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ABSTRACT
Phthalates are endocrine disruptors with short- and long- term antiadrogenic
properties. In the adult, in utero exposure to di-(2-ethylhexyl) phthalate (DEHP)
results in decreased testosterone levels despite normal serum levels of LH, proteins
and enzymes involved in cholesterol transport and biosynthesis, suggesting that the
effects of DEHP are independent of the classic steroidogenic pathway. The purpose
of this body of work is to identify the mechanism mediating this antiandrogenic
effect of DEHP.

The mineralocorticoid receptor (NR3C2; MR) mediates

testosterone production and we show that in utero exposure to DEHP decreases MRexpression in Leydig cells. The reduced MR expression was accompanied by a
decrease in circulating levels of aldosterone biosynthesized in the adrenal gland and
was similar in magnitude to the decrease seen in testosterone. In search of the
mechanism underlying the reduced aldosterone formation, we observed that DEHP
decreases the expression of angiotensin II (ATII) receptors despite normal serum
levels of the main aldosterone stimulants, ATII and potassium. The ATII receptor
decrease did not have an impact on the proteins and enzymes involved in aldosterone
biosynthesis. Paradoxically, the pathways for extracellular cholesterol and de novo
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cholesterol synthesis were up regulated and were accompanied with accumulation of
lipid droplets in the zona glomerulosa.
Global gene expression of post-natal day 60 (PND60) adrenals showed an up
regulation of genes involved in the potassium response and resulted in the
identification of the potassium channels Kcnk5 and Kcnn2 as novel targets of DEHP
exposure. The deregulation of potassium sensing pathway was confirmed in vitro
using NCI-H295R human adrenal cortical tumor cells exposed to the bioactive
DEHP metabolite mono-2-ethylhexyl phthalate (MEHP).
The data obtained suggest that a deregulation in potassium channel gene
expression can lead to a chronic activation of the adrenal zona glomerulosa, leading
to reduction of ATII receptor expression and inhibition of aldosterone production.
Reduction of circulating aldosterone levels together with a decrease of MR levels in
Leydig cells could account for the antiandrogenic effects of DEHP in testis.
Taken together these results demonstrate that in utero exposure to DEHP
induces long lasting effects on the endocrine system in the rat and unveiled the
presence of adrenal-testis interactions driving androgen formation.
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Introduction
The steroid pathway
Steroidogenesis
Sources of the major steroid production supplying the body are the ovary,
testis, adrenal cortex, and, during fetal development, the placenta. In the ovary,
granulosa and theca cells make estrogen and progesterone. In the testis, Leydig cells
localized in the interstitial space produce testosterone.

The adrenal cortex is

subdivided into three morphologically distinct zones: the glomerulosa synthesizing
aldosterone, the fasciculata producing cortisol, and the reticularis primarily making
dehydroepiandrosterone (DHEA) and sulfated DHEA (DHEAS).

The central

nervous system (1-3) and heart (4-6) have been found to locally produce steroids,
and the mechanisms governing steroid biosynthesis in these tissues are likely similar
to those operating in the main steroidogenic cells.
Cholesterol is the precursor of all steroids, and its transport from intracellular
sources into the mitochondria is the rate-limiting step in steroid biosynthesis (7, 8)
(Figures 1 to 5
Figure 1).

Steroid production can be divided in two broad stages, 1)

cholesterol transport into mitochondria and formation of pregnenolone, and 2)
pregnenolone metabolism by tissue-specific steroidogenic enzymes.

In the first

stage, the steroidogenic acute regulatory protein (STAR) facilitates transport of
cholesterol to the outer mitochondrial membrane where the translocator protein (18

1

kDa, TSPO), formerly known as the peripheral-type benzodiazepine receptor, acts in
concert with other proteins to bind and transport cholesterol into the mitochondrial
matrix (8). CYP11A then metabolizes cholesterol into pregnenolone, which freely
diffuses out of the mitochondria. In the second stage, the expression of tissuespecific enzymes downstream of pregnenolone production ends in steroid
biosynthesis.

Steroid specificity is conferred by tissue-specific expression of

CYP17, leading to the biosynthesis of DHEA, DHEAS, testosterone, estradiol, and
cortisol. The expression of 3βHSD is also tissue-specific, leading to progesterone
and ultimately aldosterone formation.

In rodents, corticosterone is the major

glucocorticoid due to lack of CYP17 expression in the adrenal gland (9-11). These
two stages (i.e., the control of cholesterol transport into mitochondria and the
expression of tissue-specific steroidogenic enzymes) are the key determinants of
steroid biosynthesis and are likely to be the main points of regulation of the
expression of the steroidogenic machinery (12).
Testis and Leydig cell development
During early sexual development in the mouse, male and female gonads are
indistinguishable and dependent on the expression of the sex-determining region of
the Y chromosome (SRY) to commit to male phenotype. SRY expression results in
Sertoli cell differentiation that drives the development of the gonadal primordial into
the testis from day 11.5 – 13.5 post coitus (13). Sertoli cells play a role in the germ
cell development, biogenesis of the basal lamina, inhibition of germ cell meiosis,
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secrete Mullerian inhibitory substance (MIS), and induce the differentiation of
Leydig cells from their progenitor cells (14).
Leydig cells develop in two waves in the rodent. The first wave is attributed
to the fetal type Leydig cells, which begin differentiating at gestational day (GD) 10
from their mesenchymal precursors in the fetal testis (Figure 2). At GD14, fetal
Leydig cells begin testosterone biosynthesis to reach a maximum peak at GD19, in a
process independent from luteinizing hormone (LH) stimulation. From this point
forward, testosterone production declines and reaches its lowest levels soon after
birth as a result of the disappearance of fetal Leydig cells by postnatal day (PND) 10.
Testosterone levels remain low until puberty, when the spindle-shape progenitor
cells of the adult Leydig cells begin differentiating approximately at PND20. The
immature Leydig cells accumulate lipid droplets that are sources of cholesterol for
testosterone biosynthesis. At PND60, the LH-responsive adult Leydig cells are fully
differentiated and maintain blood testosterone levels throughout adulthood.
Secretion of LH by the pituitary-gonadal axis is the main pathway regulating
testosterone production. Upon stimulation of the LH receptor, there is an increase in
intracellular cAMP levels leading to the phosphorylation of STAR and cholesterol
mobilization into the mitochondria aided by TSPO.

This signal provides the

cholesterol substrate for the biosynthesis of steroids. The mineralocorticoid receptor
was shown also to play a role in testosterone production (15).

Stimulation of

purified Adult Leydig cells with aldosterone results in increased testosterone. This
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increase in testosterone is maximal in the presence of LH and can be blocked by an
MR antagonist (15).
Adrenal gland development
In rodents, the testis and adrenals originate from the adrenogenital
primordium (AGP) that is located between the urogenital ridge and the dorsal
mesentery at GD9 (16). The fetal adrenal is made up of a large inner cell layer
known as the fetal zone and the outer layer call the definitive zone. The X-zone is a
third layer, exclusive to rodents, that appears around PND10 and is located between
the zona fasciculata and reticularis (17). In males, the X-zone is the most developed
at postnatal week 3 and disappears when sexual maturity is reached at 5-6 weeks of
age. In females, the X-zone regresses only after the first pregnancy. In comparison
to the human, the mouse adrenals are less developed at birth and lack expression of
CYP17 in the fetal zone resulting in a lack of adrenal androgen production and
biosynthesis of corticosterone as the main glucocorticoid. Maturation of the adrenal
gland in rodents occurs when the definitive zone undergoes cell hyperplasia and
migration toward the medulla (Figure 3).

These changes occur along with a

combination of hypertrophy and apoptosis of the fetal zone resulting in the formation
of the zona glomerulosa (ZG), fasciculata( ZF), and reticularis (ZR) (18).
The ZG is the outer most layer of the adrenal gland and exclusively expresses
aldosterone synthase (CYP11B2), which catalyzes the final step in aldosterone
synthesis. The upper third layer of the ZG is active in aldosterone synthesis and
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coincides with accumulation of lipid droplets while the other layers produce little
mineralocorticoids.

Of note, not all the ZG shows the same activity.

The

glomerulosa cell produces aldosterone in response to angiotensin II, potassium, and
in extreme cases such as severe blood loss, to ACTH.
Several transcription factors have been described to be essential in adrenal
and gonad development.

Mutations or deletions of the steroidogenic factor 1

(Nr5a1; SF-1) (19), Nr0b1 (20), and Wt1 (21) lead to adrenal and gonad
malformations and frequently result in organ agenesis.

Genes more specific to

adrenal development are Cited2, Abcd1 (X-linked adrenoleukodystrophy), and
melanocortin-2 receptor (Mc2r; ACTH Receptor). Correct expression of those genes
impact the function of adrenal gland.
Aldosterone secretion by the renin-angiotensin-aldosterone system
Aldosterone acts on the distal nephron to retain sodium and excrete
potassium (22). As a result, aldosterone regulates the intravascular volume, blood
pressure, and electrolyte balance. Aldosterone secretion is mainly controlled through
the renin-angiotensin-aldosterone pathway (RAAS) and potassium serum levels.
The RAAS pathway is a multi-organ system that is triggered in response to a
decrease in water volume detected by osmoreceptors located in the macula densa of
the juxtaglomerular apparatus. This increases production and secretion of renin by
the adjacent juxtaglomerular cells. The enzyme renin cleaves the liver-made 452 a.a.
angiotensinogen into angiotensin I that has a weak vasopressor and mineralortical

5

activity. In the lung, angiotensin I is cleaved by the angiotensin cleaving enzyme
(ACE) into the potent octapeptide angiotensin II that binds the angiotensin II
receptor (ATR) type 1 and 2.

In rodents, the ATR1 is subdivided into 1b,

exclusively found in the ZG, and 1a that is distributed throughout the adrenal cortex
(23-25). The ATR2 is mainly found in the adrenal medulla and its activation leads
mainly to the secretion of epinephrine. In the adrenal gland ATR1 stimulates the
secretion of aldosterone while in the smooth muscle of peripheral arterioles,
produces vasoconstriction, which results in redirection of blood flow away from the
periphery and in a consequent increase of blood pressure.
The angiotensin II receptor 1b found in the glomerulosa cells is a G-protein
receptor that, when stimulated, inhibits the potassium channels, blocks the Na+-K+
ATPase, and opens the cell-membrane calcium channels (26). These events cause
cell depolarization and a rapid increase in the intracellular calcium, which activates
the steroidogenic pathway to produce aldosterone. The glomerulosa cells maximally
secrete aldosterone when stimulated with 10 nM angiotensin II and 10 mM
potassium (27).
Nuclear receptors
The effects of steroid hormones are mainly mediated through steroid nuclear
receptors. The subfamily 3A, contains the estrogen receptors α (ERa; Nr3a1) and β
(ERb; Nr3a2). The subfamily 3C, contains the glucocorticoid receptor (GR, Nr3c1),
mineralocorticoid receptor (MR, Nr3c2), progesterone receptor (PR, Nr3c3), and
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androgen receptor (AR; Nr3c4).

In their ligand-free state, the steroid nuclear

receptors are located in the cytoplasm and upon activation they move to the nucleus
to bind their hormone responsive elements (HRE). Aldosterone and glucocorticoids
have equal affinities for MR. Selective activation of MR by the mineralocorticoid
aldosterone is achieved by the tissue specific expression of 11β-hydroxysteroid
dehydrogenase (HSD) subtypes 1 and 2. Adult Leydig cells express MR and 11βHSD resulting in the selective binging of MR by aldosterone to regulate testosterone
production (15). The action of steroid hormones is further regulated by both the
tissue-specific expression of nuclear receptor and modulation of nuclear receptor
function by co-regulators.
The critical influence of steroid hormones is illustrated by the inactivating
mutations of the androgen receptor (AR) resulting in a phenotypic female with XY
chromosomes (28). Stress responses and blood pressure are also influenced by the
activity of nuclear receptors. For instance, mutations like M604L in the human
glucocorticoid receptor (GR) can increase sensitivity to glucocorticoids.

This

accounts for the increased blood pressure in response to dexamethasone (29).
Epigenetic control of gene expression
The first layer of gene expression regulation is mediated by transcription
factors (TFs) that are selectively expressed in the cell. A second layer of gene
expression regulation occurs independently of the DNA sequence and is exerted on
both TFs and genes. Mechanisms of the latter type of control are DNA methylation,
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histone tail modifications, and microRNA expression. All these mechanisms are
able to confer cell type identity despite each cell carrying the same genetic code.
DNA methylation
DNA methylation refers to the transfer of a methyl group to the carbon-5
position of cytosine and occurs in the motif of cytosine-phosphodiester-guanine
(CpG) dinucleotide (30) (Figure 4B). It is estimated that the human genome contains
37,729 CpG islands (i.e., CpG-rich regions), each ~1 kb long, and 35% of them are
localized in promoter regions (31). DNA methyl-transferases (DNMTs) transfer a
methyl group to CpGs using S-adenosyl-methionine as a methyl group donor. CpG
islands in promoter regions are mostly unmethylated, and their methylation is
correlated with gene transcription suppression and chromatin structure condensation
(30).
The proteins MeCP2, MBD1, MBD2, MBD3, and MBD4 form part of a
family of CpG-binding proteins that share a methyl-CpG-binding domain (MDB)
and recognize genomic areas marked by DNA methylation (Figure 4B). Kaiso,
another methylated CpG (mCpG)-binding protein, does not contain a MDB but
instead has zinc fingers (32).

The binding affinity for mCpG depends on the

properties of the mCpG-binding proteins, which form part of larger transcriptional
repression complexes.

DNA methylation and chromatin remodeling are linked

through the recruitment of chromatin remodeling proteins like histone deacetylases
(HDACs), which are present in the repressor complexes (33, 34) (Figure 4C). For

8

instance, MeCP2 CpG binding leads to decreased gene transcription though
chromatin remodeling mediated by a repressor complex containing the corepressor
mSin3A known to recruit HDACs (33, 34). Transcriptional activity suppression has
also been proposed to occur through decreased binding of TFs to mCpG (35, 36).
Four mammalian DNA methyltransferases sharing a conserved catalytic
domain have been characterized. DNMT1, commonly known as the maintenance
methyltransferase, exhibits preference for hemimethylated DNA and is essential to
maintain double strand methylation after genomic replication (37).

Inactivating

mutations of DNMT1 cause genomic instability and embryonic lethality at E9.5 (38).
DNMT2 has been shown to efficiently methylate tRNAAsp rather than DNA (39).
However, its role remains unclear since mutants do not cause evident phenotypic
abnormalities (40).

DNMT3A and DNMT3B participate in de novo DNA

methylation, and inactivating mutations of both genes cause embryonic lethality at
E9.5 (41). DNMT3L lacks methyltransferase activity due to the absence of catalytic
residues but has been shown to play a role in DNA imprinting (42, 43).
Nucleoside analogs that inhibit CpG methylation have formed the basis for
DNA methylation studies and anti-tumor therapies. The commonly used analogs, 5aza-2’deoxycytidine (5-aza-dC) and 5-azacytidine (5-aza), are incorporated into
DNA during replication and inhibit methyltransferase activity.

The outcome is

global hypomethylation and, consequently, transcriptional activation of many genes.
Histone modifications
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Histone packing of the genome is another mechanism to control gene
expression because of their ability to undergo covalent modification at the tail region
(44).

Electrostatic interactions between DNA and positively charged histone

complexes comprised of H1, H2A, H3, and H4 form the nucleosome. Each histone,
in turn, has a number of histone variants that are associated with transcriptional
repression or activity, increasing chromatin complexity (45). Histone tails, mainly
H3 and H4, can be modified by acetylation (46), methylation (47), phosphorylation,
sumoylation (48), or ubiquitination (49). The most studied histone modification is
acetylation of H3K9, which is associated with transcriptional activation through
inactivation of the positive lysine charge (Figure 4C). Histone acetylation aids in
chromatin remodeling and is maintained by the activities of histone acetyl
transferases (HATs) and HDACs, which are associated with TFs.

Histone

acetylation has been linked to DNA methylation, as supported by the finding that
DNMT3L mediates trimethylation of H3K9, a mark associated with transcriptional
repression. This relationship was shown to be unidirectional and highlights the
interdependence of DNA and histone modifications (50).
Similar to DNA methylation inhibitors, the use of HDACs inhibitors such as
trichostatin A (TSA) increases gene expression though hyperacetylation of histones
(51, 52). Interestingly, evidence for epigenetic regulation of the enzymes involved in
steroid biosynthesis is indirect and comes from the finding that clinical use of HDAC
inhibitors is associated with the side effect of reduced steroid production (53, 54).
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Phthalates
Di-(2-ethylhexyl) phthalate
Di(2-ethylhexyl) phthalate (DHEP) (Cas. No: 117-81-7) is a colorless liquid
plasticizer used in the industry to add flexibility and resilience to polyvinyl chloride
(PVC) plastics (55). DEHP is among the most used plasticizers in the industry with
an annual production of 260 million pounds which represent a quarter of all
phthalates produced (55). DEHP is ubiquitously found in the environment and forms
part of cosmetics, toys, polyvinyl flooring, adhesives, detergents, lubricating oils,
solvents, automotive plastics, plastic clothing, soap, shampoo, deodorants,
fragrances, hairs spray, and nail polish, among others (56). Medical devices such as
blood bags and intravenous medical tubing are among the items with the highest
concentrations of phthalates (57). In some instances, DEHP can account for up to
40% of the total weight of the product. Phthalates have low volatility and are among
the most abundant organic chemicals found in the residential environment with a
concentration of 50 - 1500 ng/m3 (58).
Phthalates with bioactive properties have been identified to activate the
peroxisome proliferator activated receptor (PPAR) α and β nuclear receptors.
PPARα hetorodimerizes with retinoid X receptor (RXR) and activates peroxisome
proliferator response elements (PPREs) in the promoter regions of targets genes.
Activation of PPARα affects the lipid metabolism and PPARγ the adipocyte
differentiation and development (59). MEHP has been found to be a potent activator
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of both PPARα (EC50 = 0.6 µM) and PPARγ (EC50 = 10.1 µM). Differences in the
amino acid sequence are thought to account for the higher EC50 of PPARα (EC50 =
3.2 µM) and PPARγ (EC50 = 6.2 µM) in humans (60).
DEHP pharmacokinetics
Because DEHP is not covalently bound to the PVC polymer, it leaks out, and
is absorbed primarily through oral ingestion (56, 61).

Dermal exposure and

inhalation are also pathways of DEHP absorption. DEHP has two long chains which
are branched and result in the generation of multiple metabolites (Figure 5).
Mono(2-ethylhexyl) phthalate (MEHP) is formed after the first hydrolysis of DEHP
that is catalyzed by lipases and esterases in the intestine (61-63). MEHP is the
catabolite with the highest bioactivity and is ten-times more potent than DEHP in
vitro (64). In humans and rodents, MEHP is further degraded into more than 15
metabolites, which tend to be more water soluble and can be excreted directly in
urine (65, 66). The hydrolysis occurring in the phase I detoxification process confers
bioactivity to DEHP.

Glucuronidation of DEHP metabolites during phase II

detoxification increases their solubility and facilitates excretion in the urine and
feces. Methods to measure phthalate metabolites in urine, blood, milk, amniotic
fluid, saliva, semen, meconium, liver, and placenta have been develop using solidphase

extraction-high-performance

liquid

spectrometry (67-72).
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chromatography-tandem

mass

In humans, a single oral administration of deuterium-labeled DEHP resulted
in excretion of 71% of labeled derivatives in urine followed by another 4% in the
next 20 h (73, 74). The highest concentrations of MEHP in urine (4 mg/L) are found
2 h after the exposure to DEHP, although in urine MEHP is not the primary
metabolite. In contrast, MEHP is the main metabolite in serum and its levels reach
5.0 µg/mL 2 h after the exposure to DEHP (73, 74).

In Sprague-Dawley rats

exposed orally to a single dose of 40, 200, or 1000 mg 14C-DEHP/kg of body weight
showed peak concentrations of 14C-MEHP in serum and urine after 24 h that rapidly
declined to be almost non-detectable at 48 h (75). This study also determined that
the half-life was 13.49 h for DEHP and 5.99 h of MEHP when the rats were exposed
to 1,000 mg/kg of body weight. DEHP and its metabolites are readily excreted and
do not accumulate even following repetitive exposures (76).
Human exposure to phthalates
The human exposure to DEHP is estimated to be around 3 - 30 µg/kg/day in
one study and 13.8 to 52.1 µg/kg/day in another (76-78). Acute human exposure
levels are indirectly assessed by measuring DEHP metabolites in urine and provides
an accurate measurement of the day-to-day exposure (79). The study also notes that
a single measurement is moderately predictive of a long-term phthalate exposure (79,
80). In general, because of variability of measurements and phthalate exposure,
collection of the first urine for its quantification is preferred (79).
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A study based in 2,540 measurements of seven phthalate metabolites in
samples representative of the USA population above the age of 6 years found
detectable levels in >75% of the samples (81). The study remarks several key
findings for public health. First, non-Hispanic blacks had higher concentrations of
the phthalates than Mexican Americans and non-Hispanic whites did.

Second,

children had significantly higher levels of MEHP than adolescents and adults.
Finally, females had significantly higher concentrations of phthalates than men,
especially of monobutyl phthalate (MBP), interestingly associated with reproductive
toxicity (82). The phthalate exposure is spread worldwide with similar data found in
German, Israeli, and Mexican cohorts (83-86). Phthalate exposure in children (ages
< 6 years) also has been address in several studies where phthalate levels were two to
three times higher, and in some instances, 15 times higher than in adults (87-90).
The increased levels were partially attributed to administration of medications
containing mono-n-butyl (MnBP) and the use of skin-care products.
Interestingly, medical devices have been identified as a potential risk to
young children due to their high content of DEHP and account for some of the
highest phthalate exposures (78, 91).

Studies measuring phthalate exposure in

neonates medical intensive care units fount levels as high as 50 times greater than
children between the ages of 6 and 11 years (91-93). DEHP sources include blood
products; packed red blood cells (144 - 608 µg), platelet rich plasma (928 µg) and
fresh frozen plasma (552 – 8108 µg) (94).
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Drugs routinely used for medical

procedures like infusions of midazolam (26.4 µg), fentanyl (132.5 µg), propofol
(6561 µg) as well as amino acid/glucose-solutions (116.2 µg) and lipid emulsions
(10185.6 µg) also provide a steady source of DEHP. It is estimated that neonates
that require blood products receive from 10 - 20 mg DEHP/kg/day (94). Other
procedures like, hemodialysis increases exposure to 36 - 457 µg/kg/day (76).
Pregnant and lactating woman are readily exposed to phthalates resulting in
prolong embryonic and fetal exposure (95, 96). Phthalates are found in amniotic
fluid (97) and umbilical cord blood (98). Breast milk and baby formulas (61, 71) are
also sources of phthalate exposure for the newborn. Swedish and USA samples
contained detectable amounts of phthalates, although, the concentrations were lower
than in urine (71, 99, 100).
Occupational exposure to phthalates is also well documented in workers of a
PVC boot factory where exposure levels reached a maximum of 1.3 mg/m 3.
Similarly, workers in a cable factory were exposed to a maximum of 1.2 mg/m 3
(101).
Effect of phthalates on human development and reproduction
Retrospective studies have identified a steady decline in semen quality (102,
103) and an increase in cryptorchidism, hypospadias, and testicular cancer in patients
exposed to DEHP (102, 104).

Cryptorchidism is the most common congenital

abnormality of the newborn (2 – 4% incidence) and is characterized by undescended
testis into the scrotal sac (102, 105). Hypospadias is the second most common (0.3 –
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0.7% at birth) congenital malformation and is observed as an ectopic urethral
opening (106).

These abnormalities are grouped into the testicular dysgenesis

syndrome (TDS) and are believed to originate from an insult to the Sertoli or Leydig
cell function during development (106, 107).

Several studies in rodents have

demonstrated that DEHP exposure during fetal stages induces malformations
comparable to those observed in TDS (108). Dibutyl phthalate (DBP) shares similar
effects with DEHP and also has been shown to target the male reproductive system
(109, 110).
The cause-effect between phthalates and TDS has not been established but
several epidemiological reports have shown a correlation between components of the
TDS and high phthalate levels. Prenatal measurements of four phthalate metabolites
inversely correlated with the anogenital distance in male infants (111).

The

anogenital distance indirectly reflects the levels of fetal testosterone and low
distances are associated with a high rate of cryptorchidism and smaller penis size
(112, 113). The decrease anogenital distance also denotes the effects of phthalates
during a window of development critical for the male reproductive system.
Interestingly, a testosterone decrease was found in adult workers of a polyvinyl
chloride flooring factory in China exposed to high levels of DBP and DEHP (114).
The impact on reproduction was also observed in a study involving 379 men
in which phthalate metabolites were quantified in urine. The authors established a
positive correlation between DEHP urine metabolites and sperm DNA damage
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assessed by the neutral comet assay (115, 116). Another study shows that high
levels of DEHP urine metabolites correlate with decreased sperm quality (117, 118).
Other study in pregnant women showed that 88.1% of urine samples tested were
positive for DEHP (1.19 ± 1.15 µg/mL) or MEHP (0.52 ± 0.61 µg/mL) and
established a significant correlation between high phthalate levels with lower
gestational ages (98). Similar results were observed in a study carried out in 60
women in Mexico city (85).
Effect of phthalates on rodents during fetal development
Several studies indicate that the effect of phthalates in the male reproduction
and testosterone formation is dependent on the dose and exposure time. Most of the
long-lasting effects of phthalates occur during in utero and pre-pubertal exposures in
comparison to adult exposures (119). Interestingly, the effects observed during in
utero exposure to phthalates are similar but not identical to those of the
antiandrogens linuron (120, 121), flutamide, and vinclozolin (122). This observation
suggested for the first time that phthalates might act as antiandrogens (110, 123125).
The animal models used to study the fetal effects of phthalates focus the
exposure of the pregnant dams around GD18 – 19. This period is characterized by
testis differentiation, male reproductive system development, and the first peek of
testosterone production. Treatment of pregnant dams starting from GD14 to PND3
with 750 mg/kg/day resulted in decreased production of testosterone and reduced
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intratesticular testosterone concentrations from GD17 to PND2 (126). The decrease
in testosterone was associated with a 36% reduction in anogenital distance in males
but not in females.

Histologically, clusters of hyperplasic Leydig cells and

multinucleated gonocytes were observed.

These effects were shown to be

independent on the AR receptor, as DEHP, nor MEHP, bind the AR receptor (126,
127). In addition, a high DEHP dose decreases also the body weight of the male
offspring ~20% and the weight gain of the dam during the pregnancy (126). The
testosterone decrease during the fetal period was correlated with reduced expression
of Cyp11a1, Cyp17a1, Star, Tspo, and Scarb1 (126, 128).

These proteins and

enzymes are active in Leydig cells controlling the sources and transport of
cholesterol for the steroid biogenesis (129).
During fetal development, phthalates also decrease the expression of Insl3,
which encodes insulin-like 3. This protein is produced by the Leydig, theca and
luteal cells, and in the fetal stages of male development it regulates the intraabdominal testicular descent (130, 131). Mutations of Insl3 are associated with
cryptorchidism a finding observed in high doses of DEHP exposure (132).
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Figures 1 to 5
Figure 1. Steroid biosynthesis
Cholesterol is the precursor of all steroids and is delivered into the inner
mitochondrial membrane by STAR and TSPO where is cleaved into pregnenolone.
Pregnenolone freely diffuses out of the mitochondria and is used for the
biosysnthesis of testosterone and estradiol in gonads or cortisol and aldosterone in
the adrenal glands.
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Figures 1 to 5
Figure 1. Steroid biosynthesis.
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Figure 2. Leydig cell development and testosterone production in the rodent.
Leydig cells develop in two waves. The fetal Leydig cells have peak testosterone
production at GD19 and disappear soon after birth. The adult Leydig cells begin
differentiating from their progenitor cells at GD20 and maintain testosterone levels
throughout adulthood.
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Figure 2. Leydig cell development and testosterone production in the rodent.

22

Figure 3. Structure of the human fetal adrenal gland.
The schema shows the definitive and fetal zones which are the main human fetal
adrenal layers. Remodeling of the adrenal gland occurs when cell of the outer most
layer undergo hyperplasia and migration towards the center of the gland. Together
with hypertrophy of the fetal zone and apoptosis of the outer most cells. Adapted
from Mesiano and Jaffe. 1997 Endocr Rev 18:378-403 (18).
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Figure 3. Structure of the human fetal adrenal gland
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Figure 4. Role of DNA methylation in gene silencing.
(A) Methylation-free DNA allows binding of transcription factors and is
transcriptionally active. (B) Methyl groups are added to CpGs in promoter regions
by DNMTs and are recognized by methyl-CpG-binding proteins (MBPs). (C) MBPs
are coupled to chromatin remodeling complexes that lead to a closed promoter
configuration through histone modifications such as deacetylation and trimethylation
of H3K9. Taken from Martinez-Arguelles et al. 2010 Steroids 75:467-76 (133).
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Figure 4. Role of DNA methylation in gene silencing.
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Figure 5. Di-(2-ethylhexyl) phthalate
DEHP (CAS Registry Number 117-81-7; MW 390.6 Da) is metabolized by
lipases into the active metabolite MEHP. MEHP is 10-times more potent than
DEHP. Clearance from the body occurs 3 days after initial exposure through liver
glucuronidation and urine secretion.
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Figure 5. Di-(2-ethylhexyl) phthalate
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CHAPTER 1.
In utero exposure to di-(2-ethylhexyl) phthalate decreases mineralocorticoid
receptor expression in the adult testis

The work herein has been published in:
Martinez-Arguelles DB, Culty M, Zirkin BR, Papadopoulos V. In utero exposure to
di-(2-ethylhexyl) phthalate decreases mineralocorticoid receptor expression in the
adult testis. Endocrinology 2009 .150:5575-85
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Abstract
In utero exposure to di-(2-ethylhexyl) phthalate (DEHP) has been shown to
result in decreased androgen formation by fetal and adult rat testes. In the fetus,
decreased androgen is accompanied by the reduced expression of steroidogenic
enzymes. The mechanism by which in utero exposure results in reduced androgen
formation in the adult, however, is unknown. We hypothesized that deregulation of
the nuclear steroid receptors might explain the effects of in utero DEHP exposure on
adult testosterone production. To test this hypothesis, pregnant Sprague-Dawley
dams were gavaged with 100-950 mg DEHP/kg/day from gestational day (GD) 14
through 19, and testes were collected at GD20 and postnatal days (PND) 3, 21 and
60.

Among the nuclear receptors studied, the mineralocorticoid receptor (MR)

mRNA and protein levels were reduced in PND60 interstitial Leydig cells,
accompanied by reduced mRNA expression of MR-regulated genes. Methylationsensitive PCR showed effects on the nuclear receptor subfamilies NR3A and 3C, but
only MR was affected at PND60. Pyrosequencing of two CpG islands within the
MR gene promoter revealed a loss of methylation in DEHP-treated animals that was
correlated with reduced MR. As MR activation is known to stimulate Leydig cell
testosterone formation, and MR inhibition to be repressive, our results are consistent
with the hypothesis that in utero exposure to DEHP leads to MR dysfunction and
thus to depressed testosterone production in the adult. We suggest that decreased
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MR, possibly epigenetically mediated, is a novel mechanism by which phthalates
may affect diverse functions later in life.
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Introduction
Di-(2-ethylhexyl) phthalate (DEHP) is a widely used plasticizer found at high
concentrations in plastic products (134). Dermal contact and ingestion are the main
DEHP absorption routes, and thus there is wide-spread exposure to DEHP (61, 134).
In humans, DEHP has been found in amniotic fluid (135), umbilical cord blood (98)
and breast milk (61, 71, 136), among other body fluids, suggesting exposures during
the embryonic, fetal, neonatal and neonatal periods. DEHP, acting through its main
metabolite mono-2-ethylhexyl phthalate (MEHP), has significant effects on the male
reproductive system. For example, reduced testosterone concentrations have been
found in workers at a polyvinyl chloride flooring factory (114). Phthalates also have
been linked to reduced semen quality (115, 117), and together with other endocrine
disruptors could contribute to decreased fertility (137). In utero exposure to DEHP
has been linked to decreased anogenital distance in male infants (111), and to
cryptorchidism (102). Paradoxically, medical devices contain high concentrations of
DEHP (91, 138, 139), raising concerns about patient care in neonatal intensive care
units, as well as possible deleterious effects carried into the postnatal period and
even the adult.
In rodents, DEHP has been shown to be an endocrine disruptor that targets
primarily the male reproductive tract, acting as an anti-androgen (140). In utero
exposure of pregnant rats to DEHP inhibited testosterone formation by fetal Leydig
cells and disrupted the differentiation of androgen-dependent tissues in male rat
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offspring (108, 132, 141, 142). Additionally, in utero exposure to DEHP from
gestation day 14 (GD14) until birth resulted in a dose-dependent reduction in
circulating testosterone levels in 60-day-old adult rats, to almost half that of controls
(132). Fetal Leydig cell markers were absent in the adult testes, suggesting that the
effects seen in the adult were exclusive to the adult Leydig cell population.
Interestingly, proteins and enzymes involved in steroid biosynthesis, including
CYP11A1, CYP17A1, StAR and TSPO, although reduced in the fetal testis
following DEHP exposure, recovered to near normal levels in the adult rat. These
observations suggest that DEHP acts independently of the known enzymes and
proteins involved in steroidogenesis. One possibility is that DEHP affects Leydig
cells in early developmental stages, and that this results in the long-term effects seen
in the adult male offspring.
Given the critical role that nuclear transcription factors play in the regulation
of steroidogenic enzymes, we investigated the effect of DEHP exposure on members
of the nuclear receptor subfamilies NR3A and NR3C as these contain the steroid
hormone receptors as well as other genes likely to be involved in the regulation of
testosterone formation. We hypothesized that in utero exposure to phthalates might
affect nuclear receptor expression and thereby the function of genes whose products
regulate steroidogenesis in the adult. We found that in utero exposure to DEHP
induced a delay in Leydig cell maturation in the fetus, and resulted in reduced
Leydig cell mineralocorticoid receptor (NR3C2; MR) expression in the adult. In
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light of growing evidence suggesting that environmental factors may induce
epigenetic changes (DNA methylation and/or histone modifications) early in life,
with effects manifested in the adult (143), we explored epigenetic changes in nuclear
receptor family members. We found a promoter region in MR that was differentially
demethylated in the adult after in utero exposure to phthalates. Taken together with
previous studies demonstrating that MR activation induces androgen synthesis (15)
and that MR inhibition blocks Leydig cell testosterone formation (144), the data that
we present are consistent with the possibility that in utero exposure to DEHP leads to
MR dysfunction and thus to depressed testosterone production in the adult, well after
exposures have taken place. The data further suggest that the changes in MR may be
epigenetically mediated.
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Materials and Methods
DEHP treatment and tissue collection
Timed pregnant Sprague–Dawley rats were purchased from Charles River
Laboratories (Wilmington, MA) and gavaged daily with corn oil or with 100, 300,
500, 750 or 950 mg/kg/day DEHP (Sigma-Aldrich, St. Louis, MO) from gestational
day (GD) 14 to GD19 or until parturition (PND 0). The animals were weighed every
two days and the doses were adjusted accordingly. Male offspring were sacrificed
and testes were collected and either snap-frozen in liquid nitrogen or fixed in
formaldehyde at GD19 or PND 3, 21, or 60. Serum testosterone and LH were
measured by RIA and ELISA, respectively. Animals were handled according to
protocols approved by the Georgetown and McGill University Animal Care and Use
Committees.
Methylation–specific PCR (MSP)
CpG islands searcher software (145) was used to identify CpG-rich regions
near promoter areas or first exons within target genes with a GC content of at least
55%, and an observed CpG / expected CpG ratio of 0.65. Methprimer software
(146) was used to design MSP primers listed in Table 1. Briefly, genomic DNA was
extracted from testes using the DNeasy kit (Qiagen, Valencia, CA). Genomic DNA
(1.5 µg) was bisulfite-modified using EpiTect Bisulfite kit (Qiagen). The PCR mix
consisted of 0.2 mM dNTP, 1.5 mM MgCl2, 0.2 µM primers, 1U PlatinumTaq
polymerase (Invitrogen, Carlsbad, CA) and 1.5 µl of bisulfite-treated DNA in 20 µl
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total volume. The PCR conditions were: pre-incubation at 94oC (6 min), 40 cycles
of 1 min 94oC denaturation, 1 min annealing at 55oC, 1 min extension at 72oC, and 7
min incubation at 72oC. After PCR, 10 µl of PCR reaction was mixed with loading
dye and run on a 2-3% agarose gel containing ethidium bromide. Stained gels were
visualized and digitalized using a Kodak image station 4000MM.
Quantitative real–time PCR (Q–PCR) analysis
Testes obtained at GD20 and at PND 3, 21 and 60 from the male offspring of
pregnant dams treated with DEHP (100-900 mg/kg/day) were snap-frozen. After
homogenization, total mRNA was extracted using the RNeasy kit (Qiagen). RT–
PCR was performed using Advantage RT-for-PCR kit (Clontech, Mountain View,
CA) and hexamer primers. Q–PCR was carried out on a DNA Engine Opticon 2
(BioRad, Hercules, CA).

Multiplex Q–PCR mix consisted of 10 µl TaqMan

Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 5 µl cDNA, 1 µl
VIC–labeled GAPDH, and 1 µl FAM–labeled gene target TaqMan probes in a final
volume of 20 µl. VIC-labeled GAPDH was used as an endogenous control to
normalize the FAM–labeled gene targets obtained from offspring of 3 litters per
treatment. Table 2 lists probes used in Q-PCR. The comparative quantification ∆Ct
method was used to express the results relative to the reference gene.
Immunofluorescence
Immunostaining of paraffin-embedded GD20 and PND60 testes was
performed as previously reported (132). Briefly, 5-7 µm sections were dewaxed,
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hydrated and antigen retrieved using the Trilogy solution (CellMarque, Rocklin,
CA). Nonspecific sites were blocked using 1% BSA and 10% goat serum. A
solution containing primary antibody against MR 1:300 (MA1-620; Abcam,
Cambridge, MA) or nestin 1:150 (MAB353; Chemicon) in 1% BSA in PBS was
applied for 1 hour, followed by PBS-washing and 30 min in a solution containing
Alexa 488-labeled secondary antibody (1:300) (Invitrogen). Hoechst 33342 was
used for nuclear staining, and samples were mounted in Anti-fade (Invitrogen).
Images were captured using an Olympus BX40/DP70 fluorescence microscope.
Isolation of testis interstitium and immunoblot analysis
PND60 testes were decapsulated, mechanically disrupted in RPMI media
(Sigma-Aldrich), and incubated in media containing 0.05% collagenase/dispase
(Roche

Diagnostics),

0.005%

soybean

trypsin

inhibitor,

and

0.001

deoxyribonuclease I (Sigma-Aldrich) for 20 minutes at 34oC. The supernatant was
collected, filtered, and centrifuged at 900 rpm for 10 min at 25oC. The pellet of testis
interestitium, enriched for Leydig cells (147), was snap-frozen in liquid nitrogen.
For immunoblot analysis, interstitial cells were homogenized in RIPA buffer.
Protein was quantified using the BCA kit (Thermo Scientific, Waltham, MA), loaded
(30 µg) and separated on a 10% Tris-glycine gel, and transferred to a PVDF
membrane. The membrane was incubated with antiserum against MR (see above)
and then against GAPDH (2275-PC-100, Trevigen). Proteins were detected with a
secondary antibody coupled to horseradish peroxidase (goat anti-mouse, 554002; or
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goat anti-rabbit, 554021; Pharmingen) and ECL enhanced chemiluminescence
(Amersham). Images were captured using the LAS-4000 Fuji gel documentation
system.
Pyrosequencing
Pyrosequencing was performed as previously reported (148). Briefly, testes
were collected and snap frozen in liquid nitrogen at GD20, PND3, PND21 and
PND60. Genomic DNA from oil controls and from 750 mg/kg/day DEHP-treated
rats was extracted using DNeasy. The DNA sample (1 µg) was bisulfite-treated
using the DNA Methylation Kit (Zymo Research, Orange, CA). Bisulfite-treated
DNA was eluted in a 10 µl volume, 1 µl of which was used for each PCR. PCR was
performed with one of the PCR primers biotinylated to convert the PCR product to
single-stranded DNA. The PCR products (10 µl) were sequenced by Pyrosequencing
PSQ96 HS System (Biotage, Kungsgatan, Sweden). The methylation status of each
locus was analyzed individually as a T/C SNP using QCpG software (Biotage).
CpGs were numbered with respect to the sequences analyzed using pyrosequencing
(Table 3).
5’ RACE
5’ RACE was performed using the SMART RACE cDNA Amplification kit
(Clontech). Briefly, 1 µg of mRNA extracted from PND60 testes was used for first
strand synthesis. Identification of the 5’ end was performed by an initial PCR
amplification with primer P5-GGAGGACATGGAGTTGATGCCCACAGGG and
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primer

UPM.

First

PCR

reaction

was

nested

using

primer

P4-

CGGAATAGCACCGGAAACGCAGCTGACG and primer NPM. The 5’ RACE
products were cloned into pGEM-T easy vector (Promega, Madison, WI) and
sequenced.
Cell culture, in vitro methylation and luciferase assay
A 117 bp fragment immediately upstream of the MRα transcription start site
was PCR amplified using primers containing the BglII restriction site (5’GAGAAGATCTCTTTCTGGACATGTGACCGGGTT-3’

and

5’-

GAGAAGATCTAGGAGCTGAGGGGAGGGGTC-3’) and cloned into the BglII
restriction site upstream of the luciferase coding sequence of pGL4.10 vector
(Promega). Point mutations at -C36A, -C56A, -C58A, and -C68A were carried out
using the Lightning mutagenesis kit (Clontech). The non-mutated pGL4.117 vector
was in vitro methylated using M.SssI and the methyl donor s-adenosylmethionine
(Zymo Research).
For luciferase assays, MA-10 mouse tumor Leydig cells were seeded at 80%
confluence and kept in DMEM/F12 supplemented with 5% fetal bovine serum and
2.5% horse serum.

pGL4 constructs (2.8 µg/well) and 70 ng of the renilla-

expressing pRL-TK vector were cotransfected using Lipofectamin 2000 (Invitrogen)
in serum-free media. Cells were lysed 24h post-transfection and read using the dual
luciferase assay (Promega) in a Victor X luminometer (Perking Elmer). Renilla
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expression was used to normalize for transfection efficiency and induction was
calculated against the pGL4 basic expression.
Statistical analyses
Statistical analysis of the data using the unpaired t-test or one-way ANOVA
analysis followed by Dunnett’s post-test was performed with Prism v4.02
(GraphPad, Inc, San Diego, CA). In all experiments, the experimental unit was the
pregnant dam and the responses of pups from at least 3 dams for each treatment were
examined independently.
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Results
In utero exposure to DEHP induces the expression of the progenitor Leydig cell
marker nestin
We hypothesized that in utero exposure to DEHP might alter the timespecific development of the progenitors of adult Leydig cells, and that this might
have an effect on adult androgen formation. To explore this hypothesis, we collected
GD20 testes from the fetuses of pregnant dams gavaged with oil (control) or DEHP
at 250, 500, or 750 mg/kg/day from GD14 to GD19. Testis sections were co-stained
with antisera against the intermediate filament protein nestin, a transiently expressed
marker of the adult progenitor Leydig cells (149, 150), and against CYP11A1, the
enzyme catalyzing the formation of pregnenolone from cholesterol. There were no
apparent changes in the intensity of CYP11A1 immunostaining with exposures to
increasing concentrations of DEHP, although increased Leydig cell clustering was
seen (Figure 6).

In contrast, at each of 250, 500 and 750 mg/kg/day DEHP,

increased nestin expression was seen in the interstitium of DEHP-exposed animals
compared with corn oil-gavaged controls.
In utero exposure to DEHP induces reduced expression of MR in adult rat Leydig
cells
We evaluated the impact of DEHP exposure on mRNA expression levels of
members of the nuclear receptor subfamilies 3A and 3C, and on proteins involved in
steroid biosynthesis. As seen in Figure 7, and in agreement with our previous
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findings (132), DEHP induced dose-dependent decreases in Cyp11a1, Cyp17a1 and
Star mRNA levels at GD20, but these were transient; at PND3, 21 and 60, DEHP
exposures did not affect the mRNA levels of these genes. Tspo mRNA levels were
reduced significantly, though minimally, by DEHP at PND3, but these changes also
were transient.

mRNA levels of the ubiquitous transcription factor Sp1 were

transiently increased at GD20 in response to DEHP; the increases were not seen at
PND3, 21 or 60. The expression of the transcription factor steroidogenic factor 1
(NR5A1; Sf-1) was highest at PND3, but was not affected by in utero exposure to
DEHP at any time of development. At GD20, ERb was the only nuclear receptor
showing a significant, 2-fold, increase in mRNA levels at most of the DEHP doses
used (Figure 8), but this effect was not seen in testes of PND3, PND21 or PND60
rats. ER and PR mRNA levels were increased at PND21 only. GR and AR mRNA
levels were reduced in response to DEHP treatment at PND3, but not at GD20, PND
21 or PND60 (Figure 8).
Notably, among the receptors studied, the mineralocorticoid receptor (MR)
was the only one affected at PND60 (Figure 8). Significant reductions in MR
mRNA levels, by 30-60%, were seen in response to in utero DEHP at a dose as low
as 100 mg/kg/day. The DEHP effect on MR mRNA expression levels in the adult
testis correlated with decreases at the protein level. Figure 9A shows the effect of
DEHP treatment on MR protein as observed by immunofluorescence.

As is

apparent, intense MR staining was seen in the interstitial compartment of the PND60
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testis. Observations at higher magnification (Figure 9A; 40x) indicated that the
staining was in Leydig cells.

MR staining was also seen in the seminiferous

epithelium, but the intensity was far lower than in Leydig cells. As with mRNA
levels, in utero DEHP treatment affected MR protein. Thus, at 250-300 mg/kg/day
DEHP, the high MR levels in control Leydig cells was reduced substantially (Figure
9A), and at 500 and 750 mg/kg/day, staining for Leydig cell MR protein was absent.
These results were consistent with immunoblot analyses of interstitial cell
preparations enriched for Leydig cells (Figure 9B); in utero exposure to DEHP
induced a dose-dependent reduction of MR. The immunofluorescense studies above
indicated that DEHP treatment reduced MR in both the interstitium and seminiferous
epithelium. Immunoblot analysis of the interstitial cells indicated that the reduced
MR after DEHP treatment undoubtedly resulted largely from reductions from the
high MR levels in the interstitial compartment, and much less from reductions in the
relatively low MR levels in the seminiferous tubules. Finally, as seen in Figure 9C,
the DEHP-induced reduction of interstitial MR levels paralleled the reduction seen in
circulating testosterone levels.

Note that testosterone was reduced despite the

presence of normal LH concentrations in serum (Figure 9D).
We then investigated the effect of the in utero exposure to DEHP on the
expression of well known MR-regulated genes in the adult testis, namely Sgk1,
aENaC and Et-1 (151). The effect of DEHP on mRNA expression levels of Sgk1,
aENaC, and Et-1 in PND60 testes was significant (p=0.015, p <0.0001 and p
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<0.0001 by ANOVA, respectively; Figure 10A). Sgk1 and aENaC mRNA levels
were reduced significantly from control following exposure to 300 or 500 mg
DEHP/kg/day; Et-1 mRNA levels were reduced in response to 100 and 750 mg
DEHP/kg/day doses, but increased 2-fold in response to 950 mg/kg/day. We also
examined the impact of DEHP exposure on genes involved in the selective activation
of MR by aldosterone, namely 11βHSD1 and 11βHSD2 (152). Figure 10B shows
that mRNA expression levels of Hsd11b1 were significantly reduced by all DEHP
doses from 100-750 mg/kg/day at PND3.

At PND60, there were small but

significant reductions from age-matched control at 500 and 750 mg/kg, but no doseresponse was observed. Hsd11b2 mRNA levels were only modestly affected at any
age by the treatment. Interestingly, as also seen with Et-1, Hsd11b1 and Hsd11b2
were up regulated in response to the 950 mg/kg/day dose. The effects of DEHP
exposure on MR mRNA expression levels apparently were restricted to the testis; in
the kidney, MR mRNA extracted from the cortex showed no significant changes in
response to DEHP (Figure 10C). There also were no consistent reductions in kidney
Sgk1, aENaC or Et-1 mRNA levels in response to DEHP (Figure 10C).
DEHP induces changes in the age-dependent methylation of nuclear receptor family
members
We explored for epigenetic modifications of the nuclear receptors, including
MR, in search of a mechanism to explain the decreased MR expression at PND60 in
response to DEHP exposure. Methylation-specific PCR (MSP) was used to screen
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for possible methylation changes in the nuclear steroid receptors and other
representative nuclear receptor genes in the testes. For these studies, pregnant dams
were gavaged from GD14 though GD19 with corn oil (control) or with 750
mg/kg/day of DEHP, a dose previously shown to induce consistent morphological
alterations in the testis (108). Methylation changes were evaluated in whole testes
obtained from GD20, PND3, PND21, and PND60 offspring. The results are shown
in Figure 11, in which controls (C) are compared to treated (T).

Methylation

increase was seen in the androgen receptor (NR3C4; AR) in response to DEHP at
PND3, but not at PND21 or PND60. MR methylation also was seen at PND3 in
response to DEHP, but in this case persisted through PND60. The glucocorticoid
(NR3C1; GR) and progesterone (NR3C3; PR) receptors were unmethylated at all
ages. A faint methylation signal was seen in response to DEHP in estrogen receptor
α (NR3A1; ERa) at PND60. DEHP exposure induced the transient demethylation of
estrogen receptor β (NR3A2; ERb) at GD20. Ligand X receptor (NR1H2; LXRβ),
thyroid receptor β (NR1A2; TRβ), peroxisome proliferator-activated receptor α
(NR1C1; PPARα), and specific protein 1 (Sp1) gene methylation also were affected
by DEHP treatment at PND3 (Figure 12). The rest of the probed nuclear receptors
underwent time-dependent methylation changes, but no clear differences between
control and DEHP-exposed samples were observed (Figure 12).
DEHP-induces demethylation of the -5754 to -5817 bp CpG island upstream of the
MR coding sequence
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To identify the specific location(s) in the MR gene at which DNA
methylation occurs, we pyrosequenced the areas of the MR gene promoter that
contained CpG islands and the sites proved in the initial MSP-screening. These
areas were -5525 to -6148 bp (P1) and -8313 to -9068 bp (P2) from the initiation of
the coding sequence of the rat MR gene (Figure 13 and Figure 14). These regions
are analogous to the sequence upstream of exons 1 and 2 of the human MR known to
differentially splice to form MRα and MRβ (153). 5’ Rapid amplification of cDNA
ends (RACE) was used to obtain the nucleotide sequence of the rat testis untranslated
region (UTR) found to be highly homologous to human UTR1. The sequence was
found to contain two Sp1 and three AP2 sites identified by in silico analysis (Figure
15). The methylation status of P1 in corn oil- and DEHP-treated animals was similar
at all ages except PND60, at which the MR promoter from the control animals was
found to be methylated in CpG# 15-18 (Figure 13). In utero exposure to increasing
concentrations of DEHP resulted in the demethylation of this MR promoter area at
PND60; this was seen even at the 100 mg DEHP/kg/day exposure.

Mutation

analysis of the CpGs contained in the area -117 bp upstream of the MRα
transcription start site and that were differentially methylated showed a significant
decrease of luciferase induction in each CpG mutation (Figure 16). Furthermore, in
vitro methylation of the non-mutated vector abolished luciferase expression.
Pyrosequencing indicated that P2 contains a region from CpGs 1 to 13 moderately
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methylated in both the control and DEHP exposed animals at all ages examined
(Figure 14).
We also pyrosequenced the gene promoter areas of the nuclear receptors that
contained CpG islands and the sites probed by our initial MSP-screening. ERa and
ERb were mostly unmethylated except in CpGs 12 – 13 and CpGs 4 – 5 (Figure 17
& Figure 18), but there were no clear differences among the pyroscans obtained. AR
showed areas including CpGs 20 – 27 that were methylated, though they displayed
similar profiles at all time points (Figure 19). Sf-1 pyrosequencing indicated the
presence of an extended methylated region at CpGs 30 – 72. Exposure to DEHP
resulted in a minor reduction of Sf-1 gene methylation at GD20 at the areas probed
(Figure 20). It should be noted that testes from DEHP-exposed animals contained
Sf-1 at a higher methylation percentage than controls at PND60. However, because
Sf-1 mRNA levels were not affected by the DEHP treatment, and the pyroscans of
ERa, ERb and AR did not show clear differences in response to the treatment, we
consider the main effect of DEHP exposure to have been at the above-described MR
promoter region.
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Discussion
Most causes of male infertility are diagnosed as idiopathic (154). There is
growing evidence that environmental factors can cause disruption of fetal cell
programming, leading to increased incidence of male reproductive dysfunction in the
adult (143, 155, 156).

In utero exposure to DEHP was found to suppress

testosterone production by the fetal testis and to result in reduced circulating levels
of testosterone in the adult (132). DEHP and its metabolites are not cleared until
three days after rodents are exposed in utero (75), suggesting that fetal Leydig cells
are directly exposed to these chemicals. However, the exposure of these cells in
utero does not explain the inhibitory effect of DEHP on testosterone levels in the
adult because there are few, if any, fetal Leydig cells that remain in the adult. The
adult Leydig cells, which also originate from progenitor cells present in the fetal
testis, are distinct from the fetal Leydig cell population (157, 158). Thus, it is
possible that in utero exposure to DEHP affects the progenitors of adult Leydig cell
development, and that by doing so results in the reduced ability of the cells derived
from the progenitors, the adult Leydig cells, to synthesize androgen in the adult
testis. Interestingly, in utero exposure to di(n-butyl) phthalate (DBP) also was found
to result in inhibition of circulating testosterone levels in the adult, suggesting a
common mechanism underlying the effects of various phthalic acids on Leydig cell
function (159).
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Serum testosterone levels were reduced in response to DEHP treatment, in
agreement with previous results (132). However, serum LH levels were not altered
by the treatment, suggesting that DEHP did not affect the hypothalamus-pituitarygonadal axis and thus that reduced testosterone production was not due to Leydig
cell under stimulation by LH. Our major objective was to address the mechanism for
reduced testosterone in the adult following in utero DEHP exposure. To do so, we
began by examining the effects of DEHP on the progenitor Leydig cells in the fetus,
using the intermediate filament nestin as a marker (150). We observed that DEHP
exposure induced an increase in nestin expression that co-localized with the Leydig
cell marker CYP11A1 in the interstitial space of GD20 testes. Since nestin can serve
as a marker both of the progenitor fetal and adult Leydig cells (150), these
observations suggest that in utero exposure to DEHP might induce a delay in adult
Leydig cell development, in agreement with previous studies of the effects of DBP
exposures during the fetal period (67, 160). The observation that increasing doses of
DEHP induced dose-dependent reduction of Cyp11a1, Cyp17a1, and Star mRNA
expression levels at GD20 suggests that DEHP exposure also can result in reduced
testosterone synthesis by fetal Leydig cells, as we and others also suggested
previously (132, 161, 162). Interestingly, these proteins, though integral parts of the
steroidogenic machinery were not significantly affected in the adult testis following
DEHP treatment, though serum testosterone levels were reduced (132). Moreover,
though the transcription factor Sf-1 is a transcriptional regulator of most genes
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encoding steroidogenesis-related proteins, its mRNA levels were not affected by
DEHP exposure, in agreement with a previous report (163). These observations
suggest a different mechanism by which testosterone production is reduced in the
adult versus fetal Leydig cells in response to in utero administration of DEHP.
The nuclear receptor family of proteins has been implicated in phthalate
action. PPARα and PPARγ have been shown to be directly activated by phthalates
(60).

Moreover, phthalates targeted the nuclear receptor subfamily 4A by up

regulating its members Nur77, Nurr1, and NOR-1, and was proposed as a
mechanism for the aromatase suppression seen in exposed NCI-H295R cells (164).
The nuclear receptor subfamilies 3A and 3C contain the receptors that mediate
steroid hormone action and control expression of proteins and enzymes involved in
steroidogenesis (15, 165, 166). We hypothesized that deregulation of the steroid
nuclear receptors could lead to the observed decreased testosterone production in the
adult.
Q-PCR of the NR3A and NR3C subfamilies singled out MR as the only
nuclear steroid receptor affected by the in utero phthalate exposure at PND60.
Immunostaining of the PND60 testis demonstrated that MR is primarily localized in
Leydig cells, in agreement with previous reports (15). In utero exposure to DEHP
reduced MR protein expression in the PND60 Leydig cells shown by
immunofluorescence and immunoblot analyses of testis interstitial cells. Moreover,
we observed that the MR-regulated genes Sgk1, aENaC and Et-1 were significantly
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decreased in the DEHP-exposed animals, suggesting that the MR pathway in the
testis is functionally affected. We were surprised to see an increase of Et-1 in the
950 mg/kg/day dose, a finding suggesting that DEHP might affect other pathways in
a dose-dependent manner. Interestingly, MR and MR-regulated mRNA expression
levels in the kidney were little affected by DEHP exposure, suggesting a tissuespecific effect. The decreases in MR and MR-regulated genes observed at PND60
were obtained with all DEHP concentrations, including 100 mg/kg/day.

This

observation suggested that there is an on/off mechanism triggered by exposure to
DEHP that controls MR-gene expression even at relatively low dose.
These findings may be relevant to the human since typical exposure to DEHP
is estimated to be approximately 30 µg/kg/day (76, 167), and in the case of
hemodialysis and total parenteral nutrition in infants, exposures can reach levels as
high as 10 to 20 mg/kg/day (91, 94). The latter exposures are close to the 100
mg/kg/day dose used in this study on rodents (168), and does not take into account
the possible synergistic effects of DEHP and DEHP metabolites or other phthalates
found in the environment.
It has been proposed that some diseases that become manifest in the adult,
such as cancer, may result from altered gene regulation mediated by epigenetic
changes that occur at early stages of development (169, 170). We hypothesized that
delayed Leydig cell development and reduced androgen formation by the adult testis
following in utero exposure to DEHP might be due to an epigenetic alteration of a
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gene or genes regulating testosterone biosynthesis. We used MSP as a rapid method
to screen CpG islands located in promoter areas of selected genes. Interestingly,
most of the changes seen were in the methylation profiles of the NR subfamilies 3A
and 3C. Although the results indicated that DNA methylation changes occur in the
gene promoter regions, this observation alone cannot be interpreted to mean that
there are effects on gene expression.

Q-PCR analysis of the nuclear receptor

subfamilies NR3A and NR3C indicated two distinct changes, a dose-dependent
decrease of GR and AR at PND3 that could be related to the delay in development
that apparently occurs at GD20, and a reduction in MR mRNA levels at PND60
described above.
MSP represents the methylation status of the probed CpGs and may not be
representative of the entire CpG rich region. To validate the methylation changes
seen by MSP, we pyrosequenced areas flanking the MSP primers.

We looked

particularly closely at the promoter region of MR, and pyroscanned two CpG islands
immediately upstream of the 5’ UTRs that included the transcription start sites. We
identified a region containing 5 CpGs that were methylated in control and
demethylated in the DEHP-exposed offspring.

These CpGs are important for

promoter expression and affected by CpG methylation, as suggested by the point
mutation and in vitro methylation assays performed. Demethylation was seen even
at the lowest dose of DEHP used, and might explain the reduced androgen formation
by the adult Leydig cells. Indeed, Ge et al. (15) demonstrated that MR is present in
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adult Leydig cells and can be activated by aldosterone, leading to increased
testosterone synthesis. The effect of aldosterone was synergistic with the effect of
LH (15). Moreover, it has been reported that the MR antagonist spironolactone can
reduce Leydig cell androgen formation (144). In contrast to the observations made
on MR gene methylation in response to DEHP treatment, pyrosequencing of gene
areas flanking the MSP primers for the other nuclear hormone receptors examined
revealed variability in the observed methylation changes. Considering that Leydig
cells account for 5 - 7% of the cells in the testis, it is possible that minor genomic
changes occurring in Leydig cells might be masked by the germ and Sertoli cells
present. Surprisingly, in our study, demethylation was correlated with a decrease in
MR mRNA expression, not the expected increase. Such a relationship has been
described for other genes. For example, gene promoter methylation of the human
telomerase catalytic subunit (hTERT) also led to increased hTERT expression and
telomerase activity in various cells (171).

The mechanism underlying the

demethylation-induced reduction of gene expression is unknown. It is possible that
MR-mRNA expression is a result of the entire state of the promoter or a change in
the mRNA half-life controlled by the differential expression of the 5´ UTR.
Furthermore, the epigenetic and mRNA changes were observed 60 days after DEHP
exposure, suggesting that MR expression might be controlled as part of the
maturation process of the progenitors of adult Leydig cells. Thus, MR mRNA levels
remain low through prepuberty (PND21), when there is low testosterone production,
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and reach maximal expression thereafter when Leydig cells reach their full
steroidogenic capacity.
A secondary finding of the present study was the observed developmental
changes in 11βHSD1 and 11βHSD2 mRNA expression. These enzymes inactivate
glucocorticoids which bind to MR with a similar affinity to that of aldosterone (172).
We observed that 11βHSD1, the enzyme with relatively lower affinity for
glucocorticoids, was expressed at lower levels in the fetal stages compared with the
adult. In contrast, the low Km enzyme 11βHSD2 was present at higher levels in the
fetus compared with the adult. The differential expression pattern of the mRNAs for
these enzymes might be related to the actions of aldosterone and glucocorticoids in
the testis at different developmental stages. The significant reduction in 11βHSD1
mRNA levels in PND3 would suggest that the glucocorticoid/mineralocorticoid
balance does not mediate the effect of DEHP on androgen synthesis at that age. This
is consistent with our findings that a decrease in steroidogenesis-related enzymes is
at the origin of the androgen reduction in the perinatal but not adult periods (172).
In conclusion, our findings identify MR as a target gene that is decreased in
the adult rat testis by in utero exposure to the phthalate DEHP, possibly through an
epigenetically mediated mechanism. Reduced MR levels in the Leydig cells would
limit the positive impact of aldosterone on basal and hormone-induced androgen
formation, resulting in reduced circulating testosterone levels.
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Figures 6 to 20
Figure 6.

DEHP exposure from GD14 to GD19 results in higher nestin

immunostaining in the fetal (GD20) testis.
Fluorescence microscopy of testis sections from GD20 embryos exposed to DEHP at
250, 500, or 750 mg/kg/day, stained for nestin (green), CYP11A1 (red), and Hoechst
33342 (blue). Scale bar, 100 µm. Last column shows a 100x magnification (scale
bar, 20 µm) of the merge panels.
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Figure 6.

DEHP exposure from GD14 to GD19 results in higher nestin

immunostaining in the fetal (GD20) testis.
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Figure 7. Steroidogenesis-related protein and transcription factor mRNA expression
after in utero exposure to DEHP.
Q-PCR of steroidogenic proteins and related transcription factors was performed in
testis samples collected from offspring exposed in utero to increasing concentrations
of DEHP (100-950 mg/kg/day) and harvested at GD20, PND3, PND21 and PND60.
Results shown are means ±SEM from fetuses or the offspring of three dams per
treatment point, with each sample processed in triplicate. *p < 0.05; **p < 0.01;
***p > 0.001.
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Figure 7. Steroidogenesis-related protein and transcription factor mRNA expression
after in utero exposure to DEHP.
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Figure 8. Reduction in adult testis MR mRNA following in utero exposure to
DEHP.
Q-PCR of nuclear receptor family NR3A and NR3C members was performed in
testis samples collected from offspring exposed in utero to increasing concentrations
of DEHP (100-950 mg/kg/day) and harvested at GD20, PND3, PND21 and PND60.
Results shown are means ±SEM from fetuses or the offspring of three dams per
treatment point, with each sample processed in triplicate. *p < 0.05; **p < 0.01;
***p > 0.001.
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Figure 8. Reduction in adult testis MR mRNA following in utero exposure to DEHP
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Figure 9. Decrease in adult testis interstitial MR and serum testosterone levels
following in utero exposure to DEHP.
(A) Fluorescence microscopy of testis sections from offspring exposed to 250, 500 or
700 mg/kg/day of DEHP in utero. MR (green), Hoechst 33342 (blue). Scale bar,
100 µm. Bottom row shows a 40x magnification (scale bar, 50 µm) of the merge
panels. (B) Immunoblot analysis of isolated interstitial testis cells using an anti-MR
antiserum . Results shown are means ±SEM from offspring of three dams per
treatment point.

(C) Circulating testosterone levels.

Results shown are means

±SEM (n=16 offspring) from 8 DEHP-treated dams. (D) Circulating LH levels.
Results shown are means ±SEM (n=8 offspring) from 4 DEHP-treated dams. *p <
0.05; **p < 0.01; ***p > 0.001.
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Figure 9. Decrease in adult testis interstitial MR and serum testosterone levels
following in utero exposure to DEHP.
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Figure 10. Effect of DEHP exposure on MR-driven gene expression.
(A) Q-PCR of the MR-target genes Sgk1, aENaC and Et-1 in whole testis extracts.
(B) Q-PCR of the glucocorticoid inactivating enzymes 11βHsd1 and 11βHsd2 in
whole testis extracts. (C) Q-PCR of MR and MR-target genes in the kidney cortex of
animals treated in utero with DEHP at 100, 300 or 750 mg/kg/day. Results shown
are means ±SEM from fetuses or the offspring of three dams per treatment point,
with each sample processed in triplicate. *p < 0.05; **p < 0.01; ***p > 0.001.
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Figure 10. Effect of DEHP exposure on MR-driven gene expression.
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Figure 11. Whole testis methylation changes in offspring of DEHP-treated dams.
Nuclear receptor subfamily 3C is methylated after DEHP treatment. MSP performed
in samples collected from male offspring at GD19, PND3, PND21 and PND60 show
de novo methylation of NR3A2 (AR) and NR3C2 (MR) in PND3. C, control; T,
750mg/kg DEHP; M, methylated; U, unmethylated.
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Figure 11. Whole testis methylation changes in offspring of DEHP-treated dams.
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Figure 12. Whole testis methylation changes in offspring of DEHP-treated dams.
Selected nuclear receptors and steroidogenesis-related transcription factors showing
time dependent methylation. C, control; T, 750mg/kg DEHP; M, methylated; U,
unmethylated.
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Figure 12. Whole testis methylation changes in offspring of DEHP-treated dams.
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Figure 13. In utero exposure to DEHP demethylates CpGs in promoter region P1 of
MR.
Pyroscan of area denoted P1 in the MR promoter region of PND60 animals treated in
utero with oil (control), or DEHP at 100, 300 or 750 mg/kg/day.

P1 shows

differential methylation of CpGs 15-19 in the DEHP-exposed animals. Red arrows
show the site at which epigenetic changes have occurred. Results are means ± SEM
(n=3 for PND60; for other ages n=2). One-way ANOVA was used for statistical
analysis of CpG 15 – 19; §p<0.001.
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Figure 13. In utero exposure to DEHP demethylates CpGs in promoter region P1 of
MR.
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Figure 14. In utero exposure to DEHP induces no significant CpG changes in
promoter region P2 of MR.
Pyroscan of area denoted P2 in the MR promoter region of PND60 animals treated in
utero with oil (control), or DEHP at 100, 300 or 750 mg/kg/day levels. Results are
means ± SEM (n=3 for PND60; for other ages n=2).
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Figure 14. In utero exposure to DEHP induces no significant CpG changes in
promoter region P2 of MR.
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Figure 15. 5’ RACE of the region of MR mRNA and the region upstream (P1) of
exon 2.
Transcription start site (TSS) is indicated by arrow. Consensus sequences for Sp1binding sites are indicated by box. The transcription factor Ap-2 binding sites are
depicted by a line above the sequence. CpG sites identified to undergo methylation
changes at PND60 post-DEHP exposure are shown in bold. Numbering is relative to
TSS.
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Figure 15. 5’ RACE of the region of MR mRNA and the region upstream (P1) of
exon 2.
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Figure 16. Differentially methylated CpGs upstream of the MRα transcription start
site (TSS) are important for MR mRNA expression.
Luciferase assay of -117 bp immediately upstream of the MRα TSS were point
mutated at the designated CpGs.

pGL4.117 vector containing the wild type

sequences was in vitro methylated using M.MssI.

pGL4 constructs were

cotransfected with pRL-TK and renilla expression was used as transfection control.
Results were normalized to pGL4.basic expression.

Closed circles depict CpG

methylation and circles containing the letter x indicate the point mutation sites
relative to the TSS. Results shown are means ± SEM (n=9) from 3 independent
experiments. *p < 0.05; ***p > 0.001.
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Figure 16. Differentially methylated CpGs upstream of the MRα transcription start
site (TSS) are important for MR mRNA expression.
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Figure 17. Pyroscan of promoter region of NR3A1, ERa.
Whole testis DNA from animals exposed to corn oil (control) or to DEHP at 750
mg/kg/day was extracted and pyrosequenced at GD20, PND3, PND21 and PND60.
Results are represented as means ± SEM (n=2).
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Figure 17. Pyroscan of promoter region of NR3A1, ERa.
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Figure 18. Pyroscan of promoter region of NR3A2, ERb.
Whole testis DNA from animals exposed to corn oil (control) or to DEHP at 750
mg/kg/day was extracted and pyrosequenced at GD20, PND3, PND21 and PND60.
Results are represented as means ± SEM (n=2).
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Figure 18. Pyroscan of promoter region of NR3A2, ERb.
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Figure 19. Pyroscan of promoter region of NR3C4, AR.
Whole testis DNA from animals exposed to corn oil (control) or to DEHP at 750
mg/kg/day was extracted and pyrosequenced at GD20, PND3, PND21 and PND60.
Results are represented as means ± SEM (n=2).
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Figure 19. Pyroscan of promoter region of NR3C4, AR.

82

Figure 20. Pyroscan of promoter region of NR5A1, SF-1.
Whole testis DNA from animals exposed to corn oil (control) or to DEHP at 750
mg/kg/day was extracted and pyroseqenced at GD20, PND3, PND21 and PND60.
Results are represented as means ± SEM (n=2).
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Figure 20. Pyroscan of promoter region of NR5A1, SF-1.
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CHAPTER 2.
In utero exposure to di-(2-ethylhexyl) phthalate decreases adrenal aldosterone
production that correlates with reduced testicular androgen formation in the
adult
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Abstract
We previously reported that in utero exposure of the male fetus to the
plasticizer di-(2-ethylhexyl) phthalate (DEHP) resulted in decreased circulating
levels of testosterone in the adult without affecting Leydig cell numbers, luteinizing
hormone (LH) levels or steroidogenic enzyme expression. Fetal exposure to DEHP
resulted in reduced mineralocorticoid receptor (MR; NR3C2) expression in adult
Leydig cells. In the present studies, treatment of pregnant Sprague-Dawley dams
from gestational day (GD) 14 until birth with 100, 300 or 750 mg/kg per day of
DEHP resulted in significant sex-specific decreases in serum aldosterone, but not
corticosterone, levels at postnatal day 60 (PND60) but not at PND21. There was no
effect on circulating levels of potassium, angiotensin (AT) II or adrenocorticotropin
hormone (ACTH). However, there was reduced expression of AT receptor 1a, 1b,
and 2 mRNAs. The mRNA levels of proteins and enzymes implicated in aldosterone
biosynthesis were not affected by in utero DEHP treatment, except for Cyp11b2
which was decreased at high (≥500 mg/kg/day) doses. The data presented herein,
together with our previous observation that aldosterone stimulates testosterone
production via an MR-mediated mechanism, suggest that in utero exposure to DEHP
causes reduction in both adrenal aldosterone synthesis and MR expression in Leydig
cells, leading to reduced testosterone production in the adult. Moreover, these results
demonstrate the existence of a DEHP-sensitive adrenal-testis axis regulating
androgen formation.
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Introduction
Di-(2-ethylhexyl) phthalate (DEHP), a plasticizer commonly used by industry
to add flexibility to polyvinyl chloride products, is highly prevalent in the
environment and is present in a wide variety of consumer products, including
medical devices such as intravenous tubing, catheters, and dialysis bags (91, 134,
138, 139). DEHP, which has been shown to have antiandrogenic properties, exerts
its effects through its metabolite mono-2-ethylhexyl phthalate (MEHP), which is
formed after cleavage of one of its side chains by lipases in the gut (61, 134). In
humans, in utero exposure to DEHP has been linked to cryptorchidism (102),
decreased anogenital distance (111) and reduced semen quality (115, 117), and is
thought to contribute to decreased fertility by acting synergistically with other
endocrine disruptors (137). DEHP and its metabolites have been found in amniotic
fluid (135), umbilical cord blood (98) and milk (71), suggesting prenatal and
perinatal exposures. In utero exposure to DEHP in rodents has been shown to cause
incomplete organogenesis of androgen-dependent tissues by disrupting androgen
formation by fetal Leydig cells (108, 132, 141, 173).
We recently reported that exposure to DEHP from gestation day (GD14) until
birth resulted in reduced circulating levels of testosterone in the adult (129, 132)
without a reduction in Leydig cell numbers, steroidogenic protein and enzyme levels,
or circulating luteinizing hormone (LH) concentrations. These results suggested that
the long-term effects of DEHP may be independent of the classical steroidogenic
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pathway (129, 132), and identified the Leydig cell mineralocorticoid receptor (MR;
NR3C2) as a gene target affected by DEHP exposure (129).

Aldosterone and

corticosterone, produced by the adrenal cortex, bind with similar affinities to MR,
but selective activation of the receptor in cells expressing 11βHSD1 and 11βHSD2,
such as Leydig cells, is achieved through glucocorticoid inactivation (172). Thus, in
Leydig cells, aldosterone but not corticosterone activates MR, leading to stimulation
of testosterone production (15).

Aldosterone is produced in response to the

octapeptide angiotensin II (AT) and increased potassium levels, and is known to act
on the distal nephron to retain sodium and excrete potassium (22). The renin-ATaldosterone system (RAAS) regulates the production of AT II, and AT II binds to the
AT receptors 1a and 1b located in the zona glomerulosa (ZG) of the adrenal gland.
AT receptor activation triggers multiple signaling pathways and results in the
stimulation of aldosterone synthesis, and in adrenal cell growth and proliferation
(174).
We report herein that in utero exposure to DEHP leads to a significant
reduction of circulating aldosterone levels in the adult rat.

In search of the

mechanism underlying this long-term effect of DEHP, we examined RAAS
components and found that adrenal AT receptor expression was reduced in a dosedependent manner. These results suggest that that in utero exposure to DEHP results
in a decrease in the adult adrenal AT receptors and thus in reduced stimulation of
aldosterone biosynthesis. In light of our previous study which showed that in utero
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exposure to DEHP decreased MR-expression in adult Leydig cells (129), the present
findings further suggest that in utero DEHP exposure results in a combination of
decreased aldosterone production by the adrenal and MR expression in Leydig cells,
and that these lead to reduced androgen formation by the testis without an effect on
the steroidogenic pathway.
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Material and methods
DEHP treatment and animal care
Timed pregnant Sprague–Dawley rats were purchased from Charles River
Laboratories (Wilmington, MA) and gavaged daily with corn oil or with 100, 300,
500, 750 or 950 mg/kg/day DEHP (Sigma-Aldrich, St. Louis, MO) from gestational
day (GD) 14 until parturition [postnatal day (PND) 0]. The animals were weighed
every two days, and the doses were adjusted accordingly. Male offspring were
euthanized at PND60. Adrenals, liver, and kidney were collected and either snap
frozen in liquid nitrogen or fixed in formaldehyde. Animals were handled according
to protocols approved by the Georgetown and McGill University Animal Care and
Use Committees.
Serum measurements
Male offspring of pregnant dams treated with corn oil or with DEHP were
euthanized at PND60 by CO2.
puncture.

Blood was collected by percutaneous cardiac

The serum was separated and shipped to Analytics Incorporated

(Gaithersburg, MD) for measurements of electrolytes, LDL, HDL, total cholesterol,
triglycerides, AT II, ACTH, corticosterone, and aldosterone.

Chemistries were

performed on the Hitachi 717 Chemistry Analyzer (Roche Diagnostics, Basel,
Switzerland) with reagents obtained from Randox (Crumlin, UK). Corticosterone
and estradiol were measured using double antibody radioimmunoassay (RIA) with
reagents obtained from MP Biomedicals (Irvine, CA). Aldosterone was measured
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using a solid phase –coated tube– RIA with reagents obtained from Siemens
Healthcare Diagnostics (Deerfield, IL) according to the manufacturer’s instructions.
Testosterone was measured as previously described (129).
Quantitative real–time PCR (Q–PCR) analysis
Adrenals, liver, and kidney cortex were collected at PND60 and snap frozen in
liquid nitrogen.

Tissue extraction and Q-PCR were performed as previously

described (129), and carried out on the LightCycler® 480 Real-Time PCR System
(LC480, Roche Diagnostics).

GAPDH was used as an endogenous control to

normalize the gene targets obtained from one male offspring of 3 litters per
treatment, with each sample processed in triplicate. The comparative Ct method was
used to express the results relative to the reference gene. Table 4 contains a list of
the TaqMan probes used.
Histology, H&E and red oil O staining
Adrenal glands from the PND60 male offspring of pregnant dams treated with
vehicle or DEHP (100-750 mg/kg/day) were fixed in 4% paraformaldehyde and
embedded in paraffin. Sections (4 µm) were stained with hematoxylin and eosin
(H&E). For red oil O staining, PND60 adrenals were placed in cryomolds filled with
Tissue-Tek CRYO-OCT and snap frozen in pre-cooled (-80oC) isopentane. Samples
were shipped to Cytochem (Montreal, QC) for staining.
Immunoblot analysis
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Adrenal glands were homogenized in RIPA buffer composed of 10 mM Tris, 150
mM NaCl, 1% triton X-100, 1% deoxycholate, 0.1% SDS and 5 mM EDTA. Total
protein was quantified using the bicinchonic acid (BCA) kit (Thermo Scientific,
Waltham, MA). Protein (30 µg) was diluted into Laemmli buffer, loaded onto a 4 20% Tris-glycine gel, and transferred to a PVDF membrane. The membrane was
incubated with antiserum against AT1 (AB15552-200UL, Millipore, Lake Placid,
NY), AT2 (AB15554-200UL, Millipore) and GAPDH (2275-PC-100, Trevigen,
Gaithersburg, MD).

Bound protein antibodies were detected with a secondary

antibody coupled to horseradish peroxidase (goat anti-mouse, 554002; or goat antirabbit, 554021; DB Pharmingen, Franklin Lakes, NJ) and ECL- enhanced
chemiluminescence (GE Healthcare, Waukesha, WI). Images were captured using
the LAS-4000 gel documentation system (Fujifilm, Tokyo, Japan) and quantified
using Multi Gauge v3.0 (Fujifilm).
Bisulfite sequencing of Agtr1a, Agtr1b, and Atrap genes
CpG islands searcher software (175) was used to identify CpG-rich regions near
promoter areas or first exons within target genes with a GC content of at least 55%,
and an observed CpG / expected CpG ratio of 0.65. Briefly, genomic DNA was
extracted from adrenal glands using DNeasy kit (QIAGEN) according to
manufactures instructions. DNA (2 µg) was bisulfite treated using the EpiTect
Bisulfite kit (QIAGEN) according to manufacturer instructions, followed by nested
PCR amplification. The PCR mix consisted of 0.2 mM dNTP, 1.5 mM MgCl2, 0.2
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µM primers, 1U PlatinumTaq polymerase (Invitrogen, Carlsbad, CA) and 2 µl of
bisulfite-treated DNA in 20 µl total volume. The PCR conditions for first PCR
round were: pre-incubation at 94oC (5 min), 30 cycles of 30 sec 94oC denaturation,
30 sec annealing at temperatures shown in Table 5, 2 min extension at 72oC, and 5
min incubation at 72oC. Then, 2 µl of first PCR were nested and second PCR was
carried out using the following conditions: pre-incubation at 94oC (5 min), 35 cycles
of 30 sec 94oC denaturation, 30 sec annealing at temperatures shown in
Supplemental Table 1, 1 min extension at 72oC, and 5 min incubation at 72oC. After
PCR, 20 µl of PCR reaction was mixed with loading dye and run on a 2% agarose
gel containing ethidium bromide. Appropriate bands were cut, gel purified and
ligated in pGEM-T easy vector (Promega) for sequencing. Table 5 shows a list of
the primers used for nested PCR.
Statistical analyses
Statistical analysis of the data using one-way ANOVA analysis followed by
Dunnett’s post-test was performed with Prism v4.02 (GraphPad, Inc, San Diego,
CA). For all experiments, the experimental unit was the pregnant dam and the
responses of male offspring from at least 3 dams (N=3 pregnant dams) for each
treatment were examined independently. For serum measurements, the average from
two offspring was performed with the pregnant dam being the experimental unit
(N=1).
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Results
In utero exposure to DEHP decreases aldosterone serum levels in the adult
Pregnant Sprague-Dawley rats were gavaged from GD14 until birth with oil
or with 20, 50, 100, 300, or 750 mg/kg/day of DEHP, and serum samples were
collected at PND21 and 60. Circulating testosterone and aldosterone concentrations
decreased significantly to about 50% of control at each of the 100, 300 and 750
mg/kg/day doses (Figure 21A and B). Reduction of circulating aldosterone levels
had no effect on sodium, potassium, chloride, or calcium levels (Figure 23B, D - F).
Serum corticosterone did not change significantly (Figure 21C). The reductions in
circulating aldosterone levels seen in the PND60 adult offspring (Figure 21B) were
not seen at PND21 (Figure 21D); and as in the adult (Figure 21C), there were no
significant changes in corticosterone levels at PND21 (Figure 21E). Circulating
aldosterone levels were increased in the female offspring that were exposed in utero
to 300 mg/kg/day (Figure 22A), while estradiol levels were decreased to about 50%
of controls (Figure 22B).
In utero exposure to DEHP decreases adult adrenal AT receptors
To address the possible mechanism by which in utero DEHP exposure results
in reduction in serum aldosterone, we first determined the effect of in utero exposure
on selected components of the RAAS and on known stimulants of aldosterone
biosynthesis. No significant changes in serum levels of AT II, potassium or ACTH
were seen on PND60 after in utero exposure to 100 - 750 mg/kg/day DEHP (Figure
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23A - C). No change in mRNA levels of the liver-made angiotensinogen (Ang) was
seen (Figure 23G). Similarly, the kidney-made renin (Ren1) mRNA levels did not
change significantly (Figure 23H). Histological analysis of the adrenals did not
reveal obvious change in morphology between controls and DEHP-exposed adult
tissues (Figure 24A).

Adrenal weight was significantly reduced only following

exposure to 750 mg DEHP/kg/day (Figure 24B). We then determined the effect of
DEHP on the AT receptors in the adrenal (Figure 25) and kidney (Figure 26). In the
adrenal, Agtr1a mRNA levels significantly decreased at DEHP doses above 300
mg/kg/day (Figure 25A), Agtr1b mRNA levels significantly decreased at all DEHP
doses used (Figure 25B), and Agtr2 mRNA was decreased significantly at the 750
and 950 mg DEHP/kg/day doses (Figure 25C). Interestingly, the decreases in the AT
receptors observed in adrenal tissue were not observed in the kidney (Figure 26);
Angtr1, Angtr1b and Angtr2 mRNA levels were not significantly affected by DEHP
exposures (Figure 26A-C). Agtrap is a negative regulator of AT1 receptor signaling
that modulates the signaling induced by AT II (176). Agtrap mRNA levels were
significantly decreased by all DEHP doses in both the adrenals and kidney, with the
effect on the adrenal more pronounced (Figure 25D and Figure 26D). The changes
in AT receptor mRNA levels were accompanied by changes in AT1 and AT2 protein
levels, as detected by immunoblot analysis (Figure 25E, F).
DNA methylation of AT receptor promoter regions induced by DEHP
exposure could lead to the decreased mRNA levels observed. Bisulfite sequencing
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of CpG islands in promoter areas of the Agtr1a and Agtr1b genes showed no change
in methylation patterns (Figure 27, Figure 28). Similarly, bisulfite sequencing of a
CpG island in the Agtrap gene showed no change in methylation pattern (Figure 29).
In utero exposure to DEHP reduces adrenal Cyp11b2 expression in the adult
To determine mRNA levels of the proteins involved in the biosynthesis of
aldosterone in the adrenal gland, adrenal gland mRNA was extracted from offspring
of pregnant dams exposed in utero to 100 - 950 mg/kg/day DEHP. There were no
significant changes in Star, Tspo, Cyp11a1, Hsd3b1, and Cyp11b1 mRNA levels
(Figure 30A-F). The mRNA levels of Cyp11b2, the gene for aldosterone synthase,
an enzyme involved in the last steps of aldosterone biosynthesis, decreased
significantly at DEHP doses 500 mg/kg/day and above (Figure 30G).
In utero exposure to DEHP up regulates genes involved in the biosynthesis of
adrenal cholesterol
We hypothesized that a decrease in aldosterone production could be due to
reduced cholesterol bioavailability. Total cholesterol, LDL, HDL, and triglycerides
were unaffected by in utero exposure to DEHP (Figure 31A-D). In adrenals, mRNA
levels of the cholesterol uptake receptor Ldlr increased significantly at all DEHP
doses used (Figure 31E), but levels of Scarb1 (SR-BI), involved in mediating HDL
cholesterol uptake, were not affected by any dose (Figure 31G). In heart, Ldlr
decreased significantly at 300 mg/kg/day and increased at 750 mg/kg/day (Figure
31F), while Scarb1 was not significantly reduced (Figure 31H).
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Activation of the AT receptors leads to increased capacity of the adrenals to
produce aldosterone by up- regulating de novo cholesterol synthesis and cholesterol
uptake (174). Surprisingly, mRNA levels of Hmgcr (HMG-CoA reductase) and
Hmgcs1 (HMG-CoA synthase), two of the main enzymes in de novo cholesterol
synthesis, were up-regulated by approximately 2-fold in the adrenal at all DEHP
doses tested (Figure 32A, C). Insulin-induced gene 1 (Insig1), which plays an
important role in cholesterol biosynthesis, also was also up-regulated in the adrenal
at all DEHP concentrations (Figure 32E).

In contrast to the adrenal, Hmgcr,

Hmgcs1, and Insig1 mRNA levels in the heart were unaffected by in utero DEHP
exposures (Figure 32B, D, F).
Red oil O staining of adrenal glands showed dose-dependent differences in
lipid droplet accumulation (Figure 32G). The control group had a homogenous
distribution of lipids in the ZG, with few focal accumulations. Animals exposed to
100 – 300 mg/kg/day showed increases accumulations of lipid droplets confined to
the ZG. At 750 mg/kg/day, lipid droplet accumulation was seen both in the ZG and
zona fasciculata (ZF).
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Discussion
This study began from the observation that exposure of pregnant dams to
DEHP from GD14 until birth resulted in a 50% reduction of circulating testosterone
levels in the adult male offspring (PND60) (129, 132). During the in utero treatment
period, fetal Leydig cells are directly exposed to DEHP. However, DEHP and its
metabolites clear by 3 days following their administration (75), and therefore the
adult Leydig cell population, which differentiates long after DEHP clearance, is not
exposed directly to DEHP and its metabolites. This suggests that in utero exposure
to DEHP targets either the cells that give rise to the adult Leydig cells or the function
of other cells or tissues that in some way negatively impact on testosterone
production by the adult cells.
It is important to note that in utero exposure to another phthalate, the di(nbutyl) phthalate, was also shown to reduce testosterone levels in the adult, suggesting
the possibility of a common endocrine disrupting pathway involved in mediating the
long-term effects of phthalates (159). This raises public health concerns because
phthalates could act additively and/or synergistically (177, 178), thus exacerbating
the effects (179).
Although a direct effect of phthalates on fetal Leydig cell proteins and
enzymes involved in steroidogenesis has been shown (162, 180, 181), the decrease in
circulating testosterone seen in the adult rat following in utero to DEHP has been
shown to occur despite near normal Leydig cell numbers, steroidogenic protein and
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enzyme gene expression, and circulating LH levels (129, 132). The reports on
changes of LH levels in response to DEHP exposure are mixed. Treatment of
pubertal rats with DEHP resulted in decreased testosterone levels associated with an
increase (182) or no change in LH levels (183). This is in contrast to in utero DEHP
exposure where LH has been reported to be reduced (184) or, in our case, not
affected (129). Differences in dosing and time points selected for LH measurements
make the data difficult to compare. We suggest that the changes seen in circulating
LH levels likely depend on the time of DEHP exposure. Whether DEHP targets the
feedback loop regulating LH secretion or is a response to a chronic testosterone
decrease remains to be studied.

These results suggested that in utero DEHP

exposure impairs adult androgen formation by a mechanism that is independent of
the classical steroid biosynthetic pathway. The rationale for the studies conducted
herein was to search for such a mechanism.
We previously reported that in utero exposure to DEHP decreases MR
expression in adult Leydig cells, and thus affects aldosterone-regulated testosterone
formation (129). Based on these results, we evaluated whether DEHP exposure also
affects adrenal aldosterone formation. The doses of DEHP used in our rat studies
were calculated to be close to human equivalent doses (HED) (185). Thus, humans
are exposed to DEHP doses corresponding to 0.18 to 62.5 mg/kg/day rat exposures.
We show herein that in utero exposure to 100 mg/kg/day DEHP reduced by 50%
circulating aldosterone levels compared to control.

99

These reductions were

comparable in magnitude to the reductions in serum testosterone levels (129, 132).
Interestingly, the decrease in aldosterone was not sufficient to alter circulating levels
of electrolytes at PND60. Similarly, AT II levels were not changed suggesting that
renal perfusion was not affected by the decreased aldosterone levels. DEHP had no
effect on aldosterone levels at the 50 mg/kg/day dose and below, which correlated
with our previous testosterone level measurements (129, 132). We observed sexspecific long-term effects in steroid levels in response to DEHP exposure. In the
female offspring, aldosterone levels were increased. To gain further understanding
of the sex-specific effects of DEHP, a characterization of the aldosterone pathway
similar to that performed herein, must be carried out.
Aldosterone has been shown to induce MR activation in Leydig cells, and
thus to stimulate testosterone production by an MR-mediated mechanism (15).
Moreover, treatment with the MR antagonist spironolactone has been reported to
decrease androgen formation (144).

Thus, decreased serum aldosterone levels

together with reduced MR expression in Leydig cells, both induced by in utero
exposure to DEHP, could lead to the reduced testosterone production seen in the
adult rat. In the female offspring, estrogen levels were reduced to half that in
controls. We hypothesize that DEHP targets the ovary in either of two ways. First,
DEHP or its metabolites could target the theca cells to decrease androstenedione
biosynthesis, thus reducing the substrate of the Cyp19-containing granulosa cells in
which estrogens are produced. Another possibility is that DEHP directly targets the
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granulosa cells to reduce estrogen biosynthesis. The latter is consistent with reports
showing decreased biosynthesis of estradiol associated with decreased CYP19 levels
in human granulosa cells (186). A decrease in granulosa Cyp19 would likely result
in increased levels of androstenedione, mimicking polycystic ovary syndrome.
Whether MR, which is observed in higher levels in granulosa cells than theca cells,
is involved in the decreased estrogen levels remains to be seen (187).
In an effort to identify the mechanism responsible for the reduction in
aldosterone levels, we examined the effect of in utero exposure to DEHP on the
primary stimulants of aldosterone biosynthesis, receptors and proteins involved in
AT II signaling, the mineralocorticoid biosynthesis pathway, sources of extracellular
cholesterol, and key enzymes in the de novo synthesis of cholesterol. The main
stimulants for aldosterone secretion are AT II or potassium and, in extreme cases
such as profuse blood loss, ACTH. Unlike the sex hormones, the feedback loop
regulating aldosterone secretion is not primarily mediated by its nuclear receptor,
MR, but rather by the physiological effects of aldosterone. We found serum levels
of AT II, potassium, and ACTH to be unaffected by DEHP, suggesting that
aldosterone levels were sufficient to maintain the intravascular volume and, as
mentioned above, potassium equilibrium. This, together with the observation that
mRNA levels of the liver-made angiotensinogen and the kidney-made renin were
normal, suggested that the cause for decreased aldosterone synthesis in response to
DEHP treatment was most likely located in the adrenal gland. We measured mRNA
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levels of Angt1a, Angt1b, and Angt2 and found them to be significantly decreased, to
almost half of control levels, starting at 500 mg/kg/day DEHP dose.

Angt1b,

however, was reduced significantly even at the lowest DEHP dose used. This effect
of DEHP on Agtr1b paralleled its effect on circulating aldosterone and testosterone
levels. In humans, there is only one AT1, which differs from rodents in which AT1a
is in the ZG and medulla and AT1b is found exclusively in the ZG (23-25). The AT
receptor mRNA decrease correlated with reduced protein levels and indicated that
post-translational regulation was unlikely. AT II-mediated stimulation of the AT1a
and AT1b receptors in the ZG increases substrate availability for aldosterone
formation (188), adrenal cell growth, and proliferation (174). The decline in the
expression of Angt1b, and thus its decreased signaling, could be involved in the
observed reduction in serum aldosterone.

Aldosterone and the peripheral AT

receptors play a critical role in regulating blood pressure by raising intravascular
blood volume, or vasoconstriction of the arterioles, respectively. It remains to be
seen if the decrease in aldosterone and AT receptors have an impact on peripheral
blood pressure.
Another possible explanation for the decrease in aldosterone serum levels in
response to in utero DEHP exposure could be an effect on the mineralocorticoid
biosynthesis pathway. We measured mRNA levels of the proteins and enzymes
involved in aldosterone biosynthesis, and found little effect on the mRNA levels of
all but one enzyme, Cyp11b2, the final enzyme required for aldosterone biosynthesis
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(189). CYP11B2 is selectively expressed in the adrenal ZG, and is up- regulated by
AT1 receptor signaling (190). The reduction in Cyp11b2 could explain the decrease
in circulating aldosterone levels, but only in males exposed in utero to high (500
mg/kg/day) DEHP concentrations.
We then investigated the possibility that DEHP exposure might have reduced
the bioavailability of circulating cholesterol which, in turn, could lead to reduced
aldosterone formation. Thus, we determined the extracellular sources of cholesterol.
In adrenal cells, the preferred cholesterol substrate for aldosterone biosynthesis
comes from circulating HDLs, and its uptake into glomerulosa cells is mediated by
the SR-BI receptors (191). Serum measurements of total circulating cholesterol,
LDL, and HDLs showed no significant changes.

Taken together, these results

suggest that there are enough extracellular sources of cholesterol available to support
adrenal aldosterone formation.
We next assessed the levels of genes involved in cholesterol uptake and de
novo cholesterol biosynthesis pathways.

Ldlr mRNA levels were increased,

suggesting the import of cholesterol by the cells. In contrast, SR-BI, the preferred
pathway of cholesterol import into the glomerulosa cells (192), was unchanged,
suggesting that the chronic effects of DEHP are driven by an unknown target
involved in the Ldlr gene transcription regulation. An increase in AT II signaling is
known to enhance specific LDL binding and uptake, (193, 194), and in chronic
exposures it up-regulates SR-BI and LDL receptor pathways by increasing gene
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transcription (195-198). Similarly, the increase in genes involved in cholesterol
uptake after incubation with AT II was also observed in the adrenocortical cell line
LRP2PB (199).

Paradoxically, in our study circulating levels of AT II were

unaffected by DEHP exposure whereas AT receptor mRNA levels decreased.
Hmgcr (HMG-CoA), which mediates the rate- limiting step of the de novo
cholesterol synthesis, were up-regulated at all DEHP doses used. The up- regulation
of cholesterol uptake and de novo cholesterol synthesis pathways would be expected
to be associated with increased, not reduced, aldosterone output. Perhaps in utero
DEHP exposure might, in some unknown way, result in a reduced cholesterol
delivery to the mitochondria, thus triggering a feedback loop that results in the up
regulation of extracellular cholesterol import and de novo synthesis. This hypothesis
is supported by the dose-dependent increase in lipid droplet accumulation observed
in the ZG and, at the high dose of 750 mg DEHP/kg/day, in the ZF as well.
Additionally, expression of AT1 has been shown to occur through self-regulation
and in response to changes in sodium diet (200). It is possible that AT1 receptors are
down-regulated as part of a feedback loop triggered by DEHP. It remains to be
elucidated if the decrease in AT receptor mRNA levels is the cause or a consequence
of the changes observed in the cholesterol pathways. Interestingly, the mRNA levels
of the negative regulator of AT1 signaling, Agtrap, were also decreased (201). An
absence of negative modulation of the AT1 signaling pathway could lead to AT1
receptor down- regulation and thus to reduced aldosterone.
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The tissue specificity of the effects of in utero exposure to DEHP on the
adrenal is supported by the findings that the liver and kidney mRNA measurements
of RAAS pathway components, and heart mRNA levels of Hmgcr, Hmgcs1, Insig1,
and Ldlr, were not changed after in utero exposure to DEHP. This is in agreement
with our previous report in which MR and MR-driven genes were decreased in the
testis but not in kidney, and suggests that DEHP targets the testes and adrenals
during the GD14-19 window of fetal exposure (129). Leydig cells develop in two
waves, the fetal and adult populations. In the experimental design used herein, fetal
Leydig cells are directly exposed to DEHP. However, these cells disappear soon
after birth and are replaced by cells of the adult Leydig cell lineage, long after DEHP
has been cleared from circulation. Despite the direct detrimental effects of DEHP on
fetal Leydig cell steroidogenic enzyme expression and function (132, 180), the adult
Leydig cells could emerge unaffected from the fetal DEHP exposure and the testis
regains its ability to produce androgens, although at reduced levels (129, 132). The
adrenal gland is present throughout development. Therefore, disruption of gene
expression, possibly epigenetically mediated, could lead to long-term effects on
adrenal function. It is likely that the effects initiated by the in utero exposure to
DEHP emerge around puberty because reduction in aldosterone formation was not
seen at PND21. It is also likely that the reduced mineralocorticoid levels may affect
the differentiation process of the adult Leydig cell population. It remains to be seen
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if aldosterone or testosterone replacement therapy during the gestational stages or in
the adult could rescue the effects induced by DEHP.
In summary, the data presented herein and previously indicate that in utero
exposure to DEHP leads to reduced aldosterone formation by the adult adrenal and
reduced MR expression in adult Leydig cells (129, 132), resulting in reduced
testosterone formation. A schematic representation of the results presented herein in
relation to Leydig cell and adrenal development is presented in Figure 33. These
data bring forward the possibility that there exists an adrenal-testis axis regulating
testosterone formation, and perhaps adult Leydig cell differentiation. This axis could
react to the environment, stress, exercise or other stimulants, thereby playing an
important role in the regulation of steroid hormone biosynthesis.
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Figures 21 to 33
Figure 21. Reduction of testosterone and aldosterone serum levels in the adult
following in utero exposure to DEHP.
Circulating (A) testosterone, aldosterone, and corticosterone levels at PND60 [(B)
and (C)] and PND21 [(D) and (E)]. Results shown are means ± SEM from DEHPtreated dams at PND60 (N=4, with 2 adult offspring averaged per dam) and PND21
(N=3; with 2 adult offspring averaged per dam). *p < 0.05; **p < 0.01.
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Figure 21. Reduction of testosterone and aldosterone serum levels in the adult
following in utero exposure to DEHP.
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Figure 22. Aldosterone and estradiol serum levels in the adult female offspring
exposed in utero to DEHP.
Circulating (A) aldosterone and (B) estradiol levels at PND60. Results shown are
means ± SEM from one female offspring from each of 7 DEHP-treated dams. *p <
0.05; **p < 0.01.
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Figure 22. Aldosterone and estradiol serum levels in the adult female offspring
exposed in utero to DEHP.
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Figure 23. Secretagogues of aldosterone synthesis and serum electrolytes are not
affected by DEHP exposure.
(A) Circulating antiotensin II, (B) potassium, (C) ACTH, (D) sodium, (E) chloride,
and (F) calcium levels in animals exposed to 100, 300 or 750 mg/kg/day. Results
shown are means ±SEM from the average of two male offspring of 4 DEHP-treated
dams. (G, H) Q-PCR of liver Ang (angiotensinogen) and kidney Ren1 (renin) in
animals exposed to 100, 300 or 750 mg/kg/day, genes involved in synthesis and
regulation of angiotensin II.

Results shown are means ± SEM from the male

offspring of three dams per treatment point. *p < 0.05; **p < 0.01.
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Figure 23. Secretagogues of aldosterone synthesis and serum electrolytes are not
affected by DEHP exposure.
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Figure 24. Effects of DEHP in adult adrenal gland and weight.
(A) H&E staining of PND60 sections of adult adrenal gland of animals treated in
utero with DEHP at 100, 300 or 750 mg/kg/day. Scale bar = 200 µm. (B) Mean
weights of adrenal gland ±SEM. *p < 0.05.
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Figure 24. Effects of DEHP in adult adrenal gland and weight.

114

Figure 25. Decrease in AT receptors levels in adult adrenals following in utero
exposure to DEHP.
Q-PCR of (A-C) AT receptors and (D) AT-related protein in adult adrenal gland of
animals exposed to increasing concentrations of DEHP (100-950 mg/kg/day).
Immunoblot analysis for (E) AT1 and (F) AT2 in adult adrenal glands exposed to
100, 300 or 750 mg/kg/day DEHP. Results shown are means ± SEM from the male
offspring of three dams per treatment point. *p < 0.05; **p < 0.01.
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Figure 25. Decrease in AT receptors levels in adult adrenals following in utero
exposure to DEHP.
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Figure 26. The AT receptors levels are not affected in kidney cortex.
Q-PCR of (A – C) AT receptors and (D) AT-related protein in adult kidney cortex of
animals treated in utero with DEHP at 100, 300 or 750 mg/kg/day. Results shown
are means ± SEM from the male offspring of three dams per treatment point, with
each sample processed in triplicate. *p < 0.05; **p < 0.01.
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Figure 26. The AT receptors levels are not affected in kidney cortex.
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Figure 27. Angt1a receptor promoter methylation.
Bisulfite sequencing of Angt1a gene (NW_047491.1 15000508 – 15001032) in adult
adrenal gland of animals treated in utero with DEHP at 100, 300 or 750 mg/kg/day.
Black circles indicate CpG methylation and gray and yellow circles are CpG that
were not sequenced.
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Figure 27. Angt1a receptor promoter methylation.

120

Figure 28. Angt1b receptor promoter methylation.
Bisulfite sequencing of Angt1b gene (NW_047624.1 10592171 – 10592486) in adult
adrenal gland of animals treated in utero with DEHP at 100, 300 or 750 mg/kg/day.
Black circles indicate CpG methylation.
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Figure 28. Angt1b receptor promoter methylation.
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Figure 29. Atrap receptor promoter methylation.
Bisulfite sequencing of Atrap gene (NW_047727.1 4984805 – 4985232) in adult
adrenal gland of animals treated in utero with DEHP at 100, 300 or 750 mg/kg/day.
Black circles indicate CpG methylation.
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Figure 29. Atrap receptor promoter methylation.
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Figure 30. In utero exposure to DEHP decreases zona glomerulosa expression of
Cyp11b2 at high doses.
Q-PCR of the proteins and enzymes involved in aldosterone biosynthesis in adult
adrenal gland of animals exposed in utero to increasing concentrations of DEHP
(100-950 mg/kg/day). Cyp11b2 was the only enzyme affected by in utero exposure
to DEHP (≥500 mg/kg/day). Results shown are means ± SEM from the offspring of
three dams per treatment point. *p < 0.05; **p < 0.01.
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Figure 30. In utero exposure to DEHP decreases zona glomerulosa expression of
Cyp11b2 at high doses.
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Figure 31. Serum levels of cholesterol and triglycerides and up regulation of the
extracellular cholesterol capture pathway.
(A) Cholesterol, (B) LDL, (C) HDL, (D) triglyceride serum levels at PND60.
Results shown are means ±SEM from the average of two male offspring of 4 DEHPtreated dams. Q-PCR of the genes involved in extracellular capture of cholesterol
(E) Ldlr and (G) Scarb1 in adult adrenal gland of animals exposed to increasing
concentrations of DEHP (100-950 mg/kg/day). Q-PCR of same genes (F and H) in
adult heart (left ventricles) of animals treated in utero with DEHP at 100, 300 or 750
mg/kg/day. Results shown are means ± SEM from the offspring of three dams per
treatment point, with each sample processed in triplicate. *p < 0.05; **p < 0.01.
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Figure 31. Serum levels of cholesterol and triglycerides and up regulation of the
extracellular cholesterol capture pathway.
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Figure 32.

Up regulation of the rate limiting enzyme in de novo cholesterol

biosynthesis and accumulation of lipid droplets in ZG.
Q-PCR of (A) Hmgcr and (C) Hmgcs1, genes involved in the de novo biosynthesis of
cholesterol, and of the regulator of cholesterol biosynthesis, (E) Insing1, in adult
adrenal gland of animals exposed in utero to increasing concentrations of DEHP
(100-950 mg/kg/day). Q-PCR of same genes (B, D, and F) in adult heart (left
ventricles).

(G) Increase in adrenal lipid droplets following DEHP exposure.

Adrenals obtained from PND60 rats were stained with red oil O. Scale bar = 200
µm. Results shown are means ± SEM from the offspring of three dams per treatment
point. *p < 0.05; **p < 0.01.
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Figure 32.

Up regulation of the rate limiting enzyme in de novo cholesterol

biosynthesis and accumulation of lipid droplets in ZG.
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Figure 33. Summary of effects in adult adrenals exposed to DEHP in utero and
relationship to decrease testosterone levels.
Exposure to DEHP during fetal development targeting the adrenal gland causes
decreased AT receptor levels in the adult. The reduced AT receptor levels would not
be sufficient to support the production of physiological amounts of aldosterone in
response to AT II stimulation. Therefore, the decreased aldosterone serum levels
together with the previously reported reduction in the MR receptor in adult-Leydig
cells could result in an impaired biosynthesis of androgens in the adult.
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Figure 33. Summary of effects in adult adrenals exposed to DEHP in utero and
relationship to decrease testosterone levels.
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CHAPTER 3.
In utero exposure to DEHP affects the potassium pathway in the adrenal glands
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Abstract
In utero exposure to the phthalate plasticizer DEHP induces reduction of
testosterone production in the adult rat.

We previously reported that DEHP

decreases the mineralocorticoid receptor (MR; NR3C2) in Leydig cells as well as
aldosterone serum levels.
production, and therefore

MR activation in Leydig cells increases androgen
a receptor/ligand

decrease

could

mediate the

antiandrogenic effects of DEHP. In search of the mechanism underlying the effect
of in utero DEHP exposure on adrenal aldosterone formation in the adult rat, we
observed that DEHP decreases the expression of angiotensin II receptors despite the
presence of normal serum levels of the main aldosterone stimulants, angiotensin II
and potassium. To further understand the long-term effects of DEHP, we examined
global gene expression in adult (postnatal day 60) adrenals. In utero exposure to
DEHP resulted in the up-regulation of genes associated with aldosterone production
and also de novo cholesterol synthesis, a paradoxical finding given the reduced
aldosterone levels. Clustering of genes affected by DEHP into those shown to be upregulated when zona glomerulosa cells are stimulated by angiotensin II or potassium
revealed that in utero exposure to DEHP triggers a potassium-like response in the
adult. Detailed gene array data analysis followed by confirmation using quantitative
real time -PCR identified the potassium channels Kcnk5 and Kcnn2 as novel targets
of DEHP exposure. It is our hypothesis that a deregulation in potassium channel
gene expression can lead to a chronic activation of the adrenal zona glomerulosa,
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resulting in the reduction of angiotensin II receptor expression and inhibition of
aldosterone production.
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Introduction
Phthalates are plasticizers known to have endocrine disrupting properties (61,
121, 132). DEHP is among the most used of phthalates and its wide spread use has
resulted in a high percentage of the population with detectable levels of phthalates in
bodily fluids (61). Exposure of pregnant Sprague-Dawley dams to DEHP results in
decreased testosterone production in the fetal testis and results in altered
development of primary male sexual organs in the male rat offspring (108). In the
adult, exposure to DEHP decreased testosterone serum levels in the male offspring
despite normal levels of luteinizing hormone (LH), proteins and enzymes involved in
cholesterol synthesis, and near normal Leydig cell numbers (129, 132). These results
suggest that DEHP targets a pathway independent of the classic steroidogenic
pathway. We previously reported that in utero exposure to DEHP decreases the
expression of the mineralocorticoid receptor (MR) in adult Leydig cells (129) and
aldosterone serum levels (Chapter 2). Activation of MR by aldosterone in Leydig
cell increases testosterone production alone or synergistically with LH (15) and a
receptor/ligand decrease is likely to have a negative impact on androgen
biosynthesis. The decreased aldosterone levels did not affected serum electrolytes or
the main aldosterone stimulants suggesting that the dysfunction was confined to the
adrenals glands and that it was not enough to affect the renin-angiotensin-aldosterone
system of the rat in resting conditions (Chapter 2).
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Aldosterone is biosynthesized by the zona glomerulosa (ZG) of the adrenal
glands in response to AT II and potassium. We recently described that the AT
receptors 1a, 1b, and II were decreased to almost half of the control levels suggesting
and that the zona glomerulosa (ZG) was under stimulated to produce aldosterone
(Chapter 2).

Paradoxically, the de novo synthesis and uptake of cholesterol

pathways were up regulated; an event associated with ATII stimulation, while the
mRNA levels of proteins and enzymes involved in the cholesterol transfer to the
mitochondria and aldosterone biosynthesis were unaffected by DEHP (Chapter 2).
These findings were supported by an increase in lipid droplets in the ZG of the
DEHP exposed animals suggesting an inability of the cells to deliver cholesterol into
the mitochondria (Chapter 2).
The glomerulosa cells are uniquely equipped to sense changes in extracellular
potassium (27). This ability is largely conferred by the expression of two-pore
domain K+ channels (TASK) that maintain a negative electronegative potential (-70
to -80 mV, inside) (202). Increases in extracellular K+, decreases in intracellular K+
or closure of the potassium channels results in cell depolarization and activation of
T-type voltage-activated Ca2+ channels (203). The increase in intracellular calcium
enhances the formation of cAMP in a Ca2+ dependent manner resulting in STAR
activation, transport of cholesterol in to the mitochondria, and formation of steroids.
We report here in that in utero exposure to DEHP results in up regulation of
genes associated with aldosterone production triggered by the potassium pathway.
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We found the TWIK-related acid-sensitive K+ channel (Kcnk5) and the potassium
channel tetramerisation domain containing 6 (Kctd6) were up regulated and the
potassium channel tetramerisation domain containing 14 (Kctd14) and potassium
intermediate/small conductance calcium-activated channel (Kcnn2) were down
regulated by DEHP. Taken all together the data suggest that the potassium channels
are primary targets of DEHP in the adrenal gland resulting in a fault in the potassium
sensing mechanism likely contributing to decreased aldosterone production and
consequential under stimulation of Leydig cells. Our previous body of work together
with the present findings suggest that the adrenals glands are a DEHP target and
likely responsible for the antiandrogenic effects of this chemical (129, 132).
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Material and methods
DEHP treatment and animal care
Timed pregnant Sprague–Dawley rats were purchased from Charles River
Laboratories (Wilmington, MA) and gavaged daily with corn oil or with 100, 300,
500, 750 or 950 mg/kg/day DEHP (Sigma-Aldrich, St. Louis, MO) from gestational
day (GD) 14 until parturition [postnatal day (PND) 0]. The animals were weighed
every two days, and the doses were adjusted accordingly. Male offspring were
euthanized at PND21 or PND60. Adrenals were collected and snap frozen in liquid
nitrogen. Animals were handled according to protocols approved by the McGill
University Animal Care and Use Committee.
Microarrays
Adrenal glands of offspring exposed to corn oil, 100, 300, or 750 mg
DEHP/kg/day were extracted and snap frozen in liquid nitrogen. Total mRNA was
extracted and DNAase (Quiagen) treated using RNAeasy kit (Quiagen) according to
manufacturer’s instructions. Quality of RNA was tested using GeneChip. mRNA
was fluorescently tagged, reverse transcribed and hybridized to a Rat Genome 230
2.0 Array (Affymetrix). The data was normalized using the PLIER algorithm and
multiple T-test comparison were used to identify significantly changing genes.
Three microarrays were hybridized for animals exposed to corn oil, 100, and 300 mg
DEHP/kg/day and two for the 750 mg DEHP/kg/day, each from a male offspring of
one pregnant dam. Microarray data of ZG cells stimulated with potassium or ATII
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was taken from GEO database under accession number GSE8421 (204) and
processed as described above.
Cell line
NCI-H295R cell line was purchased from the American Type Culture Collection
(ATCC, Manasas, VA) and kept at 37oC at 5% CO2 in DMEM-F12 (Invitrogen)
supplemented with 2.5% Nu-Serum I (BD Biosciences) and 1% ITS Premix (BD
Biosciences) containing 6.25 mg/l insulin, 6.25 mg/l transferring, 6.25 ng/ml
selenium, 1.25 mg/ml bovine serum albumin, and 0.00535 mg/ml linoleic acid.
Quantitative real–time PCR (Q–PCR) analysis
Adrenals were collected at PND21 or PND60 and snap frozen in liquid nitrogen.
Tissue extraction and Q-PCR were performed as previously described (129).
GAPDH was used as an endogenous control to normalize the gene targets obtained
from one male offspring of 3 litters per treatment, with each sample processed in
triplicate. The comparative Ct method was used to express the results relative to the
reference gene.
MEHP preparation
MEHP was dissolved in DMSO as previously described and constituted 5% v/v
of the final media (164). Control cells were exposed to the same amount of DMSO.
Calcium measurements
NCI-H295R cells (5 x 104) were seeded in a 96-black well/clear bottom plate
(Costar 3603) in quadruplicate. After 24hrs, the cells were exposed to increasing
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concentrations of MEHP for 24 h. The media was removed and cells were incubated
with Fluo-4-dye (Invitrogen) according to manufactures instructions for 30 min at
37oC and 45 min at 25oC. The cells were stimulated with 10 nM ATII (Tocris) or 10
mM potassium (Sigma-Aldrich) while monitoring the fluorescence signal using
excitation/emission filter pair 485/535 nm for 125 sec at a 0.5 sec measurement time
in a Victor X luminometer (Perking Elmer). The four curves per treatment group
were averaged and plotted. Quantification of calcium response was achieved by
baseline correcting curves and calculating the area under the curve using the
WorkOut v1.02 software package (Perkin Elmer). Each experiment was performed
in triplicate.
Aldosterone and cortisol measurements
H295R cells (6 x 104) were seeded in a 96-well plate and treated following 24 h
with various concentrations of MEHP. After 24 h, fresh media containing 0.2% NuSerum I and 10 mmol/L of potassium or 10nM of AT II was added and incubated for
an additional 24 h before collecting the media. Steroid content in the collected
culture media was quantified using the Aldosterone or Cortisol EIA kit (Cayman
chemical, Ann Arbor, MI) according to the manufacturer’s instructions.
Statistical analyses
Statistical analysis of the data using the one-way ANOVA analysis followed by
Dunnett’s posttest was performed with Prism v4.02 (GraphPad, Inc, San Diego, CA).
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In all experiments, the experimental unit was the pregnant dam and the responses of
pups from at least 3 dams for each treatment were examined independently.
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Results
In utero exposure to DEHP up regulated the potassium pathway
We began our analysis of the adult adrenal gland transcriptome by clustering
genes up- and down- regulated after in utero exposure to oil, 100, 300, or 750
mg/kg/day of DEHP. We used Venn diagrams to find common genes up regulated in
the DEHP exposed adrenal glands and glomerulosa cells stimulated with angiotensin
II or potassium (Figure 34A) (204). The results obtained showed that DEHP affects
the expression of more genes in common with the potassium- than the ATIIstimulated glomerulosa cells. The potassium-prone response is also observed in the
up regulation of genes exclusively expressed when glomerulosa cells are exposed to
potassium (Figure 34B).
We identified the potassium channels Kcnk5 and Kctd6 to be up regulated and
Kcnn2, Kctd14, and Kctd2 down regulated by in utero exposure to DEHP (Figure
35A). Quantitative PCR of Kcnk5 in male offspring exposed to 100 to 950 mg/kg/d
shows increased expression at PND21 and PND60 (Figure 35B). This is contrary to
Kccn2 that was minimally affected at PND21 but showed decrease expression at all
doses tested at PND60 (Figure 35B).
MEHP decreases the intracellular calcium levels in H295R cells stimulated with
angiotensin II or potassium
We examined the calcium response in the human glomerulosa-derived cell
line H295R after stimulation with angiotensin II or potassium. Figure 36 shows
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significant decreases in intracellular calcium release after exposure to MEHP starting
at the lowest 1 µM dose used (Figure 36C and D). The potassium induced-calcium
response was more affected by MEHP than the angiotensin II response. This is
observed by the absence of fluo-4 signal 20 – 50 seconds after potassium stimulation
(Figure 36A and B).
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Discussion
Our previous work showed that in utero exposure to DEHP targeted the
adrenal gland by decreasing aldosterone production in the male offspring. The
decrease in aldosterone serum levels was in the presence of normal serum levels of
potassium and angiotensin II which suggested that the source of decrease aldosterone
was confined to the adrenal gland. Expression of the AT receptor 1a, which is
specifically expressed in the zona glomerulosa, was decreased starting at the lowest
dose tested (100 mg/kg/d) and correlated in magnitude with the decrease observed in
aldosterone levels.

This finding suggested that exposure to DEHP could have

decreased mineralocorticoid synthesis by down regulating the AT1a receptor which
is one of the two main pathways controlling aldosterone secretion. Paradoxically,
the extracellular cholesterol capturing pathway and de novo cholesterol pathway
were up regulated and coincide with increased lipid droplets in the zona glomerulosa.
The increased sources of cholesterol together with the decrease aldosterone levels
suggest an inability to deliver cholesterol to the mitochondria thus decreasing steroid
production. We hypothesize that in utero exposure to DEHP resulted in altered
expression of genes involved in the regulation of aldosterone.
To gain further insight into the pathways affected by exposure to DEHP we
explored the global gene expression of PND60 adrenal glands. The results show that
a considerable number of genes were up / down regulated indicating that exposure to
DEHP altered long-term adrenal gene transcription. We used a gene list obtained
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from purified adult rat glomerulosa cells stimulated in vitro with 100 nM of ATII or
10 mM of potassium to identify the pathways affected by DEHP. Venn diagrams
showed that the DEHP-exposed adrenal gland had more genes in common with the
potassium-treated than ATII -stimulated rat glomerulosa cells.

This finding

suggested for the first time that the potassium sensing pathway was affected by in
utero exposure to DEHP. We also compared the DEHP-induced genes with a list of
genes differentially expressed when glomerulosa cells were exposed to ATII or
potassium and found an effect on the potassium pathway. Since the rats were not
acutely stimulated with neither ATII nor potassium, these data suggest that the gene
deregulation induced by DEHP leads to chronic activation of the potassium pathway
in the adrenal.
We examined the expression of all potassium channels listed in the global
gene array and found that Kcnk5 and Kcnn2 were the most affected, up and down
regulated, respectively. Interestingly, Q-PCR of Kcnk5 expression showed that it
was already up regulated at PND21 when no effect on circulating aldosterone levels
is observed. This is contrary to Kcnn2 expression that was decreased from PND21 to
PND60 and coincides with the observed aldosterone decrease. The mechanism by
which these two genes affect aldosterone production remains to be elucidated. One
possibility is that the chronic activation of the potassium pathway induced by DEHP
could have resulted in the decrease of ATR receptor. Other potassium channels like
Kctd6, Kctd14, and Kctd2 were altered but to a lesser extent and may be part of a
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feed-back loop compensating for the gene deregulation of a key potassium channel
targeted by DEHP.
To gain further insight into the mechanisms affecting aldosterone
biosynthesis we used H295R cells which are glomerulosa-derived cells of human
origin. We studied the calcium response of H295Rs after stimulation with ATII or
potassium exposed to the bioactive DEHP metabolite MEHP.

The levels of

intracellular calcium increase proportionally with the magnitude of the stimulation
and are involved in the downstream signaling leading to steroid biosynthesis (205).
Exposure of the cells to MEHP decreased the calcium response in ATII- and
potassium-stimulated cells. The calcium levels were lower in response to potassium
than ATII stimulation suggesting that the potassium pathway is more sensitive to
MEHP. Further studies exploring the regulation of gene expression of potassium
channels should yield a better understanding of the effects of MEHP in glomerulosa
cells. Taken together, these data show that the H295R cells can be used as a model
system to study the effects of MEHP. This cell model will significantly aid in
understanding the mechanisms targeted by MEHP.
In conclusion, the data presented herein suggest that DEHP targeted the
potassium sensing pathway of the adrenal gland in the male offspring exposed in
utero to DEHP. The chronic activation of the steroidogenic pathway could have
resulted in a down regulation of the AT receptors as previously observed (Chapter
2). It remains to be seen if the deregulation of the identified potassium channels is
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related to the increased lipid droplets found in the zona glomerulosa which are likely
a result of the up regulation of cholesterol capturing and de novo synthesis pathway.
This body of work also suggests that an event, most likely puberty, was needed to
unmask the effects of DEHP in the adult.
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Figures 34 to 36
Figure 34. In utero exposure to DEHP induces a potassium-like response.
Pregnant dams were gavaged from GD14 until birth with oil or 100 – 750 mg/kg/d of
DEHP. Adrenal glands were collected at PND60 and hybridized to an Affymetrix
Rat 230 2.0 gene chip. The arrays were normalized and the fold increase was
calculated in comparison to control for all the doses. (A) Genes up regulated by
DEHP were compared to genes up regulated when isolated glomerulosa cells were
stimulated with angiotensin II or potassium. The Venn diagrams shows a greater
number of genes shared with a potassium response. (B) A list of differentially
expressed genes when isolated glomerulosa cells were stimulated with angiotensin II
or potassium was used to map the expression of gene up regulated by DEHP. The
heat map shows a greater expression of genes related to the potassium pathway.
Paradoxically, while the potassium response was increased, the stimulants of
aldosterone biosynthesis were not changing suggesting a chronic activation of the
adrenal gland induced by DEHP.
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Figure 34. In utero exposure to DEHP induces a potassium-like response.
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Figure 35. The expression levels of the potassium channels are affected by DEHP.
Pregnant dams were exposed to DEHP from GD14 until birth. Adrenal glands from
male offspring were collected at PND60.

(A) Potassium channel expression

obtained from global gene expression assay shows that Kcnk5 and Kcnn2 mRNA
expression was the most affected by DEHP exposure. (B) Quantification of mRNA
levels of Kcnk2 and Kcnk5 at two developmental points.

Kcnk5 levels were

increased at PND21 and PND60. Kcnn2 mRNA levels were near normal at PND21
and then decreased at PND60 in all doses tested. The data suggest that the DEHP
excerpts it maximum effect in adrenal at PND60.
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Figure 35. The expression levels of the potassium channels are affected by DEHP.
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Figure 36. The calcium signaling in response to ATII or potassium is affected by
MEHP in H295R cells.
4

H295R cells were plated (5x10 ) and exposed to various concentrations of MEHP for
24 h. The cells were loaded with the Flu0-4 dye and stimulated with either ATII or
potassium while monitoring fluoresce. Fluorescent signal after stimulation with (A)
ATII or (B) potassium was followed for 140 seconds. The curves were base line
corrected and the area under the curve was calculated for (C) ATII and (D)
potassium. The arrow shows the time of stimuli. ANOVA *p < 0.05; **p < 0.01.
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Figure 36. The calcium signaling in response to ATII or potassium is affected by
MEHP in H295R cells.
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Summary and Conclusions
The present thesis intends to provide insight into the molecular mechanisms
of the antiandrogenic effects of DEHP in the male rat. Several lines of evidence
point out that the antiandrogenic effect of DEHP is exerted by a mechanism
independent on the classic steroidogenic pathway (120-122).

Fetal exposure to

DEHP decreases fetal testosterone levels by decreasing the expression of proteins
and enzymes involved in cholesterol transport and androgen biosynthesis considered
as the classic steroidogenic pathway (126, 132, 206). However, DEHP exposure
decreases testosterone levels in adult rats without significant changes in the androgen
biosynthesis pathway (129, 132). This evidence and the finding that DEHP and its
metabolites are cleared within 3 days from the circulation suggest that an alternative
pathway of androgen biosynthesis is long-term affected by DEHP (206). Therefore,
the main objective of this thesis is to identify and characterize a new mechanism
underpinning DEHP antiandrogenic effect in the adult rat. Because Leydig cells are
the main source of testosterone production, we hypothesize that DEHP exposure
affects the progenitor cells of the adult Leydig cells through an epigenetically
mechanism (133). The data presented herein shows that DEHP targeted the adult
Leydig cell population resulting in decreased MR levels and correlate with
epigenetic changes in the MR promoter (129). The adrenal gland was also affected
by DEHP and resulted in reduced aldosterone levels that correlated in magnitude to
MR and testosterone levels. Aldosterone acting through MR in Leydig cells has
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been shown to regulate androgen biosynthesis and a receptor / ligand decrease could
result in the decrease testosterone levels in the adult (15). This body of work
supports the idea that DEHP targeted the development of the testis and adrenal gland
resulting in a steroid deregulation in the adult. Moreover, these results demonstrate
the existence of an adrenal-gonadal axis governing androgen production that is
affected by DEHP exposure.
The model of DEHP exposure we used in this thesis was previously reported
by our group and consists of gavaging daily doses of DEHP (100-950 mg per
kilogram) to pregnant Sprague-Dawley rats from GD14 to either GD19 or until birth
(129, 132). Testes were collected at time points GD19, PND3, PND21, and PND60.
We assessed the effect of acute exposure to DEHP on cells immunoreactive to nestin
(progenitor of Leydig cells) and cell immunoreactive to CYP11A1 (mature Leydig
cells). Co-immunostaining of testis slices showed Leydig cell clustering and a
disorganized testis architecture, as previously reported (129).

Moreover, we

observed a decrease in CYP11A1-positve cells and an increase of Nestin-positive
cells, suggesting that DEHP induced a delay in Leydig cell development at GD19
(129). Quantitative PCR was used at the various time points to detect possibly
altered expression of genes that play a key role in steroid production. The nuclear
receptor subfamilies 3A and 3C contain the receptors that mediate the action of the
steroid hormones and regulate the expression of proteins and enzymes involved in
steroidogenesis. Levels of mRNA of the NR4A and 3C members showed significant
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increases and decreases in expression at GD19, PND3, and PND21 when compared
with the controls. Those changes were reversible at PND60 in all the receptor
subfamilies studied, except MR. A significant decrease by 50% of MR mRNA
levels were seen at dose as low as 100 mg/kg/day dose. This decrease was also
observed in immunoblots from purified interstitial space that are enriched with
Leydig cells (30%) and was similar in magnitude to the levels of MR mRNA. The
decrease in MR expression correlated with the reduced testosterone levels.
Immunofluorescence analysis using anti-MR sera in testis slices showed an intense
staining in the Leydig cell-containing interstitial space that decreased in a dosedependent manner with DEHP exposure. The decrease was seen at doses as low as
250 mg/kg/day. MR has been shown to regulate testosterone formation in adult
Leydig cells. Stimulation of purified Leydig cells with aldosterone alone or in
combination with LH increases testosterone production when androgen biosynthesis
is maximal (15). The testosterone production was blocked by the MR antagonist
RU28318 even in the presence of LH suggesting that MR plays a critical role in
androgen regulation. Moreover, Leydig cells also express the enzymes HSD11B1
and HSD11B2, which are responsible for the inactivation of glucocorticoids that
share similar affinity than aldosterone for the MR receptor (15).

This finding

indicates that aldosterone is able to activate MR specifically. The decrease in MR
levels induced by DEHP had a significant impact in decreasing expression levels of
Sgk1, Enac and Et-1, genes that contain an MR responsive element and that are
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dependent on MR activation for their transcription. The effects induced by in utero
exposure to DEHP seem to be specific to the testis, because no effects were observed
in the kidney.
We also hypothesized that DEHP induced epigenetic changes involved in the
decreased MR expression in the adult. In light of growing evidence suggesting that
environmental factors may induce epigenetic changes (DNA methylation and/or
histone modifications) early in life, with effects manifested in the adult (21), we
explored epigenetic changes in nuclear receptor family members. We choose to look
at DNA methylation because the techniques available allowed us to probe a large
number of candidate genes in a time- and cost-efficient manner.

We used

Methylation-specific PCR (MSP) to detect DNA methylation changes in the MR
promoter and members of the NR3A and 3C as well as other nuclear receptors such
as Nr2r1 (RARα), Nr2r2 (RARβ), Nr1a1 (TRα). CpG-islands searcher software (24)
was used to identify CpG-rich regions near promoter areas or first exons within
target genes with a GC content of at least 55% and an observed CpG to expected
CpG ratio of 0.65. Methprimer software (25) was used to design MSP primers.
MSP data showed a change in methylation patterns that were mostly concentrated in
the NR3A and 3C families with minor changes observed in other nuclear receptors.
We characterized the promoter regions of the 3A and 3C family members and
identified several areas of increased DNA methylation. We identified a differentially
DNA methylated region in one of the two promoters of MR that was methylated in
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control and demethylated in the DEHP exposed animals in all DEHP doses tested.
While this combination of DNA methylation and gene expression is uncommon, we
hypothesized the following two scenarios that could explain these results. First, it is
likely that the expression of MR is due to the methylation state of the whole
promoter and that we were not able to detect changes in the first promoter region
because of the various testis cell populations. Second, the MR promoter methylation
and expression could be analogous to the gene promoter methylation of the human
telomerase catalytic subunit in which increase methylation also led to increased
human telomerase catalytic subunit expression and telomerase activity in various
cells (171).
LH levels were not affected by in utero exposure to DEHP at PND60
suggesting that the hypothalamus-pituitary-gonadal axis was not affected (129, 207).
Levels of LH have been reported to be increased (208) or decreased in other models
of phthalate exposure (209). The time of exposure and the doses used in these
experiments makes the data difficult to compare with our findings. However, the
consensus is that exposure to DEHP before puberty has a more long-lasting effect in
the adult than post-pubertal exposure. Taken all together, the data suggest that in
utero exposure to DEHP decreases the expression and function of MR in Leydig
cells and maybe an alternate pathway involved in the reduced androgen biosynthesis
in the adult.
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We then questioned whether the MR-ligand aldosterone was affected by
DEHP. Serum aldosterone levels were decreased in a dose-dependent manner in a
range from 100 to 750 mg/kg/day in the adult rats. Similar decreases were seen in
testosterone and MR levels in the Leydig cells. The effect on the adrenal gland
function is confined to the zona glomerulosa because there were no significant
changes in corticosterone levels. Interestingly, aldosterone levels were unaffected at
PND21 suggesting that an external event, perhaps, puberty was needed to make the
effects of DEHP evident in the adrenal gland. The decreased aldosterone levels did
not have an impact on serum electrolytes including potassium levels. The data
suggest that the low aldosterone levels were sufficient to maintain potassium
homeostasis and we speculate that aldosterone levels did not drop further to avoid a
potentially lethal potassium imbalance. These findings suggested the existence of an
adrenal-testis axis regulating testosterone production that was revealed by the effects
of DEHP on the adrenal gland. We then searched for the mechanism behind the
aldosterone decrease. The morphology of the adrenal cortex shows subtle alteration,
which was seen in the zona glomerulosa / fasciculata border and consisted of an
expansion of the glomerulosa. This cytoarchitectrure alteration did not affect the
weight of the adrenal gland in the DEHP doses lower than 750 mg/kg/day, which
caused a significant 5% of decrease of adrenal gland weight. In the adult testis, the
mRNA levels of proteins and enzymes involved in cholesterol transport and
aldosterone biosynthesis were not affected, except aldosterone synthase. Cyp11b2
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was decreased at the dose as high as 500 mg DEHP/kg/day and this decrease
accounts for decrease aldosterone production at higher doses of DEHP exposure.
Interestingly, the lower DEHP doses of 100 and 300 mg/kg/day caused reduced
aldosterone levels in the presence of normal levels of Cyp11b2, suggesting that an
alternative pathway was affecting mineralocorticoid biosynthesis.
To determine the cause of the aldosterone decrease, we explore the RAAS
pathway that controls the biogenesis of the potent aldosterone inducer angiotensin II.
The serum levels of angiotensin II were unaffected by DEHP exposure suggesting
that the mechanism for decreased aldosterone was confined to the adrenal gland.
This is in agreement with the lack of the DEHP effect on levels of the liver-made
angiotensinogen (Agt) and the kidney-made renin (Ren) mRNA known to reflect the
levels of secreted renin. Further evidence of a centralized adrenal dysfunction is
provided by the decrease in the levels of the angiotensin II receptors in the adrenal
gland, but not in the kidney. AT1b, which is selectively expressed in the zona
glomerulosa, was decreased at DEHP dose as low as 100 mg/kg/day (23-25). AT1b
receptor down regulation might lead to a reduced angiotensin II signaling and
consequently to reduced production of aldosterone.
We also examined the external and internal sources of cholesterol to assess if
there is enough substrate for cholesterol biosynthesis. Circulating levels of total
cholesterol, LDL, HDL, and triglyceride levels were not affected by DEHP. In
contrast, the LDL receptor mRNA was significantly increased in adrenal glands.

161

Moreover, the enzymes in the cholesterol de novo biosynthesis pathway were also up
regulated. This paradoxical finding contrasts the presence of increased intracellular
cholesterol with a decrease in aldosterone output suggesting an inability to deliver
cholesterol to the mitochondria. This was corroborated by an increase accumulation
of lipid droplets in red oil O stained adrenal sections; this accumulation was confined
to the area of the glomerulosa that produces aldosterone and was maximal at the 300
mg/kg/dose. Taken together these results suggest that in utero exposure to DEHP
induced an adrenal gland dysfunction in the adult resulting in the decrease of the AT
receptors and accumulation of lipid droplets in the zona glomerulosa.
To determine the possible causes of the adrenal dysfunction we used a
genome wide transcription approach. Affymetrix arrays of PND60 adrenal glands of
male offspring exposed in utero to DEHP showed various genes up and down
regulated. To gain further insight into the transcriptome changes induced by DEHP,
we compared our list of up / down regulated genes with the global gene expression
of glomerulosa zone specific array. The ZG expression data was obtained from
purified glomerulosa cells stimulated with 100 nM of angiotensin II or 10 mM of
potassium for one hour to induce a maximum transcriptional-specific response (204).
By using Venn diagrams, we identified genes up regulated by DEHP that where
common to the potassium or angiotensin II pathway. The comparison showed that
the genes up regulated-long term by DEHP were similar to those common to the ZG
acutely stimulated with potassium. This finding suggested that DEHP chronically
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activated the adrenal gland through the potassium pathway.

The cause of this

activation is likely confined to the adrenal gland since the potassium and angiotensin
II levels were similar to control. We hypothesize that a potassium channel was
deregulated in the DEHP treated rats resulting in an inadequate sensing of potassium
levels. Using the global gene expression data, we gathered the expression of the 131
annotated potassium channels and searched for deregulated gene candidates.
Expression of most of the potassium channels was similar to control levels, except
Kcnn2, Kctd2, Kctd13, and Kctd14 that were decreased, and Kcnk5 and Kctd6 that
were increased. Glomerulosa cells have the unique ability to sense extracellular
potassium levels (27). An alteration of the function of potassium channels because
of their altered expression - might affected glomerulosa function shown in this thesis.
It is likely that a compensatory mechanism was triggered to avoid a further decrease
in aldosterone levels. Whether this could have resulted in the decreased angiotensin
II receptor levels or the up regulation of cholesterol sources leading to an
intracellular accumulation of lipids remains to be seen. Evidence of the role of
potassium channels in aldosterone regulation was observed in a mouse lacking
Kcnk3 and Kcnk9 which had high aldosterone levels (210).
Future directions of this project will focus in two main areas. First, search
for the molecular mechanisms underpinning the long-term effects of DEHP in the
adrenal gland. It is likely that a gene or genes were epigenetically modified during
the acute DEHP exposure and affected their expression in the adult. The expression
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of this gene was not critical for aldosterone production at PND21 suggesting that the
onset of puberty was needed to unmask the effects of DEHP. Whether, there is a
direct stimulation of LH on the adrenal gland or the effects observed are a result of
rising testosterone levels is also a topic for future studies. Our data showing that the
DNA methylation of the promoter regions of Agtr1a, Agtr1b, Atrap, Kcnk5 and
Kcnn2 was not affected by DEHP suggests that other types of gene regulation is
affected.

Control of expression of gene clusters by miRNA might be another

mechanism of the epigenetic effects of DEHP exposure. Little is known about the
functions of miRNA in the adrenal gland and is due largely in part to the lack of
suitable animal models. The DEHP-exposed animal model presented in this thesis,
which results in a targeted decrease of steroid hormone levels, can be used to not
only unveil the mechanisms of action of DEHP but to identify and characterize for
the first time possible miRNAs driving cholesterol biosynthesis and steroid
formation.

This work also raises the question whether hormone replacement

therapies will be able to re-establish the adult phenotype or correct for the decrease
in testosterone levels. Treatment of male offspring exposed to DEHP with slowrelease hormone capsules can be used to carry out these experiments. The outcome
of this therapy can be monitored by measuring aldosterone and testosterone levels as
well as the expression of the AT receptor and the selected potassium channels shown
to be altered in this thesis. Finally, the physiological impact of decrease aldosterone
is a topic of great interest.

Measurement of systemic blood pressure in the
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unrestrained rat at PND60 and PND200 will indicate whether the decrease in adrenal
function has a long-term impact in the cardiovascular function. The outcome of this
research will be important to evaluate the role of DEHP in the metabolic syndrome.
The main objective of this thesis was to identify the mechanisms mediating
the decreased androgen production in the adult targeted by in utero exposure to
DEHP.

The data thus far suggests the existence of an adrenal-gonadal axis

regulating testosterone production that was unmasked by the long-term effects of
DEHP. We speculate that aldosterone levels interact with the Leydig cell-MR to
modulate basal testosterone levels. While this is not the main mode of androgen
regulation, it could be part of the regulation of basal testosterone levels in the adult.
Although the DEHP doses used in this study were high compared to the normal
exposure to the population, at least the dose of 100 mg/kg/day is close to the high
levels of medical and occupational exposures. There is evidence suggesting that a
combination of phthalates at lower doses of exposure could act synergistically to
decrease the effect threshold of its impact in steroidogenesis (177, 179, 211). This is
why the continuous exposure to low doses of DEPH has a greater interest to public
health.

In addition to the antiandrogenetic effects of DEHP there is an

overwhelming amount of endocrine disruptors that are likely to negatively affect
fertility.

The results of this thesis show that DEHP has long-term effects on

steroidogenic tissues at doses close to the highest human exposure. Furthermore, our
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results support the existence of an adrenal-gonadal axis regulating testosterone
production.
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Tables
Table 1. Primer list used in methylation-sensitive PCR experiments.

Gene
symb
ol
Esr1

Esr2

Nr3c1

Nr3c2

Pgr

Ar

Rxra

Rxrb

Methylated
/
Unmethylat
ed

Tm
(oC
)

Amplico
n
size (bp)

55
55
55
55

181

55
55
55

115

UR

TGGAGAAGTTGTAAAGATTATTTACGA
CGACTCCGAATTTATAATCACGTA
TTGGAGAAGTTGTAAAGATTATTTATG
A
CTCCAACTCCAAATTTATAATCACATA

MF
MR
UF
UR

TATTTAAGGAACGAGAAAAAGTGCG
AAACCTCGAAACTAAACGAAAACG
TTATTTAAGGAATGAGAAAAAGTGTGG
CAAACCTCAAAACTAAACAAAAACA

55
55
55
55

119

MF
MR
UF
UR

TTCGTCGAGTGTTTTAATTTTTTCG
GAAACTCCCCTAACTCCAACTCG
TTGTTGAGTGTTTTAATTTTTTTGG
AAAACTCCCCTAACTCCAACTCAC

55
55
55
55

119

MF
MR
UF
UR

ATTGAGTTGTAGGTAAAGGATTCGC
CGATCCAAAAAAATCGATATAAACG
TGAGTTGTAGGTAAAGGATTTGTGG
CAATCCAAAAAAATCAATATAAACAAA

55
55
55
55

170

MF
MR
UF
UR

TGTTAATTTTTTGAGGAGTCGG
CACTTATTTTTCGAAACCGAA
GTGTTAATTTTTTGAGGAGTTGG
TACCACTTATTTTTCAAAACCAAA

55
55
55
55

100

MF
MR
UF
UR

GTGTGTTCGTGTAGATAATGGTTCG
AATAAAACAACCTTCCCTCTTCGAC
TTGTGTGTTTGTGTAGATAATGGTTTG
AATAAAACAACCTTCCCTCTTCAAC

55
55
55
55

120

MF
MR

AGGTAAGAGGGAATTTTCGGATTTC
TTTACGATCTCTCTAAACCCTCGTC

55
55

180

MF
MR
UF
UR
MF
MR
UF

Sequence
NR3A1: Estrogen receptor α
TTTTTTGTCGTTTTTATTTTTTGTAGC
AATCTCCCCTATTCTTAAACATCGC
TTTTTGTTGTTTTTATTTTTTGTAGTGA
AATCTCCCCTATTCTTAAACATCACA

167

185

119

55

CpGs
/ total
Cs in
prime
r
2/12
1/4
2/14
1/4
1/5
3/7
1/6
3/7

121

118

168

104

122

2/4
3/10
2/5
3/10
3/8
1/4
3/7
1/4
0/5
3/8
0/4
3/9
1/4
2/4
1/4
2/4
2/5
2/6
1/5
1/6
2/4
2/4

Nr1h2

Rara

Rarb

Ppara

Thra

Thrb

UF
UR

AGGTAAGAGGGAATTTTTGGATTTTG
AACTTTACAATCTCTCTAAACCCTCATC

55
55

183

2/4
2/4

MF
MR
UF

55
55
55

162

2/4
2/4
2/5

UR

GGGAGTAGTTCGGAGTAATAGCGT
CGACCAAAACATCTCATTCGAT
GAAGTTTGGGAGTAGTTTGGAGTAATA
GTG
5’–TTCCAACCAAAACATCTCATTCAAT

MF
MR
UF
UR

GATTAAGTAAGCGGTTCGTCGTC
GAAACTCCCGAACTTCTCCGTA
GAGATTAAGTAAGTGGTTTGTTGTTGG
CCAAAACTCCCAAACTTCTCCATA

55
55
55
55

102

MF
MR
UF
UR

GCGTAGGTAAGAGGGAATTTTCG
TTTACGATCTCTCTAAACCCTCGTC
GGTGTAGGTAAGAGGGAATTTTTGG
CAACTTTACAATCTCTCTAAACCCTCAT
C

55
55
55
55

184

MF
MR
UF
UR

TTTTCGATATTTGTTGTCGCGT
ATCTAATAAAACTTCCCACCGAA
TGGTATTTTTGATATTTGTTGTTGTGT
AATCTAATAAAACTTCCCACCAAA

55
55
55
55

184

MF
MR
UF
UR

TTAGGCGGTTTGTAGGGAGTAGTC
GCCGAAATATAAATACGAATAAACGC
GTTTTTAGGTGGTTTGTAGGGAGTAGTT
CCAACACCAAAATATAAATACAAATAA
ACA

55
55
55
55

170

MF
MR
UF

TTTTTGTATAGAAGTGGGTGAGATTCG
AACACCTAACCGAACCAAAACG
TGATTTTTGTATAGAAGTGGGTGAGATT
T
AAACACCTAACCAAACCAAAACAAC

55
55
55

169

55
55
55

UR

TTTTATACGTTTTAGAGAGAGAGCGA
GAACTCAAAAAAATCCTATCCGAA
TGGTTTTATATGTTTTAGAGAGAGAGTG
A
CAAACTCAAAAAAATCCTATCCAAA

MF
MR
UF
UR

TAGAGTATATATTGAATTAGGTGCGA
CGACCGTAAAAACCTACTAACG
TAGAGTATATATTGAATTAGGTGTGA
CCAACCATAAAAACCTACTAACACA

55
55
55
55

204

MF
MR
UF

GTTTGGATATTAGGGGGCGATGTTC
CCATAAAAAAATTAAAATTCTCCCGAC
TTGGATATTAGGGGGTGATGTTTGA

55
55
55

192

UR
Sp1

Fos

Cebpa

MF
MR
UF

168

172

55

2/4

106

189

190

175

173

55

3/7
3/6
3/7
3/6
2/4
2/4
2/4
2/4

3/7
2/7
3/8
2/8
2/7
3/14
2/7
3/15

1/4
2/5
1/4
2/7

254
258

55

2/5
2/9
2/5
2/9

205

190

1/4
2/5
1/4
2/5
3/6
1/9
3/5

Sf1

UR

CCATAAAAAAATTAAAATTCTCCCAAC

55

MF
MR
UF
UR

AATTAGTGTTTCGTTAATCGGAGGTC
GAAAAACCCGTCCTCTCACG
TAGTGTTTTGTTAATTGGAGGTTGT
CAAAAAACCCATCCTCTCACAC

55
55
55
55

169

1/9
166
165

3/6
3/4
3/6
3/4

Table 2. TaqMan® probes used in Q-PCR analysis.
TacMan®
Gene symbol

RefSeq

Reference

Esr1

NM_012689.1

Rn00562166_m1

Esr2

NM_012754.1

Rn00562610_m1

Nr3c1

NM_012576.1

Rn00561369_m1

Nr3c2

NM_013131.1

Rn00565562_m1

Pgr

NM_022847.1

Rn00575662_m1

Ar

NM_012502.1

Rn00560747_m1

XM_001072865.1

Rn00584298_m1

Cyp11a1

NM_017286.1

Rn00568733_m1

Cyp17a1

NM_012753.1

Rn00562601_m1

Star

NM_031558.1

Rn00580695_m1

Tspo

NM_012515.1

Rn00560892_m1

Sp1

NM_012655.2

Rn00561953_m1

Sgk1

NM_019232.2

Rn00570285_m1

Scnn1a

NM_031548.2

Rn00580652_m1

Edn1

NM_012548.1

Rn00561129_m1

GAPDH

NM_017008.3

4352338E

Nr5a1
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Table 3. Pyroscan regions used for methylation analysis.

Gene symbol

RefSeq

Begin /end of sequence

Number of
CpGs

Esr1

NW_047500.1

4827823 - 4828457

14

Esr2

NW_047761.1

122197 - 123216

36

Ar

NW_048042.2

30193716 - 30194700

32

Nr5a1

NW_047653.1

4549018 - 4550070

72

Nr3c2 (P1)

NW_047535.2

4438618 - 4439240

21

Nr3c2 (P2)

NW_047535.1

4441406 - 4442160

60
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Table 4. TaqMan probes used in Q-PCR analysis.
Gene symbol

RefSeq

TacMan Reference

GAPDH

NM_017008.3

4352338E

Agtr1a

NM_030985.3

Rn01435427_m1

Agtr1b

NM_031009.2

Rn02132799_s1

Agtr2

NM_012494.2

Rn00560677_s1

Agtrap

NM_001007654.1

Rn01749733_m1

Star

NM_031558.1

Rn00580695_m1

Tspo

NM_012515.1

Rn00560892_m1

Cyp11a1

NM_017286.1

Rn00568733_m1

Hsd3b1

NM_001007719.3

Rn00820880_g1

Cyp21a1

NM_057101.1

Rn00588996_g1

Cyp11b1

NM_012537.2

Rn02607234_g1

Cyp11b2

NM_012538.1

Rn02396730_g1

Ren1

NM_012642.3

Rn00688586_g1

Agt

NM_134432.2

Rn00593114_m1

Hmgcs1

NM_017268.1

Rn00568579_m1

Hmgcr

NM_013134.2

Rn00565598_m1

Ldlr

NM_175762.2

Rn00598442_m1
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Table 5. Primers used for bisulfite sequencing.

Gene

Name

Sequence

Round

Annealing
temperature
(oC)

biAT1a 1S
biAT1a 5A
biAT1a 1S
biAT1a 6A

GAGTTTTAATTTAGAGTTGTAATAGGTTTG
CTACCTTCCACTACACCCCAC
GAGTTTTAATTTAGAGTTGTAATAGGTTTG
ACCAAATCTTTACCCACTCCTAAAC

1
1
2
2

53
53
54
54

biAT1b 2S
biAT1b 2A
biAT1b 3S
biAT1b 3A

GGAGAGGAAGGAGAGAAGGTAGTAG
CCTCCATCTTCAACACTTCAAAC
GGGGGTTATTGGTAAATAAAGAGG
CCCCCTAAACTATAAATATAAAAATACC

1
1
2
2

52
52
54
54

biAgtrap
1S
biAgtrap
3A
biAgtrap
2S
biAgtrap
2A

GATTTTTTAGGAGGAGAGGTGTTTTTG

1

53

ATTAAACCCTAATCTATAAAAATCCC

1

53

TTTGTTGTGGGGGATATTAGGAG

2

54

AACCTTACAACAAAAACAAACTACTAAAC

2

54

Agtr1a

Agtr1b

Agtrap
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