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Abstract

Plasticizers aid in processing, and impart flexibility to plastics. Their broad
use and tendency to leach out of polymers have rendered them ubiquitous in the
environment. Phthalate plasticizers, in particular di-(2-ethylhexyl) phthalate
(DEHP), are known to cause male reproductive tract defects in animal models.
It has been assumed that DEHP metabolite, mono-(2-ethylhexyl) phthalate
(MEHP), is the active compound, however the bioactivity of metabolites such
as 2-ethylhexanol, 2-ethylhexanal and 2-ethylhexanoic acid, has not been
thoroughly investigated. The aim of this study was to test the effects of these
compounds in a mouse Leydig tumour cell line, MA-10 cells. DEHP, MEHP
and 2-ethylhexanal decreased cell viability, as well as steroidogenic potential as
quantified by an enzyme-linked immunosorbent assay and gene expression
analysis. Interestingly, 2-ethylhexanal was the most potent steroidogenic
disruptor, which offered an intriguing contribution to the search for the
mechanism(s) of phthalate toxicity and raised doubts that MEHP is the single

active metabolite.



Résumé

Il est connu que les phtalates utilisés comme plastifiants et plus
particulicrement les phtalates di-(2-éthylhexyle) (DEHP) sont a I’origine des
malformations de I’appareil reproducteur masculin dans les modeles
d’animaux. Ces plastifiants sont essentiels lors de la fabrication des plastiques
pour leur donner de la flexibilité. Dus a une utilisation excessive de ces
plastifiants et a leur capacité a s’échapper des plastiques existant, ces
plastifiants sont maintenant omniprésents dans 1’environnement. Dans cette
étude, on fait ’hypothese que le métabolite de DEHP, le phtalate mono-(2-
éthylhexyle) (MEHP), est la molécule active, bien qu’il n’existe aucune autre
¢tude concernant les métabolites comme 2-éthylhexanol, 2-éthylhexanal et
l'acide 2-éthylhexanoique. Le but de cette étude est d’évaluer les effets de ces
produits chimiques sur une lignée cellulaire tumorale interstitielle du testicule
de souris, les cellules MA-10. On a montré que le DEHP, le MEHP et le 2-
¢thylhexanal ont diminué la viabilité des cellules, aussi bien que la
stéroidogénése qui a été quantifiée par la méthode ELISA et par 'analyse de
I’expression génétique. Contre toute attente, le 2-éthylhexanal s’est avéré le

plus puissant acteur dans la dégradation de la stéroidogénése, ce qui a ouvert

une nouvelle avenue de recherche concernant le ou les mécanisme(s) impliqués

dans la toxicité des plastifiants phtalates et a mis en doute le fait que le MEHP

est le seul métabolite actif.
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1 Introduction

11 The Buzz about Phthalates

Rising incidence of male reproductive tract disorders, such as
cryptochordism' and hypospadias®, testicular cancer™ and reduced semen
quality’” in developed countries has lead to the investigation of certain
environmental chemicals as the possible culprits behind these alarming trends®.
The collection of disorders has been termed testicular dysgenesis syndrome
(TDS), and several researchers believe that endocrine disrupting chemicals,
such as phthalate plasticizers acting as anti-androgens (disruption of
testosterone production), are involved in the etiology of the syndrome®. This
belief is based on the evidence of some epidemiological studies that have
correlated increased phthalate exposure to TDS-like symptoms'’, and the
almost overwhelming amount of research reporting male reproductive tract
malformations in animal models exposed to phthala‘[esg'20

Phthalate plasticizers belong to a family of small molecules added to
polymers, such as polyvinyl chloride, to improve their flexibility and aid in
processing. They are diesters of phthalic acid and are odorless, colourless (or
slightly yellowish) oily liquids at ambient temperature. Some common
plasticizers and their structures are presented in Table 1 below.

In 2004 it was estimated that phthalate plasticizers were produced on the
order of 6 million tons per year worldwide and DEHP accounts for about 50%
of total plasticizer production, making it the most common plasticizer in use®'.
Over 80% of plasticizers are used in polyvinyl chloride (PVC), and they can
account for 10-60% of a plastic by weight’!. Some of the uses of plasticizer-
enriched plastics include cable insulation, pavements, coatings, imitation
leather, lubricants, sealants, food packaging, toys, cosmetics and medical

21,22

devices™ . In fact, DEHP-enriched PVC is the most common plastic used for

medical devices, which leads to high exposure levels™, as described in greater

detail in section 1.3.1. Given the widespread use of these products and the

24-26

tendency of plasticizers to leach out of plastics™ ", they have become



Table 1: Some common phthalate plasticizers.

Plasticizer Structure
R S
Di(2-ethylhexyl) phthalate o
(DEHP) o
O
O/\/\/W
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Diisononyl phthalte (DINP) o
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Di-n-butyl phthalate (DBP)
O\/\/

Benzyl butyl phthalate

Diethyl phthalate

ubiquitous in the environment, detectable in soil, air, water and even in the

urine of the general public**?"**,



While evidence of phthalate toxicity has existed for over sixty years, it
wasn’t until June of 2009 that Canada issued regulations restricting their use®.
The restriction, part of Canada’s Hazardous Products Act, ensures that
children’s toys and care products imported and sold in Canada do not contain
potentially hazardous concentrations of six phthalates (including DEHP)
already controlled in the United States and the European Union. Initiatives to
develop biodegradable plasticizers that do not have adverse health effects in
humans are already underway at McGill University in anticipation of such bans.

Despite this ban, the mechanisms of toxicity of phthalates remains poorly
understood. DEHP is rapidly metabolized to 2-ethylhexanol and mono-(2-
ethylhexyl) phthalate (MEHP) in the intestine™, and it has been suggested that
MEHP is the active anti-androgenic metabolite responsible for the testicular
toxicity of DEHP'C. This conclusion, however, was reached without adequate
investigation of the other metabolites of DEHP. For example, the metabolites
of 2-ethylhexanol (2-ethylhexanal and 2-ethylhexanoic acid) have been
virtually ignored with respect to their capacity for inducing testicular injury.
There is evidence, however, that 2-ethylhexanol and 2-ethylhexanoic acid may
be more toxic than the parent compound®®~'. Assessment of toxicity to aquatic
populations has been done in a number of organisms, including Daphnia
(Daphnia magna) and rainbow trout (Oncorhynchus mykiss). The lethal
concentrations that caused mortality in 50 % of the population (LC50) for 2-
ethylhexanol were 7.7x10™* M and 2.1x10™ M respectively; the LC50 values for
2-ethylhexanoic acid were 9.4x10™* M and 1.2x10™ M respectively™. These
concentrations are similar to those used in the current study (1x107-1x10~ M).
As for mammals, the oral rat LD50 (lethal dose that causes mortality in 50 % of
the population) of 2-ethylhexanol is 3730 mg/kg**, while for 2-ethylhexanoic
acid it is 3000 mg/kg®®. The LD50 of the parent compound, however, is an
order of magnitude greater, 30 000 mg/kg**. These chemicals were detectable
in numerous environmental samples (ex. tap water, melted snow, river water
and sediment), and in particular the acid is believed to be quite resistant to

further degradation®®>. While 2-ethylhexanal was not tested in the aquatic



studies due to its high volatility and rapid biodegradation to 2-ethylhexanoic
acid in bacterial cultures®®~°, a comparable LD50 of 2600 mg/kg’® has been
reported. Thus the potential for these compounds to exhibit testicular toxicity is
a concern. In addition, the molecular targets of DEHP and/or its metabolites
have yet to be identified and thus the full mechanism of action of phthalate
disruption remains a mystery. Despite the abundance of literature already in
existence, further research is required to understand and remedy the impact of

phthalates.

1.2 Research Questions

The objective of the study was to evaluate the testicular toxicity of DEHP
and its known metabolites in vitro. In order to do so, experiments were done
with MA-10 cells, a mouse Leydig tumour cell line. A Leydig cell line was
chosen as these cells are responsible for the majority of testosterone production
in men, and are therefore appropriate for studying anti-androgenic effects. The
MA-10 cell line was chosen because it is well established and is capable of
responding to gonadotropic stimulation. It should be noted that like most
clonal cell lines, MA-10 cells have lost some of their cell specific capacity®’.
Specifically, these cells are not capable of completing all the steps involved in
steroidogenesis (production of testosterone). They are, however, capable of
performing the first few rate limiting steps, and produce progesterone, which is
used as a marker for Leydig cell function. The effects of DEHP and four of its
metabolites (MEHP, 2-ethylhexanol, 2-ethylhexanal and 2-ethylhexanoic acid)
on this cell line were explored. The research questions investigated were:

e Do DEHP and/or its metabolites affect MA-10 cell viability?

e Do DEHP and/or its metabolites affect MA-10 steroidogenesis?

e Do DEHP and/or its metabolites affect the gene expression of enzymes
known to be involved in steroidogenesis?

In answering these questions, this study aimed to test the long standing
hypothesis that MEHP is the active metabolite of DEHP. It will also provide an

in vitro basis for comparison for new plasticizers being developed at McGill



and contributed to the search for the mechanism of action of DEHP in inducing

testicular injury.
1.3 Literature Review

1.3.1 Exposure to Phthalates

Given the toxicity of phthalates in rodents and their ubiquity in the
environment, many studies investigating the exposure of humans to phthalates
have been conducted. Studies of randomly selected subjects have generally
shown relatively low levels of phthalate exposure. In 2000, Bount ez al.*®
completed a study investigating the urinary levels of the monoester metabolites
of seven common plasticizers in the general population. The metabolites were
used as biomarkers for exposure as the parent compounds are ubiquitous, and
thus the measurements subject to contamination. The concentrations of the
monoesters were measured in an American reference population and used to
estimate the daily exposure levels using the method of Kohn et al.*’; the results
are presented in Table 2 below. The table also includes the daily exposure
levels to phthalates of the general German population based on urinary
concentrations measured by Wittassek ez a*. One final data set is presented as
compiled by the Centers for Disease Control (CDC) in the Third National
Report on Human Exposure to Environmental Chemicals*' from nearly 2800
US participants in the National Health and Nutrition Examination Survey
administered by the National Center for Health Statistics between 2001 and
2002. The samples were randomly selected to be representative of the US
population over the age of 6, and the urinary concentrations converted to daily
exposure estimates by the method of Kohn ef al*’. Included in the last column
of the table is an oral reference dose (RfD) provided by the US Environmental
Protection Acgency’s (EPA) Integrated Risk Information System (IRIS) for
several of the plasticizers. The RfD is a daily dose that is “likely to be without
an appreciable risk of deleterious effects during a lifetime” of a human, even

.42
the most sensitive .



Table 2: Exposure estimates of the general American and German populations to phthalate
plasticizers based on urinary concentrations of the monoester metabolites. Values are in pg/kg/day.

Mean exposure Mean
Mean
' : estimate: exposure RfD:
Diester concentration: ‘ ‘ »
38 Wittassek et estimate: EPA
Blount et al. 40 2
al. CDC
Di-ethyl phthalate 14 n/a 6.2 800
Di-n-butyl
0.92 1.9 0.66 100
phthalate
n-Butyl benzyl
1.8 0.2 0.68 200
phthalate
Dicyclohexyl < Limit of
0.076 n/a ' n/a
phthalate detection
Di-2-ethylhexyl
0.80 24 1.1 20
phthalate
Di-n-octyl
0.56 n/a 1.1 n/a
phthalate
Di-i-nonyl < Limit of
0.14 0.4 n/a
phthalate detection

As seen in the table above, most phthalates were several orders of magnitude
below the EPA’s RfD. DEHP exposure ranged from 0.8-2.4 pg/kg/day for the
general public in the US and Germany, which is also below the EPA’s oral RfD
of 20 ng/kg/day, however only by a single order of magnitude. A study
performed by Meek ef al. measured the exposure of the Canadian population to
DEHP through various means (ambient air, indoor air, drinking water, food,
etc.) and found significantly higher exposure estimates, varying from 5.8
pg/kg/day for the adult population, up to 19 pg/kg/day for the 0.5-4 year old
age group™. Although these levels are still acceptable according to EPA
standards, one should consider that the EPA’s RfD is based on exposure to a
single phthalate, and that the general population is clearly exposed to a

collection of phthalates, such that the cumulative effects of plasticizers may be
6



a concern, though research in this area is limited. Moreover, these compounds

are known to be further metabolized and therefore urine levels may be a gross

underestimation.

While the general population is exposed to relatively low levels of DEHP,

certain subsets of the population are exposed to significantly higher levels.

These subsets include those with high occupational exposure and those

requiring frequent medical attention. Some adverse effects have been

associated with occupational exposure

44-46

, such as a six-fold increase in the

risk of seminoma, a type of testicular cancer, in plastics workers exposed to

PVC containing phthalates*.

Although high levels of DEHP have been measured in humans after medical

- . 254755 o
treatments since the seventies™ ", few long-term studies in humans have

been completed to evaluate the risks of DEHP exposure from medical devices.

In short term studies, doses of DEHP as high as 140 mg/kg/day have been

detected in infants after extracorporeal oxygenation™. Other alarmingly high

doses have been measured as a result of hemodialysis, blood transfusion and

cardiopulmonary bypass as presented in Table 3 below. Given the effects of

DEHP on the male reproductive tract in rodents, exposure of infants or

pregnant women to such high levels of the plasticizer is a concern.

Table 3: Exposure of medical patients to plasticizers following various treatments. Adapted from

Huber et al’%.

Treatment Time period Dose (ng/kg) References
Hemodialysis One session 10-7,200 41495153
Blood transfusion in adults | Treatment period  200-8,500 =y
Blood transfusion in Treatment period  500-4,200 2233
newborns

Extracorporeal oxygenation | Treatment period  42,000-140,000 >3

in infants

Cardiopulmonary bypass Treatment day 30-2,400 2534




1.3.2 Steroidogenesis

Disruption of steroidogenesis by phthalates is suspected to be the cause of
many of the male reproductive tract abnormalities reported in animal
models'>*°. One steroidogenic process is sex steroid biosynthesis, which is the
process that converts cholesterol to sex steroid hormones, such as testosterone.
This occurs almost exclusively in the Leydig cell, an interstitial testicular cell
phenotype. Steroid hormone biosynthesis as regulated by trophic hormones can
be classed into two categories; “chronic” steroidogenesis, which continuously
produces low levels of steroids over a long period of time, and “acute”
synthesis, which results in large increases in steroid production and occurs
within minutes. The current study investigates only the latter process, and so
only acute steroidogenesis will be discussed. Steroidogenesis in Leydig cells is
triggered by the binding of luteinizing hormone (LH) to its receptor on the
Leydig cell membrane. This induces the production of cyclic adenosine

monophosphate (cAMP), an intracellular signaling molecule, from adenosine
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Figure 1: Steroidogenic pathway58. The A4 pathway is active in rodents and the AS pathway is active in
humans.



triphosphate (ATP). Protein kinase A (PKA) synthesis is catalyzed by cAMP
and works with several other enzymes to transport cholesterol from the
cytoplasm to the inner mitochondrial membrane. The conversion of cholesterol
to testosterone is outlined in Figure 1 above.

These transport enzymes include the steroidogenic acute regulatory protein
(StAR), the outer mitochondrial membrane translocator protein (TSPO),
formerly known as the peripheral-type benzodiazepine receptor (PBR), and
several others’™®. Once the cholesterol has passed into the mitochondria, the
inner-mitochondrial membrane bound cytochrome P450 side chain cleavage
(CYP11A1 or P450scc) enzyme converts it to pregnenolone. Pregnenolone is
then transferred to the endoplasmic reticulum where the remaining enzymatic
steps occur. The conversion of pregnenolone to testosterone involves a number
of intermediates and may proceed via two different routes, called the A*and A’
pathways. It is the latter pathway that is active in humans; however the A” is
more common in rodents. In either case, the same enzymes are involved.

The A* pathway begins by the conversion of pregnenolone to progesterone
by the enzyme 3B-hydroxysteroid dehydrogenase/ A’-A* isomerase (HSD3B).
This is where the process ends in MA-10 cells’’. In normal cells, the
endoplasmic reticulum membrane bound enzyme cytochrome P450 17a-
hydroxylase/17,20 lyase (CYP17A1) then converts progesterone to 17a-
hydroxyprogesterone and then androstenedione. Finally, androstenedione is
reduced to testosterone by the enzyme 173-hydroxysteroid dehydrogenase type
111 (HSD17BIII). In the A’ pathway, CYP17A1 first converts pregnenolone to
170-hydroxypregnenolone and then dehydroepidandrosterone (DHEA), which
1s subsequently acted on by 3f-HSD to form androstenedione. Lastly,
HSD17BIII converts androstenedione to testosterone™.

In this study, the gene expression of three key proteins is investigated. The
proteins StAR, TSPO and CYP11A1 were chosen due to their involvement in
the first two steps of steroidogenesis. The transport of cholesterol from the
outer to the inner mitochondrial membrane is the rate limiting step of acute

steroid biosynthesis, since simple diffusion of hydrophobic cholesterol across



the aqueous intermembrane space is very slow. Work on the regulation of
steroid hormone biosynthesis in the 60s, 70s and 80s revealed that this step is
sensitive to inhibitors of protein synthesis, and thus de novo protein synthesis is
required for protein transport across the mitochondrial membrane™. The search
for the proteins and their mechanisms of action involved in this important
transport step continues today.

One of the first proteins to be identified as sensitive to acute stimulation and
involved in the transport of cholesterol across the mitochondrial membrane was
the StAR protein®. This protein was identified in cells in two forms; the
immature 37-kDa StAR protein containing a mitochondrial leader sequence that
directs the protein to mitochondria, where the sequence is cleaved yielding a
mature 30-kDa mitochondrial matrix StAR protein. Surprisingly, the final 30-
kDa StAR protein is steroidogenically inactive, and it is the 37-kDa immature
protein that is responsible for protein transport, providing the first example of a
mitochondrial protein being active in an immature state. It is this property that
allows for the rapid initiation and termination of acute steroidogenesis®.

The mechanism of action of StAR protein is not yet fully understood,
however direct interaction of the protein with cholesterol is thought to be
involved due to the cholesterol binding abilities of StAR®® and a correlation
between cholesterol binding and StAR activity™. It is also understood that
StAR does not act alone, but is involved in a macromolecular protein complex
that also contains TSPO, PAP7, a TSPO-associated protein and the regulatory
subunit Ia of protein kinase A (PKARIa)**.

The first signs that TSPO was involved in steroidogenesis were the
observations that the protein is abundant in steroidogenic cells and that it is
associated primarily with the outer mitochondrial membrane®. Further
evidence emerged when Papadopoulos et al. showed that several TSPO ligands
could increase pregnenelone production to levels in agreement with their
binding affinities in MA-10 and primary Leydig cells®, and that such increases
were the result of enhanced cholesterol transport from the outer to the inner

mitochondrial membrane®’.

10



Although the exact mechanism of action of the proteins remains uncertain,
one suggestion is that TSPO and another associated protein, the voltage-
dependant anion channel (VDAC), form a pore in the mitochondrial membrane
through which the cholesterol can pass and that StAR confers steroid specificity
to the complex®. Later, Hauet e al. identified the PAP7 protein and were the
first to suggest that it may act by targeting PKARIa to TSPO so that
phosphorylation can occur’’. Finally, Lui ez al. confirmed the presence of a
StAR-PKARIa-PAP7-TSPO complex localized in the mitochondria and
proposed that PAP7 links TSPO to PKARIa, conferring cAMP responsiveness
to the complex, which then associates with StAR protein, providing its
cholesterol transport abilities®*.

The final protein of interest is cytochrome P450 side chain cleavage
(CYPI1A1) as it is responsible for the conversion of cholesterol to

pregnenolone and is considered the rate limiting enzymatic step®.

1.3.3 Metabolism of DEHP

The first step in the metabolism of DEHP is the enzymatic hydrolysis of the
diester by lipases and esterases (phase I hydrolysis) into its primary
metabolites, the monoester phthalate MEHP and 2-ethylhexanol, which occurs
primarily in the intestine and liver **’°. It should be noted that a study
investigating the distribution of DEHP or its metabolites in marmosets showed
that the greatest accumulation of orally administered plasticizer occurred in the
testes 7 days after exposure’'. Following hydrolysis, MEHP and 2-
ethylhexanol then follow separate metabolic pathways. Futher hydrolysis of
MEHP to phthalic acid only occurs to a minimal extent’”’*. Instead it
undergoes several other transformations; hydroxylation and oxidation (see
Figure 2 below), followed by phase II conjugation, often by the enzyme uridine
5’-diphosphoglucuronyl transferase, to the glucuronide conjugates, which are
easily excreted in urine””. In fact, approximately 80% of urinary metabolites of
DEHP are in the glucuronide conjugated form”*. Some of the metabolites

commonly used as urinary biomarkers of human exposure to DEHP include (in

11



their unconjugated forms): mono-(2-ethyl-5-hydroxyhexyl)phthalate (SOH-
MEHP), mono-(2-ethyl-5-oxohexyl)phthalate (Soxo-MEHP), mono-(2-ethyl-5-
carboxypentyl)phthalate (5cx-MEPP) and mono-[2-
(carboxymethyl)hexyl|phthalate (2cx-MMHP)">7®,

2-ethylhexanol on the other hand is first converted to the aldehyde 2-
ethylhexanal by the alcohol dehydrogenase enzyme, and then to 2-
ethylhexanoic acid by the aldehyde dehydrogenase enzyme’’.

While no experiments investigating the metabolism of DEHP in MA-10
cells have been done, preliminary experiments in human hepatocellular
carcinoma (HepG2) cells have confirmed the breakdown of DEHP into 2-
ethylhexanol by these cells. However further breakdown of this compound was
not observed due to the lack of alcohol dehydrogenase expression in this cell
line. Thus exposure of these cells to 2-ethylhexanal and the resultant
accumulation of 2-ethylhexanoic acid confirmed the last step in this metabolic

pathway in vitro”®.
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1.3.4  Effects of Plasticizers

Concerns regarding the potential toxicity of plasticizers arose as early as
1945°, when Shaffer ef al. showed the first evidence of testicular toxicity in rats
orally exposed to DEHP, with tubular atrophy and degeneration in the testis at
doses equivalent to 1.6 g/kg/day and higher. In the following three decades, a
number of groups studied phthalates as a result of these observations.
Relatively high LD50 values in a number of species led researchers to conclude
that the use of phthalate esters as plasticizers was justified, and did not pose a
significant health risk” ™,

It was not until 1977 that interest in phthalates was renewed, when Gray et
al. exposed male and female rats orally to DEHP for 17 weeks. They found
that liver weights were reduced, and that in male rats, the testis weight was
significantly reduced. In addition, spermatogenesis ceased and severe atrophy
of seminiferous tubules occurred®. This sparked a cascade of studies
investigating the effects of DEHP in multiple organs. Adverse effects have also
been reported in the kidneys, lungs and heart™, however the liver and testes
were the main organs of concern. DEHP is known to cause a number of
hepatocellular abnormalities, including increased number of peroxisomes,
increased fatty acid metabolism, cell proliferation, apoptosis, and a number of
other cellular events, all culminating in the induction of hepatic tumours. The
relevance of rodent data to humans is still being questioned, however, as human
cell cultures have proven to be much less sensitive to DEHP, or simply lack the
signaling pathways implicated in rodent hepatic carcinomas®”.

The study performed by Gray ez al.* also directed research towards the
Sertoli cell as the target of phthalate induced testicular injury as these cells are
part of the seminiferous tubules and are responsible for nurturing sperm cells
throughout the process of spermatogenesis® . In 1982, Foster ef al. contributed
to the evidence that Sertoli cells were the main target of phthalates with a study
in which adult rats were exposed to a single, high dose of di-n-pentyl phthalate
(DPP). Vacuolation of the Sertoli cell cytoplasm was the first visible sign of
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testicular injury only 6 hours after exposure, followed by degradation of Sertoli
cell mitochondria and depletion of zinc in spermatids 24 hours after exposure'”.
Other groups working with MEHP-treated cultured Sertoli cells noted a
decrease in follicle stimulating hormone (FSH) induced cyclic adenosine
monophosphate (cAMP) production and postulated that this might be the
mechanism of testicular injury' .

A shift in focus occurred in the mid-nineties however when developmental
abnormalities in the male reproductive tract following in utero/perinatal
exposure to phthalates were reported'>'**”. These effects included reduced
anogenital distance, epidydimal dysgenesis, hypospadias, chryptorchidism,
Leydig cell hyperplasias and small testis. These abnormalities in androgen-
dependent development suggested an antiandrogenic mechanism of injury. A
great deal of interest was invested in exposure to phthalate plasticizers during
key male reproductive development windows.

Suspicions that phthalate esters might be endocrine disruptors sparked a
number of studies that investigated the ability of phthalates to disrupt
testosterone production by Leydig cells'>. In 2000, Parks e al. showed that
treatment of pregnant dams with DEHP caused a marked decrease in
testosterone production in fetal and neonatal male rats. The group also showed
that neither DEHP nor MEHP exhibited binding affinity for the androgen
receptor (AR), and thus the mechanism of action could not be AR agonism or
antagonism.

Subsequently, exploration of the potential of phthalates to disrupt
steroidogenesis by decreasing the expression of steroidogenic enzymes was
initiated (see section 1.3.2 for description of these enzymes). Several groups
have shown that the expression of some of the key enzymes involved in
steroidogenesis are affected by phthalate exposure, including the steroidogenic
acute regulatory protein (StAR), the outer-mitochondrial membrane
translocator protein (TSPO, also known as the peripheral benzodiazepine
receptor, or PBR) and cytochrome P450 side chain cleavage (P450scc) !’
Today, the focus of study is elucidating the mode of action of phthalates in
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inducing testicular injury. A number of hypotheses exist, including the
involvement of the peroxisome proliferator activated receptor (PPAR), a
nuclear receptor'’, oxidative stress®® and the thyroid hormone receptor alpha 1
(TRa1)¥. These hypotheses will be presented in greater detail in the discussion

(section 4.5 Mechanism of Action).

1.3.5 Summary

In summary, the ubiquity of DEHP, rising incidences of TDS in the human
population and its long history of testicular toxicity have resulted in its ban
from children’s toys and products in the US, the EU and now Canada. The
need for alternative plasticizers and the understanding of how DEHP exerts its
testicular effects is reaching a critical point. This study tests the hypothesis that
MEHP is the active metabolite of DEHP by evaluating the effects of DEHP,
MEHP, 2-ethylhexanol, 2-ethylhexanal and 2-ethylhexanoic acid in MA-10
cells, a steroidogencially active cell line. In doing so, an in vitro basis for
comparison of future plasticizers in development at McGill is supplied, and a
contribution to the search for the mechanism of testicular toxicity of DEHP is

made.
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2 Materials and Methods

2.1 Chemicals

A list of chemicals and suppliers is included in Appendix I. Biohazard
approval is included in Appendix II. Chemicals intended for use in cell culture
were sterilized by autoclave at 121°C for 30 minutes, or filtered with
Millex®GV 0.22 um filter units (Millipore). DEHP and its metabolites were
purchased from Sigma-Aldrich, except for MEHP which was purchased from

Crescent Chemical Company.

2.2 Cell Culture

MA-10 mouse Leydig tumor cells were a generous gift of Dr. Mario Ascoli,
via Dr. Tremblay (Université Laval). The cells were cultured in Waymouth’s
MB 752/1 (1X) medium supplemented with 15 % horse serum, 20 mM HEPES
and 0.25 % penicillin-streptomycin (Gibco) at 37°C in 5% CO2 (Thermo
Electron Corporation, Model Forma Series II Incubator). The media was
changed every second day and the cultures were split 1:3 every 3-4 days.
Flasks were pre-treated with 0.1 % gelatin from porcine skin (Sigma-Aldrich,
G2500) to improve cell adhesion. This cell line did not adhere very strongly,
such that all handling of the cells was performed very carefully so as not to
detach the cells. Details of the cell culturing protocols can be found in

Appendix II1.

2.3 Cell Viability Assay

Pass 13 MA-10 cells were exposed to DEHP and four known metabolites of
biodegradation in static culture and the effect on cell viability was assessed
using an MTT colorimetric assay that measures the metabolic activity of the
cells. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, or MTT
(Sigma-Aldrich, M5655) is a compound that is rapidly metabolized by healthy
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cells, producing purple formazan crystals that can be easily quantified by

spectrometry.

2.3.1 Sample Preparation

A confluent flask of MA-10 cells was trypsinized and seeded in a 96-well
plate pre-treated with gelatin (Sigma-Aldrich, G2500) at a concentration of
5000 cells per well. Extra wells were seeded at this concentration, to serve as
controls, and three wells were filled with media alone to serve as blanks. A
standard curve was prepared using cell suspensions of seven different
concentrations (1000; 2000; 4000; 5000; 6000; 8000; 10 000 cells/well). Each
standard, sample, control and blank was prepared in triplicate. The cells were
allowed to attach overnight at 37°C in 5% CO..

The following day, the media was removed from the sample wells and 100
uL of media with 0.3 v/v % dimethylsulfoxide (DMSO) and various
concentrations (1x10-3; 1x10-4; 1x10-5; 1x10-6 M) of DEHP, MEHP, 2-
ethylhexanol, 2-ethylhexanal and 2-ethylhexanoic acid were added to the wells.
Loading was randomized in the plate. Media from the standard, control and
blank well was removed and replaced with 100 pL of media with 0.3 v/v %
DMSO. As two time points were investigated, the plates were incubated for

either 24 or 48 hours 37°C in 5% CO2.

2.3.2 MTT Assay

At the end of the exposure period, the plate was removed and 110 pL of
phenol red free (transparent) media with 1.1 mM MTT was added, according to
the manufacturer’s protocol. The plate was then incubated at 37°C in 5% CO2
for 4 hours. The formation of formazan crystals was confirmed under a light
microscope after the incubation period, and the crystals were solubilized by
adding 100 pL of SDS-HCI detergent and incubating the plate for 18 hours at
37°C in 5% CO2. The optical density, or absorbance, of each well was
measured using a Benchmark Plus™ microplate spectrophotometer (Bio-Rad)

at 570 nm. The absorbance of wells with cells treated with the aforementioned
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compounds was normalized to the absorbance of the control wells to assess cell

viability.

2.4 Effects on Steroidogenesis

MA-10 cells are not capable of producing the enzymes required for the
production of testosterone, but do produce progesterone, an intermediate
hormone. Therefore, progesterone was used as a marker for testosterone
production. The progesterone produced as the result of acute stimulation with
human chorionic gonadotropin (hCG, 0.5 nM, > 12 000 [U/mg, Calbiochem,
86903 1) was measured using a competitive binding enzyme-linked
immunosorbent assay (ELISA, Fitzgerald Industries International, Inc., 55R-

RES52231).

2.4.1 Sample Preparation

Samples were prepared as described for the cell viability experiments in ten
6-well plates at a concentration of 40 000 cells per well. The following day, the
media was removed from the sample wells and 1.6 mL of media with 0.3 v/v %
dimethylsulfoxide (DMSO) and various concentrations of DEHP, MEHP, 2-
ethylhexanol, 2-ethylhexanal and 2-ethylhexanoic acid was added to the wells
in a randomized pattern. Media from the control wells was removed and
replaced with 1.6 mL of media with 0.3 v/v % DMSO. The plates were
incubated for 24 hours at 37°C in 5% CO2.

After 24 hours, the media was removed and the wells washed with
phosphate buffered saline (PBS) to remove any excess compound. The cells
were then stimulated with 1.6 mL of media with 0.5 nM hCG per well for 4
hours at 37°C in 5% CO2. Only the negative control wells were not stimulated,
instead the media was replaced with fresh media. The supernatant was then
collected and stored at -20°C for analysis within two weeks. The cells were

washed twice more with PBS and saved for total protein analysis.

2.4.2 Progesterone Measurement
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The ELISA kit and samples were allowed to reach room temperature before
beginning the protocol provided by the manufacturer. Progesterone standards
(0; 0.3; 1.25; 2.5; 5; 15; 40 ng/mL progesterone) from the kit, samples, controls
and blanks were added at a volume of 25 pL to the microtiter wells and the
plate was incubated at room temperature for 5 minutes. The enzyme conjugate
solution supplied in the kit was then added to each well and the plate was
incubated at room temperature for one hour. After one hour, the wells were
thoroughly rinsed with the wash solution provided and the enzyme substrate
solution was added. The reaction was allowed to proceed for 15 minutes, at
which time the stop solution was added to terminate the reaction and arrest the
colour change. The optical density of each well was measured using a
Benchmark Plus™ microplate spectrophotometer at 450 nm. As the assay is
based on the principle of competitive binding, a 4 parameter logistic (4PL)
curve was used to fit the standard curve and thus calculate the progesterone

concentrations in the samples.

2.4.3 Total Protein Measurement

Owing to the possible variations in the number of cells in each well, the
progesterone production was normalized to total protein. A Bicinchoninic Acid
(BCA™) Protein Assay Kit (Thermo Scientific, 23227) used to quantify the
concentration of protein per well. The basis of this assay is the biuret reaction,
wherein Cu+2 is reduced to Cu+1 by protein in an alkaline medium. The Cu+1
ion is then detected by a colour change that results from the chelation of two
BCA molecules with one Cu+1 ion.

Cells were treated in 6 well plates as described in the sample preparation
section above. They were then lysed by adding 400 puL of RIPA lysis buffer to
each well, and shaken for 10 minutes. Cell lysis was confirmed visually using a
light microscope (Leica DM IL). During the lysis period, a standard curve was
prepared from a stock solution at 2 mg protein/mL of bovine serum albumin
(BSA) supplied in the assay kit. The standard concentrations used were 0, 25,
50, 75, 100, 150 and 200 pg protein /mL. Also during this period, the
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“Working Reagent” (WR) was prepared by mixing 50 parts of BCA™ Reagent
A (containing BCA) with 1 part BCA™ Reagent B (containing cupric sulfate,
the source of Cu+2 ions). Once the lysis was complete, 25 pg of each standard,
sample and control was transferred to a 96 well plate (triplicates of each) and
200 pL of WR was added to each well. The 96-well plate was then incubated
at 37 °C for 2 hours. Following the incubation period, the absorbance of each
well was measured using a Benchmark Plus™ microplate spectrophotometer at
562 nm, and the total protein concentration in each sample was calculated using

the linear standard curve.

2.5 Gene Expression Analysis

The ability of the compounds to alter gene expression, in particular, the
genes involved in the acute production of progesterone was investigated by
quantitative real-time polymerase chain reaction (QRT-PCR). These include
Star, the gene encoding the steroidogeneic acute regulatory (StAR) protein,
Cypllal, the gene encoding the cytochrome P450 side chain cleavage
(P450scc) enzyme and Tspo, the gene encoding the outer mitochondrial
membrane translocator protein (TSPO). The gene encoding 18S ribosomal
RNA (78S) was used as a housekeeping gene. SYBR green was used as a
detector to quantify the mRNA of each gene.

2.5.1 Sample Preparation

Samples were prepared as previously described in section 2.3.1 in four 6-
well plates at a concentration of 320 000 cells per well. Following 0.5 nM hCG

stimulation, the cells were washed with PBS before RNA extraction.

2.5.2 RNA Extraction

The Qiagen RNeasy Mini Kit (74104) was used to extract RNA according to
the manufacturer’s protocol. The basis of the technique is the selective binding
properties of RNA to a silica based membrane. Microcentrifuge tubes are
packed with said membrane, to which the homogenized cell lysate is added.

Centrifugal force is used to pull the lysate through the membrane. Enrichment
21



of mRNA occurs since RNA molecules smaller than 200 nucleotides (small
rRNAs and tRNAs) pass through the membrane. The purified mRNA is then
eluted with water.

Cells in the 6-well plates prepared as described above were lysed by adding
350 pL of the Buffer RLT provided and the DNA sheared by passing the lysate
through a blunt 20 2 gauge needle. Further homogenization was achieved
using Qiagen QIAshredder (79654) spin columns. Following homogenization,
the lysate was mixed with an equal volume of 70% ethanol to enhance the
binding of RNA to the silica membrane in the RNeasy spin columns, and the
ethanol-lysate solution was added to the RNeasy spin columns provided by the
kit. The columns were centrifuged at 8000 x g for 30 seconds, and the flow-
through was discarded. The membrane was rinsed with 350 puL of Buffer RW1
by the same method and the flow-through discarded.

In order to ensure that no genomic DNA is carried over, a digestion with the
Qiagen RNase-free DNase set (79254) was done. This involved mixing 70 pL
of Buffer RDD provided in the kit with 10 pL of reconstituted DNase I enzyme
solution, and adding the mix to each column for 15 minutes at room
temperature.

Following the digestion, the column was rinsed once with 350 puL of Buffer
RWI1, then twice with 500 uL of Buffer RPE. The column was then spun down
without any buffer to dry it, and placed in a new RNA collection tube. To elute
the RNA, 40 pL of nuclease-free water was added to the column and it was
spun down, and the eluate passed through the column a second time to collect
any residual RNA. The RNA was stored at -80°C until it was quantified and

reverse transcribed into cDNA.

2.5.3  RNA Quantification

A Jenway Genova MK3 Life Science Analyser UV/Vis spectrophotometer
was used to quantify the extracted RNA. The principle is based on the fact that
DNA and RNA absorb ultra violet light, with an absorption maximum at 260
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nm. Based on the Beer Lambert Law, the concentration can be calculated as
follows;
C(ug / mL) = A x dilution factor x 40 ug / mL

As proteins tend to absorb at 280 nm, the ratio of absorbance at 260 nm to
280 nm was used to asses the degree of amino acid contamination. A ratio
between 1.8 and 2 is considered sufficiently pure for qRT-PCR, with 2 being
the ideal ratio.

The ultraviolet source was turned on to warm up for 20 minutes before use,
while the RNA samples thawed on ice. The RNA was diluted by adding 5 pL
of RNA to 120 pL of deionized water (DW) in a 0.6 mL. RNase-free
microcentrifuge tube for a dilution factor of 25. The cuvette was rinsed several
times with DW and dried with compressed air. The spectrophotometer was set
on DNA/RNA mode and the appropriate settings entered. DW was added to
the cuvette and placed in the spectrophotometer for calibration. The water was
discarded, the cuvette dried, the first sampled loaded into the spectrophotometer
and the absorbance at 260 nm and 280 nm read and recorded. Between each
sample, the cuvette was rinsed several times and a blank read to ensure that no

cross-contamination occurred.

2.5.4. Primer Design

Primers were designed using Primer3 v0.4.0°° available online at
http://frodo.wi.mit.edu/. Mouse gene specific primers used to amplify Star
were 5’ -TTGGGCATACTCAACAACCA-3’ (forward) and 5’ GAAACACCTT
GCCCACATC T-3’ (reverse); primers for Cypllal were 5’-CCATCAGATGC
AGAGTTTCCAA-3’ (forward) and 5’-TGAGAAGAGTATCGACGCATCCT-
3’ (reverse); primers for Tspo were 5’-TGCAGAAACCCTCTTGGCATC-3’
(forward) and 5’-TGAAACCTCCCAGC TCTTTCC-3’ (reverse); and primers
for 18§ were 5’-GCAATTATTCCCCATGAACG-3’ (forward) and 5’-GGATG
CAGGGATGATGTTCT-3’ (reverse). All primers were purchased from Alpha
DNA.
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2.5.5 Reverse Transcription (RT)

RNA was reverse transcribed into cDNA using a High-Capacity cDNA
Reverse Transcription kit (ABI, 4368814). This kit employs a hot start reverse
transcriptase enzyme that converts RNA into cDNA with random primers and
excess nucleotides provided in the kit.

Briefly, the RT master mix was prepared by mixing the random primers,
dNTPs, RNase inhibitor, MultiScribe™ reverse transcriptase, and nuclease-free
water in the RT buffer. The mix was then added to 0.2 mL PCR
(STARSTEDT, 72 737 002) tubes at a volume of 10 pL, and then 10 pL of
sample RNA was added to each tube, without exceeding 2 ug per 20 uL.
reaction volume. The tubes were loaded into a thermal cycler programmed for
reverse transcription and the reaction started. The resulting cDNA was stored

at -20°C.

2.5.6  Quantitative Real Time Polymerase Chain Reaction (qRT-PCR)

The ABI 7900HT Fast Real-Time PCR system was used along with Power
SYBR® Green Master Mix (ABI, 4367659). PCR master mix was prepared by
mixing 5 pL/reaction of SYBR® Green master mix (containing both the SYBR"
green dye and the DNA polymerase enzyme) with 1 pL/reaction of each of the
forward and reverse primers at the optimum concentrations shown in Table 4
and 1 pL/reaction of nuclease-free water. After gently mixing and briefly
spinning down the PCR master mix, 8 uL. was added to each well of the 384-
well reaction plate (ABI). Subsequently, 2 uL. of cDNA diluted to 0.5 ng/uL.
was added to each well. The standard curve was constructed with points at
0.01; 0.1; 1; 10; and 100 ng cDNA per 10 pL reaction. The plate was sealed
with an optical adhesive cover, shaken for 1 minute and centrifuged for 1
minute at 3000 rpm. The plate was then placed in the 7900HT Fast Real-Time
PCR system and the samples were amplified over 40 cycles under the
conditions listed in Table 5. Exponential amplification usually occurred
between cycles 5 and 15 for the housekeeping gene and 15 and 25 for the target

genes, yielding C; values in these ranges. A dissociation curve was performed
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at the end of the run to ensure specific amplification of the target gene and rule

out the formation of primer-dimers. For each target, the amplification products

were run at least once on an agarose gel to confirm the amplification of a single

target. The data was processed using the relative quantification method.

Table 4: Optimized primer concentrations

Primer Optimum concentration in 10 pL reaction
(nM)
Star (forward and reverse) 200
Cypllal (forward and reverse) 100
Tspo (forward and reverse) 200
18S (forward and reverse) 200
Table 5: qRT-PCR cycle conditions
Stage Temperature Time Cycles
°C)
DNA polymerase 95 20 Hold
activation seconds
Denature 95 1 second 40
Anneal/Extend 60 20 40
seconds
Dissociation curve 95 15 1
seconds
Dissociation curve 60 15 1
seconds
Dissociation curve 95 15 1
seconds
Cool down 40 2 minutes Hold
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2.6 Statistical Analysis

Statistical analysis was performed using Prism 5.0 software (GraphPad
Software Inc., San Diego, California) and SYSTAT 12 (SYSTAT Software
Inc., Chicago, Illinois). Bar graphs show mean values with error bars
representing the standard deviation of the mean. Both one-way and two-way
repeated measures Analysis of Variance (ANOVA) were used and Bonferroni
post-tests were used to identify significant differences. Differences were

considered significant is the P values were less than 0.05.
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3 Results

3.1 Cell Viability

The effect of DEHP and its metabolites on the cell viability of MA-10 cells
was determined using an MTT assay. MA-10 cells were exposed to the DEHP,
MEHP, 2-ethylhexanol, 2-ethylhexanal and 2-ethylhexanoic acid at
concentrations varying from 1x10° M to 1x10™ M for 24 and 48 hours. The
treated samples were normalized to the control sample (media with DMSO at
0.3 v/v %). DMSO was used to solubilize the compounds and had no effect on
cell viability at the concentrations used (results not shown). A two-way
ANOVA of the data from 5 independent experiments showed that there was no
significant effect of the compounds (P=0.1951, two-way ANOVA).
Concentration did have an effect (P<0.005, two-way ANOVA) however there
was significant interaction in the data. Only MEHP at the highest concentration
(1x10™ M) was significantly different than all other compounds at the same
concentration (DEHP P<0.001; 2-ethylhexanol P<0.001; 2-ethylhexanal
P<0.001; 2-ethylhexanoic acid P<0.01, Bonferroni post test). MEHP reduced
the viability of the cells by approximately 30 % compared to the control at this

concentration as shown in Figure 3 below.
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Cell Viability - 24 hours
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Figure 3: Effect of DEHP and metabolites on cell viability after 24 hours exposure. Only MEHP at the
highest concentration (1x10~ M) reduced cell viability significantly. * P<0.05, Bonferonni post test.

After 48 hours of exposure, the parent compound, DEHP, the monoester
MEHP and 2-ethylhexanal significantly reduced cell viability (Figure 4).
DEHP reduced the viability at the two highest concentrations in a dose
dependent manner (>60 % at 1x10~ M and >40 % at 1x10™* M) while the
aldehyde caused a small but significant reduction in cell viability at 1x10” M.
As at 24 hours, MEHP exhibited the strongest reduction in cell viability
(approximately 85 %) at a concentration of 1x10™ M. One other trend that was
noticeable but not significant at 48 hours was the apparent reduction in cell

viability after exposure to the highest concentration of 2-ethylhexanoic acid.
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Figure 4 : Effect of DEHP and metabolites on cell viability after 48 hours exposure. MEHP

significantly reduced cell viability by 85 % at the highest concentration, while DEHP reduced cell
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viability by >60 % and >40 % at 1x10~° M and 1x10™* M respectively. Also at 1x10™ M, the aldehyde
exerted a small but significant reduction while the acid had an insignificant, but noticeable effect. ***

P<0.001, ** P<0.01, * P<0.05, Bonferonni post test.

3.2 Effects on Steroidogenesis

The ability of DEHP and its metabolites to disrupt steroidogenesis in MA-10

cells was characterized by acute progesterone production in response to hCG

stimulation. Progesterone production was evaluated at 24 hours with

concentrations varying from 1x107 M to 1x10™ M. These concentrations were

chosen because they did not significantly affect cell viability (Figure 3). Data

were normalized to total protein to account for differences in cell number from

sample to sample.

The results of six independent experiments were analyzed by two-way

repeated measures ANOVA. The production of progesterone was dependent on
the compound (P=0.0209, two-way ANOVA) and the concentration (P<0.0001,
two-way ANOVA), however, as interaction was also significant (P=0.007, two-
way ANOVA), one-way repeated measures ANOVA was used to investigate
the effect of the concentration for each compound. As shown in Figure 5,
DEHP significantly reduced the progesterone production compared to the
control at 1x10™* and 1x10™ M (P<0.001; P<0.05 respectively). DEHP at 1x10°
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* M also reduced the progesterone levels compared to DEHP at 1x10°® and
1x10”7 M (P<0.01; P<0.001 respectively). MEHP only reduced progesterone
significantly compared to the control at the highest concentration, 1x10™ M.
Finally, the aldehyde reduced the progesterone production compared to the
control as well as the other concentrations of DEHP, 1x107, 1x10°, 1x107 M
(P<0.001; P<0.05; P<0.001; P<0.001 respectively). Interestingly, the strongest
reduction in progesterone production at the highest concentration of compound
was >60 % by 2-ethylhexanal. The second greatest reduction was exhibited by
DEHP with a reduction of nearly 45 %. Finally, MEHP reduced progesterone
production by over 30 % in MA-10 cells after 24 hours exposure.

Progesterone normalized to protein
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Figure 5 : Progesterone production normalized to total protein in MA-10 cells exposed to DEHP
and its metabolites at the concentrations shown for 24 hours, followed by stimulation by 0.5 nM
hCG for 4 hours. 2-ethylhexanal reduced progesterone by >60 %, followed by DEHP with a
reduction of nearly 45 % and MEHP with a reduction >30 %. Asterix indicate significant
difference from control; *** P<0.001, **P<0.01, * P<(0.05, Bonferonni post test.

3.3 Gene Expression Analysis

The expression levels of three target genes involved in steroidogenesis were
investigated. MA-10 cells were exposed for 24 hours to DEHP or its
metabolites at concentrations of 1x10° M, 1x10” M and 1x10™* M, followed by
maximal stimulation with 0.5 nM hCG for 4 hours. The genes of interest were
those encoding the steroidogenic acute regulatory protein (Star), the outer-

mitochondrial translocator protein (7spo) and cytochrome P450 side chain
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cleavage (Cypllal). Expression was compared to the endogenous reference
control gene, /8S.

The mRNA from 6 independent experiments was quantified by qRT-PCR
(relative quantification method) and compared by two-way repeated measures
ANOVA, followed by one-way repeated measures ANOVA for each
compound.

Two-way ANOVA of Star data showed that both the compound and the
concentration had significant effects, however, interaction was also significant
(P=0.0267, P=0.0002, P=0.0105 respectively). One-way repeated measures
ANOVA showed that only MEHP significantly reduced Star expression
compared to the control (P<0.05) as shown in Figure 6. However non-
significant dose-dependent trends may be observed for DEHP and 2-
ethylhexanal.

Relative gene expression of Star
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Figure 6 : Relative gene expression of Star in MA-10 cells exposed to DEHP and its metabolites at
various concentrations and stimulated with hCG. MEHP by 55% at 1x10* M. Asterix indicate
significant difference from control; * P<0.05, Bonferonni post test.

The relative gene expression of Tspo, a gene that encodes for a protein that
works in conjunction with StAR to transport cholesterol across the
mitochondrial membrane, was also investigated, as shown in Figure 7. Two-

way ANOVA of the data showed that both the compound and the concentration
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were significant; however, interaction was significant as well (P=0.0315,
P=0.0249, P=0.0174 respectively). One-way repeated measures ANOVA
showed that DEHP at 1x10™ M reduced the expression of Tspo compared to the
control (nearly 40 %), as well as DEHP at 1x10” and 1x10° M (P<0.001,
P<0.01; P<0.05 respectively). MEHP at 1x10™ M also significantly reduced
Tspo expression, but only compared to MEHP at 1x10° M (P<0.05). Finally,
2-ethylhexanal at the highest concentration reduced expression compared to the
control (30 %), and 2-ethylhexanal at 1x10™ and 1x10° M (P<0.01; P<0.01;
P<0.05 respectively).
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Figure 7 : Relative gene expression of 7spo in MA-10 cells exposed to DEHP and its metabolites at
various concentrations and stimulated with hCG. DEHP reduced expression compared to the
control by 40 % at 1x10™* M, MEHP reduced expression by 20% at 1x10™* M and 2-ethylhexanal
reduced expression by 30% at 1x10™* M. Asterix indicate significant difference from control;
**%P<(.001, ** P<0.01, *P<0.05, Bonferonni post test.

Finally, the gene expression of Cypllal, encoding the enzyme responsible
for the first enzymatic step in steroidogenesis, conversion of cholesterol to
pregnenolone, was explored (Figure 8). Two-way repeated measures ANOVA
showed that concentration had a significant effect, as well as interaction
(P=0.0035, P<0.0001). One-way repeated measures ANOVA was therefore
used to test the effect of concentration for each compound. Only DEHP exerted

significant effects, with a reduction in expression by the highest concentration
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compared to the control (60%) as well as DEHP at 1x10™ and 1x10° M
(P<0.01; P<0.001; P<0.01 respectively). Though not significant, a dose-

dependent reduction in expression can be observed for MEHP and 2-

ethylhexanal.
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Figure 8 : Relative gene expression of Cypl1al in MA-10 cells exposed to DEHP and its metabolites
at various concentrations and stimulated with hCG. DEHP significantly reduced expression by 60

% at 1x10™* M. Non-significant dose-dependent trends are observable for MEHP and 2-

ethylhexanal. Asterix indicate significant difference from control; *** P<0.001, ** P<0.01, *P<0.05,
Bonferonni post test.
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4 Discussion

For over sixty years, researchers have been investigating the ability of
phthalate plasticizers to induce testicular injury, and the search for the
molecular mechanism of action continues today. It has been assumed that the
monoester metabolite of DEHP, MEHP, is the active compound responsible for
inducing injury'®, though little attention has been given to other metabolites of
this plasticizer. The current study investigated the ability of several other
metabolites, 2-ethylhexanol, 2-ethylhexanal and 2-ethylhexanoic acid, as well
as DEHP and MEHP to affect MA-10 mouse Leydig tumor cells. Cell viability
experiments, effects on steroidogenesis and gene expression analysis have
shown that MEHP is not the only active metabolite of DEHP; 2-ethylhexanal is
capable of disrupting MA-10 cell function as well. In addition, MA-10 cells
have been shown to be highly sensitive to the parent compound, DEHP, not just

the metabolites.

4.1 Cell Viability

Cell viability experiments showed that after 24 hours exposure of MA-10
cells to each of the compounds, only MEHP significantly reduced cell viability,
and only at the highest concentration (Figure 3). However, after 48 hours
however (Figure 4), DEHP began to induce a significant decrease in cell
viability at the two highest concentrations, though MEHP remained the most
potent compound at the highest concentration tested. It is unclear whether this
effect of DEHP on MA-10 viability at 48 hours is due to the action of the
compound itself, or whether the MA-10 cells have metabolized DEHP to
MEHP or another metabolite within this 48 hour time span, and thus the
reduction in cell viability is in fact the result of the metabolite(s). No studies
investigating the metabolism of DEHP in MA-10 cells have been found, so it
cannot be said with certainty that DEHP is not metabolized in 48 hours,
however, preliminary studies in HepG2 cells showed that DEHP was only
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metabolized by approximately 10 % after 48 hours in these cells’®. Therefore,
if DEHP is only minimally degraded, it may be that MA-10 cells are more
sensitive to the parent compound than animal models, or primary cells lines,
and may thus represent a conservative model for preliminary high-throughput
and rigorous screening of alternative plasticizers. In addition to the effect
caused by DEHP and MEHP, a small but significant reduction in cell viability
was caused by 2-ethylhexanal, a metabolite that has heretofore been virtually
ignored. The alcohol, 2-ethylhexanol, did not have a significant effect on cell
viability, nor did the acid, 2-ethylhexanoic acid. However, it should be noted
that despite a lack of statistical significance, the highest concentration of the

acid did appear to reduce cell viability.

4.2 Effects on Steroidogenesis

The results of the cell viability experiments were used to choose the
compound concentrations and exposure time to investigate the ability of DEHP
and its metabolites to affect steroidogenesis. This ensured that any effects
observed were the result of the compounds acting on the steroidogenic
machinery of the cells, not the result of unhealthy cells. Therefore an exposure
time of 24 hours and concentrations ranging from 1x10”7-1x10™* M were chosen
as none of the compounds had an effect on cell viability under these conditions.
Moreover, since the MTT assay is based on the transformation of MTT to
purple formazan crystals by mitochondrial enzymes’', mitochondrial integrity
was not affected under these conditions, an important consideration given that
the first steps of steroidogenesis are located in the mitochondria.

Progesterone was used as a marker for steroidogenesis, as MA-10 cells are
not capable of producing testosterone. Interestingly, the strongest decrease in
progesterone production compared to control was induced by the aldehyde, 2-
ethylhexanal, and not MEHP. In fact, even DEHP reduced progesterone to a
greater extent than MEHP. These results indicate that while MEHP is in fact an
active metabolite, it is not the only metabolite responsible for disrupting

steroidogenesis. Whether 2-ethylhexanal might play an important role in vivo
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is not yet clear, as its distribution within the body following DEHP exposure is
not well studied. It is certain, however, that 2-ethylhexanal is capable of
disrupting steroidogenesis and should not be overlooked.

Since the current consensus is that MEHP is the active metabolite of DEHP,
in vitro experiments have focused on the monoester and not DEHP'**. The
findings that DEHP has a similar potency with respect to reducing progesterone
production in MA-10 cells compared to MEHP parallels the cell viability
results and further support the use of MA-10 cells as a screening tool for

alternate plasticizers.

4.3 Gene Expression Analysis

Previous studies have shown that phthalates inhibit the gene expression of
several key enzymes involved in steroidogenesis, including StAR protein'®®*,
TSPO'” and cytochrome P450scc'””. We investigated whether DEHP and its
metabolites could induce similar effects in MA-10 cells. All five compounds
were tested at the concentrations used in the progesterone production
experiments, excluding the lowest concentration of 1x10” M, as no effects
were seen at this concentration, or even at 1x10° M.

The sensitivity of MA-10 cells to the parent compound seen in previous
experiments performed in this study was also observed at the gene expression
level. All three genes investigated showed decreased expression following
exposure to DEHP. As for the aldehyde, expression Tspo was significantly
reduced, and though not significant for Star and CypIlal, an apparent
reduction in expression can be seen. This agrees with the reduced progesterone
production caused by 2-ethylhexanal exposure in MA-10 cells. Finally, MEHP
also caused reduced expression of the genes, although the results were not
significant for Cypllal. The interesting result that MEHP was not the most
potent steroidogenic inhibitor shown in the previous progesterone production
experiment is mimicked here in the gene expression of Tspo, lending weight to

the results.
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Curious effects on gene expression as caused by 2-ethylhexanoic acid can be
observed from these experiments. While no significant effects were seen for
the genes studied, expression was reduced by the lowest concentration tested.

The cause of this trend has yet to be determined.

4.4 Agreement with Similar Studies

To the knowledge of this author, there are only two other studies that
examined the effects of MEHP in MA-10 cells'"??. No other metabolite, or the
parent compound, has been tested in this cell line. In 2001, Dees et al.’* were
the first to investigate the effects of phthalate esters, in particular MEHP, in the
well established Leydig cell model, MA-10 cells. The group reported the
ability of the monoester to decrease cell viability and progesterone production
at certain concentrations. Some discrepancies are apparent between this
group’s results and those of the current study, though the overall picture is the
same. These discrepancies are namely the concentrations at which effects are
seen. In the case of Dees ef al., progesterone production is affected at 1x10™
M, rather than 1x10™ M, and cell viability is decreased at 3x10° M and higher,
rather than 1x10~ M. These minor differences may be caused by experimental
differences, such as difference in MA-10 passage number or differences in
preparing/measuring the concentration of the MEHP solutions used. The group
went on to describe the morphological changes observed in MA-10 cells
following exposure to MEHP. They observed an increased number of lipid
droplets, and suggested that this effect may be due to the reduced use of
cholesterol for steroidogenesis, and proposed that MEHP may interfere at the
level of cholesterol transport. The group also noted some morphologically
abnormal mitochondria and suggested that mitochondrial damage may be one
of the causes of reduced steroidogenesis in MEHP treated MA-10 cells, despite
the lack of effects on MTT metabolism.

Other experiments performed by Gazouli ef al. in 2002'” on MA-10 cells
showed a reduction in progesterone production by MEHP at 1x10” M by

approximately 60 %. The results of the current study showed a reduction by
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approximately 30 % by MEHP at 1x10™* M. The two experiments cannot be
compared exactly since Gazouli ef al. used double the exposure time, 48 hours.
Taking this into consideration, the results do agree, as it is likely that with
increased exposure time, lower concentrations may begin to exert effects. This
group also showed that a similar reduction in testosterone occurred in primary
adult rat Leydig cells exposed to MEHP, supporting the use of MA-10 cells as
models for disruption of steroidogenesis. The group went on to investigate
whether MEHP inhibited mitochondrial transport of cholesterol and the first
enzymatic step, conversion of cholesterol to pregnenolone by the P450scc
enzyme. They found that MEHP (1x10™* M) inhibited cholesterol transport,
which agrees with the gene expression analysis results obtained herein
(inhibition of Star), as well as the first enzymatic step. Though inhibition of
cypl1A1 (encoding P450scc) was not significant in this study, a trend appeared
to be emerging, and it is possible that the effect would be significant after 48
hours exposure. Finally, the group showed that TSPO mRNA was reduced by
1x10™* M MEHP by Northern blot analysis, which was also seen with the gene

expression analysis of 7spo in this study.

4.5 Mechanism of Action

The experiments presented herein show that three of the five compounds
tested significantly disrupt steroidogenesis in MA-10 cells. Whether the effect
of DEHP is actually due to the rapid metabolism to MEHP or other metabolites
in MA-10 cells or not is unclear and metabolic studies of DEHP in this cell line
are required in order to clarify this uncertainty. However, previous in vitro
work with HepG2 cells showed little degradation after 24 hours’®. It is
conceivable that all three of these compounds could exist in a system
simultaneously if DEHP is not completely hydrolysed into MEHP and 2-
ethylhexanol, and if 2-ethylhexanol is at least partially oxidized to 2-
ethylhexanal. If this is the case, all three may be exerting their effects in
concert with each other or independently. It is possible that the effects of

DEHP in vivo are in fact the result of several endocrine disruptors exerting their
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effects via different modes of action. In fact, there is already evidence that the
anti-androgenic effects of phthalates may be due to more than one mode of
action'**. Gazouli et al. showed in 2002 that the inhibition of testosterone
production in mice was partially mediated by PPARa-dependent reduction in
TSPO expression, but not entirely as PPARa-null mice were still adversely
affected by DEHP'’. In addition, the multitude of phthalate induced effects in
the male reproductive tract supports the idea that multiple modes of action may
be at play. For example, it has recently been suggested that the transforming
growth factor-B1 (TGF-B1) gene is affected by DEHP and may be involved in
the formation of genital tubercules, which may explain the occurrence of
hypospadias in rats exposed to DEHP in utero’*. Testis descent on the other
hand is known to be regulated by insulin-like 3 (INSL3), the transcription of
which is inhibited by DEHP exposure’”.

There are thus four possibilities; (1) there is only one molecular target with
which one key compound (parent or metabolite) interacts (2) there is only one
molecular target with which multiple compounds (parent and/or metabolites)
interact, (3) there are multiple molecular targets with which one key compound
(parent or metabolite) interacts, or (4) there are multiple molecular targets and
multiple compounds (parent or metabolite) that interact with one or more of
these targets. This study supports the second and fourth possibilities since three
of the five compounds inhibited steroidogenesis and suppressed steroidogenic
gene expression, and the fourth seems the most likely as there appears to be
more than one mode of action of phthalates.

A number of other studies have shown reduced testosterone production by

DEHP or MEHP in primary Leydig cells* and in Leydig cells ex vivo'>'*®, as

151888 Therefore it

well as reduced testicular or circulating testosterone in vivo
is well established that DEHP or its active metabolite(s) disrupt the production
of testosterone and that such disturbances are likely the cause of the male
reproductive abnormalities observed in rodents’®. In the on-going search for
the mechanism of action of phthalates, certain possibilities have been ruled out,
such as the binding of DEHP or MEHP to the androgen receptor™’, or the
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estrogenic activity of the compounds97. A number of other mechanisms have
been suggested by various other groups.

One popular suggestion is that DEHP or its active metabolite(s) is a
peroxisome proliferator (PP) and is activating the peroxisome proliferator
activated receptor (PPAR). This receptor is a member of the nuclear receptor
superfamily and acts as a transcription factor in concert with retinoid X receptor
(RXR), by binding to the peroxisome proliferator response elements on
promoter regions of DNA to regulate the transcription of certain genes. It has
been shown that MA-10 cells express certain isoforms of these proteins, namely
PPARa and PPARB/S', and that Leydig cells express RXRa’®, demonstrating
that these cells contain the machinery required to interact with PPs. Gazouli et
al. showed that the impact of DEHP on TSPO mRNA in vivo was not seen in
PPARa-null mice'’; however it has also been shown that eliminating PPARa
does not eliminate the full effect of DEHP on the testes™. It is therefore
supposed that while PPAR may play a role in the mediation of DEHP-induced
toxicity, it does not act alone; there are PPAR-independent pathways.

One group investigating the short-term and long-term effects of in utero
exposure to DEHP in rats showed that some effects differed in fetal
(Gestational Day 19 and 20; GD19, GD20), neonatal (Postnatal Day 3; PND3)
and adult testes (PND60)'”. While organ culture of fetal testes showed
decreased basal testosterone levels, hCG stimulated testosterone production
was not different from controls. In adult animals, circulating testosterone was
decreased despite Leydig cell hyperplasia and increased absolute volume of
Leydig cells. In addition Cypllal mRNA levels were decreased in fetal testes,
while mRNA levels of Star and Tspo remained similar to control. In adult
testes, the mRNA levels of these genes actually increased, in contrast to the
decreased testosterone levels. The increased mRNA levels may be the result of
increased Leydig cell number, though this has yet to be resolved. The group
also looked at two genes that are considered markers of mature Leydig cells;
Ace2, which is an adult Leydig cell marker, and insulin-like 3 (/ns/3), a marker

of fully differentiated fetal and adult Leydig cells. While the mRNA levels of
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Ace2 were significantly increased in response to DEHP exposure at GD19 and
PND3, this was not the case at PND60. As for Insl3, expression was decreased
in fetal testes but increased in adult testes. The group suggests that the lack of
increase in Ace2 expression in adult cells (despite increased Leydig cell
number) and the decrease in fetal /ns/3 expression may indicate a delayed or
disrupted maturation process of fetal and adult Leydig cells. In fact, there may
be more than one cellular target of in utero DEHP exposure; fetal Leydig cells
and/or stem cells of adult Leydig cells. This would explain the differences in
effects at different ages and the persistence of effects into adulthood following
in utero exposure. Thus evidence of multiple molecular targets is once again
presented.

Alterations in the expression of genes in cell survival pathways have been
identified by microarray analysis of phthalate exposed rodents'*. Two such
genes are TRPM-2, which is shown to inhibit apoptosis, and bcl-2, which is
also known to enhance cell survival in the testes. These genes may account for
the Leydig cell hyperplasia associated with fetal DEHP exposure'*.

It has recently been suggested that the effects of DEHP on testes may be the
result of oxidative stress™. Several groups have detected elevated levels of free
radicals in the testes, despite the reduced levels of steroidogenesis (a process
which naturally produces free radicals’). Kasahara ef al.'’' and Gautam et
al.'® noted that DEHP exposure elevated the levels of reactive oxygen species
O, and H,0; in rat testes, while Miura et al. noted that high levels of nitric
oxides were present in mouse testes'”®. This group also showed that
antioxidants such as glutathione are reduced in DEHP treated mouse testes,
while application of antioxidants such as vitamin C and E can mitigate the

103

effects of DEHP on spermatogenesis . While these groups focused on the

effects of DEHP on germ cells, oxidative stress has been linked to suppression

of StAR expression in rat Leydig cells'™

, suggesting that oxidative stress could
also play a role in deleterious effects of DEHP on Leydig cells.

In March 2009, Lee et al. investigated the effect of chronic DEHP exposure
in adult male rats on the regulation of steroidogenesis and spermatogenesis®’.
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In addition to examining the expression of the genes involved in
steroidogenesis, the group also looked at the expression of thyroid receptor
alpha 1 (TRal), as hormone receptor cross talk may be important in testes
development. They found that TRal expression was significantly increased in
DEHP treated rats, and propose that this receptor may play an important role in
DEHP-induced testicular dysgenesis®’. In addition, the expression of
luteinizing hormone receptor (LHR) has been shown to be inhibited by
DEHP®. This may play a role in the ability of late fetal Leydig cells to respond
to hormone stimulation, though this is not suspected to be the case in early fetal
cells as they do not yet express the LH receptor'®.

Other possible modes of action for testosterone suppression that have been
suggested include altered gene expression by interaction of DEHP or its active
metabolite(s) with the aryl hydrocarbon receptor (a transcription factor most
well known for its binding to dioxins), or disrupted communication between

Leydig and Sertoli cells®™.

4.6 2-Ethylhexanal

In an attempt to understand why 2-ethylhexanal might exert such strong
effects on Leydig cell steroidogenesis, a search for other aldehydes known to
cause similar effects in the testes has been performed. Review of the literature
linked the consumption of alcohol and its metabolism to testicular injury. The
fact that alcohol consumption can cause testicular injury in animals as well as

humans has long been known'**!'%®

. In 1983, Van Thiel et al. compared ethanol
exposure in vivo and in vitro and found that testosterone secretion was reduced,
and testicular damage (reduced testes and seminiferous tubules, fewer or no
germ cells) was observed in vivo. Furthermore, administration of
physiologically relevant concentrations of acetaldehyde, a metabolite of ethanol
resulting from the oxidation of ethanol by the enzyme alcohol dehydrogenase,

109,110
17

reduced testosterone production in vitro. Cicero et a reported similar

findings in testicular cell preparations treated with ethanol and acetaldehyde. In
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fact, this group found that acetaldehyde was up to 4000 times more potent than
ethanol''’.
One of the proposed modes of action for testicular injury caused by ethanol

111-113

is oxidative stress . The presence of lipid peroxidation, lower antioxidant

(ex. glutathione) levels'"', free radicals and abnormal mitochondria in Leydig

1% Most studies have

cells following alcohol treatment support this hypothesis
focused on the oxidation of ethanol to acetaldehyde, but the effects of
acetaldehyde on Leydig cells indicate that its oxidation to acetic acid by the
aldehyde dehydrogenase enzyme may be important as well, as the presence of
this enzyme in Leydig cells has been confirmed'"”.

Drawing a parallel between acetaldehyde and 2-ethylhexanal, the effect of
the aldehyde in this study may therefore be due to its oxidation to 2-
ethylhexanoic acid and the resulting production of free radicals. But if this is
possible, shouldn’t the oxidation of 2-ethylhexanol to 2-ethylhexanal also exert
an effect? The lack of effect observed in this study may be attributable to the
fact that the aldehyde may simply be much more potent than the alcohol, as in
the case of acetaldehyde and ethanol'”. It is also possible that alcohol
dehydrogenase is less active than aldehyde dehydrogenase in MA-10 cells.
Metabolic studies in MA-10 cells are required to test this hypothesis, as well as
dose-response studies covering a broader range of concentrations of 2-
ethylhexanol and 2-ethylhexanal. Thus the mode of action of 2-ethylhexanal
may be oxidative stress, as has previously been suggested as one of the

mechanisms of toxicity of DEHP.

4.7 Relevance of Concentrations Used

While the general population is exposed to relatively low levels of DEHP,
there are certain subsets of the population that are exposed to much higher
levels. For example, neonates requiring intensive care are exposed to high
concentrations of phthalates from the use of plastic medical equipment, such as
IV tubing, umbilical catheters, blood bags, etc. Some groups have reported

urinary concentrations of MEHP in neonatal intensive care units on the order of
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3x10° M%7 This concentration is deceptive, however, since MEHP is a
minor urinary metabolite, and thus exposure levels would in fact be much
higher“g. The concentrations of other metabolites, such as SOH-MEHP, were
on the order of 1x10° M’*!'®. Therefore the concentrations used in this study,
ranging from 1x107-1x107 M, are quite relevant to human health. It is also
important to note that outside the laboratory, humans are exposed to a cocktail
of phthalates and other possible endocrine disruptors that may behave in an
additive or synergistic manner. Taking this into consideration, it is conceivable
that the rising occurrence of testicular dysgenesis syndrome among humans® is

due, at least in part, to phthalate exposure.

4.8 Future Work

Research investigating the mechanism(s) of action of phthalates in testicular
injury has intensified over the last decade, and it is clear that while more
research is needed, it is only a matter of time before the mystery is unveiled.
This will also shed light on novel regulatory mechanisms involved in
steroidogenesis, and help to understand how non-traditional endocrine
disruptors work. In addition, this knowledge will aid in the development of
new and safe plasticizers that will not interfere with male reproductive tract
development.

In addition to mechanism based research, investigating the remaining
metabolites of DEHP and other plasticizers could reveal other potentially
hazardous compounds, as did this study. Only one study to date performed by
Chauvigne ef al. investigates the effects of some of the oxidized metabolites of
MEHP'"”. This group recently tested the effects of DEHP, MEHP, mono-(2-
ethyl-5-hydroxyhexyl) phthalate (SOH-MEHP), mono-(2-ethyl-5-oxohexyl)
phthalate (5OXO-MEHP) and mono-(2-ethyl-5-carboxy-pentyl) phthalate
(5CX-MEPP) on an organoculture of fetal rat testes. They showed that in
addition to MEHP, SOH-MEHP significantly decreased gonocyte number and

basal testosterone production''’. Taking the results of the current study, and
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that performed by Chauvigne ef al., it is evident that while MEHP does induce
testicular injury, there appears to be more than one active metabolite.

As mentioned earlier, the ability of MA-10 cells, as well as other Leydig
cells, to metabolize DEHP has not been tested. Such studies would help to
resolve whether the compounds administered to in vitro cultures remain in their
original form, or if they are transformed into metabolites that exert deleterious
effects on host cells. In addition, the disposition of DEHP and all of its
metabolites within the body following various routes of administration would

help to define the risks associated with DEHP exposure.
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5 Conclusion

The results of the study described herein demonstrated that DEHP and two
of its metabolites, MEHP and 2-ethylhexanal, are capable of not only
interfering with cell viability in MA-10 cells, but also disrupting
steroidogenesis at the gene expression and hormone levels. This implies that
the hypothesis that MEHP is the only active metabolite of DEHP was
premature, and that 2-ethylhexanal and possibly other metabolites not yet
studied may contribute to the testicular toxicity of DEHP. The finding that
more than one metabolite is active supports the growing evidence for numerous
mechanisms of action, and several molecular targets in the induction of
testicular injury. In fact, the activity of several compounds may help to explain
this plurality of possible mechanisms. Paralleling the effects of 2-ethylhexanal
to acetaldehyde and its potential to produce testicular injury suggested one
possible mode of action for this particular metabolite: oxidative stress. There is
also evidence of free radical damage in animal models exposed to the parent
compound, supporting this hypothesis. Finally, this study demonstrates that
MA-10 cells are an appropriate cell line for the high-throughput screening of
current and future plasticizers for anti-androgenic effects and the results
presented will provide a suitable in vitro basis for comparison of new

plasticizers.

46



6

References

10.

11.

12.

13.

14.

15.

16.

17.

Swan SH, Main KM, Liu F, Stewart SL, Kruse RL, Calafat AM, Mao CS, Redmon JB,
Ternand CL, Sullivan S, Teague JL. Decrease in anogenital distance among male infants
with prenatal phthalate exposure. Environ Health Perspect 2005 Aug;113(8):1056-61.
Paulozzi LJ, Erickson JD, Jackson RJ. Hypospadias trends in two US surveillance
systems. Pediatrics 1997 Nov;100(5):831-4.

Adami HO, Bergstrom R, Mohner M, Zatonski W, Storm H, Ekbom A, Tretli S, Teppo L,
Ziegler H, Rahu M, . Testicular cancer in nine northern European countries. Int J Cancer
1994 Oct;59(1):33-8.

Moller H. Trends in sex-ratio, testicular cancer and male reproductive hazards: are they
connected? APMIS 1998 Jan;106(1):232-8.

Swan SH, Elkin EP, Fenster L. Have sperm densities declined? A reanalysis of global
trend data. Environ Health Perspect 1997 Nov;105(11):1228-32.

Andersen AG, Jensen TK, Carlsen E, Jorgensen N, Andersson AM, Krarup T, Keiding N,
Skakkebaek NE. High frequency of sub-optimal semen quality in an unselected
population of young men. Hum Reprod 2000 Feb;15(2):366-72.

Pant N, Shukla M, Kumar PD, Shukla Y, Mathur N, Kumar GY, Saxena DK. Correlation
of phthalate exposures with semen quality. Toxicol Appl Pharmacol 2008
Aug;231(1):112-6.

Skakkebaek NE, Rajpert-De ME, Main KM. Testicular dysgenesis syndrome: an
increasingly common developmental disorder with environmental aspects. Hum Reprod
2001 May;16(5):972-8.

Shaffer CB, Carpenter CP, Smyth HF. Acute and subacute toxicity of di(2-ethylhexyl)
phthalate with note upon its metabolism. Journal of Industrial Hygiene and Toxicology
1945;27(5):130-5.

Foster PMD, Foster JR, Cook MW, Thomas LV, Gangolli SD. Changes in ultrastructure
and cytochemical localization of zinc in rat testis following the administration of Di-n-
pentyl phthalate. Toxicology and Applied Pharmacology 1982 Mar;63(1):120-32.

Lloyd SC, Foster PMD. Effect of mono-(2-ethylhexyl)phthalate on follicle-stimulating
hormone responsiveness of cultured rat Sertoli cells. Toxicology and Applied
Pharmacology 1988 Sep;95(3):484-9.

Mylchreest E, Cattley RC, Foster PM. Male reproductive tract malformations in rats
following gestational and lactational exposure to Di(n-butyl) phthalate: an antiandrogenic
mechanism? Toxicol Sci 1998 May;43(1):47-60.

Mylchreest E, Sar M, Cattley RC, Foster PM. Disruption of androgen-regulated male
reproductive development by di(n-butyl) phthalate during late gestation in rats is different
from flutamide. Toxicol Appl Pharmacol 1999 Apr;156(2):81-95.

Shultz VD, Phillips S, Sar M, Foster PM, Gaido KW. Altered gene profiles in fetal rat
testes after in utero exposure to di(n-butyl) phthalate. Toxicol Sci 2001 Dec;64(2):233-
42.

Akingbemi BT, Youker RT, Sottas CM, Ge R, Katz E, Klinefelter GR, Zirkin BR, Hardy
MP. Modulation of rat Leydig cell steroidogenic function by di(2-ethylhexyl)phthalate.
Biol Reprod 2001 Oct;65(4):1252-9.

Foster PMD, Mylchreest E, Gaido KW, Sar M. Effects of phthalate esters on the
developing reproductive tract of male rats. Hum Reprod Update 2001 May;7(3):231-5.
Gazouli M, Yao ZX, Boujrad N, Corton JC, Culty M, Papadopoulos V. Effect of
peroxisome proliferators on Leydig cell peripheral-type benzodiazepine receptor gene
expression, hormone-stimulated cholesterol transport, and steroidogenesis: role of the
peroxisome proliferator-activator receptor alpha. Endocrinology 2002 Jul;143(7):2571-
83.

47



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Akingbemi BT, Ge R, Klinefelter GR, Zirkin BR, Hardy MP. Phthalate-induced Leydig
cell hyperplasia is associated with multiple endocrine disturbances. Proc Natl Acad Sci U
S A 2004 Jan;101(3):775-80.

Lehmann KP, Phillips S, Sar M, Foster PM, Gaido KW. Dose-dependent alterations in
gene expression and testosterone synthesis in the fetal testes of male rats exposed to di (n-
butyl) phthalate. Toxicol Sci 2004 Sep;81(1):60-8.

Ge RS, Chen GR, Dong Q, Akingbemi B, Sottas CM, Santos M, Sealfon SC, Bernard DJ,
Hardy MP. Biphasic effects of postnatal exposure to diethylhexylphthalate on the timing
of puberty in male rats. J Androl 2007 Jul;28(4):513-20.

Rudel RA, Perovich LJ. Endocrine disrupting chemicals in indoor and outdoor air.
Atmospheric Environment 2009 Jan;43(1):170-81.

Huber WW, Grasl-kraupp B, Schulte-hermann R. Hepatocarcinogenic Potential of Di(2-
Ethylhexyl)phthalate in Rodents and its Implications on Human Risk. Critical Reviews in
Toxicology 1996;26(4):365-481.

Tickner JA, Schettler T, Guidotti T, McCally M, Rossi M. Health risks posed by use of
Di-2-ethylhexyl phthalate (DEHP) in PVC medical devices: a critical review. Am J Ind
Med 2001 Jan;39(1):100-11.

Jaeger RJ, Rubin RIJ. Plasticizers from plastic devices extraction, metabolism, and
accumulation by biological systems. Science 1970 Oct;170(956):460-2.

Jaeger RJ, Rubin RJ. Migration of a phthalate ester plasticizer from polyvinyl chloride
blood bags into stored human blood and its localization in human tissues. N Engl ] Med
1972 Nov;287(22):1114-8.

Chawla AS, Hinberg 1. Leaching of Plasticizers from and Surface Characterization of Pvc
Blood-Platelet Bags. Biomaterials Artificial Cells and Immobilization Biotechnology
1991;19(4):761-83.

Uhde E, Bednarek M, Fuhrmann F, Salthammer T. Phthalic esters in the indoor
environment--test chamber studies on PVC-coated wallcoverings. Indoor Air 2001
Sep;11(3):150-5.

Horn O, Nalli S, Cooper D, Nicell J. Plasticizer metabolites in the environment. Water
Res 2004 Oct;38(17):3693-8.

Department of Health. Phthalate Regulations [Internet]. Canada Gazette; 2009; 2009 July
16; Available from: http://gazette.gc.ca/rp-pr/p1/2009/2009-06-20/html/reg3-eng.html
Albro PW, Thomas RO. Enzymatic hydrolysis of di-(2-ethylhexyl) phthalate by lipases.
Biochim Biophys Acta 1973 Jun;306(3):380-90.

Nallii S, Cooper DG, Nicell JA. Biodegradation of plasticizers by Rhodococcus
rhodochrous. Biodegradation 2002;13(5):343-52.

Material Safety Data Sheet: 2-ethyl-1-hexanol [Internet]. Fisher Scientific; 2009 July 26;
Available from: https://fscimage.fishersci.com/msds/59765.htm

Material Safety Data Sheet: 2-Ethylhexanoic acid [Internet]. Fisher Scientific; 2009 July
26; Available from: https://fscimage.fishersci.com/msds/97053.htm

Material Safety Data Sheet- Dioctyl phthalate [Internet]. Science Lab.com; 2009 July 26;
Available from: http://www.sciencelab.com/xMSDS-Dioctyl phthalate-9923846

Nalli S, Cooper DG, Nicell JA. Metabolites from the biodegradation of di-ester
plasticizers by Rhodococcus rhodochrous. Sci Total Environ 2006 Jul;366(1):286-94.
Material Safety Data Sheet: 2-Ethylhexanal [Internet]. Fisher Scientific; 2009 July 26;
Available from: https://fscimage.fishersci.com/msds/12111.htm

Ascoli M. Characterization of several clonal lines of cultured Leydig tumor cells:
gonadotropin receptors and steroidogenic responses. Endocrinology 1981 Jan;108(1):88-
9s.

Blount BC, Silva MJ, Caudill SP, Needham LL, Pirkle JL, Sampson EJ, Lucier GW,
Jackson RJ, Brock JW. Levels of Seven Urinary Phthalate Metabolites in a Human
Reference Population. Environmental Health Perspectives 2000 Oct;108(10):979.

Kohn MC, Parham F, Masten SA, Portier CJ, Shelby MD, Brock JW, Needham LL.
Human Exposure Estimates for Phthalates. Environmental Health Perspectives 2000
Oct;108(10):A440.

48



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wittassek M, Wiesmuller GA, Koch HM, Eckard R, Dobler L, Muller J, Angerer J,
Schluter C. Internal phthalate exposure over the last two decades--a retrospective human
biomonitoring study. Int J Hyg Environ Health 2007 May;210(3-4):319-33.

CDC. Third National Report on Human Exposure to Environmental Chemicals:
Phthalates [Internet]. Centers for Disease Control and Prevention (CDC); 2005; 2009
June 5; Available from: http://www.cdc.gov/exposurereport/pdf/results_06.pdf
Integrated Risk Information System (IRIS) [Internet]. US EPA; 2009; 2009 June 5;
Available from: http://cfpub.epa.gov/ncea/iris/index.cfm

Meek ME, Chan PKL. Bis(2-Ethylhexyl)Phthalate - Evaluation of Risks to Health from
Environmental Exposure in Canada. Environmental Carcinogenesis & Ecotoxicology
Reviews-Part C of Journal of Environmental Science and Health 1994;12(2):179-94.
Nielsen J, Akesson B, Skerfving S. Phthalate Ester Exposure - Air Levels and Health of
Workers Processing Polyvinylchloride. American Industrial Hygiene Association Journal
1985;46(11):643-7.

Oie L, Hersoug LG, Madsen JO. Residential exposure to plasticizers and its possible role
in the pathogenesis of asthma. Environ Health Perspect 1997 Sep;105(9):972-8.

Ohlson CGr, Hardell L. Testicular cancer and occupational exposures with a focus on
xenoestrogens in polyvinyl chloride plastics. Chemosphere 2000;40(9-11):1277-82.
Gibson TP, Briggs WA, Boone BJ. Delivery of di-2-ethylhexyl phthalate to patients
during hemodialysis. J Lab Clin Med 1976 Mar;87(3):519-24.

Jacobson MS, Kevy SV, Grand RJ. Effects of a plasticizer leached from polyvinyl
chloride on the subhuman primate: a consequence of chronic transfusion therapy. J Lab
Clin Med 1977 May;89(5):1066-79.

Lewis LM, Flechtner TW, Kerkay J, Pearson KH, Nakamoto S. Bis(2-
ethylhexyl)phthalate concentrations in the serum of hemodialysis patients. Clin Chem
1978 May;24(5):741-6.

Kevy SV, Jacobson MS. Hepatic effects of a phthalate ester plasticizer leached from
poly(vinyl chloride) blood bags following transfusion. Environ Health Perspect 1982
Nov;45:57-64.

Pollack GM, Buchanan JF, Slaughter RL, Kohli RK, Shen DD. Circulating
concentrations of di(2-ethylhexyl) phthalate and its de-esterified phthalic acid products
following plasticizer exposure in patients receiving hemodialysis. Toxicol Appl
Pharmacol 1985 Jun;79(2):257-67.

Sjoberg P, Bondesson U, Sedin G, Gustafsson J. Dispositions of di- and mono-(2-
ethylhexyl) phthalate in newborn infants subjected to exchange transfusions. Eur J Clin
Invest 1985 Dec;15(6):430-6.

Shneider B, Schena J, Truog R, Jacobson M, Kevy S. Exposure to di(2-
ethylhexyl)phthalate in infants receiving extracorporeal membrane oxygenation. N Engl J
Med 1989 Jun;320(23):1563.

Barry YA, Labow RS, Keon WJ, Tocchi M, Rock G. Perioperative exposure to
plasticizers in patients undergoing cardiopulmonary bypass. J Thorac Cardiovasc Surg
1989 Jun;97(6):900-5.

Plonait SL, Nau H, Maier RF, Wittfoht W, Obladen M. Exposure of newborn infants to
di-(2-ethylhexyl)-phthalate and 2-ethylhexanoic acid following exchange transfusion with
polyvinylchloride catheters. Transfusion 1993 Jul;33(7):598-605.

Parks LG, Ostby JS, Lambright CR, Abbott BD, Klinefelter GR, Barlow NJ, Gray LE, Jr.
The plasticizer diethylhexyl phthalate induces malformations by decreasing fetal
testosterone synthesis during sexual differentiation in the male rat. Toxicol Sci 2000
Dec;58(2):339-49.

Hauet T, Liu J, Li H, Gazouli M, Culty M, Papadopoulos V. PBR, StAR, and PKA:
partners in cholesterol transport in steroidogenic cells. Endocr Res 2002 Nov;28(4):395-
401.

Clark BJ, Cochrum RK. The steroidogenic acute regulatory protein as a target of
endocrine disruption in male reproduction. Drug Metab Rev 2007;39(2-3):353-70.

49



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

Stocco DM. StAR protein and the regulation of steroid hormone biosynthesis. Annu Rev
Physiol 2001;63:193-213.

Clark BJ, Wells J, King SR, Stocco DM. The purification, cloning, and expression of a
novel luteinizing hormone-induced mitochondrial protein in MA-10 mouse Leydig tumor
cells. Characterization of the steroidogenic acute regulatory protein (StAR). J Biol Chem
1994 Nov;269(45):28314-22.

Bose H, Lingappa VR, Miller WL. Rapid regulation of steroidogenesis by mitochondrial
protein import. Nature 2002 May;417(6884):87-91.

Tsujishita Y, Hurley JH. Structure and lipid transport mechanism of a StAR-related
domain. Nat Struct Biol 2000 May;7(5):408-14.

Baker BY, Yaworsky DC, Miller WL. A pH-dependent molten globule transition is
required for activity of the steroidogenic acute regulatory protein, StAR. J Biol Chem
2005 Dec;280(50):41753-60.

Liu J, Rone MB, Papadopoulos V. Protein-protein interactions mediate mitochondrial
cholesterol transport and steroid biosynthesis. J Biol Chem 2006 Dec;281(50):38879-93.
De Souza EB, Anholt RR, Murphy KM, Snyder SH, Kuhar MJ. Peripheral-type
benzodiazepine receptors in endocrine organs: autoradiographic localization in rat
pituitary, adrenal, and testis. Endocrinology 1985 Feb;116(2):567-73.

Papadopoulos V, Mukhin AG, Costa E, Krueger KE. The peripheral-type benzodiazepine
receptor is functionally linked to Leydig cell steroidogenesis. J Biol Chem 1990
Mar;265(7):3772-9.

Krueger KE, Papadopoulos V. Peripheral-type benzodiazepine receptors mediate
translocation of cholesterol from outer to inner mitochondrial membranes in
adrenocortical cells. J Biol Chem 1990 Sep;265(25):15015-22.

Papadopoulos V, Amri H, Boujrad N, Cascio C, Culty M, Garnier M, Hardwick M, Li H,
Vidic B, Brown AS, Reversa JL, Bernassau JM, Drieu K. Peripheral benzodiazepine
receptor in cholesterol transport and steroidogenesis. Steroids 1997 Jan;62(1):21-8.
Hauet T, Yao ZX, Bose HS, Wall CT, Han Z, Li W, Hales DB, Miller WL, Culty M,
Papadopoulos V. Peripheral-type benzodiazepine receptor-mediated action of
steroidogenic acute regulatory protein on cholesterol entry into leydig cell mitochondria.
Mol Endocrinol 2005 Feb;19(2):540-54.

Carter JE, Roll DB, Petersen RV. The in vitro hydrolysis of di-(2-ethylhexyl) phthalate
by rat tissues. Drug Metab Dispos 1974 Jul;2(4):341-4.

Rhodes C, Orton TC, Pratt IS, Batten PL, Bratt H, Jackson SJ, Elcombe CR. Comparative
pharmacokinetics and subacute toxicity of di(2-ethylhexyl) phthalate (DEHP) in rats and
marmosets: extrapolation of effects in rodents to man. Environ Health Perspect 1986
Mar;65:299-307.

Albro PW, Thomas R, Fishbein L. Metabolism of diethylhexyl phthalate by rats. Isolation
and characterization of the urinary metabolites. J Chromatogr 1973 Feb;76(2):321-30.
Frederiksen H, Skakkeback NE, Andersson AM. Metabolism of phthalates in humans.
Mol Nutr Food Res 2007 Jul;51(7):899-911.

Peck CC, Albro PW. Toxic potential of the plasticizer Di(2-ethylhexyl) phthalate in the
context of its disposition and metabolism in primates and man. Environ Health Perspect
1982 Nov;45:11-7.

Koch HM, Preuss R, Angerer J. Di(2-ethylhexyl)phthalate (DEHP): human metabolism
and internal exposure-- an update and latest results. Int J Androl 2006 Feb;29(1):155-65.
Silva MJ, Samandar E, Preau JL, Jr., Needham LL, Calafat AM. Urinary oxidative
metabolites of di(2-ethylhexyl) phthalate in humans. Toxicology 2006 Feb;219(1-3):22-
32.

Albro PW, Lavenhar SR. Metabolism of di(2-ethylhexyl)phthalate. Drug Metab Rev
1989;21(1):13-34.

Korsieporn P. Interaction of Plasticizers with Mammalian Cells [dissertation]. 2005.
Carpenter CP, Weil CS, Smyth HF, Jr. Chronic oral toxicity of di(2-ethylhexyl) phthalate
for rats, guinea pigs, and dogs. Arch Indust Hyg 1953;8:219.

50



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Harris RSeal. Chronic oral toxicity of 2-ethylhexyl phthalate in rats and dogs. Arch
Indust Hyg 1956;13:259.

Calley D, Autian J, Guess WL. Toxicology of a series of phthalate esters. J Pharm Sci
1966 Feb;55(2):158-62.

Autian J. Toxicity and Health Threats of Phthalate Esters: Review of the Literature.
Environmental Health Perspectives 1972;4:3-26.

Gray TJB, Butterworth KR, Gaunt IF, Grasso P, Gangolli SD. Short-term toxicity study
of di-(2-ethylhexyl) phthalate in rats. Food and Cosmetics Toxicology 1977;15(5):389-
99.

Rusyn I, Peters JM, Cunningham ML. Modes of action and species-specific effects of di-
(2-ethylhexyl)phthalate in the liver. Crit Rev Toxicol 2006 May;36(5):459-79.

Hu GX, Lian QQ, Ge RS, Hardy DO, Li XK. Phthalate-induced testicular dysgenesis
syndrome: Leydig cell influence. Trends Endocrinol Metab 2009 Apr;20(3):139-45.
Heindel RJ, Chapin RE. Inhibition of FSH-stimulated cAMP accumulation by mono(2-
ethylhexyl) phthalate in primary rat sertoli cell cultures. Toxicology and Applied
Pharmacology 1989 Feb;97(2):377-85.

Sharpe RM, Fisher JS, Millar MM, Jobling S, Sumpter JP. Gestational and lactational
exposure of rats to xenoestrogens results in reduced testicular size and sperm production.
Environ Health Perspect 1995 Dec;103(12):1136-43.

Ge RS, Chen GR, Tanrikut C, Hardy MP. Phthalate ester toxicity in Leydig cells:
developmental timing and dosage considerations. Reprod Toxicol 2007 Apr;23(3):366-
73.

Lee YJ, Lee E, Kim TH, Choi JS, Lee J, Jung KK, Kwack SJ, Kim KB, Kang TS, Han
SY, Lee BM, Kim HS. Effects of Di(2-ethylhexyl) Phthalate on Regulation of
Steroidogenesis or Spermatogenesis in Testes of Sprague-Dawley Rats. Journal of Health
Science 2009;55(3):380-8.

Rozen S, Skaletsky H. Primer3 on the WWW for general users and for biologist
programmers. Methods Mol Biol 2000;132:365-86.

Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to
proliferation and cytotoxicity assays. J Immunol Methods 1983 Dec;65(1-2):55-63.

Dees JH, Gazouli M, Papadopoulos V. Effect of mono-ethylhexyl phthalate on MA-10
Leydig tumor cells. Reprod Toxicol 2001 Mar;15(2):171-87.

Liu K, Lehmann KP, Sar M, Young SS, Gaido KW. Gene expression profiling following
in utero exposure to phthalate esters reveals new gene targets in the etiology of testicular
dysgenesis. Biol Reprod 2005 Jul;73(1):180-92.

Liu X, He DW, Zhang DY, Lin T, Wei GH. Di(2-Ethylhexyl) Phthalate (DEHP)
Increases Transforming Growth Factor-+|1 Expression in Fetal Mouse Genital Tubercles.
Journal of Toxicology and Environmental Health, Part A: Current Issues
2008;71(19):1289-94.

Lague E, Tremblay JJ. Antagonistic Effects of Testosterone and the Endocrine Disruptor
Mono-(2-Ethylhexyl) Phthalate on INSL3 Transcription in Leydig Cells. Endocrinology
2008 Sep;149(9):4688-94.

Forest MG. Role of androgens in fetal and pubertal development. Horm Res 1983;18(1-
3):69-83.

Harris CA, Henttu P, Parker MG, Sumpter JP. The estrogenic activity of phthalate esters
in vitro. Environ Health Perspect 1997 Aug;105(8):802-11.

Gaemers IC, van Pelt AM, van der Saag PT, Hoogerbrugge JW, Themmen AP, de Rooij
DG. Differential expression pattern of retinoid X receptors in adult murine testicular cells
implies varying roles for these receptors in spermatogenesis. Biol Reprod 1998
Jun;58(6):1351-6.

Ward JM, Peters JM, Perella CM, Gonzalez FJ. Receptor and nonreceptor-mediated
organ-specific toxicity of di(2-ethylhexyl)phthalate (DEHP) in peroxisome proliferator-
activated receptor alpha-null mice. Toxicol Pathol 1998 Mar;26(2):240-6.

Culty M, Thuillier R, Li W, Wang Y, Martinez-Arguelles DB, Benjamin CG, Triantafilou
KM, Zirkin BR, Papadopoulos V. In Utero Exposure to Di-(2-ethylhexyl) Phthalate

51



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Exerts Both Short-Term and Long-Lasting Suppressive Effects on Testosterone
Production in the Rat. Biol Reprod 2008 Jun;78(6):1018-28.

Kasahara E, Sato EF, Miyoshi M, Konaka R, Hiramoto K, Sasaki J, Tokuda M, Nakano
Y, Inoue M. Role of oxidative stress in germ cell apoptosis induced by di(2-
ethylhexyl)phthalate. Biochem J 2002 Aug;365(3):849-56.

Gautam DK, Misro MM, Chaki SP, Chandra M, Sehgal N. hCG treatment raises H202
levels and induces germ cell apoptosis in rat testis. Apoptosis 2007 Jul;12(7):1173-82.
Miura Y, Naito M, Ablake M, Terayama H, Yi SQ, Qu N, Cheng LX, Suna S, Jitsunari F,
Itoh M. Short-term effects of di-(2-ethylhexyl) phthalate on testes, liver, kidneys and
pancreas in mice. Asian Journal of Andrology 2007;9(2):199-205.

Allen JA, Diemer T, Janus P, Hales KH, Hales DB. Bacterial endotoxin
lipopolysaccharide and reactive oxygen species inhibit Leydig cell steroidogenesis via
perturbation of mitochondria. Endocrine 2004;25(3):265-75.

El-Gehani F, Zhang FP, Pakarinen P, Rannikko A, Huhtaniemi I. Gonadotropin-
independent regulation of steroidogenesis in the fetal rat testis. Biol Reprod 1998
Jan;58(1):116-23.

Gavaler JS, Perez H, Vanthiel DH. Ethanol Produced Morphologic Alterations of Leydig-
Cells. Alcoholism-Clinical and Experimental Research 1982;6(2):296.

Van Thiel DH, Gavaler JS, Cobb CF, Santucci |, Graham TO. Ethanol, a Leydig cell
toxin: Evidence obtained in vivo and in vitro. Pharmacology Biochemistry and Behavior
1983;18(Supplement 1):317-23.

Gavaler JS, Perez HA, Estes L, Van Thiel DH. Morphologic alterations of rat Leydig
cells induced by ethanol. Pharmacology Biochemistry and Behavior 1983;18(Supplement
1):341-7.

Cicero TJ, Bell RD. Effects of ethanol and acetaldehyde on the biosynthesis of
testosterone in the rodent testes. Biochem Biophys Res Commun 1980 Jun;94(3):814-9.
Cicero TJ, Bell RD, Meyer ER, Badger TM. Ethanol and acetaldehyde directly inhibit
testicular steroidogenesis. J Pharmacol Exp Ther 1980 May;213(2):228-33.

Rosenblum ER, Gavaler JS, Vanthiel DH. Lipid-Peroxidation - A Mechanism for
Alcohol-Induced Testicular Injury. Free Radical Biology and Medicine 1989;7(5):569-77.
Grattagliano I, Vendemiale G, Errico F, Bolognino AE, Lillo F, Salerno MT, Altomare E.
Chronic ethanol intake induces oxidative alterations in rat testis. Journal of Applied
Toxicology 1997;17(5):307-11.

Quintans LN, Castro GD, Castro JA. Oxidation of ethanol to acetaldehyde and free
radicals by rat testicular microsomes. Archives of Toxicology 2005;79(1):25-30.
Giannessi F, Giambelluca MA, Grasso L, Scavuzzo MC, Ruffoli R. Curcumin protects
Leydig cells of mice from damage induced by chronic alcohol administration. Medical
Science Monitor 2008;14(11):BR237-BR242.

LopezFernandez LA, delMazo J. The cytosolic aldehyde dehydrogenase gene (Aldhl) is
developmentally expressed in Leydig cells. Febs Letters 1997;407(2):225-9.

Calafat AM, Needham LL, Silva MJ, Lambert G. Exposure to di-(2-ethylhexyl) phthalate
among premature neonates in a neonatal intensive care unit. Pediatrics 2004
May;113(5):e429-¢434.

Green R, Hauser R, Calafat AM, Weuve J, Schettler T, Ringer S, Huttner K, Hu H. Use
of di(2-ethylhexyl) phthalate-containing medical products and urinary levels of mono(2-
ethylhexyl) phthalate in neonatal intensive care unit infants. Environ Health Perspect
2005 Sep;113(9):1222-5.

Weuve J, Sanchez BN, Calafat AM, Schettler T, Green RA, Hu H, Hauser R. Exposure to
phthalates in neonatal intensive care unit infants: urinary concentrations of monoesters
and oxidative metabolites. Environ Health Perspect 2006 Sep;114(9):1424-31.
Chauvigne F, Menuet A, Lesne L, Chagnon MC, Chevrier C, Regnier JF, Angerer J,
Jegou B. Time- and dose-related effects of di-(2-ethylhexyl) phthalate and its main
metabolites on the function of the rat fetal testis in vitro. Environ Health Perspect 2009
Apr;117(4):515-21.

52



Appendix I: Chemicals and Suppliers

Product Name/Description

-80 °C freezer

-20 °C freezer

2-ethylhexanal
2-ethylhexanoic acid
2-ethylhexanol

20 '/, gauge needle, blunt

2N Hydrochloric acid (HCI)
Adjustable Volume Research®
Pipettes

Anhydrous ethyl alcohol

Autoclave

B-mercaptoethanol

Bibulous (absorbent) paper
Bicinchoninic acid (BCA) Protein
Assay Kit

Biosafety cabinet (BSC)

Cell culture plates

Centrifuge tubes, 15 mL
Centrifuge tubes, S0 mL
Centrifuge

Chorionic Gonadotropin, Human

Supplier
Thermo Electron
Corporation
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BD (Fisher)
Fisher
Eppendorf

Commercial
Alcohols
STERIS®

Sigma-Aldrich

Fisherbrand (Fisher)

Thermo Scientific

Thermo Electron
Corporation
Corning Costar®
(Fisher)

Cellstar (Fisher)
Fisher

Thermo Scientific

Calbiochem

Catalogue/Model #

Forma -86C ULT
freezer

Isotemp

E29109

538701

538051

305175

SA431

0.5-10 pL, 022471902

20-200 pL, 022472054

100-1000 pL,
022472101

8507

Amsco® Lab 250 Small
Steam Sterilizer

M-7154

11-998

23227

Forma Class II, A2 BSC

96-well-3596
6-well-3506
188261
0334114A

IEC Centra CL2
869031
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Urine, Iodination Grade (=12 000
IU/mg)

Corning T-75 flasks with vented caps

Coulter counter

Cryogenic Vials (2 mL)
Di(2-ethylhexyl) phthalate
Dimethyl Sulfoxide (DMSO)
Filter pipette tips

Filters, 0.22 pm
Gelatin from porcine skin, Type A

Hemacytometer

Horse serum (heat inactivated)
HEPES buffer (1M)

High Capacity cDNA Reverse
Transcription kti

Incubator

Life Science Analyser (UV/Vis

spectrophotometer)

Minimum Essential Medium (MEM)

Alpha 1X (phenol red free)
MicroAmp® 384-well clear optical
reaction plate

MicroAmp® Fast Optical 96 well

reaction plate

Corning (Fisher)

Beckman Coulter

Corning (Fisher)
Sigma-Aldrich
Fisher
STARSTEDT
(Fisher)

Molecular
Bioproducts (Fisher)
Millipore (Fisher)
Sigma-Aldrich
Hausser (Thomas
Scientific)

Gibco (Invitrogen)
Gibco (Invitrogen)
ABI

Thermo Electron
Corporation

Jenway (Barloworld
Scientific)

Gibco (Invitrogen)

ABI

ABI

430641

Z2 Coulter® Particle
Count and Size
Analyzer

430659

80030

BP231

2.5 uL-70.1130.212
10 uL-70.1130.210

20 nL-70.760.213

200 pL-2069

1000 nL-2079E

SLGV M33 RS

G2500

5971R10

26050

15630

4368814

Model Forma Series II
Incubator

Genova MK3

41061

4309849

4346906
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MicroAmp"" Optical Adhesive Film
kit
Microcentrifuge

Microplate spectrophotometer

Microscope

Mono(2-ethylhexyl) phthalate

MTT
Multiply® Pro cup PCR tubes, 0.2 mL

Nuclease-free water
Penicillin-Streptomycin
Phosphate Buffered Saline 10X
(without Calcium and magnesium)

Pipette tips

Power SYBR® Green Master Mix
Primers

Progesterone ELISA

QIAshredder

Quantitative PCR machine

Quartz Micro cuvette
RNase-free DNase set

RNeasy Mini kit

Sodium Chloride

Sodium Deoxycholate

Sodium Dodecyl Sulfate (SDS)
Syringes, 1 mL

ABI

Thermo Scientific
Bio-Rad
Laboratories, Inc
Leica

Crescent Chemical
Co., Inc
Sigma-Aldrich
STARSTEDT
(Fisher)

Qiagen

Gibco (Invitrogen)
Multicell (Wisent,
Inc)

Eppendorf (Fisher)

ABI
Alpha DNA

Fitzgerald Industries

International, Inc.

Qiagen
ABI

Jenway
Qiagen
Qiagen

Fisher
Sigma-Aldrich
Fisher

BD (Fisher)

4313663

Micromax RF

Benchmark Plus

Leica DM IL
C161789

M5655
72.737.002

129114
15140
311-012-CL

10 uL - 21-197-2F
200 pL - 02-707-121
1 mL - 02-707-123
4367659

Sequence specific

55R-RE52231

79654

7900HT Fast Real-Time
PCR system

035-139

79254

74104

S671

D6750

BP166

309602
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Tergitol Solution (NP40S) 70% in
water

Thermal Cycler

Tris Base

Trypsin-EDTA-4Na 1X, 0.05%
Vortex mixer

Waymouth’s MB 752/1 (1X) medium

Sigma-Aldrich

Bio-Rad

Fisher

Gibco (Invitrogen)
Fisher Scientific

Gibco (Invitrogen)

NP40S

iCycler
BP152
25300
02215360
11220
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Appendix II: Biohazard Approval

MeGill University

APPLICATION TO USE BIOHAZARDOUS MATERIALS’ !

Projects invalving potestially bichazardcus materials shoald not be commenced without spproval from Emvironmental
Health & Safety. Submit applications before 1) starting new projects. 2) renewing existing projects, or 33 changing the nature
of the binhazardous materials within existitg projects,

I. PRINCIFAL INVESTIGATOR: David Cooper PHONE: x4278

DEMARTMEMT: Chemical Engincering B - FAX: x6678 o
david.cooper@megill.ca or

ADDRESS: 3610 University St E MAIL: _richard.leask@megill ca

PROJECT TITLE Grean plagticizesn

1. EMERGENCY: Personis) designated 1o handle emergencies

Mame: _Richard L. Leask Phone MNo; work: _x4270 home:  514-369-79%
MName _ Alin Gegnon Fhone MNo: work:  x4490 home:  Security x3000
1 FUNDING SOURCE OR AGERCY (specify): MSERC Etrategic

GramtMNo.:  TBA Beginning date:  Oct |, 2007 End date: Sept 30, 2000

1. Indicate f"this is

] Renewa’: procedures prev ously approved withow: alierations,
Approval End Date:

|:| Mew funding source: projoct proviously reviewed and approved under an application o ancther ageney

Agency: Approval End Diate:

B New project: project not peviously reviewed.
O Approved project: change In biahazardous rnarerials or procedures.

D Waork/project mvolving bichazardous materials in teaching/diagnostics,

CERNEFICATION STATEMENT: Environmental Health & Safery approves the experimental procedures proposed and
certifies with the applicant that the experiment will be in aceordance with the principles outlined in Health Canaca’s
*Laboratery Bilosafery Cuidelines” and in the "MeGill Laboratory Bioscfery Manual™,

Contanment Level {select one); I:l ] E 2 E 2 with additional precautions D 3

- i ) .
Principal Investigator or course director: 2 Lﬂﬁj”{}’:.u:fx s date: Jdé f:.ﬂ. 2..:?(1? [;:'
Appreaved hy Favivonmental Health & Safety i date: Al “;I) o7
ATGT day monil T

Expiry: 3\{\ nq [
Ty moemh  ver

g detimed i the VoGl Laborotory Biosolery Minosal™
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5 RESEARCH PERSONNEL: (attnch additbonal sheets if preferred)

Tramed in the safe use of biological

Mame [Department Job Title/Classification | safetv cabinets within the last 3
i years? 1f yes, indicate Craining date.

Carlic Piche Chemical Engineering I MEng | Yes, 20406

6. Briefly describe:

i} the bichazardous material involved (e.g bacteria, viruses, human tissues, toxing of biological origin) & designated
biosafety risk group
- The response of mammalian cells (HEPG2, WIFB) and bacterial cells ( Rhodococous sp. and other soil microbes) to common plasticizers
tand newly synthesized) will be examined

it} the procedures involving biohazards
Cell culture {mammalian/bacterial cells), immunostaining, Westernblots, PCR

i) the protocel for decontaminating spills
As per section 5.3 of the Megill biosafery manual.
1. Wear gloves and & laboratory coat or gown, Heavyweight, puncture-resistant utility gloves, such as those used for housecleaning and
dishwashing,..
2.Do not handle sharps with the hands, Clean up broken glass or other sharp objects with sheets of cardboard or other rigid, disposahle
material. [f'a broom and dustpan are used, they must be decontaminated later.
3 Avoid generating aerosols by sweeping,
4 Absorb the spill. Most disinfoctants arc less cffective in the presence of high concentrations of protein, so absorb the bulk of the liguid
hefore applying disinfectants. Use disposable absorbent material such as paper towels. After absomption of the liguid, duspose of all
contaminared materials as waste,
&.Clean the spill site of all visible spilled material using an agueous detergent solution (e.g., any household detergent). Absorb the bulk of
the liguid w prevent dilution of the disinfestant,
&, Disinfect the spill site using an appropriate disinfectant, such as a household bleach solution. Flood the spill site or wipe it down with
disposable towels soaked in the disinfectant
T.Absorb the disinfectant or allow it to dry. § Rinse the spill site with water,
4, Dispose of all contaminated materials properly. Place them in a biohazard bag or other leakproof, labeled bighazard container for
sterilization,
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7. Does the protocol present conditions (¢.g. handling of large volumes or high concentrations of pathogens) that could
increase the hazards?
Mo

8. Do the specific procedures 1o be employed involving genetically engineered organisms have a history of safe use?
Mo

%, What precautions will be taken 1o reduce production of infectious droplets and aerosols?
Al work will be conducted in 2 kustsaefesme-ioed and universal procotions will be ohserved

'ﬁipfaan'uf S‘j'dﬂ rabcio

10, Will the bichazardous materials in this project expose members of the research team to any risks that might require
special training, vaccimation of other protective measures? 1f ves, please axplain.
Mo

11, Will this project produsce combined hazardous waste — ie. radioactive bishazardous waste, bichazardous animal
carcasses contaminated with toxic chemicals, ete? If ves, please explain hows disposal will be handled,
Mex

12. List the biological salety cabinets tobewsed,
'Eiuldhjlg_ _‘RoomMo. | Manufacturer Madel No. Serial No. Dhate Certified

Wong 7050 Thermo 1286 101SI3-2110 | May 2005




Appendix III: Protocols

Cell Culture
Materials
1. Waymouth’s MB 752/1 (1X) media (Invitrogen)
2. HEPES (1M) buffer (Invitrogen)
3. Horse serum (Heat inactivated) (Invitrogen)
4. Penicillin-Streptomycin (Invitrogen)
5. Calcium and magnesium free phosphate buffered saline (PBS)

(Wisent, Inc.)

0.05% Trypsin-EDTA-4Na 1X (Invitrogen)
Pig gelatin (0.1%)

Microscope

Centrifuge

. Hemacytometer or Coulter counter
. T-75 Corning flasks

.2 mL Cryogenic vials

. Water bath

. Crushed ice

Protocol: Trypsinizing

1.

Remove media from flask

2. Add 5 mL trypsin to flask and incubate at room temperature for 35

11.

12.
13.
14.

seconds

. Remove trypsin and incubate flask at 37 °C and 5% CO2 for 1-2

minutes

Add 5-10 mL warm media to flask, detaching cells with shear

Pipette up and down several times to break up clumps of cells

Count cell suspension with hemocytomer or coulter counter (see
appropriate protocols for uses of cell suspensions)

Protocol: Expanding

Coat three T-75 flasks with pig gelatin for each T-75 flask being split,
incubate 40 minutes at 37 °C and 5% CO2

Trypsinize as described in the trypsinizing protocol

. Split cell suspension evenly into three new flasks after removing

gelatin and complete media volume to 20 mL for a T-75 flask
Identify new flasks with cell line, date, cell concentration and passage
number

Incubate flasks 37 °C and 5% CO2

Change media every second day, split every 3-5 days

Protocol: Freezing
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15.
16.
17.

18

20.

21.

22.
23.

24.

25

27.
28.

Prepare cold freezing media; 90% media, 10 v/v % DMSO
Trypsinize cells as described in the trypsinizing protocol
Centrifuge cell suspension at 500 g for 5-10 minutes to pellet cells

. Carefully remove media without disrupting cell pellet
19.

Resuspend cells from one confluent T-75 in 5-6 mL of cold freezing
media

Pipette 1 mL of cell suspension into freezing ampoules, label and place
in an insulated container (ex: Mr. Frosty) that will allow the cell
suspension to cool slowly.

Place ampoules in -80 °C freezer overnight, then transfer ampoules to
cryotank.

Protocol: Thawing

Coat oneT-75 flask with pig gelatin for each ampoule being thawed,
incubate 40 minutes at 37 °C and 5% CO2

Remove gelatin from flask and add 10 mL warm media

. Remove ampoule from cryotank and place on ice for 1 minute
26.

Swirl ampoule in 37 °C water bath to thaw (1-2 min.) and transfer cell
suspension to flask with 10 mL media rapidly after wiping down
ampoule with 70 % ethanol

Swirl flask and incubate at 37 °C and 5% CO2

Replace the media with 20 mL fresh media the next day to remove any
residual DMSO from the freezing media

Cell Viability

Materials

MRS

>

7.

8.
9.

10.
11.
12.

96-well plate

0.1% pig gelatin

Microscope

Hemacytometer or coulter counter

Bio-Rad laboratories Benchmark Plus microplate spectrophotometer
(or equivalent)

Cell culturing materials (media, trypsin, etc.) (Invitrogen)
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
12 mM stock solution in PBS (Sigma Aldrich)

Calcium and magnesium free PBS (Wisent, Inc)

DMSO

Media with compounds of interest at various concentrations
SDS-HCI detergent

Minimum Essential Medium (MEM) Alpha 1X (phenol red free)

Protocol

61



(98]

N

*

10.
11.

12.

13.

14.

15

Coat 96-well plate with 0.1% pig gelatin and incubate at 37 °C for 40
minutes

Trypsinize confluent flask of MA-10 cells and resuspend in 5 mL of
media

Count cells with hemacytometer or coulter counter

Prepare 6 to 8 cell suspensions of different concentrations for a
standard curve (ex: 10 000, 20 000, 40 000, 50 000, 60 000, 80 000
and 100 000 cells/mL)

Prepare 10 mL of cell suspension at 50 000 cells/mL for sample wells
Remove pig gelatin from 96-well plate and add 100 pL of cell
suspension to each well (5000 cells/well); this should include
triplicates for each standard curve and sample well (see sample plate
setup below for details)

Include 3 control wells (cell concentration: 50 000 cells/mL) on the
plate as well as 3 blank wells (no cells, just media)

Incubate cells for 24 hours at 37 °C and 5% CO2

Remove media from all wells, add media with compounds at various
concentrations to sample wells, add media with 0.3 v/v % DMSO to
standard curve, control and blank wells

Incubate plate for 24 or 48 hours at 37 °C and 5% CO2

Near end of incubation time, prepare 11 mL of MTT media; add 1 mL
of MTT stock solution to 10 mL clear media

At end of incubation time, remove media from each well, wash once
with PBS and add 110 pL of MTT media to each well

Incubate plate for 4 hours at 37 °C and 5% CO2 to allow cells to
metabolize MTT and form purple crystals

Add 100 pL of SDS-HCI detergent to each well to solubilize purple
crystals, incubate 18 hours at 37 °C and 5% CO2

. Read plate with microplate spectrophotometer at 570 nm

Disruption of Steroidogenesis

Materials

1. Ten 6-well plates

2. 0.1% pig gelatin

3. Microscope

4. Hemacytometer or coulter counter

5. Cell culturing materials (media, trypsin, etc.) (Invitrogen)

6. Calcium and magnesium free PBS (Wisent, Inc)

7. DMSO

8. Media with compounds of interest at various concentrations

9. Human Chorionic Gonadotropin (hCG), Potency: 12 500 IU/mg

Protocol
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9.

Coat ten 6-well plate with 0.1% pig gelatin and incubate at 37 °C for
40 minutes

. Trypsinize confluent flask of MA-10 cells and resuspend in 5 mL of

media

Count cells with hemacytometer or coulter counter, and dilute
suspension to 25 000 cells/mL

Remove pig gelatin from 6-well plates and seed 1.6 mL cell
suspension in each well, incubate at 37 °C and 5% CO2 for 24 hours

. Remove media from all wells, add media with compounds at various

concentrations to sample wells, add media with 0.3 v/v % DMSO to
control wells. Control wells include positive controls (PC) which are
incubated in media with 0.3 v/v % DMSO and stimulated with hCG in
step 8, and negative controls (NC) which are incubated in media with
0.3 v/v % DMSO, but not stimulated with hCG.

Incubate plate for 24 hours at 37 °C and 5% CO2

Remove media and wash once with PBS

Stimulate cells with 1.6 mL 0.5 nM human chorionic gonadotropin
(hCG) in media (add media only to NC wells), incubate at 37 °C and
5% CO2 for 4 hours

Collect media for analysis with progesterone ELISA and store at -20
°C

10. Rinse cells twice with PBS before lysing for total protein measurement

Progesterone Measurement

Based on protocol provided by kit manufacturer

Materials

1.

Progesterone Enzyme-Linked Immunoassay (ELISA) kit (Fitzgerald
Antibodies, Inc)

a. 96 microtiter wells coated with anti-Progesterone antibody

b. Progesterone standards (0, 0.3, 1.25, 2.5, 5, 15, 40 ng/mL)

c. Enzyme Conjugate (Progesterone conjugated to horseradish

peroxidase)

d. Substrate Solution

e. Stop Solution

f.  Wash Solution

2. Bio-Rad laboratories Benchmark Plus microplate spectrophotometer
(or equivalent)

3. Bibulous (absorbent) paper

4. Distilled/deionized water

5. Micropipettes

Protocol
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*

10.

1.
12.

13.

14.

. Allow all reagents, samples and materials to reach room temperature

before starting

. Dilute 40X wash buffer (blue cap) to 1X: mix 5 mL of 40X wash

buffer with 195 mL deionized water

Secure the desired number of Microtiter wells in the holder

Add 25 pL of each standard, sample and control in different wells in
duplicate or triplicate

Incubate for 5 minutes at room temperature

Add 200 pL of Enzyme Conjugate into each well (pink solution in
bottle with white cap)

Mix thoroughly with plate reader for 10 seconds

Incubate plate for 60 minutes at room temperature

Shake out contents of wells and rinse with 400 pL 1X wash buffer
three times, striking the plate sharply on absorbent paper between each
wash to remove excess droplets

Add 200 pL of Substrate Solution (brown bottle, yellow cap) to each
well

Incubate 15 minutes at room temperature

Add 100 pL Stop Solution (red cap) to each well to stop the enzymatic
reaction

Read the absorbance at 450 nm with the microplate spectrophotometer
within ten minutes of stopping the reaction

To calculate the unknown progesterone concentrations, fit a 4PL curve
to the standard curve

Total Protein Measurement

Based on protocol provided by kit manufacturer

Materials

1.

Bicinchoninic acid (BCA) Protein Assay Kit (Pierce)
a. BCA Reagent A
b. BCA Reagent B
c. Bovine Serum Albumin (BSA) Standard Ampoules (2 mg/mL)

2. Bio-Rad laboratories Benchmark Plus microplate spectrophotometer
(or equivalent)

3. Pipettes

4. RIPA lysis buffer

Protocol

1. Prepare cells as described in Steroidogenesis Disruption Experiment
protocol

2. Lyse dry cells in 6 well plates by adding 400 pL. RIPA buffer to each
well

3. Shake plates thoroughly for 10 minutes
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During lysis, prepare a standard curve by diluting the BSA standard
provided with RIPA lysis buffer to 6-8 desired concentrations (ex: 0,
25,50, 75, 100, 150, 200 ng/mL)

Ensure cells are fully lysed visually with light microscope

Pipette 25 puL of standard, samples and controls into a 96 well plate in
duplicate or triplicate

Prepare Working Reagent by mixing 50 parts BCA Reagent A with 1
part BCA Reagent B; prepare sufficient Working reagent for 200
pL/well

Add 200 pL. Working reagent to each well, mix 1 minute, incubate at
37 °C for 30-120 minutes (longer incubation times lower the minimum
detection level of the reagent as well as working range of the assay,
which may be desirable for low protein concentrations)

Read the absorbance with a microplate spectrophotometer at 562 nm;
use a linear, four-parameter (quadratic) or best-fit curve to calculate
the unknown concentrations from the standard curve

Gene Expression Experiment

Materials

1. 6-well plates

2. 0.1% pig gelatin

3. Microscope

4. Hemacytometer or coulter counter

5. Cell culturing materials (media, trypsin, etc.) (Invitrogen)

6. Calcium and magnesium free PBS (Wisent, Inc)

7. DMSO

8. Media with compounds of interest at various concentrations

9. Human Chorionic Gonadotropin (hCG), Potency: 12 500 IU/mg

Protocol

1. Coat ten 6-well plate with 0.1% pig gelatin and incubate at 37 °C for
40 minutes

2. Trypsinize confluent flask of MA-10 cells and resuspend in 5 mL of
media

3. Count cells with hemacytometer or coulter counter, and dilute
suspension to 200 000 cells/mL

4. Remove pig gelatin from 6-well plates and seed 1.6 mL cell
suspension in each well, incubate at 37 °C and 5% CO2 for 24 hours

5. Remove media from all wells, add media with compounds at various

concentrations to sample wells, add media with 0.3 v/v % DMSO to
control wells. Control wells include positive controls (PC) which are
incubated in media with 0.3 v/v % DMSO and stimulated with hCG in
step 8, and negative controls (NC) which are incubated in media with
0.3 v/v % DMSO, but not stimulated with hCG.
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Incubate plate for 24 hours at 37 °C and 5% CO2

Remove media and wash once with PBS

Stimulate cells with 1.6 mL of 0.5 nM human chorionic gonadotropin
(hCG) in media (add media only to NC wells), incubate at 37 °C and
5% CO2 for 4 hours.

After incubation period, remove media, rinse twice with PBS and
proceed to RNA extraction section below.

RNA Extraction

Protocol based on that of Qiagen RNeasy kits. Special care must be taken
when handling RNA as it is easily degraded. Read the handbook supplied if
unfamiliar with handling RNA. Do not mix Buffers RLT and RW1 with bleach.

Materials

1.

0N U kW

RNeasy Mini kit (Qiagen)
a. RNeasy mini spin columns (pink)
b. Collection tubes (1.5 and 2 mL)
c. Buffer RLT
e

d. Buffer RWI
. Buffer RPE
f. RNase-free water
g. Handbook
RNase-free DNase set (Qiagen)
a. Lyophilized DNase I

b. Buffer RDD
c. RNase-free water
QIAshredder columns (Qiagen)
Microcentrifuge
-80°C freezer
20 '; gauge needle
1 mL syringes
RNase-free water
96-100% ethanol

10. RNase-free filter tips and pipettes
11. RNase-free 70% ethanol solution in water
12. B-mercaptoethanol

Protocol

1.

2.

Add 10 pl B-mercaptoethanol (B-ME) per 1 ml Buffer RLT. Dispense
in a fume hood and wear appropriate protective clothing

Buffer RPE is supplied as a concentrate. Before using for the first
time, add 4 volumes of ethanol (96—100%) as indicated on the bottle to
obtain a working solution
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10.

1.

12.

13.

14.

15.

16.

17.
18.

. Prepare DNase I stock solution: Using an RNase-free needle and

syringe, inject 550 ul RNase-free water into the DNase I vial (1500
Kunitz units). Mix gently by inverting the vial. Do not vortex. For
long-term storage of DNase I stock solution, divide it into single-use
aliquots and store at —20 °C for up to 9 months. Thawed aliquots can
be stored at 2—8 °C for up to 6 weeks. Do not refreeze aliquots after
thawing

. Harvest cells prepared as described in the “Gene expression

experiment” section above by adding 350 pL of Buffer RLT to each
well and pipetting to mix

. Pass the lysate 6 times through a blunt 20 2 gauge needle fitted to an

RNase free syringe to shear DNA

Pipette the lysate into a QIAshredder spin column placed in a 2 mL
collection tube and centrifuge for 2 minutes at full speed

Add 350 pL of 70% ethanol to the homogenized lysate and mix well
by pipetting

Transfer lysate, including any precipitate that may have formed, to an
RNeasy spin column placed in a 2 mL collection tube. Close the lid
and centrifuge at 8000 x g for 30 seconds. Discard flow-through.

. Reusing collection tube from step 8, add 350 uL Buffer RW1 to

RNeasy column, close lid and centrifuge for 30 seconds at 8000 x g,
discard flow-through.

Add 70 pL Buffer RDD to 10 pL aliquots of DNase I stock solution,
mix gently by inverting tube (do not vortex, shear may damage DNase
enzyme), centrifuge briefly.

Add 80 pL DNase I incubation mix directly to RNeasy colum
membrane, making sure to cover membrane entirely, and place on
benchtop for 15 minutes

Add 350 pL Buffer RW1 to RNeasy column, close lid, centrifuge for
30 seconds at 8000 x g, discard flow-through.

Add 500 pL Buffer RPE to the RNeasy spin column. Close lid,
centrifuge for 30 seconds at 8000 x g to wash the spin column
membrane. Discard flow-through.

Add 500 pL Buffer RPE to the RNeasy spin column. Close lid,
centrifuge for 2 minutes at 8000 x g to wash the spin column
membrane. Discard flow-through.

Without adding any buffer, place the RNeasy spin column in a new 2
mL collection tube and place in the centrifuge. Close the lid gently,
and centrifuge at full speed for 1 min.

Place the RNeasy spin column in a new 1.5 ml collection tube
(supplied). Add 40 pl RNase-free water directly to the spin column
membrane. Close the lid gently, and centrifuge for 1 min at 8000 x g to
elute the RNA.

Repeat step 16 using the eluate.

Store RNA at -80 °C.
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RNA quantification

Materials

1.

Genova MK3 Life Science Analyser (or similar UV/Vis
Spectrophotometer) and cuvette

2. Distilled, deionized water (ddH20)

3. Pipettes and disposable tips

4. Microcentrifuge tubes

5. Compressed air source

Protocol

1. Turn on Life Science Analyser (if it was recently turned off, wait 20

(98]

9.

10.
11.

minutes before turning it back on).

Select “DNA/RNA” mode option from the main menu.

Select the “260/280nm” mode of operation.

Select “SETUP” and enter the dilution factor (0005+0120uL), set the
resolution to the highest (0.001) and select “EXIT”.

. Place a blank sample of ddH20O in the sample chamber (be sure to

rinse and dry the cuvette several times between readings).

Press “CAL” to calibrate the instrument.

Dilute sample RNA by mixing 5 uL of RNA in 120 pL. ddH20. Mix
well and centrifuge briefly.

Remove blank from sample chamber, discard water and dry. Pipette

125 pL sample into cuvette.

Place cuvette in sample chamber and select “READ”.

Record absorbance at A 260, A 280 and the ratio (260:280).

The concentration of RNA is equal to the abosorbance260 X dilution
factor X 40 ng/uL.

12. Good quality RNA should have a 260:280 ratio between 1.8-2.
Name Value
Factor 1 62.9 (default)
Factor 2 26.0 (default)
Dilution 0.0005+0.120 uL
Correction NO
Wavelength 320 (default)
Units pg/mL
Resolution 0.001
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Primer Design

In order to amplify cDNA, it is necessary to design a primer for the desired
gene. One can either use primers found in literature, order guaranteed primers
from suppliers, or design his/her own using the following procedure.

Materials

1. Computer with internet access

Protocol

2. Find the cDNA sequence of the desired gene (by doing a PubMed
seach, using NCBI, etc)

3. Copy/Paste the sequence into the appropriate box on the webpage

given below and check the appropriate boxes as indicated in

4. Figure 9:

N

http://frodo.wi.mit.edu/

Figure 9: Primer3

2} Primer3 Input 0.4.0 (primer3-web/htdocs/input-040. htm) - Microsoft Internet Explorer

File Edit View Favorites Tools Help

duyj

Rechercher = 3+ 4~

Oﬁack M > \ﬂ IEI ;\J /.-" Search ‘i‘lﬁ:‘Favorltes 6‘? = w1 - ﬁ i“

etc.) or use a Mispriming Library (repeat library): NONE

[ Fick Primers ][ ResetFarm

- . el
Pl 1METrY (v 0409 Pick primers from a DA sequence

v &

[ Sauvegarder dans Mon Web ~ m- Quvtir session @ Mon Yahoo! ~ &7 Actualités = 225 MEbéo W Finance = [ Cartes routiéres ~ "5 Yahoo!
Primer3plus imnterface More primer/olige tools disclaimer Pum

Old (0.3.0) nterface cautions F|

Paste source sequence below (5'-#3, string of ACGTMacgtn -- other letters treated as 17 -- numbers and blanks ignored). FASTA format ok, Please IN-out undesirable sequence {vector, A%

v

»  Paste sequence here

Pick left primer, ot use left primer below: | [] Pick hybridization probe (nternal olige), or use olige below, Pick right primer, or use night primer below (5" to 3' on opposite strand)
A

Check here

Check here

6. Take note of exon-exon junctions in cDNA sequence, and use the

target box shown in

7. Figure 10 to design primers that span exons
8. Choose a length of PCR product suitable for the final application, and
fill in appropriate box on website as indicated in

9. Figure 10:

10. qRT-PCR: amplicon size of 100-200 base pairs
11. Northern: amplicon size of 600-700 base pairs
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12. When choosing primers, it is desirable to have a sequence with a GC%
around 50% for effective PCR amplification. This corresponds to a
primer melting temperature in the range of 57 — 63 °C. Input these
values as indicated in

13. Figure 10

14. Click on “Pick Primers” button as indicated in

15. Figure 10 below

Target exon-exon Input size

Figure 10: Primdr3

Sequence Id / A string to identify your output
E.g 50,2 requires primers to surro! ases at postions 50 and 51. Or mark the source sequence with [ and | e.g. . ATCT[CCCCITCAT.. means

Tarzets primers must flank the ¢ CC.
Ezcluded Eg 401 ~TTorbids selection of primers in the 7 bases starting at 401 and the 3 bases at 68. Or mark the source sequence with < and > e.g
Regions: CT=CCCC>TCAT.. forbids primers in the central CCCC.

Product Size Ranges

Mumber To Return |5 Iz 3' Stability 9.0
Iax Repeat Misprirmng |12.00 Pair Max Repeat Misprimng | 24.00
Idax Template Mispriming |12.00 | Pair Maz Template Misprimng | 24.00
[ Pick Primers ] I Reset Form I

General Primner Picking Conditions

Prmer Size  Win- (18 Opt: 20 Mlas 27
Prmer Tm  Win: |57.0 | Opt [B0.0 | Masx [63.0 | Max Trm Difference: 1000 | Table of thermodynamic parameters | Breslaver etal. 1936 +
Iufax:

Product Tm

Primer GC% hfin: ez |00

800 | IMax 3' Self Complementarity: | 3.00

1] Iz Poly-X 5
Inside Target Penalty: Outside Target Penalty: 0 IMote: wou can set Inside Target Penalty to allow primers mside a target.
Firet Base Index CG Clamp 0

Concentration of moncvalent cations Salt correction formula Schildkraut and Lifson 1965
Concentration of divalent cations 0.0

Annealing Oligo Concentration: 50.0
Liberal Base [ Show Debugmg Info Daegot treat ambiguity codes in hbraries as consensus [] Lowercase masking

Concentration of dNTPs 0.0

ot the concentration of oligos in the reaction mix but of those annealing to template.)

[ Pick Primers ][ Feset Form I

Input primer melting temperatures

Click here when done

16. Take note of primer sequence, melting temperature and location (as
well as any other desirable information) as determined by the website
and order primers.

Note: When performing PCR with the primers designed above, use an

annealing temperature 3°C below that of the primer melting temperature.
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Reverse Transcription

Protocol based on that provided by ABI for High-Capacity cDNA Reverse
Transcription Kits

Materials
1. RNA, quantified (See RNA extraction and quantification)
2. High-Capacity cDNA Reverse Transcription (RT) Kit (ABI)
a. 10X RT Buffer
b. 25X dNTP Mix
c. 10X RT Random Primers
d. MultiScribe™ Reverse Transcriptase
e. RNase Inhibitor
3. Nuclease-free water
4. Pipettes and filter tips
5. Thermal Cycler
6. 0.2 uL PCR tubes
Protocol
1. Ensure that RNA to be reverse transcribed is between 0.002 and 0.2
pg/uL.
2. Allow kit components and RNA to thaw on ice.
3. Prepare RT master mix as follows (prepare sufficient master mix for a
few extra reactions to account for losses and pipette inaccuracies):
Component Volume for 1 reaction (pL)
10X RT Buffer 2.0
25X dNTP MIX 0.8
10X RT Random Primers 2.0
MultiScribe™ Reverse 1.0
Transcriptase
RNase Inhibitor 1.0
Nuclease-free water 3.2
Total for 1 reaction 10.0
4. Mix master mix gently and place on ice.
5. Pipette 10 pL of master mix into 0.2 uL PCR reaction tubes
6. Pipette 10 uL of RNA sample into each tube, mix by pipetting
7. Seal tubes and centrifuge briefly to spin down contents and eliminate
bubbles
8. Load tubes into thermal cycler programmed with the following

conditions (20 uL reaction volume):
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Step 1 Step 2 Step 3 Step 4

Temperature 25 37 85 4
(°C)
Time (min) 10 120 5 10-60

9. Start the reverse transcription.
10. After step 4, store the cDNA tubes at 2-6 °C for short term storage, or
less than -15 °C for long term storage.

Quantitative Real Time Polymerase Chain Reaction

Based on the protocol provided with the ABI SYBR® Green Master Mix.

“Fast” (~ I hour) or “Standard” (~ 2.5 hours) PCR can be performed with this
system. All three of the sample block, reaction plate and master mix must be
either “Fast” or “Standard” for successful amplification.

Materials

1. Applied Biosystems (ABI) 7900HT Fast Real-Time PCR System
2. ABI SYBR® Green Master Mix (Fast or Standard)

3. Reaction Plate (96- or 384-well, Fast or Standard)

4. Optical Adhesive covers

5. Centrifuge with adaptor for 96- or 384-well plates

6. Microcentrifuge

7. 1.5 mL sterile microcentrifuge tubes

8. Nuclease-free water

9. Pipettes and filter tips

10. Vortexer
11. Forward and Reverse primers
12. Sample cDNA

Protocol (Fast 96-well plate)

1. Thaw primers, cDNA and SYBR® Green Master Mix on ice.

2. Ina?2 mL centrifuge tube, combine sufficient SYBR® Green Master
Mix and forward and reverse primers for the number of reactions
desired plus one or two extra in the following ratio:

Component Volume for 1 20 pL reaction (nL)
SYBR® Green Master Mix 10

Forward Primer (concentration 2.5

variable)

Reverse Primer (concentration 2.5

variable)
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Total Volume 15

3.

4,

Add 15 pL to each well. Each sample, standard and control should be
run in triplicate.

Standard curve: Add 5 uL of cDNA template (from a positive control
sample) + RNase-free water to each well designated as a standard
curve. The standard curve cDNA concentrations should span 5 orders
of magnitude (Ex: in a 20 pL reaction volume, the standard curve
concentrations used were 0.0005; 0.005; 0.05; 0.5; 5 ng/uL)

. Unknowns: Add 5 pL of cDNA template + RNase-free water to each

well. The cDNA concentration in a 20 pL reaction volume should be

less than or equal to 1 ng/uL (0.1 ng/puL was used for samples).
6. Seal the plate with an optical adhesive cover and mix with a plate

shaker.

7. Centrifuge the plate at 3000 rpm for 1 minute to spin down the
contents and eliminate any air bubbles

8. Run the reaction plate on the ABI 7900HT Fast Real-Time PCR
System within 2 hours after setting up the system with the following

settings:
Stage Temperature Time Cycles
°O)

DNA polymerase 95 20 Hold

activation seconds

Denature 95 1 second 40

Anneal/Extend 60 20 40
seconds

Dissociation curve 95 15 1
seconds

Dissociation curve 60 15 1
seconds

Dissociation curve 95 15 1
seconds

Cool down 40 2 Hold
minutes

9. Store the amplified products at 2-6 °C for short term storage, or less
than -15 °C for long term storage.
10. Each target should be run on an agarose gel at least once to ensure

specific amplification of the target.
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