesisréraditpl exposure
to an environmentally relevant phthalate mixture adversely affects female reproductio®.in mic
Chapter V describes the work that tested the hypothesis pitestatal exposure to an
environmentally relevant phthalate mixture induces transgenerational disruption on female
reproduction in miceFinally, Chapter VI summarizes the findings presentedhm entire

dissertation work and suggests the future study directions.
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Chapter II

The Effects of Phthalates on Reproductioh

2.1 Abstract

Phthalates are commonlged in a wide range of consumer products, including plastics,
building materials, medical devices, and personal care products. As a result, humans and animals
are constantly exposed to phthalates daily. This ubiquitous exposure to phthalates is of great
concern because several phthalates have been shown to have endocrine disrupting abilities. This
chapter discusses the known effects of phthalates that are commonly used in building materials,
personal care products and cosmetics on reproduction. The retwedendpoints that are of
interest include the developing and mature sex organs, steroidogenic capacity and regulation,
puberty, reproductive diseases and complications, fertility, pregnancy, and birth outcomes. Both

human and animal studies are discdssehis chapter.

1 Published in part iZhou C. et alPersonal care products and cosmetics. In Reproductive and
Developmental Toxicology. Editor: Ramesh Gupta. Academic Press/Elsevier, (in press).



2.2 Phthalates and exposure

Phthalates are a family of structurally related chemicals used as plasticizers and additives
in a wide range of common products, including personal care products (PCPs), plastics, cosmetics,
polyvinyl chloride pipes, and vinyl flooring., 2]. They are diided into two groups, low and high
molecular weight phthalates, based on the number of carbon atoms in their backbones (low
molecular weight phthalates havé®arbon atoms, high molecular weight phthalates have more
than 6 carbons). Several phthalatspeeially the low molecular weight phthalates, are commonly

used as additives (e.g., humectants, emollients, and skin penetration enhancers]3 #CPs

Several studies have detected phthalates in PCPs, including some that have been banned
by certaincountries/region§3, 5, 6] A study conducted in Albany, New York showed that two
phthalates (diethyl phthalate [DEP] and dibutyl phthalate [DBP]) were present in almost all tested
perfumes, skin toners, and nail polisfi&s Similarly, a study conducted Tianjin, China detected
DEP in PCPs, with the highest levels in hand and body lofnénother study in Canada found
that DEP is the predominant phthalate in PCPs (especially in fragrances), followed by DBP
(mainly in nail polishes), diisobutyl palate (DiBP), d2-ethylhexyl phthalate (DEHP), and

dimethyl phthalate (DMP{L].

Phthalate exposure is widespread in infants and young children because of the use of baby
care products, such as baby wipes, powder, and lotion. In a study conducted ®awipeet
toilet papers for children in Spain, DBP and DEHP (forbidden in the European Union) were present
in 13 out of the 20 tested samp[é$. Urinary phthalate concentrations in infants and children
reflect phthalate exposures, and such exposureste@veshown to be associated with the use of
baby care products. Studies showed that the use of lotion, powder, and shampoo is significantly

associated with DEP, DMP, DiBP, benzyl butyl phthalate (BBzP), and DEHP metabolite levels in

9



infant urine samplef/, 8]. These associations may be due to the immature metabolic system and
high dosage per unit body surface area in infi§8itsA number of studies have also examined
phthalate exposure in young children and teengd@etd]. These studies indicate thatlg have

higher urinary phthalate metabolite levels (DEP, DEHP, DBP, and DiBP) thafi%ty$

Adult phthalate exposures have been examined extensively around the world. Phthalate
metabolites are commonly detected in urine samples and the levels efntie¢gbolites are
correlated with the usage of PCR2-16]. Metabolites of DEP, BBzP, DBP, DiBP, and DEHP
have been detected in urine samples from women and have been positively associated with the
number of PCPs used by womgt-14]. Studies have alsohewn that urinary monoethyl
phthalate (MEP, metabolite of DEP) concentration is positively associated with the use of perfume,

hair spray, nail polish, and deodor@th, 16]

Women are exposed to phthalates at higher levels compared to men, likelyraueigher
number of products used and increased frequency of using PCPs in women comparefBto men
5, 6]. The use of different types of PCPs is closely associated with the exposure levels of phthalates
in women. Women who use perfume have almost tiinees higher urinary concentrations of
MEP than women who do not use perfufh®]. An increased urinary concentration of MEP is
also associated with the use of hair spray, nail polish, and deofib8arntilthough fewer PCPs
are used by men compared to wvemmen who use cologne, lotion, and deodorant have higher
urinary phthalate metabolite levels (DEP, DBP, BBzP, and DEHP) than men who do not use these
PCPs[17]. In both women and men, urinary MEP concentration increased with the number of
PCPs used, espially the number of the fragranced produdts, 17} A study that screened

phthalates present in perfumes showed that the amounts of several phthalates (detection levels
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from high to low: DEP, DMP, BBzP, DEHP, and DBP) were above the quantitation iimtite

European Unioi18].

Phthalate exposure is of concern because epidemiological studies have shown that it is
associated with increased human health [8ksPCPs are frequently and heavily used in human
daily life; therefore, exposure through P@$e is a major phthalate exposure route. Several studies
have shown that DEP, DMP, BBzP, DBP, DiBP, and DEHP are the most commonly detected
phthalates present in PCRs 3, 5, 16, 18] The sections below describe the effects of phthalates

present in PCPan reproduction (study findings are summarized in Tables 2.1 to 2.4).

2.3 The effects of phthalates on female reproduction

Ovarian development

Phthalates can target the developing ovaries to adversely affect the ovarian follicle reserve.
In mammals, females are born with a finite pool of primordial follicles, and the size of primordial
follicle pool determines the reproductive lifespd®]. To form the finite pool of primordial
follicles, germ cells must undergo mitosis, formation of germ cell nests, meiosis, and germ cell
nest breakdow20]. Any disruption in the formation of the primordial follicle pool can affect

female reproductive ability.

Several studies show that phthalate exposure can interrupt primordial follicle forriration.
vitro DEHP exposure (10 and 100 uM) from postnatal day (PND) 0 to PND 3 significantly reduced
germ cell nest breakdown and primordial follicle pool formationngyeasing oocyte apoptosis
and reducing oocyte specific gene expression in mouse o\afigsStudies conducted by
injecting neonat al mi ce with DEHP (2.5, 5,

ovaries with DEHP (25, 50, and 100 mM, freambryonic day 16.5 for 6 days) also showed that
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DEHP adversely affected germ cell nest breakdown and primordial follicle fornf22pirurther,
DEHP reduced expression of estrogen receptor beta (ESR2), progesterone receptor (PR), and
Notch2 signaling faors, as well as reduced proliferation of pregranulosa precursor cells, further

reducing primordial follicle formatiof22].

Several studies show that prenatal exposure to phthalates can affect the follicular and
ovarian structures of the exposed pupgals, single gestational exposure to DiBP (0.375, 0.75,
and 1.25 ml/kg) on gestational day (GD) 10, 12, and 14 induced oocyte degeneration, formation
of follicles without oocytes, prominent and congested blood vessels in the ovarian stroma, and
widespreadarchitectural disarray of the ovarig3]. Prenatal exposure to DEHP from GD 14 to
birth decreased the thickness of the theca cell layer (50 and 300 mg/k84jaly) mouse studies,

DEHP increased the number of preantral follicles when mice were d@dlgd (500 and 1000
mg/kg/day) from GD 17 to 1@5] or from GD 11 to birth (200 pg/kg/day and 500 mg/kg/day)
[26]. DEHP exposure during gestation and lactation (0.05 and 5 mg/kg/day) also increased ovarian

weight and decreased the number of oocytes #aahed the metaphase 1l (MIl) st43¢].

Very limited information is available on the association between prenatal exposure to
mixtures of phthalates and adverse ovarian outcomes. In one animal study, transgenerational
effects were caused by a mixturebidphenol A (BPA), DEHP, and DBR8]. In that study, FO
dams were dosed from GD 8 to 14 with the mixture (BPA 50 mg/kg/day, DEHP 750 mg/kg/day,
and DBP 66 mg/kg/day, or exactly half of the doses) and exposure to the mixture induced
significant loss of pmordial follicles, reduced ovarian follicular reserve, and induced polycystic

ovaries in both F1 and F3 generations in j283.
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Postnatal ovary

Although the finite primordial follicle pool represents female reproductive potential,
reproductive capacitgepends on the quantity and quality of the antral follicles. This is because
the antral follicle is the only follicle type that is able to ovulate an oocyte for fertilization, as well
as produce large amounts of sex steroid horm{d®¢sAfter females a born, primordial follicles
are recruited to grow into more advanced follicle types. Primordial follicles consist of an oocyte
surrounded by a single layer of flattened granulosa cells. Primordial follicles can grow into primary
follicles, which contain & oocyte surrounded by a layer of cuboidal granulosa cells. Primary
follicles then grow to the preantral stage. Preantral follicles have an oocyte surrounded by two or
more layers of granulosa cells and an outer layer of thecal cells. Preantral fdikclegdw into
antral follicles, which have an oocyte, several layers of granulosa cells, two distinct layers of thecal
cells, and a fluid filled antral space. Sex steroid hormones produced by antral follicles are required
for normal estrous cyclicity, maenance of the female reproductive tract, and the health ef non

reproductive systems such as cardiovascular, bone, and nervous $29t8t1s

Severalin vivo animal studies have shown that postnatal exposure to phthalates can
adversely affect folliculogenesis in ovaries. When mice were exposed to DEHP daily (PND 7 to
14) or every 5 days (PND 5 to 20 and PND 5 to 40) at doses of 20 and 40 ug/kg/day, DEHP
acceleated the rate of follicle recruitment and decreased the number of primordial fqBi2]es
It also reduced levels of imprinted gene methylation in oocytes and increased MIl spindle
abnormalities in oocytes maturéd vitro [32]. In another study, DEHP pasure (20 and 200
png/kg/day, 20, 200, and 750 mg/kg/day) for 10 days accelerated primordial follicle recruitment via

the phosphatidylinositol-Binase signaling pathwd33]. DEHP exposure in adult mice for two
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or four weeks has also been shown to indattiele atresia (1000 and 3000 mg/kg/day) as well as

decrease corpora lutea numbers (3000 mg/kgidaxiyo [34].

In vitro studies conducted on mouse ovaries or antral follicles also show that phthalates or
their primary metabolites directly target the postnatal ovaries. In mouse antral follicle cultures,
DBP exposure (1000 pg/ml) suppressed follicle growth and triggerehati@sltering cell cycle
regulator and apoptotic factor expression and decreasing estradiol prodiB6}ideveral antral
follicle culture studies have also shown that DEHP (1, 10, and 100 pg/ml, 0.36, 3.6, and 36 uM)
and moneethylhexyl phthalate (MER) (0.1, 1, and 10 pg/ml) directly inhibit antral follicle
growth and induce atresia by inhibiting steroidogen@&is39], inducing oxidative stre$40, 41]
disrupting expression of cell cycle regulat[88, 41] and altering the expression of pamdantt
apoptotic factorg41]. A study conducted using a neonatal ovary culture system showed MEHP
accelerates early folliculogene§@8]. That study demonstrated that MEHP (0.2, 2, and 20 pg/ml)
decreased the percentage of germ cells and increaseddbetpge of primary follicles in cultured
mouse neonatal ovaries (cultured from PND 4 to 10) by decreasing phosphatase and tensin

homolog levels and increasing phosphorylated protein kinase B [88ls

Ovarian steroidogenesis

The ovaries are responsilite sex steroid hormone production. The ovarian production of
sex steroid hormones requires the presence of enzymes in both thecal and granulosa cells. Briefly,
cholesterol is transported into the mitochondria in thecal cells by steroidogenic acuteorggulat
protein (STAR) and is converted to pregnenolone in the mitochondria by cytocRetiboe

cholesterol sidehain cleavage (CYP11A1). Pregnenolone then diffuses out of the mitochondria

and is transported to the smooth endoplasmic reticulum to be conteadedpr ogest er one

hydroxysteroid dehydrogenase (HSD3B1), - or
14
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hydroxylase (CYP17A1l). Next, progesterone and DHEA are converted to androstenedione by
CYP17A1 and HSD3BL1 in ththecalcells, respectively. Androstenede is then converted to

t est ost e r-hydraxystdvojd dehydfogenase (HSD17B1) or to estrone by aromatase
(CYP19A1) in thegranulosacells. Testosterone and estrone are then converted to estradiol by
CYP19A1 and HSD17B1, respectively (reviewed4£]). Any disruption in the expression or
activity of these enzymes can adversely affect hormone production in the ovary. Normal growth
and steroidogenic capacity of the antral follicle is important for both reproductive ard non
reproductive health. Propetesoidogenesis is required for follicle maturation and fert{i$],

and the maintenance of cardiovascular, bone, and brain fufi2f8e81l]. The adverse effects of

phthalates commonly present in PCPs on antral follicle steroidogenesis are discusged belo

In vivo studies have shown that exposure to phthalates can affect normal steroidogenesis
in rodents. In one study, DEHP exposure (100, 500, and 1000 mg/kg/day) from GD 17 to 19
significantly altered the expression$®farand aromatase, as well as iraged estradiol levels in
mice at adulthood25]. When mice were exposed to DEHP (0.05 and 5 mg/kg/day) through
gestation and lactation, DEHP exposure significantly reduced the expression of steroidogenic
enzymesCypl7alandCyp19a) in adulthood27]. DEHP exposure at 20 and 40 pg/kg on PND
5, 10, and 15 significantly reduced gene and protein expression of CYP17A1 and luteinizing
hormone/choriogonadotropin receptor (LHCGR) in the thecal cells. It also reduced levels of
progesterone, estradiol, androstepnadi and luteinizing hormone (LH44]. In another study,
DEHP exposure via oral gavage for 10 days at 500 mg/kg/day decreased serum levels of
progesterone and estradiol in rats, which may be the result of idPed decreases in the
transportation of ablesterol into the mitochondria for steroidogeng4t. DEHP exposure (25

mg/n¥) through inhalation from PND 22 to 84, however, increased serum cholesterol and estradiol
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levels as well as increased aromatase gene expression level[46laiirther, lEHP exposure
at doses from 20 pg/kg/day to 2 g/kg/day for 8 days to 16 weeks decreased the serum levels of

several sex steroid hormones in rodents (review@iij).

Similar to the effects of phthalates on steroidogeniesigivo, studies also show that
phthalates disrupt steroidogenesis in antral folliahesitro. DBP at 1000 pg/ml significantly
reduced estradiol production in cultured mouse antral foll[8}s Similarly, DEHP at 1, 10, and
100 pg/ml inhibited steroidogensdby reducing estradiol levels in mouse antral follif3&s 39]

Its metabolite, MEHP, had similar effects on steroidogenesis, but at lower doses (0.1, 1, and 10

pg/ml) than DEHH38, 39]

Uterine structure and function

The uterus is an important organ females because it is responsible for embryo
implantation and maintaining pregnancy. The information on the effects of phthalates that are

found in PCPs on the uterus is limited, but the available study results are summarized below.

One study reported aassociation between phthalate exposure and uterine size in
Taiwanese girl$48]. This study followed 133 children for 12 years who were prenatally exposed
to phthalates and showed that DEHP exposure was significantly associated with reduced uterine

size & the ages of 8 to 148].

Although information is limited, animal studies show that phthalate exposure adversely
affects uterine health. When rats were exposed with BBzP at 500 mg/kg/day from PND 2 to 20,
the female pups had increased relative uterieight at the time of vaginal opening compared to
controls[49]. In endometrial cells collected from cows that were treated with DEHP or MEHP

(0.1, 1, and 10 ng/ml), phthalate exposure stimulated uterine prostaglandin F2 alpha (PGF2alpha)
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secretion, but inbited prostaglandin E2 (PGE?2) secret[60]. This altered ratio of PGF2alpha

to PGE2 ratio is thought to disrupt the estrous cycle in dé@f A study on the effects of a
phthalate mixture (BBzP, DBP, DEHP, DiBP and dipentyl phthaktt¢he ratio 0f3:3:3:3:1)

showed that the mixture at doses of 65, 130, 260, 520, and 720 mg/kg/day from GD 8 to 19 or GD
14 to 19 significantly induced female reproductive malformations, including hydrometrocolpos
and agenesis or complete aplasia of uterus at adulihaadis[51]. In another mixture study, a
mixture of BPA, DEHP, and DBP (BPA 50 mg/kg/day, DEHP 750 mg/kg/day, and DBP 66
mg/kg/day, or exactly half of the aforementioned doses) from GD 8 to 14 significantly reduced

uterine weights in the F1 and F3 genierad in rat428].

Anterior pituitary gland

The pituitary, especially the anterior pituitary gland, is another key organ in the female
reproductive system. The hypothalarpituitary-ovarian axis regulates menstrual/estrous
cyclicity and the hormones mtaced in this axis act on the ovary, uterus, and other parts of the
reproductive system to regulate female reproduction. The anterior pituitary gland synthesizes and
secretes luteinizing hormone (LH) and follicle stimulating hormone (FSH) in response to
gonadotropin releasing hormone (GnRH) synthesized by hypothalamus. The following section

discusses the known effects of the phthalates present in PCPs on the pituitary.

Not much is known about the effects of phthalates on the human pituitary. However,
phthdate exposure has been shown to target pituitary and to affect gonadotropin levels in animal
studies. DBP exposure from GD 15 to PND 21 through the diet changed the population of pituitary
hormoneimmunoreactive cells (200, 2000, and 10000 ppm) by incrgdke percentages of LH
positive and decreasing FSH and prolactin producing cells if52tslt also decreased pituitary

weights (10000 ppm at 11 weeks of age, 200 ppm at 20 weeks of age) and increapediti&H
17



cells in the pituitary at 11 weeks afle in female ratb2]. Prenatal exposure to DEHP from GD

14 to birth (1, 50, and 300 mg/kg/d4f4]) or MEHP from GD 17 to 19 (1000 mg/kg/d4g5])
increased serum FSH levels when the mice reached adulthood. In another mouse study, DEHP
exposure (0.055, and 500 mg/kg/day) from gestation to weaning significantly increased
gonadotropin subunit gene expression at PNDD2Z42. In rats, DEHP exposure (30 mg/kg/day)
during gestation through PND 15 also increased gonadotropin serum[$3}eRostnatal DBP
exposure (500 mg/kg/day) for 10 days starting at PND 20 significantly increased LH levels in rats
[45]. DEHP exposure (25 mgAnthrough inhalation from PND 22 to 84 increased serum LH
levels in rats[46]. Further, a study conducted in adult Manchegaep showed that DEHP
exposure three times per week for two months at a dose of 50 mg/kg significantly decreased basal

LH levels and decreased the pulsatile LH secretion when compared to aoitrol
Puberty

Several studies examined the associatiomnvéen phthalate exposure and the onset of
puberty in humans. Studies conducted in Puerto Rican and Chinese girls found that DEHP levels
were higher in girls with premature thelarche or precocious puberty than in girls without premature
thelarche or precocis puberty (reviewed ifb5]). This association between DEHP levels and
precocious puberty, however, was not observed in girls in United States (revid@dejl. iA case
control study in Taiwan found that urinary levels of monomethyl phthalate (MMP adoatiéd of
DMP) are associated with premature thelaféiég. A study from Taiwan measured seven urinary
phthalate metabolites (MMP, MEP, monobutyl phthalate [MBP], monobenzyl phthalate [MBzP],
and three metabolites of DEHP) in girls with and without preees puberty and found that
urinary levels of all the measured phthalate metabolites were significantly higher in girls with

precocious puberty compared to girls with normal onset of pufigftyIn a study conducted in
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Korea, girls with precocious pultghad higher plasma MBP levels when compared to girls with
normal onset of puberty, but no associations were found between MEHP levels and precocious
puberty[58]. In contrast, in a study conducted on 725 Danish girls, higher urinary phthalate levels
(MBP, MBzP, and DEHP metabolites) were associated with delayed pubarche, but not thelarche
[59]. Similarly, a study on 1239 girls from the United States showed that urinary levels of DEHP
metabolites, but not low molecular weight phthalates, were associdtedelyed pubarcHé0].

A study conducted in Shanghai, China also showed that high levels of MBP, MEP, and MEHP in

urinary samples were measured in children with constitutional delay of growth and gabgrty

Animal studies also demonstrate that plateaexposures can adversely affect puberty.
BBzP exposure has been shown to delay puberty onset in rats that were exposed through the diet
(11250 ppm)62] or by gastric intubation from GD 10 to birth (500 mg/kg/d@3]. Similarly,
BBzP exposure (500 nigg/day) from PND 2 to 20 decreased body weight at the time of vaginal
opening (indicating puberty onset), as well as induced architectural changes in the mammary gland
on PND 35 (500 mg/kg/day) in rajg9]. One study on DEP demonstrated that 10 weelanjiet
exposure (15000 ppm) before mating significantly delayed vaginal opening in both F1 and F2
female pupg64]. In another study, DBP exposure (500 mg/kg/day) in males for 8 weeks before
mating delayed vaginal opening for 2.5 days in the female pupstddine exposed mic5].
DBP exposure (0.5, 5, and 50 mg/kg/day) during neonatal (PND 1 to 5) and prepubertal (PND 26
to 30) periods advanced puberty onset, accompanied with irregular estrous cyclicity in female rats
[66]. The mechanism likely involvesetability of DBP to increase hypothalamic kisspeptin levels
and GPR54gene expression in femalf@6]. In contrast, one study showed that DBP exposure
(250, 500, and 1000 mg/kg/day) from weaning through puberty, mating, and gestation did not

affect the ageat vaginal opening, time of first estrus, or estrous cyclicity in the female rat pups
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[67]. In uteroexposure to MEHP at 500 and 1000 mg/kg/day delayed estrous onset in the female
mice[25]. DEHP exposure through inhalation at doses of 5 and 25 hiigym PND 22 to 41 or

84 (6 h/day, 5 consecutive days/week) advanced puberty onset in rats, characterized by earlier age
of vaginal opening and age at first estrous cij#. In another DEHP exposure study in which
female pubertal rats were exposed for fowets at 250, 500, and 1000 mg/kg/day of DEHP,
exposure of DEHP significantly increased GnRH levels in the hypothalamus and the GnRH

receptor levels in the uterus, which could further lead to uterine diseases latef6ig] life
Menstrual/estrous cyclicityand fertility

Numerous studies have shown that phthalates are gonadal toxicants and can disrupt normal
folliculogenesis, follicle growth, and steroidogenesis (reviewed4ifi). These effects of
phthalates can lead to abnormal menstrual/estrous cycliityeduced fertility/infertility. This

section discusses the effects of phthalates on menstrual/estrous cyclicity and fertility.

The effects of phthalates on menstrual cyclicity in women are not well characterized,
however, animal studies have shown thgtosure to phthalates alters estrous cyclicity. Exposure
to DEHP at 3000 mg/kg/day for 4 weeks induced prolonged and irregular estrous cyclicity in rats
[34]. In another study, DEHP exposure from PND 22 to 84 via inhalation at a dose of 25 mg/m
caused irregular estrous cyclicity in rf@€]. DEHP exposure for 10 and 30 days significantly
disrupted estrous cyclicity (10 days exposure, 20 ug/kg/day, 20, 200, and 750 mg/kg/day; 30 days
exposure, 200 mg/kg/day) in mi838]. In contrast, DBP exposei(250, 500, and 1000 mg/kg/day)
from weaning through puberty, mating, and gestation did not affect estrous cyclicity in the female

pups[67].
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Fertility has been associated with phthalate exposure in both human and animal studies. In
a study conducted irtdly, urinary phthalate metabolite levels (DEP, DEHP, BBzP, and DBP)
were significantly higher in 56 couples who were recruited from assisted reproduction clinics than
in 56 couples who were parents of more than one child by spontaneous coni&jjtitmthe
Environment and Reproductive Health (EARTH) study in which 215 women seeking infertility
care were recruited, urinary concentrations of DEHP metabolites were positively associated with
decreased antral follicle numbg#®]. In another report from thHEARTH study, which included
256 women undergoingn vitro fertilization, urinary metabolites of DEHP were inversely
associated with oocyte vyield, clinical pregnancy, and live birth afteitro fertilization [71]. In
rats, DEHP exposure at 3000 mg/kg/deom two weeks prior to mating to GD 7 decreased
pregnancy ratd34]. Prenatal exposure to DEHP in female mice at 200 pg/kg/day and 750
mg/kg/day induced breeding complications, including longer time to become pregnant and loss of

some or all pups at lir[26].
Endometriosis and leiomyoma

Phthalate exposures have been associated with several pathophysiological reproductive
conditions, including endometriosis and leiomyoma. The associations between exposure to

phthalates found in PCPs and these repragiidiseases/conditions are below.

Several studies found possible correlations between phthalate exposure and endometriosis
and leiomyoma. In a study that included women from 14 different locations across the United
States, metabolite levels of DBP and DEEWere significantly associated with an almost-fald
increase in the odds of endometriosis diagnp&$. In a U.S. Pacific Northwest population,
DEHP, but not DEP and BBzP, urinary metabolite levels, were significantly associated with

endometriosis sk[73]. In a National Health and Nutrition Examination Survey study that focused
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on data collected from 1999 to 2004, positive associations between urinary MBP levels and
endometriosis and leiomyomata as well as inverse associations between MEHP ldvels an
endometriosis were found in 1227 women aged 20 tf78} In a study conducted in Korea,
significantly higher DEHP and MEHP plasma levels were found in advestagd endometriosis
patients, suggesting that exposure to phthalates could lead to tHeskestabt of endometriosis

[75]. In another Korean study, women with or without leiomyoma were recruited in a case control
study to assess the urinary levels of phthal@@}s This study found that women with leiomyoma

had higher levels of urinary DEHP tabolites compared to women without leiomyoma. In a
Chinese case control study using 61 cases of leiomyoma and ®daégesd controls, urinary
metabolites of DiBP, DBP, and DEHP were positively associated with uterine leionfiy@min

a Taiwanese studyncreased urinary levels of MEHP, MBP, and MEP were associated with
leiomyoma andMBP and higher levels of and MEHP were associated with endomefii@sis

79]. However, in a study conducted in infertile Japanese women, no associations between urinary

levels of MEP, MBP, and metabolites of DEHP and endometriosis were [80hd

Not manyin vitro studies are available to examine the underlying mechanisms by which
phthalates are associated with endometriosis and leiomyoma. One study, however, showed that
DEHP exposure may induce endometriosis by elevating invasive and proliferative activities in

encometrial cell481].

Pregnancy and birth

Adverse pregnancy outcomes and birth defects are significant problems worldwide. A wide
range of factors can adversely affect female reproduction and in turn, affect pregnancy and birth.

Below, the associations eten phthalates found in PCPs and these outcomes are discussed.
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Information on the association between phthalate exposure and early pregnancy loss in
humans is limited due to the difficulty in detecting early pregnancy loss in women. Animal studies,
however, have examined the effects of several phthalates on eamryampcgdoss. BBzP, DBP,
and MBP exposure in pregnant rat dams from GD O to 8 significantly increased preimplantation
loss following successful mating (BBzP and MBP at 1000 mg/kg/day, DBP at 1250 and 1500
mg/kg/day) and caused peastplantation loss (BBzP anDBP at 750, 1000, 1250, and 1500
mg/kg/day, MBP at 1000 mg/kg/day$2-84]. In addition, dietary exposure to DEHP (500
mg/kg/day) in pregnant mice from GD 0.5 until the end of gestation caused a dramatic increase in

the postimplantation losses of pup&7].

Studies have examined the association between mid or late pregnancy loss and phthalate
exposure in women. In a study on a Danish population, a higher occurrence of pregnancy loss was
observed in women with higher urinary MEHP concentrations comgaradmen with lower
urinary MEHP concentratiorj85]. In a casecontrol study, where 150 cases of missed miscarriage
and 150 matched normal pregnancies in China were included, urinary levels of DEHP and DMP
metabolites were significantly associated witli®@f missed miscarriagen(uterodeath of the
embryo or fetus before it reaches 20 weeks of gestation with retained conception products), as well

as lower maternal serum hormone le\8g.

Similarly, animal studies have shown that phthalates inducegnpncy loss.
Administration of DBP at 500 and 1000 mg/kg/day from weaning through puberty, mating, and
gestation induced migregnancy abortion and reduced the percentage of live pups delivered in

rats[67]. Exposure to DEHP at 500 mg/kg/day for 8 weekssed 100% abortion in mi¢&7].

Phthalate exposures have been shown to adversely affect pregnancy length (reviewed in

[88]). In a Polish mother and child cohort study, urinary metabolite levels of DEP and DiNP were
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inversely associated with pregnancydgémand infant head circumferences, respecti{&dy. In

a Mexican birth cohort study, urinary levels of MBP, MBzP, and DEHP metabolites in the third
trimester were higher among women who delivered preterm compared to women who delivered
full term[90]. In a study conducted in Boston, Massachusetts, DEHP metabolite levels in the third
trimester were strongly associated with spontaneous preternjddiftiHigher DEHP metabolite

levels in the first trimester were also associated with placental preterm(gretclampsia or

intrauterine growth restrictionyp1].

The association between phthalate exposure and birth outcomes is equivocal. Umbilical
vein blood, maternal blood, and meconium levels of DBP and MEHP, but not DEP and DEHP,
were associated with lowirth weight (reviewed ir§88]). Interestingly, urinary phthalate levels
were associated with increased size at birth (reviewf&Biy. Furthermore, no associations were
found between phthalate exposure and infant length, head circumferences, anceights w
(reviewed in88]). In animal studies, when female mice were hypodermically injected with DEHP
postnatally every 5 days from PND 5 to 40, DE

and litter siz432].

2.4 The effects of phthalates on males

Developing male sex organs

The development of the male sex organs largely depends upon testicular hormones
(testosterone and dihydrotestosterone) -litierian hormone (AMH), and insulitike peptide
3 (INSL3). Disruption of these key factors during deypshent can result in malformation and
dysfunction of the male reproductive system. Phthalates have been shown to have adverse effects

on the development of male sex organs. The available information is summarized below.
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Experiments on the effects of phidt@s on human tissues or cells are limited. In one cell
culture study that used human fetal male germ cells, MEHP exposuré®avlifor 3 days

significantly increased apoptosis in exposed male germ[6&lls

Animal studies have shown that utero exposure to phthalates disrupts reproductive
development in males. In male rats, prenatal exposure to a number of phthalates (BBzP, DBP, and
DEHP) caused phthalate syndrome, which consisted of malformation of the male reproductive
organs, retention of ngdes, and reduced anogenital distance (AGD) (reviewf2Biy. One study
showed that DEHP and BBzP, but not DEP and DMP exposure at 0.75 g/kg/day from GD 14 to
PND 3 shortened AGD, decreased testis weight, and caused formation of -likenale
areolas/nip@s in male rat pud94]. Gestational exposure to DBP (500 mg/kg/day) in rats, either
from GD 12 to 20[05]) or from GD 13 to 20[06]) significantly decreased testosterone levels,
induced Leydig cell clustering, and increased the number of-nudteatel gonocytes compared
to control group. MBP exposure (0.5 g/kg/day) in rats from GD 15 to 18 decreased testis weight,
inhibited maturation of germ cells, and decreased testosterone production by the Leydig cells in
the male pups at bir®7]. Exposure to IBP (600 mg/kg/day) from GD 7 to 21 caused Leydig
cell hyperplasia and Sertoli cell vacuolization and induced multleated gonocytes in rd@s8].
Moreover,in uteroexposure to DEHP at 0.1, 1, and 10 mg/kg/day from GD 1 to weaning reduced
the developmet and the size of testes on PND 15 in mouse s Prenatal and lactational
exposure to DEHP at 500 mg/kg/day significantly reduced the weights of male sex organs (ventral
prostate and seminal vesicle) in rft80]. In another study, MEHP exposure(Q7mg/kg/day)
from GD 13.5 to 14.5 significantly increased apoptosis in mouse fetal [@8{etn a study that
examined the mechanism by which prenat al expo

affects sexual differentiation in rats, DEHP expessignificantly increased the protein levels of

25



sexdetermining region Yoox 9 and AMH in the testis, two factors that are crucial for the sexual
differentiation events in mal¢$01]. In another study, prenatal DEHP exposure (100 mg/kg/day)
from GD 12 t019 induced testis dysgenesis and Leydig cell clustering in the interstitium, caused
seminiferous cord malformation, and thickened basement membranes of seminiferous cords,
accompanied with significantly reduced testosterone production if1@&F In tha study, DEHP
exposure also significantly altered levels of 23 different proteins, including decreasing the levels
of proteins involved in testis testosterone production and increasing the levels of proteins related

to small Leydig cell cluster formatidi02].

Phthalate mixtures have also been shown to affect the development of male sex organs.
Coadministration of DEHP (150 mg/kg/day) and DBP (100 mg/kg/day) from GD 13 to 21
significantly reduced testicular testosterone levels and increased the inciengkinucleated
gonocytes, the diameter of the seminiferous cords, and Leydig cell clusterg108ats another
study, prenatal exposure to DBP, DEHP, and a mixture of DBP and DEHP (500 mg/kg/day for
each chemical) in rats from GD 14 to 18 indueegteater than 50% increase in the incidence of
several reproductive malformations (epididymal agenesis, reduced andiememdent organ
weights) and decreased fetal testosterondrasi@andCypllalexpression in the male offspring

[104].

Postnatal malesex organs

Postnatal exposure to phthalates has been shown to induce adverse effects on male
reproduction. The results obtained from animal studies that focus on postnatal exposure to

phthalates are discussed below.
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Prepubertal DBP exposure from PND 41tb at doses from 1 to 500 mg/kg/day reduced
Sertoli cell proliferation, delayed spermatogenesis, and impaired Sertoli cell maturation in mice
[105]. Postnatal exposure to DBP (500, 1000, and 1500 mg/kg/day) for 7 days induced oxidative
stress in the testiand impaired spermatogenesis in adult njild@6]. In another study, DBP
exposure (100 and 500 mg/kg/day) for 30 days caused maldevelopment of the testes and
epididymis, severe atrophy of the seminiferous tubules, loss of spermatogenesis, abnormal levels
of serum hormones, altered levels of proteins involved in spermatogenesis, and disrupted the
function and number of Sertoli and Leydig cells in [a7]. Eight weeks of exposure to DBP
(2000 mg/kg, 3 days/week) before mating increased the incidencerof Bpad malformations
in F1 mice[65]. Eight weeks exposure to DBP (500 mg/kg and 2000 mg/kg, 3 days/week)
diminished sperm motility and enhanced frequency of abnormal sperm heads in ad{108jice
In another study, DBP exposure (500 mg/kg/day) disrupted tubule formation and germ cell
differentiation and decreased the number of spermatogonia and Sertoli cells in Rhesus monkey
testis fragment$109]. Dietary exposure to DEHP in rats at 5000 and 20@om for 60 days
reduced total body, testis, epididymis, and prostate weights, caused testicular degeneration, and
decreased testicular zinc content in fat0]. In another rat study, pubertal exposure to DEHP at
250, 500, and 750 mg/kg/day for 30 dayduceddeformed seminiferous tubules, aggregated
chromatin, multiple vacuoles, swollen mitochondria, apoptotic germ cells and Sertoli cells, but
increased Leydig cell numbeikll]. In contrast, DEHP exposure at 300 mg/kg weekly between
3 and 7 weeks ofge did not affect testis morphology, the number of Sertoli and Leydig cells, or

the incidence of germinal epithelial lesions in dis2].
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Steroidogenesis

The steroidogenic pathway is also a major target of phthalates in males. Information on the

effeds of phthalates on sex steroid hormone production is discussed below.

Phthalate exposure has been associated with altered sex steroid hormone levels in humans.
In a Mexican population, prenatal exposure to phthalates was associated with decreased
dehydrepiandrosterone sulfate (DBP) and inhibin B levels (DEP) as well as increased sex
hormonebinding globulin levels (BBzP, and DBP) in boy$13]. Additionally, childhood
exposure to DEHP, BBzP, andmhoctyl phthalate was associated with decreased tesinste
levels and increased sex hormdaeding globulin in boyg113]. A longitudinal study showed
that urinary MBzP levels were negatively associated with dehydroepiandrosterone sulfate levels
at 11 years of age, but positively associated with testostiresls at 13 years of age in boys in
Denmark[114]. A study on 881 Danish men found that MEHP levels were negatively associated
with free androgen levels, the ratio of testosterone/LH or FSH, total and free testosterone levels,
and the ratio of testostere/estradiol[115]. In a 20112012 National Health and Nutrition
Examination Survey study that focused on the United States general population, levels of DEHP
and DBP metabolites were associated with reduced testosterone levels in men in the 40 to 60 age
group[116]. In a study conducted on 425 men that were recruited through an infertility clinic in
the United States, urinary MEHP levels were inversely associated with the levels of testosterone,
estradiol, and free androgen ind@17]. In a Chinese popuian, occupational exposure to high
levels of DBP and DEHP were significantly associated with lower free testosterone level in

workers[118].

Animal studies have shown that phthalate exposures affect the steroidogenesis pathway

and reduce sex steroid hawvme production. One study found that 10 weeks of dietary DEP
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exposure (3000 and 15000 ppm) decreased serum testosterone levels in f&dg matanother

study, DBP exposure (500 mg/kg/day) reduced steroidogenic enzyme gene expression in Rhesus
monkey estis fragmentfl09]. Prepubertal DBP exposure (from 1 to 500 mg/kg/day) from PND

4 to 14 reduced testosterone and other testicular androgen activities ifl@%fpeOral gavage

with DIBP (600 mg/kg/day) from GD 7 to 21 significantly reduced Cypl1Alemdevels and
reduced testicular testosterone production in[@8% A single dose of DEHP (30, 100, and 300
mg/kg) on GD 15 decreased the expression of testicular StAR gene and protein expression (100
and 300 mg/kg) in ratgl19]. Moreover, DEHP exposure (10 mg/kg/day) from PND 21 to 48
significantly increased serum testosterone levels, whereas DEHP exposure at 750 mg/kg/day
decreased serum testosterone levels compared to control ifi28is DEHP exposure (500
mg/kg/day) for 14aweeks also significantly reduced steroidogenic enzyme gene expression in
Rhesus monkey testis fragme[69]. Anin vitro study showed that certain doses of MEHP had
biphasic effects on Leydig celld20]. MEHP exposure (100 uM) increased 4dstimulated
testosterone production whereas a higher dose (10 mM) inhibitestilridlated testosterone

production[120].

The effects of a mixture of several phthalates on steroidogenesis have also been examined.
Exposure to a mixture of five phthalates (BBzP, DBP, PEHIBP, and dipentyl phthalate) from
GD 8 to GD 18 reduced male fetal testosterone levels in aatlbtve manner in ratgl21].
Other studies on mixtures of different aatidrogens, including phthalates, also showed that

mixture exposure reduced fetaktis testosterone production in ri82, 123]

Anogenital distance

In males, anogenital distance (AGD) is the distance between the anus and the base of the

penis. AGD is largely determined by prenatal testosterone levels and is frequently used as a
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measurement of genital development and androgen status in reproductive toxicological studies.
Studies show that phthalate exposure is associated with shorter AGD in humans. In one
epidemiological study, median and™percentile exposure estimates for tah DBP, DEP,

BBzP, and DEHP exposure were significantly associated with reduced AGD in the male infants
[124]. Further, a comprehensive literature review on the effects of phthalates on male reproduction
and development indicates that maternal urinartabwite levels of DEHP, DBP, BBzP, DEP,

and DiBP have been associated with decreased AGD in some, but not in all,[§R&lies

Phthalate exposure also can reduce AGD in rodents. BBzP exposure (3750 and 11250 ppm)
through the diet reduced AGD in rg62]. In another study, DBP exposure from GD 15 to PND
21 decreased AGD in rafS2]. Prepubertal DBP exposure (1 to 500 mg/kg/day) from PND 4 to
14 reduced AGD in micgl05]. Exposure to DIBP (600 mg/kg/day) from GD 7 to 21 reduced
AGD in rats[98]. Interesingly, whereas individual DEHP or DBP treatment reduces AGD in the
male offspring, a mixture of these two chemicals (DEHP at 150 mg/kg/day and DBP at 100

mg/kg/day) from GD 13 to 21 did not affect AGD in rgt83].
Hypothalamus and pituitary

Similar to female reproduction, male reproduction is controlled by the hypothalamic
pituitary-gonadal axis. This axis is responsible for regulating organ development and hormone
production. Proper feedback, interaction, and regulation among the organs in thie axicial
for normal male reproduction. Adverse effects on any of these organs could disrupt male
reproduction. The information below describes what is known about the effects of phthalates on

the hypothalamus and the pituitary.
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In rodents, phthalate exposure affects male reproduction by acting on both the
hypothalamus and pituitary. DBP exposure (10000 ppm) through the diet from GD 15 to PND 21
increased the percentage of 4gdsitive cells and decreased the numbers of FSH addcpro
producing cells in rat§52]. DEHP exposure (30 mg/kg/day) from GD O to lactational day 15
significantly decreased gamraaninobutyric acid (hypothalamic inhibitory neurotransmitter) and
increased aspartate (hypothalamic stimulatory neurotransniitiergpubertal male rat offspring
[53]. As a result, phthalate exposure increased gonadotropin serum levels, potentially leading to
further reproductive problems in rgd&3]. In another study, prenatal DEHP exposure at 0.05, 5,
and 500 mg/kg/day decreasexpression of gonadotropiaceptor genes in the gonad and
increased the gonadotropin subunit gene expression in the pituitary in the male offdpfing
Pubertal exposure to DEHP at 250, 500, or 750 mg/kg/day for 30 days has been shown to disturb
the typothalamiepituitary-testis axis by reducing serum testosterone, LH, and FSH levels in rats

[111].

Puberty

Although information is limited, phthalate exposures have been associated with disrupted
pubertal onset in human epidemiological studies. In a d&expopulation, prenatal exposure to
some phthalates was associated with reduced odds of adrenarche (metabolites of DEHP, BBzP,
DBP, DiBP, DEP, and ehi-octyl phthalate) and puberty (metabolites of DEHP, BBzP, DBP, and
DiBP) in boyq113]. Further, a longudinal study showed that urinary MBP levels were associated

with younger age of pubarclil4].

Phthalate exposure delays or advances pubertal onset in animal studies, depending on the
exposure windows and doses. BBzP exposure (3750 and 11250 ppm) ttrewhét delayed

pubertal onset, induced nipple retention, and caused male reproductive system malformation
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(11250 ppm only) in ratg62]. Pubertal DEHP exposure (300 and 900 mg/kg/day) from PND 22
to 58 significantly delayed the onset of puberty and reduced anddegpemdent organ weights

by acting on both Leydig and Sertoli cells in r§i26]. Moreover, DEHP exposure at 10
mg/kg/day fran PND 21 to 48 significantly advanced pubertal onset and DEHP exposure at 750

mg/kg/day delayed pubertal onset in [a0].

Fertility

Phthalate exposure has been associated with abnormal sperm parameters in human and
animal studies, a scenario that abréduce fertility. A study conducted in over 1000 men in China
showed that urinary MBP levels were positively associated with low sperm concentration and low
total sperm count, and MEHP levels were associated with an increased percentage of abnormal
spermheads[127]. Another Chinese study conducted in 1066 men of reproductive age further
showed that urinary MEHP levels were negatively associated with acrosin activity (aids in the
penetration of the zona pellucida) and that MBP and MiBP levels were redgaisgociated with
acrosin activity and normal sperm morphology, but positively associated with DNA fragmentation
index [128]. In another Chinese study, metabolites of DBP and DEHP were associated with
reduced semen volume, metabolites of DBP, DEHP anziPBBere associated with decreased
sperm velocity, and a metabolite of BBzP was associated with increased percentage of abnormal
sperm heads and tail$29]. In a multicenter study in the United States, in which partners of
pregnant women were recruitearn the prenatal clinics, urinary levels of metabolites of DIBP
and BBzP were negatively associated with semen quality, indicated by the lower sperm
concentration and motilitj 30]. In a study that included 501 couples in the United States, urinary

levelsof MEP, MBP, and MBzP in men were associated with longer time to pregi8idy
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Many animal studies have shown that phthalate exposure affects sperm and reproductive
organs to reduce fertility. In mice, DBP exposure for 8 weeks (3 days/week, 500 anddZRgp
diminished sperm motility, increased the frequency of abnormal sperm heads in[H8its
caused pup growtretardation, and increased the incidence of sperm head malformation in the
male pups (only at 2,000 mg/kg/da5]. In rats, prenatal exygure to DBP (100 and 500
mg/kg/day) on GD 1, 7, and 14 significantly decreased fertility by decreasing testicular
steroidogenic enzyme activity levels, serum testosterone levels, sperm density, motile and viable
sperm numbers, and by increasing sperm abalities[132]. In a study conducted by using p53
deficient mice, DBP exposure (250 and 500 mg/kg/day) from GD 12 until birth significantly
induced multinucleated germ cells in the male offsprih@3]. Prenatal exposure to DEHP (0.045,
0.405, and 405 nilgg/day) from GD 6 to lactation day 21 reduced daily sperm production (0.045
mg/kg/day and higher), increased serum testosterone levels, and decreased weight of seminal
vesicles with coagulating glands (405 mg/kg/day) in [E8¢]. Prenatal and lactatiohexposure
to DEHP at 500 mg/kg/day significantly disrupted male sexual behavior, and reduced daily sperm
production and epididymal sperm counts when male rats were examined during puberty and
adulthood100]. Another prenatal and lactational DEHP exposiuely in mice and rats showed
that exposure at 0.05 and 5 mg/kg/day reduced testis weights and caused 50% less concentrated
semen in the male pufi35]. DEHP exposure from PND 7 to 49 reduced the quality and quantity
of spermatozoa (at 20 and 40 pg/ky/dalecreased the number of germ cells entering meiosis (at
40 ug/kg/day), and altered immature testis gene expression (at 5 pg/kg/day) jh36ic®ietary
exposure to DEHP at 5000 and 20000 ppm for 60 days reduced epididymal sperm density and

motility and increased the incidence of abnormal sperm at the higher exposure grougd idfats
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Reproductive diseases and complications

Phthalate exposures are associated with several male reproductive diseases/complications
in both epidemiological and animadusies. In a United States study, mother and male infant pairs
were recruited during the first trimester of pregnancy and urinary phthalate levels were measured
during first trimestef137]. This study found that the incidence of a newborn male genitaiago
was positively associated with first trimester urinary DEHP metabolite levels. Hypospadia is a
testosteronenediated condition that is described as an incomplete urethral closure during the
development of external genitalia, resulting in the openfrigeurethra on the underside of the
penis. Information from epidemiological studies is very limited, but 3 out of the 4 studies did not
find an association with maternal or paternal phthalate exposures and hypospadias; the only study

that showed positivassociation had a very small sample size (reviewgtR).

In one animal study, phthalate mixture exposure induced formation of hypospadias. In that
study, exposure to a mixture of aatidrogens (vinclozolin, procymidone, linuron, prochloraz,
BBzP, DBP, and DEHP) from GD 14 to 18 significantly disrupted male reproductive tract
differentiation, induced hypospadias and epididymal agenesis, and caused undescended testes at
high doses (75% and 100% of a mixture of 15 mg/kg/day vinclozolin, 15 mg/kgfiaynuidone,

35 mg/kg/day prochloraz, 20 mg/kg/day linuron , and 150 mg/kg/day each of BBzP, DBP, and

DEHP) in rat4138].

Another common defect of the male reproductive system is cryptorchidism. In this
condition, one or both testes are undescended. Résrfisstudies on the association between
phthalate exposure and cryptorchidism in humans are inconsistent. Metabolites of DEHP have

been associated with cryptorchidism in some studies, however, other studies indicate that the levels
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of metabolites of DEF)BP, DiBP, DMP, BBzP, or DEHP are not associated with the prevalence

of cryptorchidism (reviewed if125]).

In animal studies, DBP exposure (500 mg/kg/day) from GD 13.5 to 21.5 has been shown
to induce cryptorchidisril39]. The mechanism by which DBP inths these adverse effects is
thought to be by reducing INSL3 and CPY11A1 protein expression during gestation, leading to

disrupted development and malfunction in adult Leydig cell populafic3y.

DEHP and DBP have also been shown to have transgemaittaftects on reproduction in
rodents. One study that exposed FO dam rats from GD 8 to 14 with a plasticizer compound mixture
(BPA 50 mg/kg/day, DEHP 750 mg/kg/day and DBP 66 mg/kg/day) found transgenerational
effects on several male reproductive disegd@8. Specifically, the mixture increased the
incidence of prostate disease and abnormalities in F1 male rats, decreased seminal vesicle and
epididymal weights in the F3 generation, and caused testicular diseases in both the F1 and F3
generation$28]. The adverse effects of this mixture are probably through mixaheced sperm
epimutation (differential DNA methylation regions in gene promoters) that promoted epigenetic

transgenerational diseades].

2.5 Conclusion

People use PCPs and cosmetics on a daily basis. As a result, humans are constantly exposed
to chemicals in PCPs and cosmetics. Phthalates are very commonly used in these products. Thus,
exposures to these chemicals are inevitable. Many available studibe chemicals that are
commonly found in PCPs, especially phthalates, have already shown that these chemicals can
adversely affect female and male reproduction in both human and animal studies (summarized in
Tables 2.1 to 2.4). However, results from hanepidemiological studies vary with study

population and analytical methods. Thus, future studies are needed to develop some reliable
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approaches to assess the association between phthalate exposure and adverse human health
outcomes. More information is rded on the effects of the chemicals used in PCPs on
reproduction in both human and animal respects. Moreover, the mechanisms by which these
chemicals cause adverse effects on reproduction are not well understood. Thus, future studies are
needed to examinéhe mechanisms by which different chemicals found in PCPs affect

reproduction, especially with a focus on environmentally relevant exposures.
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2.6 Tables

Table 2.1 Theeffects of phthalates on female reproduction (experimental studies)

Targets Phthalate Species Exposure Effects References
, Oocyte degeneration, folliclermation
Single exposure on GD without oocytes, prominent and congestec
DiBP Rat 10, 12, and 14, 0.375, P ; 9 [23]
blood vessels in the ovarian stroma,
0.75, and 1.25 ml/kg . . .
widespread architectural disarray of the oval
In vitro ovary culture,
Mouse PND O to 3, 10 and 100 Redgced germ pell nest breakdpwn and [21]
uM primordialfollicle pool formation
M PNDOto4,25,5 and 1 Reduced germ cell nest breakdown and
ouse , : . .
pg/g/day primordial follicle pool formation by
In vitro ovary culture, GD decreasing expression of ESR2, PR, anc [22]
Mouse  16.5 for 6 days, 25, 50, Notch2 signaling factors, reduced proliferati
and 100 mM of pregranulosgrecursor cells
Ovarian DEHP Rat GD ?Tgot?ng/rlig’/ dg())/ and Decreased thickness of the theca cell laye [24]
development ouse  ©D 17 t0 19,500 and 25]
1000 mg/kg/day
GD 11 to birth, 200 Increased number @ireantral follicles
Mouse pg/kg/day and 500 [26]
mg/kg/day
Mouse Gestation and lactation, Increased ovarian weight and decreased 27]
0.05 and 5 mg/kg/day number of oocytes that reach the Mll stag:
GD 8 to 14 mixture of
BPA, DEHP, and DBP . : .
Induced loss of primordial follicles, reducec
. (BPA 50 mg/kg/day, : . )
Mixture Rat ovarian follicular reserve, and polycystic [28]
DEHP 750 mg/kg/day, ovaries in both F1 and F3
and DBP 66 mg/kg/day,
or half of the doses)
Postnatal DBP Mouse Antral follicle culture, Suppressed fo_Ilche growth and trlggereo_l [35]
ovary 1000 pg/ml atresia via altering cell cycle and apoptotic
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Table 2.1 (cont.)

factor expression and decreasing estradic
production

Injection, every 5 days,

Accelerated follicle recruitment, decreasec
numbers of primordial follicles, reduced leve

Mouse PNDS5 to 40, 20 and 40 of imprinted gene methylation in oocytes, al [32]
ug/kg/day increased MII spindle abnormalities in oocyt
maturedn vitro
Adult dosing for 10 or 30 Accelerated primordial follicle recruitment vi
Mouse days, 20 and 200 the phosphatidylinositol-Rinase signaling [33]
ug/kg/day, 20, 200, and athwa
750 mg/kg/day b y
Postnatal Adult dosing for 2 or 4 Inducedfollicle atresia (1000 and 3000
ovary DEHP Mouse  weeks, 1000 and 3000 mg/kg/day) and decreased corpora lutea [34]
mg/kg/day numbers (3000 mg/kg/day)
Antral follicle culture, Inhibited antral follicle growth anohduced
DEHP (1, 10, and 100 atresia by inhibiting steroidogenesis, inducii
Mouse pg/ml, 0.36, 3.6, and 36 oxidative stress, disrupting expression of ce  [36-41]
uM) and MEHP (0.1, 1, cycle regulators, and altering the expressior
and 10 pg/ml) pro- and antiapoptotic factors
Decreased the percentage of germ cells a
Ovary culture, PND 4 to increased the percentage of primary follicle
Mouse 10, MEHP at 0.2, 2, and by decreasing phosphatase and tensin hom [38]
20 pg/mi levels and increasing phosphorylated prote
kinase B levels
Antral follicle culture,
DBP Mouse 1000 pg/ml [35]
Ovarian DEHP  Mouse Antral follicle culture, 1, Reduced diol broducti 36, 39]
steroidogenesis 10, and 100 pg/ml educed estradiol production ,
MEHP Mouse Antral follicle culture, 0.1, 38, 39]

1, and 10 pg/mi
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Table 2.1 (cont.)

GD 17 to19, 100, 500 anc

Altered expression dtarand aromatase,

Mouse 1000 mg/kg/day increased estradiol levels [25]
Mouse Gestation and lactation, Reduced expression of steroidogenic enzyr 27]
0.05 and 5 mg/kg/day (Cypl7alandCypl9al)
Intraperitoneal injection a Deceased expression of LHCGR and
Mouse 20 and 40 pg/kg on PND CYP17A1, levels of progesterone, estradic [44]
Ovarian 5, 10, and 15 androstenedione, and LH
steroidogenesis DEHP , Decreased progesterone asdradiol levels in
Prepubertal dosing for 1( .
Rat days, 500 mg/kg/day the serum, de_creased transportation of [45]
' cholesterol into the mitochondria
Inhalation from PND 22 Increased serum cholesterol and estradic
Rat levels as well as increased aromatase gel [46]
to 84, 25 mg/rh .
expression levels
Rodent 8 days to 16 weeks, fron Decreased several serum sex steroid horm Rgviewed
20 pg/kg/day to 2g/kg/da levels in [47]
BBzP Rat PND 2 to 20, 500 Increased relativg uterine yveight at the time [49]
mg/kg/day vaginalopening
DEHP or Cow Endometrial cell culture, Stimulated uterine PGF2alpha secretion, b [50]
MEHP 0.1, 1, and 10 ng/ml inhibited PGE2 secretion
GD 819 or 1419,
. mixture of BBzP, DBP, Induced hydrometrocolpos and agenesis (
Uterine Mixture Rat  DEHP, DiBP and dipenty Y | | P ; 9 [51]
structure and phthalate5, 130, 260, complete aplasia of uterus
function 520, and 720 mg/kg/day
GD 8 to 14, mixture of
BPA, DEHP, and DBP
Mixture Rat (BPA 50 mg/kg/day, Reduced uterineeights in the F1 and F3 28]

DEHP 750 mg/kg/day,
and DBP 66 mg/kg/day,
or half of the doses)

generations
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Table 2.1 (cont.)

GD 15 to PND 21, diet

Increased percentages of {gdsitive and
decreased FSH and prolactin producing cel

DBP Rat exposure, 200, 2000, an Decreased pituitary weighiiscreased FSH [52]
10000 ppm - . o
positive cells in the pituitary
GD 14 to birth, 1, 50, anc
Mouse 300 mg/kg/day Increased serum FSH levels 24
Mouse MEHP, GD 17 to 19, 25]
1000 mg/kg/day
: Gestation to weaning . .
Anterior ’ Increasedyonadotropin subunit gene
pituitary gland Mouse 0.05, 5, and 500 expression [27]
mg/kg/day
DEHP Rat Gestation to PND 15, 30 Increased gonadotropin serum levels [53]
mg/kg/day
Rat PND 20 to 30, 500 Increased LH levels [45]
mg/kg/day
Inhalation from PND 22
Rat t0 84, 25 mg/r Increased serum LH levels [46]
Adult dosing for 2 .
Sheep months, 3 times/week, 5 Decreased basal LH Iev_els and the pulsati [54]
LH secretion
mg/kg
Rat  Diet exposure, 11250 ppr [62]
i Delayed puberty onset
Rat GD 10 to birth, 500 yeap y [63]
BBzP mg/kg/day
Decreased body weight at the time of vagir
Puberty Rat PND 2 to 20, 500 opening, induced modification in architectul [49]
mg/kg/day . o
and proliferative index of the mammary glar
FO 10 weeks dietary
DEP Rat exposure before mating, Delayed vaginal opening in F1 and F2 [64]

15000 ppm
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Table 2.1 (cont.)

Males were exposed 8 Delayed vaginal opening for 2.5 days in

Mouse weeks before mating, 50 female bubs [65]
mg/kg/day Pup
PND 1to 5, PND 26to  Advanced puberty onset, induced irregula
DBP Rat 30, 0.5, 5, and 50 estrous cycles and increased hypothalami [66]
mg/kg/day kisspeptin levels an@GPR54gene expression
Puberty Weaning through puberty : -
Rat - mating and gestaton, 251 N °16°1 01 20° stuadne openitae o ey
500, and 1000 mg/kg/da ’ y y
MEHP, in uteroexposure,
Mouse 500 and 1000 mg/kg/day Delayed estrous onset [25]
Rat Inhalation from PND 22 Advanced puberty onset, age of vaginal [46]
DEHP to 84, 25 mg/m opening, and age at first estraysle
Oral gavage 4 weeks in .
Rat  puberly, 250, 500, ang "*"°aSed CrRH level inhyporhalamus an - gg
1000 mg/kg/day
Rat 4 weeks, 3000 mg/kg/da Induced prolongeq and irregular estrous [34]
cyclicity
Rat Inhalation from F/)gD 22 Induced irregular estrous cyclicity [46]
DEHP to 84,_ 25 mg
E Adult dosing for 10 or 30
strous days, 20 and 200 . - _
cyclicity Mouse ug/kg/day, 20, 200, and Disrupted cyclicity depending on dose [33]
750 mg/kg/day
Weaning through puberty
DBP Rat  mating and gestation, 25I No effects on estrous cyclicity [67]
500, and 1000 mg/kg/da
Fertility DEHP Rat 2 weeks before mating t Decreased pregnancy rate [34]

GD 7, 3000 mg/kg/day
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Table 2.1 (cont.)

Prenatal exposure, 200 Induced breeding complications (longer tim

Fertility Mouse pg/kg/day and 750 to become pregnant and loss of some or ¢ [26]
mg/kg/day pups at birth)
. Endometrial cell culture, Induced endometriosis by elevating invasiv
Endometriosis  DEHP  Human 10 M and 10 ™ and proliferative activities iendometrial cells [81]
BBzP Rat i i [83]
GD 0 to 8, 750, 1000, Increased prelmplantatlor_l loss occurred
DBP Rat following successful mating and pest [82]
1250, and 1500 mg/kg/de . ; S e B
MBP Rat implantation loss depend on dose [84]
Weaning through puberty . .
DBP Rat mating and gestation, 50 Indutﬁeedprgr'ggL?agggr:)ﬁi\?g%ﬁ'gg ;{;ﬂlggsce [67]
Pregnancy and and 1000 mg/kg/day
birth Diet exposure, GD 0.5 tc . .
Mouse birth, 500 mg/kg/day Increased posgtnplantation losses gfups [27]
Adult exposure for 8 0 :
DEHP Mouse weeks, 500 mg/kg/day Caused 100% abortion [87]

Injection, every 5 days,
Mouse PND 5 to 40, 20 and 40 Decreased F1 pup weights and litter size [32]
Hg/g/day

This table is a summation of the major effectpluthalates on female reproduction in experimental designed studies.
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Table 2.2 The associations between phthalate exposure and reproduction in women

Endpoints Population Phthalates Positively associated with References
Uterine Taiwanese children whc
structure and were exposed to DEHP Reduced uterine size at age of 8to 11 [48]
function phthalates prenatally
Puerto Rican and Higher levels in girls with premature thelarcl
Chinese girls, but not in DEHP 9 or rgcociou Sbert [55]
girls in United States P P y
Taiwanese girls DMP Premature thelarche [56]
: , DMP, DEP, DBP, , o : :
Taiwanese girls BBzP, DEHP Higher levels in girls with precocious puberi [57]
. DBP, but not .
Puberty Korean girls DEHP Precocious puberty [58]
. . DBP, BBzP, and
Danish girls DEHP Delayedpubarche [59]
DEHP, but not low
United States girls molecular weight Delayed pubarche [60]
phthalates
Girls in Shanghai, Chine DBP[’)EE:;’ and Delayed growth and puberty [61]
Higher in couples whwere recruited from
ltalian couples DEP, DEHP, BBzP assisted reproduction clinics than in couple [69]
P and DBP who were parents of more than one child k
Fertility spontaneous conception
Unlt_ed S_tates_ women DEHP Decreased antral follicle numbers [70]
seeking infertility care
United States women DEHP Lower oocyte yield, clinical pregnancy, anc [71]

seeking infertility care

live birth following IVF
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Table 2.2 (cont.)

Women from 14

locations in the United  DBP and DEHP Increased odds of endometriosis diagnosi [72]
States
Us PaC|f|cNo_rthwest DEHP, but not DEF Endometriosis risk (73]
population or BBzP

. Positive associations between urinary MBI

National Health and levels and endometriosis and leiomyomata
Nutrition Examination DBP and DEHP : - Y [74]

well as inverse associatiohetween MEHP
Survey study o
levels and endometriosis
o Korean women DEHP Higher DEHP and MEHP p_Iasma Ieyels in [75]
Endometriosis advanceestage endometriosis patients
and leiomyoma Korean women DEHP Leiomyoma group had hlghgr urinary levels [76]
DEHP metabolites

Chinese women D'BP[’)[E)ﬁE’ and Uterine leiomyoma [77]

Increased urinary levels of MBP and MEH}

Taiwanese women DEP, DBP, and levels associated with endometriosis; hight (78, 79]
DEHP levels of MEHP, MBP, and MEP were '
associated with leiomyoma

No association between urinary levels of ME

Infertile Japanese wome DEP[’)EE’”S’ and MBP, and metabolites of DEHP and [80]
endometriosis
Danish women DEHP Higher occurrence o_f pregnancy loss in won [85]
with higher urinary MEHP levels

Pregnancy loss Missed miscarriage and lower maternal sert

Chinese women DMP andDEHP 9 [86]
hormone levels

Polish mother and child Third trimester urinary metabolite levels of
P cohort DEP and DINP  DEP and DiNP were associated with decrea [89]

rli?%%:‘cy pregnancyength and head circumference
Mexican birth cohort DBP, BBzP, and Higher metabolite levels at thittdimester [90]

DEHP

among women who delivered preterm
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Table 2.2 (cont.)

Metabolite levels in the first trimester
associated with placentpteterm birth, and

Boston population DEHP associated with spontaneous preterm birth [91]
Pregnancy the third trimester
length Umbilical vein blood, maternal blood and
meconium levels of DBP and MEHP, but nc
Review Common phthalate DEP and DEHP, associated with low birth [88]

weight, noassociations between phthalate
exposure and infant length, head
circumferences, and birth size

This table is a summation of the major effects of phthalates on female reproduction in epidemiology studies.
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Table 2.3 Theeffects of phthalates on male reproduction (experimental studies)

Targets Phthalates Species Exposure Effects References
Human fetal male
germ cellculture, .
MEHP Human MEHP exposure at Increased apoptosis [92]
10 °M for 3 days
BBzP, Phthalate syndrome: malformation of the me Reviewed
DBP, and Rodent In uteroexposure reproductive organs, retention of nipples, at in [93]
DEHP reduced AGD
DEHP, Shortened AGD, decreased testis weight, a
BBzP, GD 14 to PND 3, : (Y : ’
DEP and Rat 0.75/g/kg/day formation of female like areolas/nipples (DEF [94]
DMP ' and BBzP, but not DEP and DMP)
, GD 12 to 20, 500 Decreased testosterone levels, induced Ley [95]
Developing mg/kg/day o i
Rat cell clustering, increased number of multi
male sex organs GD 13 to 20, 500 nucleated gonocytes [96]
DBP mg/kg/day g
Decreased testis weight and inhibited
Rat G[5)0105r:10 /1k8’/3/;BP’ maturation of germ cells and testosterone [97]
gikg/day production by the Leydig cells
DIBP Rat GD 7 to 21, 600 Leydig cell hyperplasia and Sertoli cell [98]
mg/kg/day vacuolization, and muHnucleated gonocytes
GD 1 to weaning, 0.1, .
Mouse 1, and 10 mg/kg/day Reduced the development and the size of te [99]
Prenatal and .
DEHP Rat lactational exposure, Reduced the welghts of \{entral prostate ar [100]
seminal vesicle
500 mg/kg/day
Mouse GD 13.510 14.5, Increased apoptosis in fetal testes [92]

MEHP 720 mg/kg/day
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Table 2.3 (cont.)

Prenatal, 5 and 50 Increased the protein levels s#xdetermining

Rat eg/ kg/ di region Y-box 9 and AMH in the testis [101]
Induced testis dysgenesis and Leydig cell
clustering in the interstitium, seminiferous co
malformation, and thickened basement
GD 12to 19, 100 membranes of seminiferous cordsgjuced
Rat ) : [102]
mg/kg/day testosterone production, levels of proteins
involved in testis testosterone production, a
increased levels of proteins related to sma
Developing Leydig cell cluster formation
male sex organs Coagrghn;)szrlzggm of Reduced testicular testosterone levels,
: increased the incidence of multinucleated
Mixture Rat mg/kg/day) and DBP : - [103]
gonocytes, the diameter of seminiferous cor
(100 mg/kgday), GD and Leydig cell clusters
13t0 21
o .
Mixture of DBP and . Ir_lduced a greater than 504) increase in .th
incidence of many reproductive malformatiol
: DEHP (both at 500 -~ )
Mixture Rat (epididymal agenesis, reduced andregen [104]
mg/kg/day), GD 14 to q .
18 ependent organ weights) and decrease_d fe
testosterone anaslI3 andCypllalexpression
Reduced Sertoli cell proliferation, delayed
Mouse PND 4 to 14, 1 to 500 spermatogenesis, and impaired Sertoli cel  [105]
mg/kg/day .
Postnatal male maturation
DBP
sex organs Adult exposure for 7

Induced oxidative stress and impaired

Mouse  days, 500, 1000, and :
spermatogenesis

1500 mg/kg/day

[106]
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Table 2.3 (cont.)

Maldevelopmenof the testes and epididymis
severe atrophy of the seminiferous tubules, |

Pubertal exposure fol )
of spermatogenesis, abnormal levels of seri

Rat 30 days, 100 and 50( : : [107]
hormones, altered expression of proteins
mg/kg/day , ) ) .
involved in spermatogenesis, and disrupte
function and number of Sertoli and Leydig ce
8 weeks before mating Increased incidence of sperm head
Mouse 2000 mg/kg/day, 3 malformations in Fpl [65]
days/week
8 weeks before mating
Mouse 500 and 2000 Diminished sperm motility, enhanced [108]
mg/kg/day, 3 frequency of abnormaperm heads
Postnatal male days/week
Sexorgans Testes fragm_ents Disrupted tubule formation and germ cell
Rhesus grafted to mice

differentiation and decreased number of [109]

monkey  exposed for 28 weeks spermatogonia and Sertoli cells

500 mg/kg/day

Dietary exposure for Reduced testis, epididymis, and prostate
Rat 60 days, 5000 and weights, testicular zinc content, and cause  [110]
20000 ppm testis degeneration

Induced deformed seminiferous tubules,
aggregated¢hromatin, multiple vacuoles,
swollen mitochondria, apoptotic germ cells a
Sertoli cells, but increased Leydig cell numb

Pubertal exposure fol
DEHP Rat 30 days, 250, 500, an
750 mg/kg/day

[111]

3 to 7 weeks of age, No effects on testes morphology, the numbe

Pig 300 mg/kg weekly Sertoli and Lgydlg c_ells, or thB_Cldence of [112]
germinal epithelial lesion
Dietary exposure for
Steroidogenesis DEP Rat 10 weeks, 3000 and Decreased serum testosterone [64]

15000 ppm

48



Table 2.3 (cont.)

Testes fragments

Rhesus grafted to mice , : .
monkey exposed for 28veeks, Reduced steroidogenic gene expression [109]
DBP 500 mg/kg/day
Increased inhibin in circulation, reduced
Mouse PND 4 t0 14, 1 to 500 testosterone and other testicular androgelr  [105]
mg/kg/day o
activities
DIBP Rat GD 7 to 21, 600 ReducedCypl11Al protein Ievels_ and testicul: [98]
mg/kg/day testosterone production
Rat Single dose on GD 15  Decreased expression and protein level o [119]
100 and 300 mg/kg testicular STAR

Increased serum testosterdereels at 10
mg/kg/day, but decreased the levels at 75 [120]
mg/kg/day

PND 21 to 48, 10 anc

Rat 750 mg/kg/day

Steroidogenesis

Testes fragments
Rhesus grafted to mice
monkey exposed for 14 weeks
500 mg/kg/day

DEHP
Reduced steroidogenic gene expression [109]

In vitro Leydig cell
Rat culture, MEHP 100
UM and 10 mM

Increased and inhibited LH stimulated

testosterone production, depending on dos [120]

Mixture of BBzP,

DBP, DEHP, DiBP
(each 300 mg/kg/day)
and dipentybhthalate Reduced male fetal testosterone level in a-d«
(100 mg/kg/day), GD additive manner

8 to 18, 5, 10, 20, 40,

60, 80, and 100% of

the dose

Mixture Rat [121]

Dietary exposure,

AGD BBzP Rat 3750 and 11250 ppm

Reduced AGD [62]
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Table 2.3 (cont.)

Dietaryexposure, GD

Rat 15 to PND 21, 20 and Reduced AGD [52]
DBP 10000 ppm
Mouse PND 4 to 14, 1 to 500 Reduced AGD [105]
mg/kg/day
DIBP Rat GD 7o 21, 600 Reduced AGD [98]
mg/kg/day
AGD DBP Rat GD 13 to 21, 100 Reduced AGD
mg/kg/day
DEHP Rat GD 13 to 21, 150 Reduced AGD
mg/kg/day [103]
GD 13 to 21, mixture
: of DEHP (150
Mixture Rat mg/kg/day) and DBP No effects on AGD
(100 mg/kg/day)
. Increased percentages of {gdsitive and
Diet exposure, GD 15 .
DBP Rat to PND 21, 10000 ppn decreasedumbers_of FSH and prolactin [52]
producing cells
GD 0 to lactational da . Decreased gamrmaminobutyric acid qnd
Rat increased aspartate, and gonadotropin sert [53]
15, 30 mg/kg/day levels
Hypothalamus . .
o Reduced expression of gonadotrepeceptor
and pituitary Prenatal exposure, genes in the gonad and increased the
DEHP Mouse 0.05, 5, and 500 : . S [27]
gonadotropin subunit gene expression in tr
mg/kg/day -
pituitary
Pubertal exposure fol
Rat 30 days, 250, 500, an Decreased serum LH and FSH levels [111]
750 mg/kg/day
Dietary exposure Delayed puberty onset, induced nipple
Puberty BBzP Rat y exp ' retention, and caused reproductive systen [62]

3750 and 11250 ppm malformation
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Table 2.3 (cont.)

PND 22 to 58, 300 an Delayed the onset of puberty and reducec

Rat androgerdependent organ weights by actin [126]
Puberty DEHP 900 mg/kg/day on both Leydig and Sertoli cells in rats
Rat PND 21 to 48, 10 and Advanced or delayed puberty onset, depenc [120]
750 mg/kg/day on dose
Adult exposure, 3
Mouse days/week for 8 Diminished sperm motility, increased [108]
weeks, 500 and 200C frequency of abnormal sperm heads
mg/kg
Mouse bsf)(() egsrﬁgt?n\g;v,e;ggo _Pu_p growthretardation, and incre_ased [65]
incidence of sperm headalformation
DBP mg/kg/day - _
Decreased fertility in the male offspring by
decreasing testicular steroidogenic enzym
Rat GD 1, 7, and 14, 100 activity levels and serum testosterone level  [132]
and 500 mg/kg/day : . .
sperm density, motile and viable sperm
numbers, anthcreasing sperm abnormalitie:
) Mouse gr%%%gorgg/tggéi?’ Induced multinucleated germ cells [133]
Fertility GD 6 to lactation day  Reduced daily sperm production, increase
Rat 21, 0.045, 0.405, and serum testosterorevels, and decreased weic  [134]
405 mg/kg/day of seminal vesicle with coagulating glands
P'Te”ata' and Disrupted male sexual behavior, reduced de
Rat lactational exposure, sperm production and epididymal sperm cou [100]
500 mg/kg/day P P pididy P
DEHP M Pfe”ata' and Reduced testis weights and caused 50% le
ouse lactational exposure, concentrated semen [135]
0.05 and 5 mg/kg/day
Reduced the quality and quantity of
Mouse PND 7 to 49, 5, 20, spermatozoa (at 20 and 40 ug/kg/day), [136]

and 40 pg/kg/day decreased the number of germ cells enterit
meiosis (at 40 pug/kg/day), and altered
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Table 2.3 (cont.)

immature testis gene expression (at 5

Fertility ug/kg/day)
Dietary exposure for Reduced epididymal sperm density and
Rat 60 days, 5000 ah motility, and increased the incidence of [110]
20000 ppm abnormal sperm
GD 14 to 18, mixture
of antrandrogens (15
mg/kg/day vinclozolin,
15 mg/kg/day Disrupted male reproductive tract
Mixture Rat procymidone 35 mfferentlatlon, m_duced hypospadias and [138]
mg/kg/day prochloraz epididymal agenesis, and caused undescen
20 mg/kg/day linuron , testes
and 150 mg/kg/day
. each of BBzP, DBP,
Reproductive DEHP)
(?(I)Srsal?s:tiizd Induced cryptorchidism by reducing INSL3 a
P DBP Rat GD 13.5t0 21.5, 500 CPY11A1 protein expression during gestatic [139]
mg/kg/day leading to the observed disrupted developm
and malfunction in adult Leydig cell populatic
Plasticizer mixture o :
Increased the incidence of prostate disease
(BPA 50 mg/kg/day, N
abnormalities in F1 male rats, decreased
: DEHP 750 mg/kg/day : : - : .
Mixture Rat and DBP 66 seminal vesicle and epididymal weights in tt [28]
mglkg/day), GD 8 to F3 generation, and caused testicular diseast
9/kg 132’ both the F1 and F8enerations

This table is a summation of the major effects of phthalates on male reproduction in experimental designed studies.
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Table 2.4 The associations between phthalate exposure and reproduction in men

Endpoints Population Phthalates Positively associated with References
Decreased dehydroepiandrosterone sulfai
(DBP) and inhibin B levels (DEP), increase
Mexican population DEP, DBP, BBzP, sex hormon&inding globulin (BBzP, and [113]
pop di-n-octyl phthalate DBP). Decreased tesdterone levels and
increased sex hormottending globulin in
boys (DEHP, BBzP, en-octyl phthalate)
Negatively associated with
Danish boys BBzP dehydroeplandrosterqr_le sulfate Igvels at 1 [114]
years of age, but positively associated witl
Steroid . testosteronéevels at 13 years of age
eroidogenesis Negatively associated with free androgen
Danish men DEHP levels, the ratio of testosterone/LH or FSI—! [115]
total and free testosterone levels, and the r:
of testosterone/estradiol
United States general DEHP and DBP Reduced testosterone levels in men in the 4 [116]
population 60 age group
. Men_ Fecr”.“t?d. In an Inversely associated with the levels of
infertility clinic in the DEHP ) : [117]
: testosterone, estradiol, and free androgen ir
United States
Chinesepopulation DBP and DEHP Lower free testosterone levels [118]
Multicenter pregnancy DBP. DEP. BBzP Median and 95th percentile exposure estime
cohort study in United a1n d DéHP " were significantly associated with reducec  [124]
AGD States AGD in male infants
DEHP, DBP, Associated with decreased AGD in some
Review BBzP, DEP, and ) ) [125]
DIBP studies, but not in others
. . DEHP, BBzP, Reduced odds of adrenardimeetabolites of
Puberty Mexican population  ppp 'nigp DEP,  DEHP, BBZP, DBP, DiBP, DEP, and-i [113]
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Table 2.4 (cont.)

and din-octyl

octyl phthalate) and puberty (metabolites ¢

Puberty phthalate DEHP, BBzP, DBP, and DiBP) in boys

Danish boys DBP Younger age of pubarche [114]

Urinary MBP levels wer@ositively associate(

with low sperm concentration and low total
Chinese population DBP and DEHP sperm count, and MEHP levels were [127]

associated with increased percentage of

abnormal sperm heads

Urinary MEHP level was negatively associat

with INSL3 and acrosin activity, MBP and

. , DBP, DEHP and  MiBP levels were negatively associated wit
Chinese population : : Ny [128]

DiBP acrosin activity and normal sperm
morphology, and positively associated witt
Fertlit DNA fragmentation index
ertity Semen metabolites of DBP and DEH

associated with decreased semen volume
Chinese population DBP, DEHP, BBzp ___SeMen metabolites of BBzP and DEHP /1,4,

associated with sperm curvilinear velocity, a

BBzP metabolite associated with abnorme

sperm head and tails

United States populatior DiBP and BBzP Urlnary_levels .Of DiBFand BB.ZP negatively [130]

associated with sperm motility and counts

Urinary metabolite levels were positively
United States populatior DEPéngIE , and associated with taking longer time to becon  [131]

pregnant

Hydrocele United States populatior DEHP Increased Zigzgfalrllivr\llsgrrgc%?gltal anomal [137]
Hypospadias Review DMP, BBzP, and P P yposp [125]

DEHP

reports; the only study that showedsitive
association had very small sample size
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Table 2.4 (cont.)

Metabolites of DEHP were associated witt
DEP, DBP, DIBP, cryptorchidism in some studies, however,
Cryptorchidism Review DMP, BBzP, and metabolites of DEP, DBP, DiBP, DMP, BBzI [125]
DEHP or DEHP were noassociated with the
prevalence of cryptorchidism in other studie

This table is a summation of the major effects of phthalates on male reproduction in epidemiology studies.
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CHAPTER 1lI

Effects of an environmentally relevant phthalate mixture on

cultured mouse antral follicleg
3.1 Abstract

Phthalatesare used in building materials, medical devices, and personal care products.
Most studies on phthalates have focused on single phthalates, but it is important to study mixtures
of phthalates because humans are exposed to such mixtures daily. We telsypotihesis that
phthalate mixture exposure decreases antral follicle growth, compromises steroidogenic capacity,
and induces atresidntral follicles from adult CB1 mice were cultured with vehicle control or
phthalate mixture (600 pg/ml) for 96 hoursThe mixture was made of 35% diethyl phthalate,
21% di(2ethylhexyl) phthalate, 15% dibutyl phthalate, 15% diisononyl phthalate, 8% diisobutyl
phthalate, and 5% benzylbutyl phthalate. During culture, antral follicle diameters were measured
every 24 hours tononitor growth. After culture, media were subjected to measurements of sex
steroid hormones and follicles were subjected to evaluation of gene expression andTaieesia.
phthalate mixture (100 and 500 pg/ml) decreased antral follicle growth starting ladu2s
compared to controls. The mixture at 10, 100, and 500 pg/ml also deceraedtenedione
testosterone, estrone, and estratbokls compared to control. The mixture (10, 100, and 500
pg/ml) reduced atresia rating, but it induced more oocytgfeantation compared to control. The
phthalate mixture at different doses adversely affected cell cycle regulators, antioxidant enzymes,

apoptotic factors, steroidogenic enzymes, and receptors.

! Reprinted, with permission, fro@hou C and Flaws JAEffects of an environmentally
relevant phthalate mixture on cultured mouse antral follicles. Toxicological ceciadoi:
10.1093/toxsci/kiw245.
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Collectively, these data indicate that exposure to an environmentally relevant phthalate
mixture reduces antrdollicle growth, induces oocyte fragmentation, and decreases hormone
production by adversely affecting the expression of cell cycle regulators, apoptotic factors,

steroidogenic enzymes, and receptors.
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3.2 Introduction

Phthalates are a famighemicals used as plasticizers and additives in common products,
including plastics, personal care products (PCPs), polyvinyl chloride pipes, and vinyl fldgring
2]. As a result, humans and animals are exposed to phthalates through ingestion, inhakhtion
dermal contact. Metabolites of phthalates are commonly detected in human urine samples. They
also can be detected in serum, milk, and sgBYyalnterestingly, phthalate metabolites have been

detected in follicular fluid4, 5], indicating that oodgs are directly exposed to phthalates.

The most commonly used phthalates are diethyl phthalate (DER)hwtyl phthalate
(DBP), diisobutyl phthalate (DiBP), butyl benzyl phthalate (BBzP),-dt(8/lhexyl) phthalate
(DEHP), diisononyl phthalate (DiINPgand diisodecyl phthalate (DiDHAP]. Food intake is
considered to be a major route of phthalate expd3ird>hthalates are also commonly used in
PCPs and the urinary metabolite levels are correlated with the usage of8PTRsPhthalate
exposure is otoncern because studies have shown that it is associated with increased human
health risks[13]. Specifically, urinary DEHP metabolite (mowethylhexyl phthalate, MEHP)
levels have been associated with pregnancy[b&sand preterm birth15]. Moreover,urinary
levels of monobenzyl phthalate (MBzP), a metabolite of BBzP and mdmuyl phthalate (MBP),
a metabolite of DBP, were associated with preterm fidh Childhood exposure to BBzP, DBP,
DiBP, and DEHP has been associated with decreased testosterone and dehydroepiandrosterone
(DHEA) levels in boys[17]. Urinary MEHP levels have also been inversely associated with

testosterone and estradiol levels in addle patients from an infertility clinid.8].

Numerous experimental studies have indicated that phthalates impair reproductive function,
but such studies have mainly focused on male reproduction (reviewd®])n Exposure to

phthalates during gestatioresults in adverse effects on the male rat reproductive tract by
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suppressing the androgen pathway; thus, phthalates are knovan@rmtgenic chemical20]. In

mal e rat s, prenat al exposure to a number of
characterized by malformations in the male reproductive organs, retention of nipples, and reduced
anogenital distanci21]. The effects of phthalates on female reproduction are less extensively
studied (reviewed if22]), but they indicate phthalates redute number of follicles, accelerate
follicle recruitment, inhibit follicle growth, disrupt ovulation and corpus luteum formation,

decrease steroidogenic enzyme expression, and alter sex steroid hormone pr{&8jction

Most previous studies have onlyawined a single phthalate, and it is well known that

humans and animals are exposed to mixtures of phthflate24, 25] Available mixture studies

have focused on male animals. Exposure to a mixture of 5 phthalates from gestational day (GD) 8
to18 in ras reduced male fetal testosterone levels in a-dddéive mannef26]. Exposure to a
mixture of antiandrogens including phthalates from GD 14 to 18 in rats disrupted male
reproductive tract differentiation, induced hypospadias and epididymal agemesisaused
undescended testg27]. Other studies on mixtures of different aatidrogens, including
phthalates, also showed that mixture exposure reduced fetal testis testosterone production

compared to control in raf8, 29]

Information on the effestof a mixture of phthalates on female reproduction is very limited.
Prenatal exposure (GDX®) to a phthalate mixture caused uterine and vaginal malformations in
rats [30]. Gestational and lactational exposure to a mixture of endocrine disrupting dsemica
(including phthalates) significantly reduced follicle numbers, disrupted estrous cycles, and caused
adverse effects in reproductive org§Bik]. To our knowledge, no studies have been conducted to
examine the direct effects of a phthalate mixture omianantral follicles. The antral follicle is

the only follicle type that is capable of releasing an egg for fertilization and synthesizing sex steroid
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hormones such as estrogdB2]. Thus, in this study, we tested the hypothesis that phthalate
mixture eyosure decreases antral follicle growth, compromises steroidogenic capacity, and

induces atresia.
3.3 Methods
Chemicals

The mixture we used in our study contains 21% DEHP, 35% DEP, 15% DBP, 8% DiBP,
5% BBzP, and 15% DINP. This mixture is based on estimates of phthalate exposure in women,
which were derived from levels of phthalate metabolites measured in urine samplpssgoismnt
women in lllinois (unpublished data from iKids study). DEP, DEHP, DBP, DiBP, DiNP, BBzP
(>98% purity) were purchased from SigiAldrich (St. Louis, MO). To make 500 mg of pure
phthalate mixture, weights of each phthalate were calculated acctodimg percentages. Then,
the desired amount of each phthalate was carefully weighed and mixed thoroughly to make the
mixture. The intended amount and actual amount of each of the phthalates are shown in Table 3.1.
The pure mixture solution was stored-20 °C for up to one month before experimental use. A
stock solution of pure mixture was dissolved and diluted in dimethyl sulfoxide (DMSO) (Sigma
Aldrich) to achieve the selected phthalate mixture treatment concentrations (1.33, 13.3, 133, and
665 mg/ml) br final working concentrations of 1, 10, 100, and 500 ug of phthalate mixture per mi
of culture medium. Using these treatment concentrations allowed each working concentration to
contain the same volume of chemical and vehicle solution (0.75 pl of pietimaigture/DMSO

solution per ml of culture media).

This is the first time this phthalate mixture has been tested. Thus, concentrations of
phthalate mixture were chosen to cover a relatively wide rar§0q3ug/ml), to include a dose

that mimics human exjgare, and to include some of the doses of individual phthalates that have
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been shown to disrupt folliculogenesis and steroidogeri88is 34] Currently, two studies
measured phthalate concentrations in the follicular fldijcb], but only one of them imgded a

large sample siz®]. In both studies, the median phthalate metabolite levels were below 10 ng/ml
of follicular fluid, which is 100 times lower than our lowest dose (1 puginlp]. However, in the

study conducted by Du et al., the maximum detecdf the single phthalates reached 415 ng/ml

for MBP, a level higher than in our lowest dose (1 pg/ml of mixture contains 150 ng/ml of DBP,
the parent compound for MBBg]. Our lowest doses is therefore within the high end of phthalate
detection levelsn humans. Previous studies have shown that in cultured antral follicles, DBP at
10 pg/ml disrupted the expression of cell cycle regulaBmselandCdknla[33], and DEHP at

10 pg/ml or higher disrupted expression of cell cycle regulators, apoptoticrsfacnd
steroidogenic enzymes, and it induced atresia and decreased hormone pr¢8dktiearther,
studies have shown that medical exposure to DEHP can result in relatively high phthalate
concentrations in blood compared to concentrations before medical prod@diir€sr example,

DEHP concentrations in blood can be as high as 21.6 pgtenlraédical procedures in infants,

and can reach 14 pg/ml in adults after medical proced8&sin our study, the chosen mixture
doses contain approximately 0.21, 2.1, 21, and 105 pg/ml of DEHP; thus our lower doses were

within the range of medical expore levels to phthalates.
Animals

Adult, cycling female CBEL mice were purchased from Jackson Laboratory (Bar Harbor,
ME) and allowed to acclimate to the facility for at least two days before use. The mice were housed
at the University of lllinois at UrbeeChampaign, Veterinary Medicine Animal Facility. Food
(Harlan Teklad 8604) and water were provided for ad libitum consumption. Temperature was

maintained at 22+1 °C, and animals were subjected 4o light-dark cycles. The Institutional
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Animal Use and @re Committee at the University of Illinois at Urbe@hampaign approved all

procedures involving animal care, euthanasia, and tissue collection.
In Vitro Antral Follicle Culture

Adult cycling female CBL mice were euthanized and their ovaries were cédyetrhoved
to isolate antral follicles. Antral follicles were isolated mechanically from ovaries and interstitial
tissue was removed using fine watchmaker forceps as described preyB&ysB7] Antral
follicles, diameters ranging from 250 to 400 um, eveelected to be placed individually in wells
of 96-well culture plates. At least two to three mice were used for each separate culture to provide
60-90 follicles per culture. Individual follicles were randomly selected for each treatment group (n

= 6 sepaate cultures, 42 follicles/treatment/culture).

Treatment groups for the antral follicle cultures included vehicle control (DMSO) and
pht halate mixture (1, 10, 100, -M&EM. Supplenentedg/ ml )
UMEM was prepared with: 198'S (10 ng/ml insulin, 5.5 ng/ml transferrin, 5.5 ng/ml selenium,
SigmaAldrich), 100 U/ml penicillin (SigmaAldrich), 100 mg/ml streptomycin (Sigraldrich),

5 1U/ml recombinant folliclestimulating hormone (FSH, Dr. A.F. Parlow, National Hormone and
Peptde Program, HarbedCLA Medical Center, Torrance, CA), and 5% fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA). The same volume of chemical (0.75 pg/ml of media)
was added to each dose to control the amount of vehicle in each culture wedl.6g%¥%. Each
follicle was cultured in 150 pl of medium for 96 hours in an incubator at 37 °C with 5%ATO

the end of the 96 hour cultures, media were collected and stor@d a€. Some antral follicles
were collected, snap frozen, and then store@@t’C for gene expression, others were fixed in

Dietrichds solution for histological eval uat.i
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Analysis of Antral Follicle Growth

Follicles were cultured for 96 hours and the growth was examined every 24 hours by
measurindollicle diameters. Follicle diameters were measured across perpendicular axes with an
inverted microscope equipped with a calibrated ocular micrometer. The sizes of follicles in each
treatment group within each experiment were averaged first and theerisahto percentage of
the initial follicle size at the start of the culture. Then, percent data were averaged and analyzed

across different experiments (n = 6 separate cultures).
Antral Follicle Culture Hormone Measurements

Culture media were collected 86 hours from 6 separate antral follicle cultures, and
subjected to enzymlinked immunosorbent assays (ELISAs, DRG International Inc., Springfield,
NJ) for measurement of progesterone, androstenedione, testosterone, estrone, and estradiol.
Assayswereun according to the manufacturerds i nst
duplicate for measurements of progesterone (1:5 dilution), androstenedione (1:5 dilution),
testosterone (1:5 dilution), estrone (no dilution), and estradiol (1:10 dilutiomgttth the dynamic

range of each ELISA Kit.
Histological Evaluation of Antral Follicles and Atresia Rating

After 96 hours of culture, some antral follicles were collected for histological evaluation.
Supp! e meEM veas renibved from each well and Dietc hés sol ution (for
volume, 250 ml of 40% formaldehyde, 712.5 ml of 100% ethanol, 1537.5 mg water, and 50 ml
glacial acetic acid) was added to the wells to fix the follicles. Then, the follicles were processed
for histological analyses of atsia as described previou§By, 38] Follicles were dehydrated and

prepared for plastic embedding by using Technovit 7100 plastic embedding system (Electron
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Microscopy Science), and serial sectioned at 2 um. Sections were mounted on glass slides and

staned wi t h L e e éasicnuehsih. yséctonsewithbobeytes were randomly selected
and scored for apoptotic bodies and oocyte fragmentation (5 sections per follicle, n = 12
follicles/treatment group, from 3 separate cultures). Based on the amoapoptbtic bodies
present in the follicles, follicles were scored on a 1 to 4 scale as described pref@ddu3gi A

score of 1 indicated the presence of apoptotic bodies encompag8itigfGhe total area of follicle,

a score of 2 indicated the preserof apoptotic bodies encompassint%6 of total area of follicle,

a score of 3 indicated the presence of apoptotic bodies encompass308o1df total area of

follicle, and a score of 4 indicated >30% of apoptotic bodies of the total area of follicsiaA

scores were reported based on the average of all five scores from the same follicle, and then

anal yzed across different treatment groups.
for each follicle. The percentage of follicles with fragmerttedytes compared to the total number
of follicles was calculated. All scoring of atresia and oocyte fragmentation was performed without

knowledge of treatment group.
Gene expression analysis

For quantitative polymerase chain reaction (QPCR) analysésle®here collected after
culture, snagrozen in liquid nitrogen, and then stored&Q °C until RNA extraction. Total RNA
was then isolated from follicles (n = 3,12 follicles per pool for antral follicle cultures) using an
RNeasy Micro kit (Qiageninc., Valencia, CA) following the manufacturer's instructions. RNA
was elutedin14 | o f -fré® Mates &nd the concentration was determined using a NanoDrop
( 260/280nm; ND 1000; Nanodrop Technologies Inc., Wilmington, DE). Total RNA (g0
was reverse transcribed to complementary DNA (cDNA) using the iScript RT Kkit-Faib

Laboratories, Inc., Hercules, CA) according
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conducted using the CFX96 Rédme PCR Detection System (BRad Laboratorig, Inc.,
Hercul es, CA) and accompanying CFX Manager
protocol. The machine quantifies the amount of PCR product generated by measuring
SsoFastEvaGreen dye (Bitad Laboratories, Inc., Hercules, CA) that fluorescesnabound to
doublestranded DNA. Specific gPCR primers (Integrated DNA Technologies, Coralville, I1A) for

all the genes of interest are listedlable 3.2. All gPCR reactions were done in triplicate using 1

N

el c DNA, forward and rrl@Svribos@nal RWARN 188, rsuperakile p mo | )

dismutasel (Sod), catalas€Cat), glutathioneperoxidasgGpx, glutathionereductas€Gsr), B

cell leukemia/lymphoma @Bcl2), Bcl2-associated X protei(BaX, caspas@ (Casp3, caspase 8
(Casp§, steroidogenicacute regulatory proteirStar), cytochromeP450 cholesterasidechain
cleavage Cyplla), cytochrome P450 steroid APhydroxylase 1Cypl7a) , -hy@loxysteroid
dehydrogenaseHsd3b) , -hydtdxysteroid dehydrogenase Hisf17b), cytochromeP450
aromaase (Cypl19a), cyclin A2 (Ccna2, cyclin B1 Ccnb), cyclin D2 Ccdn3, cyclin E1
(Ccne), cyclindependent kinase 4AC@k4), cyclindependent kinase inhibitor 1&dknl13,
cyclin-dependent kinase inhibitor 1€dkn1¢, cyclindependent kinase inhibit@a Cdkn23,
estrogenEscepsdr oyEsD, follielestimulaing hofmone receptdeghr),
androgen receptorA(), peroxisome proliferatea c t i v at e d P p & caddpperoxisome  (
proliferatora ct i vat ed P p & e [SoFastEvaGreef Supermix for a final reaction
volume of 10 el . The qPCR program consisted
amplification and quantification program (40 cycles of 95 °C for 10 sec, 60 °C for 10 sec, single
fluorescence reang), a step of 72 °C for 5 min, a melt curve (63 9& °C heating, 0.5 °C/sec

with continuous fluorescence readings), and a final step at 72 °C for 5 min per the manufacturer's

protocol.Rn 18SnRNA expression was used in gPCR analyses as a housekeamndhgene
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expression data were normalized to the housekeeping gene. Relative fold changes were calculated
as the ratio to DMSO group level and were analyzeddryg amathematical model for relative

guantification of reatime PCR data developed by fifg39].
Statistical Analysis

All data analyses were performed using SPSS statistical software (SPSS Inc., Chicago, IL).
Data were expressed as means +* SEM from at least three separate experiments. Multiple
comparisons between normally distributed experital groups were made using angy
analysis of variance (ANOVA) followed by Dunnett pbsic comparison, if equal variances were
assumed, or Gamésowell posthoc comparisons if equal variances were not assumed. If data
were not normally distributed, ogoarison between two groups was done using Kredkalis H
test for several independent samples and Mafhitney U tweindependent sample tests. For

oocyte fragmentation, we assigned each foll

C

fragmentabn was observed in all sections examined

follicle had a fragmented oocyte. Then, we utilized-&juare test to compared treatment groups

to control. Statistical significance was assigned at p < 0.05.
3.4 Results
Effects of the mixture on antral follicle growth

To determine whether phthalate mixture reduces antral follicle growth, individual antral
follicles were cultured with either control (DMSO) or different doses of phthalate mixture (1 to
500 pg/ml). Follicles in control groups showed significant growth at 96 hours (Figure 3.1, n =6
cultures, 612 antral follicles/treatment/culture). Phthalate mixture at 1 and 10 pg/ml did not

significantly affect growth compared to control at any time point (Figure 3.1 oultures, 612
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antral follicles/treatment/culture). However, phthalate mixture at 100 pg/ml significantly inhibited
growth starting at 48 hours and mixture at 500 pg/ml significantly inhibited antral follicle growth
starting at 24 hours when compared dontrol (Figure 3.1, n = 6 cultures-12 antral
follicles/treatment/culture). The phthalate mixtimduced inhibition of follicle growth persisted

throughout the 9%our culture (Figure 3.1).
Effects of the mixture on cell cycle regulators

Cell cycleregulators play an important role in regulating follicle growth, and many cell
cycle regulators are also the targets of phtha(egegewed in23]). Thus, we compared expression
of several cell cycle regulators in control and phthalate mittesged fdlicles. Our results show
that phthalate mixture exposure did not affect the expressiGalaf, Ccna2, CcnbhndCcnel
(Figure 3.2 A, B, C, and E, n = 3, p > 0.05), but it (500 pg/ml) decreased the expre<Sanudf
compared to control (Figure 3.2 D3, p < 0.05). For selected cell cycle inhibitors, phthalate
mixture at 100 and 500 pg/ml significantly decreased expressiGdlofla(Figure 3.2 F, n = 3,

p <0.05), it (500 pg/ml) borderline decreased expressi@QuknlgFigure 3.2 G, n =3, p = (8B),
and it (500 pg/ml) significantly increased the expressio@ain2acompared to control (Figure

3.2H,n=3,p<0.05).
Effects of the mixture on antral follicle histology

The phthalate mixturenduced reduction in follicle growth may also be theultasf follicle
atresia. Thus, we evaluated atresia in control and phthalate mixture treated follicles. In control
follicles, some apoptotic bodies were normally present after 96 hours of culture, and the oocytes
appeared to be intact (Figure 3.3 A). I phthalate mixturéreated follicles, the oocytes were
frequently fragmented (Figure 3.3 C, E, G, H, and I). When we compared the percentage of

follicles with fragmented oocytes in control and phthalate mixingated follicles, our results
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indicated tha33.3% of the follicles in the control group, 16.7% of the follicles in the 1 pg/ml
group, 33.3% follicles in the 10 pg/ml group, 58.3% in the 100 pug/ml group, and 75% in the 500
pHg/ml group had fragmented oocytes (n = 12 different follicles/treatmenpgm < 0.05 for
control vs. 500 pg/ml). Interestingly, in phthalate mixttneated follicles, the presence of
apoptotic bodies decreased with the occurrence of oocyte fragmentation (Figure 3.3). Specifically,
the presence of apoptotic bodies for phtleahatxturetreated follicles (10, 100, and 500 pg/ml)

was lower than control follicles as indicated by the atresia ratings (Figure 3.3 J, n =12, p < 0.05).
Effects of the mixture on apoptotic factors

Next, we expanded our findings on the effects of theume on atresia by comparing the
expression of key apoptotic factors in control and mixttgated follicles. Our results show that
phthalate mixture at the three lowest doses did not affect the expression ofdipepiatic factor
Baxand the antaptotic factorBcl2 (Figure 3.4 A and B, n = 3, p > 0.05), but phthalate mixture
at 500 pg/ml decreased the expressioBak (Figure 3.4 A, n = 3, borderline significance, p =
0.058) and significantly increased the expressioBab® compared to control (ure 3.4 B, n =
3, p < 0.05). The mixture at 500 pg/ml also decreased the rafax@Bcl2 indicating decreased
apoptosis (Figure 3.4 C, n =3, *p < 0.05, * p = 0.09). Further, although the phthalate mixture did
not affect the expression of papoptoic factorCasp3(Figure 3.4 D, n = 3, p > 0.05), it (100 and
500 pg/ml) significantly reduced the expression of-gpoptotic factolCasp8(Figure 3.4 E, n =

3, p <0.05), indicating reduced apoptosis in these follicles compared to control.
Effects of themixture on antioxidant enzymes

Phthalates have been shown to cause oxidative stress in the ovary (revi¢2adyand
oxidative stress has been shown to regulate atfé8ja To determine whether the phthalate

mixture altered oxidative stress, the exgsien of four key antioxidant enzymes were compared
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between control and mixtuteeated follicles. Our results show that phthalate mixture reduced
expression of all the selected antioxidant enzymes (Figure 3.5, n = 3, p < 0.05). Specifically, at 96
hours,phthalate mixture at 10, 100, and 500 pg/ml significantly reduced the expresSodDbf
(Figure 3.5 A), phthalate mixture at 10 pg/ml reduced expressiddabfFigure 3.5 B), and
phthalate mixture at 500 pg/ml significantly reduced the expressiGpxfFigure 3.5 C) antsr

(Figure 3.5 D) compared to control (n = 3, p < 0.05).
Effects of the mixture on hormone production

The effects of phthalate mixture on steroidogenesis in antral follicles were tested by
comparing the sex steroid hormone levelscutture media from control and mixtuteeated
follicles after 96 hours of culture. The most upstream precursor sex steroid hormone that we were
able to measure was progesterone. The phthalate mixture did not affect the level of progesterone
compared to aatrol (Figure 3.6 A, n = 6). However, the phthalate mixture at 10, 100, and 500
pa/ml significantly reduced the levels of androstenedione compared to control (Figure 3.6 B, n =
6, p < 0.05). Further, the phthalate mixture at 10 and 500 pug/ml significadtiged testosterone
levels and the mixture at 100 pg/sthowed a borderline significance of reducing testosterone
levels compared to control (Figure 3.6 C, n = 6, * p < 0.05, » p = 0.06). Moreover, phthalate
mixture at 100 and 500 pg/ml significantly reda estrone production compared to control
(Figure 3.6 D, n = 6, p < 0.05). Finally, phthalate mixture at 10, 100, and 500 pg/ml significantly

reduced estradiol levels compared to control (Figure 3.6 E, n =6, p < 0.05).
Effects of the mixture on steroida@mnic enzymes

Given that the phthalate mixture reduced several sex steroid hormones, we next compared
the expression of steroidogenic enzymes in control and phthalate rrireated follicles. STAR

is the enzyme that transports cholesterol into thecalgasmaulosa cells. Our results show that

85



phthalate mixture at 10, 100, and 500 pg/ml significantly reduced the expresSiamaimpared

to control (Figure 3.7 A, n =3, p <0.05). CYP11A1 converts cholesterol into pregnenolone. The
phthalate mixture at ®0ug/ml significantly decreased the expressiorCgpllalcompared to

control (Figure 3.7 B, n = 3, p < 0.05). Pregnenolone is converted to DHEA by CYP17A1 in the
thecalcells. The phthalate mixture did not affect the expressid@ypfl7alcompared to contl

(Figure 3.7 C,n =3, p > 0.05). HSD3B1 converts pregnenolone to progesterone in both thecal and
granulosa cells and it converts DHEA into androstenedione in the thecal cells. Our results showed
that phthalate mixture at 500 pg/ml significantly reduttezl expression dfisd3blcompared to

control (Figure 3.7 D, n = 3, p < 0.05). HSD17A1 is the enzyme that converts androstenedione to
testosterone in the thecal cell and converts estrone into estradiol in the granulosa cells. The
phthalate mixture did nasignificantly affect the expression éfsd17alcompared to control
(Figure 3.7 E, n =3, p > 0.05, ~ p = 0.075). In the granulosa cells, CYP19A1 is responsible for
converting androstenedione into estrone and testosterone into estradiol. Phthalate hiiXi@ire a
and 500 pg/ml significantly reduced the expressiofybl9alcompared to control (Figure 3.7

F,n=3, p<0.05).
Effects of the mixture on receptors

Previous studies have shown that several hormone receptors and peroxisome proliferator
activated reeptors (PPARS) are targets of some phthalates (reviewg8]in Therefore, we
compared the expression of several key receptors in control and phthalate-tneetae follicles.

Our results show that after 96 hours of culture, phthalate mixture ergpasus00 pg/ml
significantly reduced the expressionkdrl (Figure 3.8 A, n = 3, p < 0.05), but it did not affect
the expression dEsr2 compared to control (Figure 3.8 B, n = 3, p > 0.05). Moreover, phthalate

mixture at 500 pg/ml significantly reducedetlexpression ofshr and phthalate mixture at 100
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png/ml trended to reduce the expression compared to control (Figure 3.8 C,n=3,*p <0.05,"p =
0.07). The phthalate mixture did not significantly aff&cexpression compared to control (Figure

3.8 D,n =3, p > 0.05), but it (500 pg/ml) significantly redudeg a expiession (Figure 3.8 E, n

= 3, p < 0.05). Finally, phthalate mixture did not affect the expressidh pfa at any doses

compared to control (Figure 3.8 F, n =3, p > 0.05).
3.5 Discussion

In the current study, we developed a phthalate mixture based on the phthalate levels
detected in women and our results show that this mixture reduces follicle growth, steroidogenic
capacity, and the health of antral follicles in mice. Previous studiesitedhat exposure to single
phthalates, like DEHP, inhibits antral follicle growth by 488, 41] Thus, we expected that the
phthalate mixture would also reduce antral follicle growth in culture. Interestingly, our results
showed that the phthalate ke significantly decreased antral follicle growth as early as 24 hours
in culture. It is likely that we observed decreased follicle growth at an earlier time point than with
single phthalates because our highest dose of the mixture contains a highararb@HP than
in the DEHP study mentioned above. In the 500 pg/ml mixture, the DEHP concentration is
approximately 105 pg/ml. Thus, the concentration of DEHP is higher than that used in studies with

DEHP alone (10 and 100 pg/mé1].

Reduced follicle gowth is likely due to disrupted cell cycle regulation. DBP and DEHP
cause defects in the cell cycle by affecting the gene expression levels of cell cycle regulators
(reviewed in23]). Therefore, we tested the gene expression levels of the key celiexyalators.

In antral follicles, the majority of the cells are granulosa cells and granulosa cells are actively
proliferating in growing antral follicles. As a result, the expression of the selected genes reflects

the expression in granulosa cells. Oumtessshow that phthalate mixture exposure decreased
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Ccnd2 expression. Cyclin D2 is crucial for granulosa cell proliferation in response to FSH
stimulation[42]. In our experiments, we added equal amounts of FSH to each culture well. Thus,
it is likely thatthe reduced expression ©@End2decreases the response of granulosa cells to FSH,
leading to inhibition of granulosa cell proliferation. Moreover, phthalate mixture exposure
decreased the expression@ifknlaand increased the expression@dkn2a CDKN1A (p21)
inhibits the CDKZcyclin A complex to establish the G1 phg48]. Our results showed that the
mixture reduce@dknlaexpression, indicating that the establishment of the G1 phase for follicular
cells in these follicles was reduced compared to obn8DKN2A (p16) binds to CDK4 and
CDKG®6 to prevent GIS transition43]. Phthalate mixture significantly increased the expression of
Cdkn2acompared to control, indicating that the cell cycle was arrested and follicular cells were
not able to transit fronG1 to S phase. This finding is similar to those of Cedigl, in which

more DBRtreated follicular cells were arrested at G1 stage compared to coi@BplEaken
together, these data suggest that because phthalate mixture dramatically increaseddsierexp

of Cdkn2aand decreased the expressio@ond2 follicular cells were likely arrested at G1 phase,
the cell cycle could not progress, and the expressi@dkhlawas decreased to try to possibly
compensate for the effects@tnd2andCdkn2a However, this compensatory effect was probably
not enough to overcome the cell cycle arrest, resulting in reduced proliferation of follicular cells,

which further led to reduced antral follicle growth.

Previous studies suggest that reduced antral folliclevthranay also due to increased
atresigd 33, 34] The reduction of antral follicle growth in the 500 ug/ml group was dramatic, thus,
we expected that follicles in this treatment group were undergoing atresia. Surprisingly, we
observed fewer apoptotic bodigsthe three higher treatment groups (10, 100, and 500 pg/ml)

compared to control. However, the presence of oocyte fragmentation in these groups was more
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frequent compared to control. Our gene expression results confirmed these histological findings.
We olserved an increased expression of-aptptotic factoBcl2and decreased ratio Bax/Bcl2
indicating a dominant effect of ardpoptotic factoBcl2, which further protects the cell from
apoptosisMoreover, our results on the expressio®asp8alsosupport the histological findings,
indicating reduced cell death. These findings differ from those reported in studies using single
phthalates. DEHP (10 and 100 pg/ml) and DBP (100 pg/ml) increase antral faltielain
culture[33, 34] Thus, itis likely that the phthalate mixture acts via different mechanisms to induce
different effects than single phthalates. The reason that we observed decreased atresia in the
mixture treated follicles may be because studies have shown that c@lidStransition are
susceptible to undergoing apoptosis and cells at G1 stage are relatively resistant to §pdptosis

In our experiments, granulosa cells of antral follicles in the phthalate treatment groups were
arrested at the G1 stage, whereagjtlamulosa cells of antral follicles in the control groups were

not arrested in G1. As a result, control follicles increased in size and acquired apoptotic bodies due
to normal granulosa cell proliferation and G1/S transition. The absence or reduced amount
atretic bodies in phthalate mixture treated groups is likely due to the resistance of apoptosis

because of the cell cycle arrest.

In vitro antral follicle studies also showed that oxidative stress is likely a mechanism via
which individual phthalateshibit follicle growth (reviewed ifi23]). We measured expression of
important antioxidant enzymes to determine whether phthalate mixture induces oxidative stress in
our study. Our results show that phthalate mixture significantly reduced expressianxtiant
enzymes compared to control, indicating less availability of@atlant enzymes in the exposed

follicles, which could potentially increase oxidative stress in these follicles. Future examinations
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of reactive oxygen species levels are neededrtbdr confirm that the phthalate mixture induces

oxidative stress.

Antral follicles are the major producers of the sex steroid hormones required for female
reproductive and nereproductive healtfd5-47]. Thus, we examined the effects of the mixture
of steroidogenic capacity. The phthalate mixture reduced androstenedione, testosterone, estrone,
and estradiol production compared to control. Moreover, the mixture disrupted the enzymes
involved in steroidogenesis pathway. Collectively, these data indltatéhie phthalate mixture

disrupts the steroidogenesis pathway by affecting steroidogenic enzymes.

We also examined the effects of phthalate mixture on selected receptors. Estrogen receptors
are important in folliculogenesis. Estrogens act through ESRiltice follicular cell proliferation
and act via ESR2 to promote differentiat{d8]. The phthalate mixture significantly reduced the
expression ofEsrl compared to control, but it did not affect expressionEef2 Reduced
expression oEsrl could leadto reduced follicular cell proliferation, a scenario observed in our
study. In addition, phthalate mixture reduced the expressioRsbf compared to control,
indicating that follicles in these groups had impaired 8hkhulated downstream effects. These
impaired FSkstimulated downstream effects include reduced granulosa cell proliferation and sex
steroid hormone production, which have also been observed in single phthalate trig&@ni€ht
Androgen receptors also play an important role in folliculogsnend steroidogenesis (reviewed
in [51]). Our results show that the phthalate mixture did not affect the expres&ornrous, it is
likely that phthalate mixture did not act through the androgen receptor to induce adverse effects.
PPARs regulate transption of several genes in the ovary and studies have shown that MEHP

acts through PPARU and PPARO t o [50.dkerptrmlate t he
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mixture decreased expressiorPop a, indicating that it is likely that some doses of théhalate

mixture act on the PPARSs to reduce steroidogenesis in mouse antral follicles.

In summary, our study shows that direct exposure to a phthalate mixture adversely affects
antral follicle healthin vitro. Specifically, the phthalate mixture decreaaesal follicle growth,
induces oocyte fragmentation, and disrupts steroidogenesis by arresting cell cycle, inducing
oxidative stress, reducing sex steroid hormone production and steroidogenic enzyme expression,
and decreasing receptor expression. We thgsize that phthalate mixture disrupts cell cycle and
hormone receptor expression to reduce the antral follicle growth and induce oxidative stress, which
further reduces steroidogenesis and induces oocyte fragmentation. However, further investigations
areneeded to test our hypothesis. Future studies should investigate the effects of this phthalate
mixturein vivo because phthalates are quickly transformed into their metabolites after they enter
the body[13, 52] Moreover, metabolites of some phthalatagehbeen shown to act via different
mechanisms than the parent compounds and to induce adverse effects at lower concéfirations
53, 54] We also observed that the phthalate mixture causes oocyte fragmentation. Oocyte
fragmentation has been reportedtour because of disruption in intracellula?Gancentrations,
the PI3K/Akt/mTOR pathway, and cytoplasmic polyadenylation elef®®rb57]. Future studies
should examine that if phthalate mixture interferes with these processes to cause oocyte

fragmentabn.
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3.6 Tablesand Figures

Table 3.1 The amount of each phthalate used in the phthalate mixture.

Intended Actual

Phthalates P'Q:gggg C:]e Weights Weights Peﬁ\gteﬁ:age
(9) (9)

DiBP 8% 0.04 0.043 8.60%
DINP 15% 0.075 0.0754 15.10%

DEHP 21% 0.105 0.105 21.00%
BBzP 5% 0.025 0.0256 5.10%
DEP 35% 0.175 0.1759 35.20%
DBP 15% 0.075 0.0745 14.90%

The amount of each phthalate used in the mixture in this experiment.
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Table 3.2 Sequence of primer sets used for gene expression analysis.

Genename Symbol Forward primer Reverse primer

18S ribosomal RNA Rn 18S 5 @GCGGCGTCCCCCAACTTCTTA3 6 5 &GTAGTAGCGACGGGCGGTGR 6
Superoxide dismutase 1 Sod1l 5-TTCCGTCCGTCGGCTTCTCGB! 5-CGCACACCGCTTTCATCGCE3
Catalase Cat 5-GCAGATACCTGTGAACTGTG3' 5-GTAGAATGTCCGCACCTGAG3'
Glutathione peroxidase Gpx 5-CCTCAAGTACGTCCGACCTG3' 5-CAATGTCGTTGCGGCACACCG3
Glutathione reductase Gsr 5- CAGTTGGCATGTCATCAAGCA?3' 5-CGAATGTTGCATAGCCGTGG3'

B cell leukemia/lymphoma 2 Bcl2 5- ATGCCTTTGTGGAACTATATGGG3' 5- GGTATGCACCCAGAGTGATGG3'
Bcl2-associated X protein Bax 5- TGAAGACAGGGGCCTTTTTG3' 5- AATTCGCCGGAGACACTCG3'
Caspase 3 Casp3 5 GGGTGATGAAGGGGTCATTTATG3 6 5 @TCGGCTTTCCAGTCAGACTEG3 6
Caspase 8 Casp8 5- CGAGAGGAGATGGTGAGAGAGGS' 5- CAGGCTCAAGTCATCTTCCAGG3'

Steroidogenic acute regulatory protein

Star

5 £&AGGGAGAGGTGGCTATGCAS 6

5 £CGTGTCTTTTCCAATCCTCTGE3 6

Cytochromep450 cholesterol sidehain cleavage Cypllal 5 - AGATCCCTTCCCCTGGTGACAATG3 6 5 €£GCATGAGAAGAGTATCGACGCATG3 6

Cytochrome P450 steroid 4Fhydroxylase 1 Cypl7al 5 &£CAGGACCCAAGTGTGTTCT3 6 5 €£CTGATACGAAGCACTTCTCGS 6

3 Ehydroxysteroid dehydrogenase Hsd3b1 5 €£AGGAGAAAGAACTGCAGGAGGTG3 6 5 @GCACACTTGCTTGAACACAGGG3 6

1 7-oydroxysteroid dehydrogenase 1 Hsd17bl 5 A\CTGTGCCAGCAAGTTTGCG3 6 5 AAGCGGTTCGTGGAGAAGTAG3 6
Cytochrome P450 aromatase Cypl9al 5 £&ATGGTCCCGGAAACTGTGAS3 & 5 &TAGTAGTTGCAGGCACTTG3 6

Cyclin A2 Ccna2 5 &CTCTACTGCCCGGAGGCTGA 6 5 GGGCCTACATGTCCTCTGGGGAA3 6
Cyclin B1 Ccnbl 5 §GCATTCTCTCAGTGCCCTCCACA3 6 5 AGACAGGAGTGGCGCCTTGGT 6
Cyclin D2 Ccnd2 5 &CTTTGACGCAGGCTCCCTTCR 6 5 @\CCCTGGTGCACGCATGCAAA3 &
Cyclin E1 Ccnel 5 &GTGTCCTCGCTGCTTCTGCTB 6 5 &£CGGATAACCATGGCGAACGGAS 6
Cyclin-dependent kinase 4 Cdk4 5 ?\GAAACCCTCGCTGAAGCGGCA3 6 5 9GGGGGTGAACCTCGTAAGGAGA3 6
Cyclin-dependent kinase inhibitor 1a Cdknla 5 dTAGGCAGCTCCAGTGGCAACE3 6 5 - ACCCCCACCACCACACACCATA3 6
Cyclin-dependent kinase inhibitor 1c Cdknic 5 £&TGGACAGGACAAGCGATCG3 6 5 &CTGTTCTGCTGCGGAGGTA3 6
Cyclin-dependent kinase inhibitor 2a Cdkn2a 5 &CTCTGGCTTTCGTGAACAT3 6 5 €GAATCTGCACCGTAGTTGAS3 6
Estrogen receptor U Esrl 5 €€CGTGTGCAATGACTATGCGC3 6 5 &TGCTTCAACATTCTCCCTCCTE3 6
Estrogen receptor b Esr2 5 @&SGAATCTCTTCCCAGCAGCA-3 6 5 &GGACCACATTTTTGCACTT3 6
Follicle stimulating hormone receptor Fshr 5 GGCAGATGTGTTCTCCAACCTACG3 6 5 GGGAGAGACTGGATCTTGTGAAAGG3 6
Androgen receptor Ar 5 @66GCGGTCCTTCACTAATGTCAACT3 6 5 GGAGACTTGTGCATGCGGTACTCAT3 6
Proliferatoractivated receptdd Ppar U 5-dGAACAAAGACGGGATG-3 6 5 GCAAACTTGGGTTCCATGAT-3 6
Proliferatoract i vat ed recept Pparoo 5 GGTGAGACCAACAGCCTGACGG3 6 5 GGTCCTGAATATCAGTGGTTCACCGE3 6

Sequence of primer sets used for gene expression analysis in this experiment.
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Figure 3.1 Effects of the phthalate mixture on antral follicle growth in culture.
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Effects of the phthalate mixture on antral follicle growth in culture. Antral follicles were isolated
from mouse ovaries and treated with vehicle (DMSO) or phthalateire (1500 pg/ml) for 96

hours. Follicle growth was measured every 24 hours. The graphs represent means + SEM from 6
separate cultures (n =-1 follicles/treatment/culture). Asterisks (*) indicate significant

differences from the control (p < 0.05).
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Figure 3.2 Effects of the phthalate mixture on the expression of cell cycle regulators.
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Effects of the phthalate mixture on the expression of cell cycle regulators. Antral follicles were
isolated from mouse ovaries and treated with vehicle (DMSOhtbiafate mixture (600 pg/ml)

for 96 hours. Follicles were collected and subjected to qPCR analyses for the expreSsikh of
(A), Ccna2(B), Ccnb1(C), Ccnd2(D), Ccnel(E), Cdknla(F), Cdknlc(G), andCdkn2a(H).
Relative fold changes of each gene nalired toRn18sare shown. Graphs represent means +
SEM from 3 separate experiments (n-£2follicles/treatment/experiment). Asterisks (*) indicate
significant differences from the control (p < 0.05). ” indicates borderline significance compared to

control, p = 0.08. M = mixture.
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Figure 3.3 Effect of the phthalate mixture on antral follicle atresia.
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Effect of the phthalate mixture on antral follicle atresia. Antral follicles were isolated from mouse
ovaries and treated with vehicle (DMSO) or phthalatigture (3500 pg/ml) for 96 hours.

Following culture, antral follicles were processed for histological evaluation of atresia. A
representative image of a DMSO treated follicle is found in panel A, representative apoptotic
bodies were circled inblack. R¢ esent ati ve i mages of mixture at
oocytes are shown in B, D, and F, respectively. Representative images of mixture at 1, 10, and
100 eg/ ml with fragmented oocytes are shown i

images of oocytes in the 500 e€g/ml treatment g

96



Figure 3.3 (cont.)

areshown in panel J. A score of 1 indicates the presence of apoptotic bodies encompa%sing 0

of the total area of follicle, a score ofrfflicates the presence of apoptotic bodies encompassing
4-10% of total area of follicle, a score of 3 indicates the presence of apoptotic bodies encompassing
11-30% of total area of follicle, and a score of 4 indicates >30% of apoptotic bodies of the total
area of follicle. Graph represents means * SEM from 3 separate experiments, with 12
follicles/treatment group in each experiment. Asterisks (*) represent significant difference from

the control (p < 0.05).
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Figure 3.4 Effects of the phthalate mixture orthe expression of apoptotic factors.
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Effects of the phthalate mixture on the expression of apoptotic factors. Antral follicles were
isolated from mouse ovaries and treated with vehicle (DMSO) or phthalate mix&08 (ig/ml)

for 96 hours. Follicles we collected and subjected to gPCR analyses for the expresdsax of

(A), Bcl2(B), Casp3(D), andCasp8(E). Relative fold changes of each gene normalizé&thtt8s

are shown. Ratio of the gene expression was calculated and is shdBaxfBcl2(C). Graphs
represent means + SEM from 3 separate experiments {h2=f@licles/treatment/experiment).
Asterisks (*) indicate significant differences from the control (p < 0.05). ” indicates borderline

significance compared to control, p = 0.06 for panel A, p08 @or panel C. M = mixture.
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Figure 3.5 Effects of the phthalate mixture on the expression of antioxidant enzymes.
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Effects of the phthalate mixture on the expression of antioxidant enzymes. Antral follicles were
isolated from mouse ovaries and treatstth vehicle (DMSO) or phthalate mixture-8DO pg/ml)

for 96 hours. Follicles were collected and subjected to gPCR analyses for the expreSsidh of
(A), Cat(B), Gpx(C), andGsr (D). Relative fold changes of each gene normalizeddnb8sare

shown. Gaphs represent means + SEM from 3 separate experiments (12 9
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Figure 3.5 (cont.)

follicles/treatment/experiment). Asterisks (*) indicate significant differences from the control (p <

0.05). M = mixture.
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Figure 3.6 Effect of the phthalate mixture onantral follicle -produced sex steroid hormone
levels.
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Effect of the phthalate mixture on antral folliggeoduced sex steroid hormone levels. Antral
follicles were isolated from mouse ovaries and treated with vehicle (DMSO) or phthalate mixture
(1-500 pgml) for 96 hours. Following culture, media were pooled per treatment group and were
subjected to ELISAs for the measurements of progesterone (panel A), androstenedione (panel B),
testosterone (panel C), estrone (panel D), and estradiol (panel E). Gregsenés means = SEM

from 6 separate experiments, with medium froh26wells/treatment group in each experiment.
Asterisks (*) indicate significant differences from the control (p < 0.05). ” indicates borderline

significance compared to control, p = 0.06= mixture.
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Figure 3.7 Effects of the phthalate mixture on the expression of steroidogenic enzymes.
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Effects of the phthalate mixture on the expression of steroidogenic enzymes. Antral follicles were
isolated from mouse ovaries and treated with veHiIbMSO) or phthalate mixture{800 pg/ml)

for 96 hours. Follicles were collected and subjected to qPCR analyses for the expreSseon of
(A), Cypllal(B), Cypl7al(C), Hsd3b1 (D), Hsd17al(E), andCypl9al(F). Relative fold
changes of each gene normatli toRn18sare shown. Graphs represent means + SEM from 3
separate experiments (n =19 follicles/treatment/experiment). Asterisks (*) indicate significant
differences from the control (p < 0.05) ~ indicates borderline significance compared to gontrol,

= 0.075. M = mixture.
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Figure 3.8 Effects of the phthalate mixture on the expression of receptors.
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Effects of the phthalate mixture on the expression of receptors. Antral follicles were isolated from
mouse ovaries and treated with vehicle (DMSO) dhalate mixture (5500 pg/ml) for 96 hours.
Follicles were collected and subjected to gPCR analyses for the expressar @), Esr2(B),

Fshr (C), Ar (D), P p a (E)JandP p a(F)oRelative fold changes of each gene normalized to
Rnl8sare shown.Graphs represent means + SEM from 3 separate experiments {bi2= 9
follicles/treatment/experiment). Asterisks (*) indicate significant differences from the control (p <

0.05). ~ indicates borderline significance compared to control, p = 0.07. M = mixture.
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CHAPTER IV

Prenatal exposure to an environmentally relevant phthalate mixture disrupts reproduction

in F1 female micé
4.1 Abstract

Phthalates are used in a large variety of products, such as building materials, medical devices,
and personal care products. Most previous studies on the toxicity of phthalates have focused on
single phthalates, but it is also important to study the eft#fgbhthalate mixtures because

humans are exposed to phthalate mixtures. Thus, we tested the hypothesis that prenatal exposure
to an environmentally relevant phthalate mixture adversely affects female reproduction in mice.
To test this hypothesis, pregn&@D-1 dams were orally dosed with vehicle (tocophstapped

corn oil) or a phthalate mixture (20 and 200 pg/kg/day, 200 and 500 mg/kg/day) daily from
gestational day 10 to birth. The mixture was based on the composition of phthalates detected in
urinesamples from pregnant women in lllinois. The mixture included 35% diethyl phthalate,

21% di(2ethylhexyl) phthalate, 15% dibutyl phthalate, 15% diisononyl phthalate, 8% diisobutyl
phthalate, and 5% benzylbutyl phthalate. Female mice born to the exposeweiasubjected

to tissue collections and fertility tests at different ages. Our results indicate that prenatal exposure
to the phthalate mixture significantly increased uterine weight and decreased anogenital distance
on postnatal days 8 and 60, inducgdtic ovaries at 13 months, disrupted estrous cyclicity,

reduced fertilityrelated indices, and caused some breeding complications at 3, 6, and 9 months
of age. Collectively, our data suggest that prenatal exposure to an environmentally relevant

phthalatemixture disrupts many aspects of female reproduction in mice.

3 Reprinted, with permission, fro@hou C. et alPrenatal exposure to an environmentally
relevant phthalate mixture disrupts reproduction in the F1 female mice. Toxicology and Applied
Pharmaology (In press).
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4.2 Introduction

Phthalates are synthetic chemicals that are widely used in common consumer products,
including various plastics, cosmetics, personal care products, polyvinyl chloride pipes, and vinyl
flooring [1, 2]. Because of the uhigfous characteristics of phthalates, humans at all ages are
constantly exposed to phthalates through ingestion, inhalation, and dermal contact. Of particular
concern, phthalates and their metabolites are present in pregnant women and can affect the health
of the mothers as well as their offspring. Metabolites of many phthalates such-ashlii2xyl)
phthalate (DEHP), diethyl phthalate (DEP), dimethyl phthalate, dibutyl phthalate (DBP), benzyl
butyl phthalate (BBzP), and diisobutyl phthalate (DiBP) hia@en frequently detected in urine
samples from pregnant womgh5]. Moreover, urinary levels of DEHP and its metabolite, mono
ethylhexylphthalate (MEHP), have been detected in maternal plasma and urine samples, and have
been associated with decreased gestationaléagd. Phthalate metabolites are also commonly
found in fetal samples such as amniotic fluid and cord blood saf@ley. Collectively, these
studies suggest that humans are constantly exposed to phthalates and that this exposure starts as

early as fetal life.

Fetal life is considered to be one of the most sensitive periods to toxicants because of the
critical developmentadvents that occur during this time period. Prenatal phthalate exposure has
been shown to induce Apht[HalllatTehissy nfdp lotmeadl atne
is characterized by malformations in the male reproductive organs, retention ofsnigppie
reduced anogenital distance (AGI1, 12] Moreover, gestational exposures to different
phthalates have been shown to reduce fertility in male rodents by decreasing steroidogenic capacity,
sperm quality and quantity, and sexual behav|@&16]. However, the effects of prenatal

phthalate exposure on female reproduction in the offspring are less extensively studied. Published
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studies have shown that gestational exposure to DEHP affects folliculogéfgsisduces oocyte
quality [18], decreaseseatoidogenic capacityjl8, 19] delays pubertjl19], and decreases fertility

[17, 18]

Although studies on prenatal exposure to a single phthalate provide important information
on phthalate toxicity, it is important to study mixtures of phthalates bebaunsans are exposed
to mixtures. Prenatal exposure to a mixture of DBP, DEHP, and bisphenol A reduced ovarian
follicular reserve and induced polycystic ovaries in female offsgéyy Prenatal exposure to a
phthalate mixture (BBzP, DBP, DEHP, DiBP, andpatityl phthalate) induced uterine
malformations in female offsprin@1]. Prenatal exposure to a mixture of phthalates, pesticides,
UV-filters, bisphenol A, butylparaben, and paracetamol significantly impaired female
reproductive function in the offsprirgy reducing follicle numbers, disrupting estrous cycles, and
decreasing ovarian weigh®2]. Only one of these previous studies, however, used a mixture that
was based on human exposure, but the lowest dose used in the study was 100 times greater than
the estimates of human exposuf22]. Thus, there is a need for studies conducted using
environmentally relevant phthalate mixtures at doses relevant to human exposure levels. Therefore,
in our study, we developed a phthalate mixture based on estimateshafaptexposure in
pregnant women and we used this phthalate mixture at environmentally relevant doses to test the
hypothesis that prenatal exposure to a phthalate mixture adversely affects reproductive outcomes

in the F1 female offspring.
4.3 Materials and Methods
Chemicals

DEP, DEHP, DBP, DiBP, diisononyl phthalate (DiNP), and BBzP (>98% purity) were

purchased from Sigmaldrich (St. Louis, MO). A pure phthalate mixture was made by calculating
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and combining the appropriate amount of each phthalate @&mgdodthe following percentages:

21% DEHP, 35% DEP, 15% DBP, 8% DIBP, 5% BBzP, and 15% DINP. The percentages were
derived from levels of phthalate metabolites measured in urine samples from pregnant women in
lllinois (unpublished data from the iKids stydyhen, the phthalate mixture was mixed thoroughly

before dilution in tocopheredtripped corn oil (vehicle control).

The doses used for this study were 20 pg/kg/day, 200 pg/kg/day, 200 mg/kg/day, and 500
mg/kg/day. This is the first time this phthalatexture has been testéd vivo. Thus, doses of
phthalate mixture were chosen to cover a wide environmentally relevant range and to include some
of the doses of individual phthalates that have been shown to adversely affect reproductive health
during prental exposurdg17-19, 23] The estimated general population daily exposure level of
DEHP is 330 pg/kg/dayf24]. According to these estimates, the two lower doses used in our study
mimic daily human exposure because they contain approximately 4 and 40dpg/kfj DEHP,
respectively. We also included two high doses of mixture (200 and 500 mg/kg/day, which contain
approximately 40 and 100 mg/kg/day of DEHP, respectively) to test the effects of this mixture at
a level higher than human expose range and to ammpur results with available information
from single phthalate studies that used doses close to this level. Previous studies have shown that
gestational exposure to DEHP decreased the thickness of thecal cell layers at 50 and 300
mg/kg/day[23], disruptel steroidogenic enzyme gene expression and increased estradiol levels at
100 mg/kg/day19], increased preantral follicle numbers at 200 pg/kg/day and 500 mg/kg/day
[17], increased ovarian weights at 0.05 and 5 mg/kd/t8ly and induced breeding complitas

at 200 pg/kg/day and 750 mg/kg/d@y].
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Animals

Adult cycling female and adult male EDmice were purchased from Jackson Laboratory
(Bar Harbor, ME) and allowed to acclimate to the facility for at least two weeks before use. The
mice were housed at the University of lllinois at Urb&tampaign, Veteniary Medicine Animal
Facility in polysulfone cages. Food (Harlan Teklad 8604) and water (reverse osmosis filtered) were
provided for ad libitum consumption. Temperature was maintained at 22+1 °C, and animals were
subjected to 1 light-dark cycles. The Btitutional Animal Care and Use Committee (IACUC)
at the University of lllinois at Urbar@hampaign approved all procedures involving animal care,

euthanasia, and tissue collection.
Study Design

At two months of age, 60 females were mated with untreataceprbreeder male mice.
Successful mating was confirmed by the presence of vaginal sperm plug. Gestational day (GD) 1
was set as the day of the presence of vaginal sperm plug. Once the vaginal sperm plug was
observed, female mice were separated and shngiged. These dams were considered to be the
FO generation, and their body weights were monitored every three days to confirm pregnancy. On
GD 10, FO dams were assigned to five different treatment groups (12 FO dams/treatment group)
and then were dosed ana day until they give birth. FO dams were orally dosed by pipetting
tocopheroistripped corn oil (vehicle control) or different doses of phthalate mixture (20 pug/kg/day,

200 pg/kg/day, 200 mg/kg/day, and 500 mg/kg/day) into the mouth from GD 10 to birth.

The route of exposure was selected to mimic the major route of exposure in R&jans
The exposure window was chosen because it is a critical period for ovarian development in the

mouse. All doses were given in-28 ul based on their body weights. Damere allowed to give

115



birth naturally and the number of total and live pups, body weights of live pups, and sex ratio of

the F1 pups were recorded on postnatal day (PND) O.
Tissue Collection, Body Weights, and Organ Weights

On PNDs 1, 4, 8, and 21, at #a@ne female F1 pup per litter (n =12 dams/treatment
group) was randomly chosen for tissue collections. On PND 60 and 13 months of age, the
remaining F1 female pups were euthanized and their tissues were collected during diestrus. At
each time pointsera, ovaries, uteri, and livers were collected, organ weights and body weights
were recorded, and anogenital distances (AGD) were measured. Organ weights were recorded as
whole organ weights in grams, AGD was recorded in millimeters (mm), and ovarieth&came
pup were measured together and recorded as one weight for DAL 13 months of age,
ovarian weights were based on one healthy ovary per mouse. The presence of cystic ovaries was
recorded. We normalized AGD to cubic root of body weight teactcfor body size effec{26].
Sera were stored for measurement of hormone levels in future studies. Ovaries, uteri, and liver

were snagrozen or fixed for molecular or histological analyses in future studies.
Onset of Puberty

After weaning, one F1 feale per litter (n = 112 litters/treatment group) was kept for
analyses of onset of puberty, estrous cyclicity, and fertility. Vaginal opening was used as a sign of
onset of puberty and was monitored every morning after weaning. Body weights wered@corde
the day of weaning and on the day of vaginal opening. After vaginal opening, estrous cyclicity was

monitored every morning by examining vaginal smears daily for 30 consecutive days.
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Fertility Tests

One F1 female per litter (n =122 litters/treatmit group) was subjected to fertility tests at
3, 6, and 9 months of age. For each fertility test, estrous cyclicity was monitored every morning
for 14 consecutive days prior to mating. Then, female mice were housed with untreated proven
breeder male miceof maximum of 2 weeks to evaluate fertility of F1 females. Once a vaginal
sperm plug was present, female mice were singly housed. Body weights were recorded twice a
week starting from the first day of estrous cyclicity examination until the birth of pups.
Maintenance or loss of pregnancy were monitored by body weight gain. For every female, the
presence of a vaginal sperm plug, days to pregnancy, the ability to become and maintain pregnancy,
and pregnancy lengths were recorded. The ability to deliver lips,size of the litter, average

live pup birth weight, and pup sex ratios were also recorded to evaluate the birth outcomes.

To examine fertility, we used several equations to calculate mating index, pregnancy rate,

fertility index, and gestation indexs @reviously describe@7] and as follows:
Pregnancy rate = number of pregnant females / number of breeding pairs x 100

Mating index = number of females with vaginal sperm plugs / number of breeding pairs x

100

Fertility index = number of pregnant femalesimber of females with vaginal sperm plugs

x 100
Gestational index = number of females who delivered / number of pregnant females x 100
Statistical Analyses

Data analyses were conducted using SPSS statistical software (SPSS Inc., Chicago, IL).
Oneway analysis of variance (ANOVA) was used to conduct multiple comparisons between
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normally distributed experimental groups, then followed by Dunnettlpmstomparisons if equal
variances were assumed, or Garhesvell posthoc comparisons if equal variancesraveot
assumed. Kruskalvallis H tests were used for comparison between groups if data were not
normally distributed, followed by Marwhitney U tweindependent sample tests. Statistical

significance was assigned at p < 0.05.
4.4 Results
Effect of Phthalak Mixture Exposure on FO Fertility Outcomes

The phthalate mixture did not affect the number of FO females that gave birth to live litters
(n = 1612 dams/treatment group, p > 0.05, data not shown). The phthalate mixture also did not
cause any effects on B@dy weight, ovary weight, uterine weight, liver weight, or relative organ
weight compared to vehicle control (n =12 dams/treatment group, p > 0.05, data not shown).
Further, the phthalate mixture did not affect the number of total pups, number jofiig, average
live pup body weights, and sex ratio of the F1 generation compared to the control groups (n = 10

12 dams/treatment group, p > 0.05, data not shown).
Effect of Prenatal Phthalate Mixture Exposure on F1 Female Pup Tissues

Prenatal exposure tphthalate mixture did not affect the body and liver weights of F1
females compared to controls on PND 1 and 4 (Table 4.1, r12 Hams/treatment). Prenatal
exposure to phthalate mixture at 500 mg/kg/day significantly decreased AGD in F1 females
compard to controls on PND 8 (Table 4.1, n 48 dams/treatment, p < 0.05). Moreover, prenatal
exposure to phthalate mixture (20 pg/kg/day) increased uterine weight in the F1 females compared
to controls on PND 8 (Table 4.1, n €18 dams/treatment, p < 0.0Frenatal exposure to phthalate

mixture did not affect body weight, liver weight, ovary weight, uteri weight, or AGD in F1 females
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compared to controls on PND 21 or at 13 months of age (Table 4.1;11 "d&ms/treatment).
However, prenatal exposure to phitite mixture at 20 and 200 pg/kg/day significantly decreased
AGD in F1 females and it (500 mg/kg/day) increased uterine weight in F1 females compared to

controls on PND 60 (Table 4.1, n =95dams/treatment, p < 0.05).

Interestingly, prenatal exposure the phthalate mixture caused cystic ovaries in F1
females at 13 months of age (Figure 4.1). In controls, none of the F1 females had cystic ovaries,
but females in all phthalate treated groups had cystic ovaries with enlarged fluid or blood filled

cysts (Table 4.2).
Effect of Prenatal Phthalate Mixture Exposure on F1 Pubertal Outcomes

Prenatal exposure to phthalate mixture at 20 pg/kg/day decreased F1 body weights at
vaginal opening compared to controls (Figure 4.2A, n-24,( < 0.05), but it did nsignificantly
affect the age at vaginal opening in F1 females compared to controls (Figure 4.2B;12) 10
However, prenatal exposure to phthalate mixture at 200 pg/kg/day borderline significantly reduced
the days between vaginal opening and the fitstigsn F1 females compared to controls (Figure

4.2C, n = 1612, p = 0.061).

Prenatal phthalate mixture exposure did not affect the time mice spent in proestrus in the
30 days after vaginal opening in F1 females compared to control (Figure 4.3A, +12). 10
However, at all doses, prenatal phthalate mixture exposure increased the time F1 mice spent in
estrus and decreased the time they spent in metestrus and diestrus combined in the 30 days after
vaginal opening compared to control (Figure 4.3A, n420*p < 0.05, *p = 0.057 for estrus , "p

= 0.063 for metestrus/diestrus).
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