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Abstract 

Di-(2-ethylhexyl) phthalate (DEHP) is a plasticizer commonly used in the production of 

polyvinyl chloride products. Because DEHP is not covalently bound to the polymer, it is able to 

leach out and has been identified as a ubiquitous contaminant in the environment. In humans, 

DEHP and its metabolites have been detected in umbilical cord blood and amniotic fluid 

suggesting exposure begins early in fetal development. To study the in utero effects of DEHP, 

we used an animal model where pregnant dams were gavaged with DEHP from gestational day 

(GD) 14 to birth. GD14 is used in particular as it marks a key time point in the development of 

the male rat where the adrenogonadal primordium has differentiated but the sexual tissues have 

not matured. We previously identified that exposure to >100 mg DEHP/kg body weight 

(BW)/day reduced serum levels of testosterone and aldosterone in the adult male offspring. 

Furthermore, transcriptomic and epigenomic work in the adrenal glands identified changes in 

gene expression and DNA methylation and doses as low as 1 mg DEHP/kg BW/day. This 

suggested that even an environmentally-relevant dose of DEHP may affect the adrenal glands, 

making it vulnerable to adverse from a secondary stressor later in life. In the present study, we 

exposed males in utero to 1 mg DEHP/kg BW/day and examined global gene expression in the 

zona glomerulosa. Interestingly, many of the deregulated genes we found were associated with 

pathways that were deregulated at the 100 and 300 mg doses including immune pathways, lipid 
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and lipoprotein metabolism, peroxisome proliferator-activated receptor (PPAR) signaling, and 

mitogen-activated protein kinase signaling pathways. We further treated these DEHP-exposed 

males with various stressor compounds from post-natal day 54 – 59. Specific treatment with the 

PPARγ antagonist, T0070907, resulted in a significant decrease of serum aldosterone in males 

exposed to the 1 mg dose. Additionally, gene expression studies of the adrenal revealed altered 

expression of the potassium channel, Kcnk5, as well as the two nuclear receptors, Rxrα and Rxrβ. 

Together, these results suggest in utero exposure to environmentally-relevant doses of DEHP 

predisposes the adult zona glomerulosa to endocrine disruption. 
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Introduction 

The Adrenal Gland 

Adrenal development 

 The adrenal glands and gonads originate from a common fetal structure – the 

adrenogonadal primordium (AGP). In rats, this structure is first detected at gestational day (GD) 

11.5, marked by the expression of steroidogenic factor 1 (SF1/NR5A1) [1]. The AGP begins to 

separate at GD12.5 and results in distinct adrenal and gonadal cell populations by GD13.5. From 

GD13 – 15, neural crest cells migrate to the fetal adrenal cortex where they exist as islands of 

chromaffin cells and will ultimately give rise to the chromaffin cells of the adrenal medulla [2]. 

By GD16, the fetal adrenal separates from the surrounding mesenchyme and completes the 

encapsulation process. Soon after, the definitive zone emerges between the capsule and the 

growing fetal zone of the cortex. Shortly after birth, the adrenal undergoes zonation resulting in 

the aggregation of chromaffin islands in the medulla and the regression of the fetal zone. From 

post-natal day (PND) 10 – 20 is the rise of the rodent-specific X-zone. In males, the X-zone 

persists until puberty whereas in females, it regresses during the first pregnancy [3, 4]. Postnatal 

development of the definitive zone will eventually give rise to the zona glomerulosa (ZG), zona 

fasciculata (ZF), and the zona reticularis (ZR) [5, 6].  

 The proper development of the adrenal is driven by a number of key genes. The Wt1 tumor 

suppressor is one such gene that has been identified to play a crucial role in the proper 

development of the urogenital ridge which gives rise to the adrenogonadal primordium and the 

kidneys. Homozygous mutation of this gene in mice is embryonic lethal and results in failure of 

kidney, gonadal, and adrenal development [7]. Other genes such as Sf1 and Dax1 (Nr0b1) are 

involved further downstream in the development of the adrenogonadal primordium. Dax1 
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knockout studies in mice reveal retention of the X-zone as well as complete loss of the germ cell 

population in males [8]. In humans, mutation or deletion of Dax1 is thought to be responsible for 

X-linked adrenal hypoplasia congenita and hypogonadotropic hypogonadism [9].  Knockout of 

Sf1 in mice results in adrenal and gonadal agenesis similar to the phenotype seen in loss of Wt1 

[10]. Mutations in Sf1 in humans cause similar problems including adrenal failure and sex 

reversal in males [11]. Other genes including Ngfib (Nr4a1) and Gata6 are thought to be 

important in proper adrenal zonation and expression of steroidogenic enzymes [12]. 

 

Steroidogenesis 

 Cholesterol is the basis for the biosynthesis of all steroids (Figure 1). In the rat adrenal, up 

to 80% of cholesterol used in steroidogenesis is obtained from extracellular sources [13, 14]. The 

majority of this circulating cholesterol is found in high-density lipoproteins which is imported 

into the cell through the scavenger receptor class B member 1 (SCARB1) pathway [15]. 

Additional circulating cholesterol can be found in low-density lipoproteins which is imported via 

low-density lipoprotein receptor (LDLR)-mediated endocytosis [16]. Lipoproteins from the 

endocytic pathway undergo hydrolysis by lysosomal lipases resulting in free cholesterol ready 

for steroid biosynthesis while cholesterol from the SCARB1 pathway must first be de-esterified 

by the hormone-sensitive lipase (HSL) before entering the pool of free cholesterol. The 

remaining 20% of cholesterol used for steroidogenesis is made available through de novo 

synthesis [17] or from excess cholesterol previously stored in intracellular lipid droplets in the 

form of cholesteryl esters and utilized through the action of HSL [15, 18].  

The first phase of steroidogenesis involves the transport of intracellular cholesterol into the 

mitochondria and is known to be the rate-limiting step in steroid production. Cholesterol is 
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initially targeted to the outer-mitochondrial membrane by the steroidogenic acute regulatory 

protein (STAR). Here, it is transported to the inner-mitochondrial membrane through the action 

of a protein complex which includes the translocator protein (TSPO), the voltage-dependent 

anion channel (VDAC), and the AAA+ ATPase, ATAD3 where it is converted to pregnenolone 

by the cytochrome P450 side chain cleavage enzyme (CYP11A1) [19-21]. Pregnenolone, the 

precursor to all steroids, is free to diffuse out to other steroidogenic organelles for further 

modifications. In the second phase of steroidogenesis, the final steroid product is determined by 

cell-specific expression of steroidogenic enzymes. In the adrenal gland, the ZG and ZF are 

responsible for the production of mineralocorticoids and glucocorticoids respectively. Adrenal 

expression of enzymes including CYP11B1 and CYP11B2 results in the conversion of 

precursors into cortisol and aldosterone [22]. Lack of CYP17A1 expression in rodents leads to 

corticosterone being the major glucocorticoid [23, 24] as well as the lack of 

dehydroepiandrosterone and dehydroepiandrosterone sulfate production in the ZR of the adrenals 

[25].  

 Other major organs of steroid production within the body include the testis and ovary. 

Leydig cells within the testis are the site of production of the male sex hormone, testosterone. 

Similarly, theca and granulosa cells within the ovary, as well as the placenta during pregnancy, 

are responsible for the production of the female sex hormones, estrogen and progesterone.  

 

Steroid hormone receptors 

 The action of steroid hormones is mediated primarily through intracellular steroid nuclear 

receptors. Steroid hormone receptors are grouped in subfamily 3 of the superfamily of nuclear 

receptors. Subfamily 3A includes the estrogen receptors α (ERα; NR3A1) and β (ERβ; NR3A2) 
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while subfamily 3C contains the glucocorticoid receptor (GR; NR3C1), mineralocorticoid 

receptor (MR; NR3C2), progesterone receptor (PR; NR3C3), and androgen receptor (AR; 

NR3C4). MR, like other steroid hormone receptors, is localized to the cytoplasm in the absence 

of a steroid ligand. Upon mineralocorticoid binding, MR homodimerizes and translocates to the 

nucleus where it binds hormone response elements within the DNA to regulate transcription [26]. 

Interestingly, in addition to aldosterone and deoxycorticosterone (IC50 = 1.5nM and 3.9nM 

respectively), MR binds with high affinity to glucocorticoids (cortisol IC50 = 2.1nM; 

corticosterone IC50 = 1.2nM) and progesterone (IC50 = 1.0nM) [27]. Specificity of MR to 

aldosterone is maintained by tissue expression of 11β-HSD2 and other enzymes which converts 

active cortisol to inactive cortisone and progesterone to weaker affinity metabolites [28]. In 

addition, it has been shown that aldosterone dissociates more slowly from MR when compared to 

cortisol suggesting the MR is able to distinguish between the bound ligands [29, 30].  

 The mineralocorticoid action of aldosterone results in an increase of sodium reabsorption 

by affecting epithelial Na+ channels (ENaC) and Na+/K+ ATPases in a number of tissues 

including the kidney and colon [31]. This process of increased sodium reabsorption is thought to 

occur in two phases. The early phase is thought to be driven by expression of the serum and 

glucocorticoid-regulated kinase which increases the sodium transport activity of existing ENaCs 

[32, 33]. The late phase is thought to involve increased translation of the various ENaC subunits 

in order to increase sodium transport [34, 35].  

 

Renin-angiotensin-aldosterone system 

 The zona glomerulosa-secreted hormone aldosterone acts on the principal cells of the distal 

convoluted tubule and collecting ducts to increase sodium reabsorption and potassium excretion 
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[36, 37]. This effect ultimately results in changes to blood volume, blood pressure, and serum 

electrolyte concentrations. The production of aldosterone by the adrenal gland is primarily 

regulated by the renin-angiotensin-aldosterone system (RAAS) (Figure 2). When the cells of the 

macula densa detect a reduction of renal perfusion, it signals the juxtaglomerular cells to release 

the enzyme, renin. Circulating renin then acts on the liver-made protein, angiotensinogen to 

produce the 10 a.a. peptide, angiotensin I. Angiotensin I is further cleaved in the lungs by the 

angiotensin converting enzyme (ACE) to produce angiotensin II (ATII) which binds angiotensin 

II receptors (AGTR) throughout the body. The AGTR is divided into two subtypes, AGTR1 and 

AGTR2. The aldosterone stimulation and vasoconstriction effects of ATII are both mediated 

through AGTR1 found in the adrenal cortex and smooth muscle respectively. Although the role 

of AGTR2 is not fully understood, its expression has been detected in the adrenal medulla and 

the brain [38, 39]. In rodents, the AGTR1 is further divided into AGTR1a and AGTR1b [40]. 

While AGTR1a is found in many tissues throughout the body, AGTR1b is detected only in the 

brain, testes, and adrenal glands. A double knockout of both subtypes in mice results in aberrant 

kidney morphology and hypotension, a phenotype similar to homozygous mice with a mutation 

in the angiotensinogen gene [41, 42].  

 In addition to the RAAS, aldosterone production is stimulated by increases in serum 

potassium. Of the potassium channels expressed in the zona glomerulosa, the TWIK-related 

acid-sensitive potassium channels, TASK1 (KCNK3) and TASK3 (KCNK9), play an important 

role in maintaining the resting membrane potential and are thought to detect changes in 

potassium levels [43, 44]. TASK1 knockout studies in mice reveal hyperaldosteronism caused by 

defects in adrenal cortex zonation further suggesting a role in adrenal development and 

aldosterone regulation [45]. 
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Di-(2-ethylhexyl) Phthalate 

Phthalates 

 Di-(2-ethylhexyl) phthalate (DEHP) is a plasticizer used in the production of polyvinyl 

chloride plastics to increase overall strength and malleability of the final product. DEHP is the 

most commonly used phthalate with up to 3 million tons produced annually [46]. DEHP is 

detected ubiquitously in the environment and forms part of furniture, flooring, cosmetics, 

clothing, toys, detergents, automobiles, plastic films, and medical equipment including medical 

tubing and blood bags [47-50]. DEHP can comprise up to 40% of the total product by weight.  

 Phthalates and their metabolites have been shown to exert their action through the 

peroxisome proliferator-activated receptor (PPAR) pathway [51]. PPARs heterodimerize with 

the retinoid X receptors (RXRs) and bind to peroxisome proliferator response elements (PPREs) 

in the DNA to regulate downstream gene expression.  Mono-(2-ethylhexyl) phthalate (MEHP), 

the bioactive metabolite of DEHP, in particular, has been shown to bind and activate both 

PPARα and PPARγ with high affinity in mice (PPARα EC50 = 0.6μM; PPARγ EC50 = 10.1 μM) 

[52-54]. PPARα and PPARγ are major regulators of lipid metabolism and adipocyte 

differentiation respectively [55]. In vivo studies have revealed treatment with MEHP results in 

activation of enzymes downstream of PPARα activation in rodents as well as promoting obesity 

and adipocyte differentiation in mice [56, 57]. 

 

Human exposure to DEHP 

Because DEHP is not covalently bound to the plastic polymer, it is able to leach out into 

the environment. This, combined with its widespread usage and contamination leads to lifelong 

human exposure. Estimation of human exposure is based on indirect measurements of DEHP 
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metabolites in the urine. In addition to being a non-invasive method of measurement, urine 

analysis has been shown to be reproducible and predictive of long-term exposures [58, 59]. Daily 

exposure of the general population to DEHP is estimated to range anywhere between 0.4 to 52.9 

μg/kg body weight (BW)/day with some sources predicting values as high as 409 μg/kg BW/day 

[60-62]. The major route of exposure to DEHP in the general population is thought to be 

ingestion of food products and makes up anywhere between 4.9 to 18μg/kg BW/day of the daily 

estimated intake [63]. Additional routes of exposure include dermal absorption, inhalation, and 

parenteral exposure during medical interventions [64, 65].  

Interestingly, patients undergoing medical procedures account for some of the highest 

exposures to DEHP. Procedures involving high exposures of DEHP include parenteral nutrition 

(0.03 – 0.13 mg/kg BW/day) [66], blood transfusion (1.3 – 2.6 mg/kg BW/day) [67], 

cardiopulmonary bypass and extracorporeal membrane oxygenation (0.3 – 2.4 mg/kg BW/day) 

[66], and hemodialysis (0.02 – 0.36 mg/kg BW/day) [68]. Of particular concern are exposures to 

neonates and young children. Studies of infants in the NICU revealed exposure levels that were 

several-fold higher when compared to children >6 years of age in the general population [69, 70]. 

Exchange transfusions are thought to deliver the highest dose of DEHP (up to 22.6 mg/kg 

BW/day) to newborn infants [67, 71].  

Occupational exposure to DEHP is another cause for concern amongst factory workers. 

One study reported DEHP levels ranging from 0.02 – 4.11 mg/m3 in the air resulting in a two- to 

ten-fold increase in urine DEHP concentrations following their shift [72, 73]. The Agency for 

Toxic Substances and Disease Registry estimates an occupational exposure level of 143 – 286 

μg/kg BW/day [74] while the European Chemicals Agency provides a higher estimate of 1 – 2 

mg/kg BW/day [75]. 
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Fetal and neonatal exposure to DEHP occurs as a consequence of pregnant and lactating 

women being exposed to phthalates in every day life. DEHP has been detected in umbilical cord 

blood [76, 77] as well as amniotic fluid [78, 79]. Furthermore, DEHP is found in both breast 

milk and infant formula suggesting prolonged DEHP exposure begins early in fetal life and has 

the potential to affect development [80, 81]. The dose delivered to infants via breast milk is 

though to range between 0.008 – 0.021 mg/kg BW/day but has the potential to be manifold 

higher for women undergoing hemodialysis [66]. 

 

Pharmacokinetics of DEHP 

 DEHP is comprised of a phthalic acid group and two branched alkyl chains which results 

in the generation of multiple metabolites within the body (Figure 3). Upon absorption, DEHP 

undergoes an initial hydrolysis by lipases and esterases in the intestine. This phase I 

detoxification results in the production of MEHP [65, 82]. Interestingly, MEHP, like many other 

phthalate monoesters, is the bioactive metabolite and has been found to be ten times more potent 

in vitro than its parent compound, DEHP [83]. MEHP is further converted into more than 10 

additional metabolites including 5OH-MEHP, 5oxo-MEHP, 5cx-MEPP, and 2cx-MMHP. 

Following phase II conjugation, these metabolites are easily excreted in urine and can be 

measured to assess DEHP exposure [65, 82].  

 A single 48.1mg administration of deuterium-labelled DEHP in a human subject resulted in 

excretion of 70.5% of the initial dose in urine after 24 hours as measured by 5 major metabolites; 

MEHP, 5OH-MEHP, 5oxo-MEHP, 5cx-MEPP, and 2cx-MMHP. A further 3.8% was excreted in 

the next 20 hours [84, 85]. In serum, the major metabolite present was MEHP which reached 

peak concentration (4.95mg/l) 2 hours following administration of DEHP. MEHP also reached 
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its peak concentration (3.63mg/l) in urine 2 hours following administration but was, in contrast, 

the 3rd most abundant metabolite behind 5OH-MEHP and 5oxo-MEHP. A single oral 

administration of 40, 200, or 1000 mg/kg of 14C labelled DEHP in Sprague-Dawley rats revealed 

peak concentrations of MEHP in serum and urine 24 hours following exposure. MEHP was 

almost completely cleared from serum and urine 48 hours following oral administration [86].  

 

Effect of DEHP on human development and reproduction 

 Retrospective studies of reproductive health in the male has revealed an increasing number 

of issues including decreased sperm quality as well as an increased rate of cryptorchidism, 

hypospadias, and testicular cancer [87-90]. These defects are grouped together as the testicular 

dysgenesis syndrome (TDS) which is thought to have, in part, environmental origins. As such, 

there is an increasing number of studies identifying an association of DEHP exposure with 

components of the TDS in both neonate and adult populations [91-94]. Prenatal measurement of 

three different DEHP metabolites in urine samples of pregnant mothers revealed an inverse 

correlation with anogenital distance (AGD) in male infants [91, 93]. Measurement of the AGD 

can be used to indirectly assess fetal androgen levels [95] and can predict semen quality and 

reproductive ability in the adult male [96, 97]. Furthermore, a decreased AGD is associated with 

in utero exposure to endocrine disruptors, including DEHP [91, 98]. Other endpoints affected by 

DEHP exposure included an increased rate of cryptorchidism and decreased penile width, both of 

which are associated with a decreased AGD [98, 99]. 

 Studies on the impact of DEHP on adult reproductive health reveal similar detrimental 

effects. In males, increased urinary levels of MEHP were associated with both sperm DNA 

damage and a decrease in steroid hormone levels [92, 94]. The same group found an association 
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with urinary levels of DEHP metabolites and pre-term births in a cohort of women in Mexico 

[100]. Similar findings were reported in a cohort of mothers from Italy [77]. 

 

Effect of fetal exposure to DEHP on rat reproduction 

 A number of studies in the rat animal model have demonstrated that DEHP exposure, 

especially during fetal development, has detrimental effects on male reproduction. The fetal 

period from around GD14 to birth is of particular interest for phthalate exposure as it is marked 

by the development of key endocrine organs, the adrenal glands and testes (in males), as well as 

the first peak in testosterone [101]. Treatment of pregnant Sprague-Dawley dams with 750 mg 

DEHP/kg BW/day from GD14 to PND3 resulted in a reduction of both fetal and neonatal 

testosterone levels [102]. Furthermore, this in utero exposure resulted in malformations 

comparable to those seen in TDS such as hypospadias and cryptorchidism as well as other 

abnormalities including decreased AGD, decreased testes weight, and nipple retention [103].  

  Organ culture of GD20 testes exposed in utero to DEHP revealed a dose-dependent 

reduction in testosterone production beginning at the 117 mg DEHP/kg BW/day dose [104]. 

hCG-stimulation of these testes in culture resulted in testosterone production unaffected by 

DEHP exposure suggesting endocrine disruption of the testes in the animal model is limited to 

basal steroidogenesis. Gene expression analysis of testes exposed in utero to DEHP revealed an 

increase in Cyp11a1, Cyp17a1, Star, and Tspo mRNA levels suggesting the steroidogenic 

pathway was not at fault for testosterone reduction.  
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Effect of fetal exposure to DEHP on the adrenal glands 

Recent studies of DEHP exposure in the Sprague-Dawley animal model have demonstrated 

that the endocrine disruption of the testes and subsequent reduction in testosterone may be, in 

part, due to changes in adrenal gland function. Leydig cells have been previously identified in 

vitro to express MR and aldosterone binding results in an increase of both basal, and leutenizing 

hormone-stimulated testosterone levels [105]. Analysis of PND60 testes exposed in utero to 

DEHP revealed a decrease of MR mRNA and protein levels beginning at the 100 mg DEHP/kg 

BW/day dose [106]. Serum aldosterone was also found to be reduced by 50% beginning at the 

same doses [107]. Serum levels of the aldosterone secretagogues, potassium and ATII, were 

unaffected in these animals. Gene expression analysis of DEHP-exposed adrenals showed no 

change in the mRNA levels of key steroidogenic proteins and enzymes, including Star, Tspo, 

Cyp11a1, and 3β-HSD at the 100 mg dose. Interestingly, an increase in expression of Hmgcr and 

Hmgcs1 as well as an accumulation of lipid droplets in the zona glomerulosa was seen. A global 

transcriptomic study of the DEHP-exposed adrenal identified the PPAR and mitogen-activated 

protein kinase (MAPK) signaling pathways to be affected long-term [108]. 

Recent epigenomic work has studied the effect of DEHP over a range of doses and 

identified hotspots of DNA methylation, specifically within CpG islands (40%) and shore/shelf 

(30%) regions [109]. Interestingly, many loci were found to be differentially methylated even at 

the dose of 1mg DEHP/kg BW/day, suggesting that the effect of DEHP on the adrenal glands 

occurs even at doses where aldosterone is unaffected. 
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Figures 1 to 3 

Figure 1. Cholesterol transformation 

Sources of cholesterol for steroid biosynthesis include de novo synthesis, intracellular lipid 

droplets, and extracellular lipoproteins. Cholesterol is first moved into the mitochondria where it 

is cleaved into pregnenolone by CYP11A1. Pregnenolone diffuses out of the mitochondria and 

moves to microsomes or the endoplasmic reticulum to be converted into testosterone and 

estradiol in the gonads, and cortisol and aldosterone in the adrenal glands. 
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Figure 1. Cholesterol transformation 
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Figure 2. Sequence of events in the renin-angiotensin-aldosterone system 

 1. Angiotensinogen is constitutively produced by the liver and released into circulation. 2. Upon 

a decrease in blood volume, the enzyme renin is released by the kidneys. 3. Renin cleaves 

angiotensinogen resulting in angiotensin I. 4. Angiotensin I is further cleaved into angiotensin II 

by the angiotensin-converting enzyme (ACE) in the lungs. 5. Angiotensin II acts on the adrenal 

glands as a secretagogue of aldosterone. 
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Figure 2. Sequence of events in the renin-angiotensin-aldosterone system 
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Figure 3. Di-(2-ethylhexyl) phthalate and mono-(2-ethylhexyl) phthalate 

Upon absorption, DEHP undergoes hydrolysis by lipases in the intestine resulting in the 

production of MEHP. MEHP is the bioactive metabolite of DEHP. Following phase II 

conjugation, MEHP and other metabolites of DEHP are excreted through the urine. 
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Figure 3. Di-(2-ethylhexyl) phthalate and mono-(2-ethylhexyl) phthalate 
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Abstract 

 In utero exposure to endocrine disrupting chemicals (EDCs) may affect adult health. Di-(2-

ethylhexyl) phthalate (DEHP) is an EDC that is widely used in the production of polyvinyl 

chloride products and a ubiquitous environmental contaminant. Previously, we used a rat model 

system to show that fetal exposure to DEHP decreased levels of major steroid hormones in 

adulthood and that environmentally-relevant levels of DEHP affected both gene expression and 

the same epigenomic loci that were affected by exposure to high levels. We hypothesized that 

low levels of DEHP exposure insult the endocrine system (a “first hit”) and increase its 

susceptibility to later exposure (“second hit”) and subsequent disease. Here, we use the same 

model to identify pathways affected by low levels of DEHP exposure that are likely to lead to 

endocrine disruption. We demonstrate that a second hit after fetal exposure affected serum 

aldosterone. To unveil the first hit influence of early DEHP exposure, we treated in utero DEHP-

exposed adult offspring with a stressor that targeted the peroxisome proliferator-activated 

receptor (PPAR) or cholesterol biosynthesis pathways. Treatment with the PPARγ antagonist 

T0070907 reduced serum aldosterone compared to animals not exposed to DEHP in utero. 

Analysis of gene expression in animals that were subjected to both early and late exposure 

revealed deregulation of genes for the potassium channel Kcnk5 and the retinoid-X receptors 

(RXR) Rxrα and Rxrβ, indicating that these entities are linked to endocrine disruption. We 

propose that early exposure to environmental doses of DEHP predisposes the animal for disease 

later in life.  
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Introduction 

Endocrine disruptors (EDCs) are chemicals that interfere with endogenous endocrine 

signaling [110]. Man-made EDCs are present in a wide variety of commercial products and are 

ubiquitous environmental contaminants. This has led to widespread exposure of humans to EDCs, 

as is apparent from studies of their presence in bodily fluids [65, 111]. Given this background, 

the role of these chemicals in disease is clearly relevant to public health. Exposure to EDCs has 

been correlated with obesity, diabetes, decreased reproduction, cancer, and other developmental 

diseases [112]. The mechanisms by which EDCs promote disease are complex and likely 

epigenetic, because physiological changes are not immediately evident even when exposures are 

acute and exceed those of the general population. Particularly troubling is the possibility that 

exposure to EDCs during fetal development or childhood may influence disease later in life, a 

concern recently articulated by the Endocrine Society [112]. Because EDCs interfere with 

hormonal signals, their disruptive effects may be greatest during this critical developmental 

period. The hypothesis underlying this concern is known as the fetal origins of disease 

hypothesis [113]. The possibility also arises that any health risks associated with early exposure 

may not be mitigated by removing the chemical from the environment.  

 DEHP is an EDC used in the manufacturing of polyvinyl chloride products, cosmetics, and 

as an excipient in some medications [114]. It is not permanently bound to the plastic polymer 

and is eventually released into the environment, where it may enter the food chain. This is a 

major source of direct exposure [63]. Other sources of direct phthalate exposure are dermal 

contact and inhalation of contaminated air particles. Indirect exposure during early development 

may occur when DEHP and its metabolites are transferred from the mother to the fetus or 

newborn through the fetal-placental unit and breast milk, respectively [76, 115]. Human 
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exposure normally ranges from 1.7 to 52.1 µg/kg BW/day [60, 61, 116, 117], but can be as high 

as 10 mg/kg BW/day during medical procedures such as blood transfusions, use of parenteral 

nutrition, and extracorporeal perfusion [69, 70, 118-120]. Newborns and infants are exposed to 

higher levels of phthalates because of their increased food intake and metabolism. Exposure 

starts soon after birth when the infant encounters the environment [121], in breast-feeding, and in 

baby formula [122]. High levels of DEHP and its metabolites in urine are positively correlated 

with cryptorchidism [123], decreased anogenital distance [91], and decreased testosterone levels 

in an adult population [94]. 

Animal models have been central in research designed to elucidate the mechanisms by which 

EDCs affect disease processes, both in the short and long term. Such models have permitted 

researchers to identify the developmental periods of greatest sensitivity to the EDCs (“windows 

of exposure”) and dissect complex epigenetic mechanisms [124]. In previous studies with a rat 

model system, we exposed pregnant dams to DEHP, beginning on GD14, shortly after the fetal 

adrenal glands and testes had separated from their adrenogonadal precursor, and continued until 

the dams gave birth [125, 126]. This in utero exposure affected the adult endocrine physiology 

resulting in a 50% reduction in serum testosterone and aldosterone in adult male offspring [104, 

106, 107]. This decrease in aldosterone persisted in the elderly rat and correlated with a lower 

blood pressure [127] suggesting adrenal function was affected in the long term. In the female 

offspring, a similar effect was seen with estradiol and aldosterone levels being reduced following 

in utero exposure to DEHP [128]. 

This research led us to attempt to elucidate the mechanism of the long-term effects of DEHP 

[124] on adrenal function. Our findings can be summarized as follows: The PPAR and MAPK 

signaling pathways were affected in the long term by DEHP, as shown by global gene expression 
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analysis in whole adrenal glands [108]. We have identified that the lipid and lipoprotein 

metabolism, ATII-, and potassium-stimulation pathways are affected by DEHP in adults but not 

in the adolescent offspring. We also noted that immune system-related genes are affected by 

DEHP exposure. Of particular interest is that, while endocrine disruption in male offspring was 

detected at 100 mg DEHP/kg BW/day, we identified changes in Ppara mRNA expression at a 

much lower dose, 1 mg/kg BW/day, similar to those detected in the environment. It may be, then, 

that the levels of DEHP in the human environment are sufficient to affect gene expression. In our 

study, DEHP was cleared from the offspring soon after birth, and they were not exposed to 

DEHP again. This led us to speculate that adult gene expression changes in response to DEHP 

are mediated by an epigenetic mechanism. We used a genome-wide screening technique to 

analyze this question and identified several hotspots of DNA methylation in the adult adrenal 

gland [109]. Moreover, similar to the mRNA changes in Ppara observed at low levels of DEHP, 

we identified several CpGs that were affected at dosages as low as 1 mg DEHP/kg BW/day. We 

suggest that low levels of DEHP exposure were sufficient to affect the epigenome and gene 

expression, but the adrenal gland compensated for these changes to maintain endocrine 

homeostasis. 

We propose that initial exposure to low doses of DEHP during a fetal window of 

development (a “first hit”) may later affect the adrenal gland to increase its vulnerability to a 

second exposure (a “second hit”) that compromises adrenal function. Here, we identify gene 

changes in key adrenal pathways that we define as the first hit of DEHP. We utilized various 

compounds that target the PPAR and cholesterol biosynthesis pathways as secondary stressors in 

adults that had been exposed in utero to DEHP. We show that gene changes following prenatal 

exposure to DEHP predispose the adrenal steroid physiology for a second hit in the adult.  
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Materials and methods 

Animal care and DEHP treatment  

Timed pregnant Sprague-Dawley rats were purchased from Charles River Laboratories 

(Wilmington, MA, USA). Rats had access to chow (Harlan Laboratories, Indianapolis, IN, USA; 

Catalog no. T.201815) and water ad libitum and were maintained in a 12-hour light, 12-hour 

dark cycle with lights on at 7:00 AM. The pregnant dams were treated according to one of four 

regimens. Pregnant dams were gavaged daily with either corn oil (the vehicle) or DEHP at one of 

these doses: 0.5, 1, 50, 100, or 300 mg DEHP/kg BW/day (Sigma-Aldrich Corp., St. Louis, MO, 

USA), from GD14 to parturition (PND 0). We refer to in utero exposure of 0.5 and 1 mg 

DEHP/kg BW/day as low-level exposure and 100 and 300 mg DEHP/kg BW/day as high-level 

exposure. Male offspring were euthanized with CO2 on the morning of PND60. Blood was 

collected by percutaneous cardiac puncture and adrenal glands were snap frozen. Previous work 

from the laboratory has examined and documented cellular and molecular changes in the in utero 

DEHP exposed gonads, adrenals, and other tissues throughout the development of the male. 

Although some work has been performed in the female offspring ovaries, females were excluded 

from this study due to major sex-dependent developmental, physiological, cellular, and 

molecular differences, including hormone fluctuations throughout the estrus cycle. The animals 

were handled according to the protocols approved by the McGill University Animal Care and 

Use Committees.  

 

RNA extraction and global gene expression analysis 

Adrenal glands were collected from the offspring on PND60 and the adrenal capsule 

containing the zona glomerulosa was isolated as previously described [129]. Total RNA was 
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extracted using the AllPrep DNA/RNA/miRNA Universal kit (Qiagen, Hilden, Germany) that 

included a DNase step, according to the manufacturers' instructions. The quality and 

concentration of total RNA were assessed with the Bioanalyzer 2100 (Agilent Technologies, 

Santa Clara, CA, USA) and the NanoDrop ND-1000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA). The mRNA was reverse transcribed, fluorescently tagged, and 

hybridized to a Rat Gene 2.0 ST Array (Affymetrix, Inc., Santa Clara, CA, USA) at the Genome 

Quebec Innovation Centre. Data analyses were performed by Dr. Jaroslav Novak (STADIM, 

Montreal, QC, Canada) as previously described [130]. Briefly, gene signals were processed and 

normalized using the Robust Multi-array Average (RMA) algorithm. Differential expression of 

genes compared to the vehicle was analyzed using a t-test with the Benjamini-Hochberg 

correction for multiple testing complemented by the non-parametric consecutive sampling 

method. The genes selected in the 0.5 mg DEHP/kg BW/day group satisfied the following 

conditions: ratio of sample averages ≥ 1.3 with a Benjamini-Hochberg false discovery rate (FDR) 

value ≤ 0.1. Genes excluded by the Benjamini-Hochberg correction but with a consecutive 

sampling coincidence number ≥ 10 out of 16 pair-wise comparisons were included for analysis. 

The upregulated genes selected in the 1 mg DEHP/kg BW/day treatment group satisfied the 

following condition: ratio of sample averages ≥ 1.3 with a less stringent Benjamini-Hochberg 

FDR value ≤ 0.15 due to a smaller sample size. The downregulated genes selected had a ratio of 

sample averages ≥ 1.3 with a Benjamini-Hochberg FDR value ≤ 0.1. Genes excluded by the 

Benjamini-Hochberg correction but with a consecutive sampling coincidence number ≥ 7 out of 

12 pair-wise comparisons were included for analysis. After quality-control analysis, four 

replicates (n = 4) comprised the vehicle group (control) and the group receiving 0.5 mg 

DEHP/kg BW/day and three replicates (n = 3) comprised the group receiving 1.0 mg DEHP/kg 
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BW/day. Pathway analysis and gene clustering were performed using the DAVID [131] and 

Reactome [132] bioinformatics portals. Venn diagrams were prepared using FlexArray 1.6. 

Supplemental Tables 1 and 2 contain a list of the differentially expressed genes. Selected genes 

were compared to global gene expression data previously obtained from whole adrenal glands 

exposed in utero to 300 mg DEHP/kg BW/day [108]. Gene expression data of primary zona 

glomerulosa cells treated with 100 nM ATII or 16 mM potassium for 2 hours were retrieved 

from GEO Datasets with the accession number GSE8421 [133]. 

 

Quantitative real-time PCR analysis 

Reverse transcription of 800 ng total RNA was performed with the QuantiTect reverse 

transcription kit (Qiagen) according to the manufacturers' instructions. Quantitative PCR (QPCR) 

was performed on the LightCycler 480 System (Roche Diagnostics, Basel, Switzerland). The 

multiplex QPCR mix consisted of 10 μL TaqMan Gene Expression Master Mix (Thermo Fisher 

Scientific), 2 μL cDNA, 6 μL water, 1 μL FAM-labeled gene target TaqMan probe, and 1 μL 

VIC-labeled glyceraldehyde-3-phosphate dehydrogenase (Gapdh) for a final volume of 20 μL. 

Gapdh was used as an endogenous reference gene. The comparative Ct method was used to 

calculate gene expression relative to the Gapdh reference gene. Supplemental Table 1 contains a 

list of the TaqMan probes used with the TaqMan gene expression master mix (Thermo Fisher 

Scientific). 

 

Stressor treatment 

Adult male offspring of pregnant dams were injected intraperitoneally with vehicle or a 

stressor compound from PND54 to 59. The stressor compounds were atorvastatin (0.5 mg/kg 
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BW/day), GW0742 (0.5 mg/kg BW/day), T0070907 (1 mg/kg BW/day), pioglitazone (1 mg/kg 

BW/day), GW0742 + atorvastatin (0.5 mg/kg BW/day each), T0070907 + atorvastatin (1 and 0.5 

mg/kg BW/day respectively), and pioglitazone + atorvastatin (1 and 0.5 mg/kg BW/day 

respectively) (Tocris Bioscience, Bristol, United Kingdom). Compounds were dissolved in 

phosphate-buffered saline containing 10% DMSO and 10% Tween-80.  

 

Serum measurements 

Serum aldosterone was measured with a monoclonal enzyme immunoassay kit (Cayman 

Chemical Co., Ann Arbor, MI, USA; Catalog No. 10004377) according to the manufacturer’s 

instructions. Testosterone was measured using radioimmunoassay as previously described [106] 

with a 18.75% cross-reactivity for 5α-DHT and 0.56% cross-reactivity for androstenedione. The 

intrassay coefficients of variation for the aldosterone and testosterone immunoassay were 5.5% 

and 8.2% respectively. All samples were assayed in duplicate. Mean values of serum aldosterone 

ranged between 64.3 – 900.8 pg/ml and were above the 80% B/B0 limit. Mean values of serum 

testosterone ranged between 0.25 – 2.67 ng/ml and were above the 80% B/B0 limit. Serum was 

shipped to the Diagnostic Laboratory Services at McGill Comparative Medicine and Animal 

Resources Centre for measurement of serum electrolytes, cholesterol, high-density lipoproteins, 

and triglyceride levels. 

 

Statistical analyses 

GraphPad Prism program (GraphPad Software, Inc.) was used to calculate the mean ± SEM 

of the data. Statistical analyses of data were performed by Student's t-test, one-way ANOVA 

followed by Dunnett's post-hoc tests, or two-way ANOVA followed by Bonferroni's post-hoc 
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tests. The experimental unit was the pregnant dam. Three to four male offspring, each from 

different mothers, were examined independently for global gene expression analysis. Five to six 

male offspring, each from different mothers, were examined independently for QPCR analysis of 

DEHP-exposed zona glomerulosa. Five to eight male offspring, each from different mothers, 

were examined independently for serum hormone levels and QPCR analysis in the second hit 

experiment. 
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Results 

In utero exposure to doses of DEHP similar to those in the environment affect the expression of 

genes in pathways that are associated with adult endocrine disruption at higher levels of DEHP 

exposure. 

From earlier work, we had ascertained that in utero exposure of male rats to high levels of 

DEHP altered aldosterone secretion and gene expression when the animals reached adulthood 

[107, 108]. We wished to determine if, and to what extent, low-level exposure (more similar to 

levels in the environment) affected these same genes. We assessed gene expression with global 

gene analysis in the zona glomerulosa from adult males that had been exposed in utero to 0.5 or 

1 mg DEHP/kg BW/day and compared the results with our previous data of males exposed in 

utero to 300 mg DEHP/kg BW/day. The in utero exposure to DEHP deregulated 230 and 376 

genes in the 0.5 and 1 mg DEHP/kg BW/day treatment groups, respectively, and 103 of these 

genes were altered in both groups (Fig. 4A). There were 39 genes with altered expression in all 

three exposure levels, 21 genes with altered expression in both the 1 and 300 mg DEHP/kg 

BW/day exposures, and 7 genes with altered expression both the 0.5 and 300 mg DEHP/kg 

BW/day exposures (Fig. 4B). 

We wished to identify cellular functions and biological processes that were over-represented 

and common to the 39 alternatively-expressed genes. Using the DAVID bioinformatics portal 

[131], we identified several genes that regulate transcription; these were Creb3l1, Crem, Giot1, 

Hhex, Iqub, Irak2, Nfil3, Nr4a1, Nr4a3, Ppp1r10, and Scx (shown in red in Fig. 4B), and genes 

that regulate cholesterol metabolism; these were Hmgcr, Insig1, and Ldlr (shown in blue in Fig. 

4B). We also used the Reactome portal [132] to identify genes that are related to the immune 

system, specifically Dusp8, Irak2, Irs2, Nr4a1, Spsb1, and Tuba4a (underlined in Fig. 4B). 
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 It was also of interest to determine if in utero exposure to DEHP affected the ATII or 

potassium pathways in the adrenal gland of the male rats. This was assessed by comparing gene 

expression in primary zona glomerulosa cells stimulated with 100 nM of ATII or 16 mM of 

potassium [133] with gene expression in adrenal glands of the male offspring exposed in utero to 

low doses of DEHP. Global expression arrays were prepared and the results are presented in 

Figures 4C and 4D. Some of the genes that were differentially expressed in response to ATII or 

potassium were also differentially expressed in the DEHP-exposed adrenal glands of the male 

rats.  

 

In utero exposure to low doses of DEHP deregulates zona glomerulosa pathways 

 In our previous transcriptomic work of whole adrenal glands from males exposed in utero 

to high doses of DEHP, we determined that the PPAR and MAPK signaling pathways are 

deregulated by DEHP, as well as cholesterol biosynthesis, lipid metabolism, and immune 

function in the pubertal and adult rat [108, 109]. Since this initial work was performed at high 

levels of DEHP, we wanted to determine if the genes that were deregulated at the lower doses are 

also involved in these pathways. Table 1 shows the results of the low-dose exposure. There were 

several genes deregulated by the low-DEHP doses that are associated with the innate and 

adaptive immune system and indeed, some of the genes deregulated at low doses are in the same 

pathways as those affected at the higher doses. These genes are involved in lipid and lipoprotein 

metabolism, PPARα-activated gene expression, MAPK family signaling, and transcription of 

nuclear receptors.  

We concluded from previous results that in utero exposure of male rats to high levels of 

DEHP altered the expression of several transcription factors in the adrenal gland and these 
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effects may be long-term. We observed here that low doses of DEHP also affected the gene 

expression of several transcription factors (Table 2). Some of these, for example Nr4a1, are 

critical for zona glomerulosa function [133]. We interpret these data to support the hypothesis 

that low levels of DEHP in utero, which are insufficient to affect aldosterone levels, deregulate 

some of the same genes that mediate the adrenal endocrine disruption at higher DEHP doses. 

We used QPCR to characterize the expression of selected genes that were deregulated by 

low and high doses of in utero DEHP exposure. Nr4a1, Nr4a3, Hmgcr, Insig1, Ldlr, and Kcnk5 

had similar expression profiles (Fig. 5). The dose-response curve for expression of each gene 

was non-monotonic, with increased gene expression levels at 0.5, 1, and 300 mg DEHP/kg 

BW/day, and with expression levels similar to the control at intermediate doses.  

 

In utero exposure to DEHP predisposes the adrenal gland for endocrine disruption 

Based on the results presented, we concluded that genes with altered expression in response 

to both high and low doses of DEHP share common pathways. We next tested the hypothesis 

that the changes in gene expression at low doses of DEHP increased the susceptibility of the 

adrenal gland to further endocrine disruption. We reasoned that if the adrenal glands of animals 

exposed to DEHP in utero were more susceptible than control animals, stressing the gland in 

adulthood would impair adrenal function of the exposed animals more than the control. We used 

compounds that target either the PPAR or the cholesterol biosynthesis pathway as the agents of 

endocrine disruption, two of the pathways most dramatically affected by high levels of DEHP 

exposure. Male rats that had been exposed in utero to low levels of DEHP were injected with the 

PPARβ agonist GW0742, the PPARγ antagonist T0070907, or the PPARγ agonist pioglitazone, 

either alone or in combination with atorvastatin, a 3-hydroxy-3-methylglutaryl-coenzyme A 
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(HMG-CoA) reductase inhibitor. Atorvastatin was used to target the cholesterol biosynthesis 

pathway, a pathway previously shown to be deregulated by exposure to high levels of DEHP 

[107, 108]. We predicted that by targeting two separate pathways with the second hit, adrenal 

function might be sufficiently impaired. Serum aldosterone levels at PND60 showed that the 

PPARγ antagonist, T0070907, decreased aldosterone levels compared to the control (Fig. 6A), 

but not when atorvastatin was supplied in conjunction with the antagonist. Two-way ANOVA 

among all stressors tested showed a significant difference with respect to the stressor treatment in 

aldosterone levels (p = 0.0044). Interestingly, two-way ANOVA of all treatment groups, except 

pioglitazone and pioglitazone plus atorvastatin, showed a significant difference due to DEHP 

exposure (p = 0.0294).  

Testosterone levels were unaffected in DEHP-exposed males by any of the stressor 

combinations shown (Fig 6B). Two-way ANOVA showed a significant difference with respect 

to the stressor treatment (p = 0.0030).  

Since T0070907 was the only stressor for which a t-test revealed a significant effect, this 

stressor was selected for further experiments. We used this compound to further study possible 

effects of the stressor in animals exposed to DEHP in utero. The reduced aldosterone levels 

observed in DEHP animals did not affect the circulating levels of serum electrolytes (data not 

shown). 

 

Retinoid-X receptors are involved in the decreased aldosterone levels after T0070907 stressor 

treatment 

We wished to determine whether the PPARs and PPAR-related nuclear receptors were 

affected by the PPARγ antagonist, T0070907, and if these receptors are involved in reduced 
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aldosterone secretion. Expression levels of Ppara and Pparg were not affected by the antagonist 

(Fig. 7A, B), while Ppard levels increased after treatment of the animals with T0070907. In 

utero exposure to 1 mg DEHP/kg BW/day alone resulted in a two-fold increase in Ppard 

expression compared to the DEHP-free control (Fig. 7C). We then measured gene expression of 

the RXRs. The RXRs heterodimerize with PPARs and bind to PPREs in the DNA to regulate 

gene expression, making them key components of PPAR function and activity. Two-way 

ANOVA reveals an interaction between DEHP exposure and T0070907 treatment that resulted in 

a decrease in Rxra and Rxrb levels when compared to the DEHP-free control (Fig. 7D, E). There 

was no significant change in Rxrg levels (Fig. 7F) after treatment with the stressor. 

 

The first hit of DEHP involves the Kcnk5 potassium channel 

We wished to identify genes that facilitate the decrease in serum aldosterone after exposure 

to DEHP and treatment with T0070907. To this end, we measured mRNA levels of the ATII 

receptors and two potassium channels, Kcnn2 and Kcnk5. Adrenal glands were collected from 

male offspring that had either not been exposed to DEHP in utero (one control) or that had been 

exposed in utero to 1 mg DEHP/kg BW/d. Additionally, one group was treated in adulthood with 

T0070907. The mRNA from the zona glomerulosa was isolated and analyzed with QPCR. 

Agtr1a and Agtr1b mRNA levels were less in the glands from the animals treated with T0070907 

(Fig. 8A, B) than in those from animals not treated with the stressor, and Agtr1b mRNA levels 

were reduced by approximately 50% in the animals exposed to DEHP alone compared to the 

ones not treated in utero. There were no changes in Agtr2 levels (Fig. 8C) in any of these 

treatments.  
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Kcnn2 and Kcnk5 encode potassium channels and were deregulated in whole adrenal glands 

at high levels of DEHP [108]. Messenger RNA levels of Kcnn2 were less in the animals treated 

with T0070907 in adulthood (Fig. 8D) than in control animals. Also, there was a trend for less 

Kcnn2 mRNA levels in glands from animals treated in utero with DEHP alone compared to 

untreated animals (Fig. 8D). Conversely, there was a two-fold increase in Kcnk5 mRNA levels in 

animals exposed in utero to DEHP alone (Fig. 8E); T0070907 treatment resulted in a decrease of 

Kcnk5 compared to DEHP-free males.  

 

In utero exposure to 1 mg DEHP/kg BW/day and T0070907 stressor treatment does not affect 

expression of lipid and steroidogenic genes 

We previously established that the hormone-sensitive lipase-mediated triglycerol hydrolysis 

pathway and cholesterol biosynthesis pathway are targets of DEHP in the whole adrenal upon in 

utero exposure to ≥100 mg DEHP/kg BW/d [107, 108]. We measured mRNA levels of Lipe, Plin, 

Prkacb, Mgll, and Fabp4, genes associated with lipid metabolism, and Hmgcr and Scarb1, genes 

associated with cholesterol metabolism. mRNA levels of Lipe in the adrenal glands of male 

offspring treated with the stressor were lower than those of the untreated controls (Supplemental 

Fig. 1A). There was no significant effect of DEHP exposure or stressor treatment on Plin, 

Prkacb, Mgll, or Fabp4 (Supplemental Fig. 1B-E). mRNA levels of Hmgcr in the adrenal glands 

of stressor-treated male offspring were higher in comparison to untreated animals (Supplemental 

Fig. 1F). There was no change in mRNA levels of Scarb1 in the adrenal glands (Supplemental 

Fig. 1G). Serum analysis revealed that circulating levels of cholesterol, triglycerides, and high-

density lipoproteins were unaffected (data not shown). 
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We explored expression of key steroidogenic enzymes and proteins as a potential explanation 

for the reduction in serum aldosterone. Star mRNA levels were increased in the T0070907 

treatment group (Supplemental Fig. 2A). Exposure to 1 mg DEHP/kg BW/day alone resulted in a 

slight increase in Star expression compared to the DEHP-free control. There was no change in 

Tspo levels (Supplemental Fig. 2B). The level of Cyp11b2, the final enzyme in aldosterone 

biosynthesis, was unchanged by DEHP or the stressor treatment (Supplemental Fig. 2C). 

 

  



35 

 

Discussion 

We previously showed that fetal exposure to high levels of DEHP affected aldosterone 

blood serum levels in the adult rat although levels at weaning were normal. We hypothesized that 

expression of an adrenal gene(s) critical for adult aldosterone biosynthesis was affected in the 

long term [107] by in utero exposure. Since DEHP is rapidly cleared from the body and the 

offspring were not exposed again, we further hypothesized that the endocrine disruption of the 

adult adrenal gland was mediated by an epigenetic mechanism that had been altered in the fetus, 

during development, although how this alteration came about is unknown.  

Global gene expression analysis from adrenal glands collected at weaning and in the young 

adult revealed that high levels of DEHP in utero affected the PPAR signaling and MAPK 

pathways at both time points [108]. However, it was only in the adult offspring that the 

cholesterol biosynthesis, angiotensin, and potassium pathways were deregulated by these high 

doses [108]. Deregulation of these particular pathways is strong evidence that DEHP hinders 

critical pathways in the aldosterone-producing cell: cholesterol biosynthesis provides the 

building blocks for steroid hormones and the other two pathways are the main regulators of zona 

glomerulosa function. Although DEHP has been mostly associated with anti-androgenic and 

reproductive effects [102, 104, 134], these results lead us to suggest that it also affects adrenal 

gland function.  

In the background work to this study, we used a genome-wide DNA methylation technique 

to characterize the long-term epigenetic changes [135]. We showed that DEHP induced changes 

in CpG methylation levels throughout the adrenal epigenome and that some of the differential 

DNA methylation was clustered into hotspots in the genome. Interestingly, we observed changes 

in expression of Pparα and the DNA methylation of some CpG loci at low doses of DEHP that 
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were not reflected in alteration of adrenal function and aldosterone secretion in the adult. These 

data led us to hypothesize that exposure to low doses of DEHP acts to increase the susceptibility 

of the genome to further exposure. We refer to this as the “two-hit” hypothesis. 

While our previous experiments were carried out in whole adrenal glands, the present work 

was done with purified zona glomerulosa cells in the hope of enhancing the sensitivity and 

specificity of detection methods. We also used a low dose of DEHP (1 mg/kg BW/day), which 

corresponds to the human equivalent of 0.16 mg DEHP/kg BW/day. Although higher than the 

estimated environmental human exposures of 13.8 μg DEHP/kg BW/day [60], it is within the 

range of medical [50, 66] and occupational [74, 75] exposures in adults (0.005–8.5 mg and 

0.143–2 mg DEHP/kg BW/day, respectively). 

Our first venture in this study was to characterize the global gene expression in the adult 

zona glomerulosa caused by fetal exposure to 0.5 and 1 mg DEHP/kg BW/day. There were 103 

genes differentially expressed relative to the control and present in both treatments. We conclude 

that DEHP affected gene expression in the zona glomerulosa at doses two orders of magnitude 

lower than those required for endocrine disruption. 

 To compare the effects of a low and high exposure to DEHP, we sorted the gene changes 

into the pathways we previously identified to be deregulated by high exposure to DEHP using 

the Reactome bioinformatics portal. The data show that genes in many of the pathways 

associated with endocrine disruption at high doses were deregulated at the lower doses of 

exposure. Genes in lipid-related pathways, which include cholesterol biosynthesis, the PPAR and 

MAPK pathways, and the nuclear receptor transcription pathway, were affected. Of interest, 

pathways related to immune function that include genes involved in the innate and adaptive 

immune system and in cytokine signaling were particularly affected by low doses of DEHP. 
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These data are in agreement with our previous epigenetic study, which showed two hotspots of 

DNA methylation and gene deregulation following DEHP exposure in chr20p12 [135], which 

houses the genes controlling the immune response [136]. Moreover, we and others have reported 

that DEHP also affects the immune system in adipose tissue [137] and testes [138] and may be 

caused by a variety of EDCs [139]. Together, the immune-related changes suggest that the 

immune response is also a target of DEHP and that the distinct effect of DEHP on chr20p12 may 

be mediating other diseases associated with DEHP exposure, such as asthma [140], atopic 

disorders [141, 142], and macrophage dysfunction [143, 144]. The data also showed that genes 

critical to the core zona glomerulosa function were targeted by DEHP. Hmgcr, the enzyme 

involved in the rate-limiting step in cholesterol biosynthesis, was upregulated at both 0.5 and 1 

mg DEHP/kg BW/day. This suggested that cholesterol biosynthesis, an important pathway in 

providing precursors for aldosterone biosynthesis [145, 146], is one of the most sensitive targets 

of DEHP. Moreover, Nr4a1, a master regulator of zona glomerulosa function [133] was also 

affected in a manner similar to Hmgcr. Whether Nr4a1 and Hmgcr were upregulated to counter a 

drop in aldosterone biosynthesis or whether these genes are directly targeted by DEHP remains 

to be determined. The gene analysis also showed that Nr5a1 and Nr0b1, genes critical for 

adrenal development and steroid function [124] and, when mutated, can lead to adrenal 

insufficiency [147], were also affected by DEHP. These genes, along with Nr4a1, are vital for 

adrenal gland zonation [12, 148]. Based on these data, we conclude that low doses of DEHP 

during fetal development alter genes critical for adrenal function. While the zona glomerulosa 

appears to be unable to overcome the disruption of high concentrations of DEHP, it can 

overcome the endocrine disruption at low doses. 
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 We used Venn diagrams to examine the relationships between the genes affected by DEHP 

at low and high doses of exposure and those involved in aldosterone biosynthesis after ATII or 

potassium stimulation. We found 39 genes that were altered in both the low and high DEHP 

exposures, most of which were upregulated. Pathway analysis showed that these genes are 

involved in transcription, cholesterol metabolism, and embryonic organ development. It is 

interesting to note that the potassium channel Kcnk5 is a common target of DEHP in all these 

situations. Kcnk5 expression was inversely correlated, in both dose and time, with the decreased 

aldosterone levels induced by DEHP [108]. Moreover, we expanded our analysis to include 

genes that were differentially expressed in the zona glomerulosa stimulated with potassium or 

ATII. The data indicated that low levels of DEHP also affected the expression of some of these 

genes. This was surprising since, under normal conditions, the genes identified are only 

upregulated during acute stimulation. It may be, then, that DEHP alters the pathways that 

directly control aldosterone biosynthesis. We interpret these data, in total, to mean that low doses 

of DEHP targeted pathways that are critical and specific to zona glomerulosa function. We 

hypothesized that some these genes are part of a compensatory mechanism to maintain 

aldosterone homeostasis and that a second stimulus directed at these pathways will unveil the 

epigenetic weakness established during fetal exposure to DEHP. 

 We quantified gene expression changes across the range of DEHP exposure. We observed a 

non-monotonic response in the expression of the transcription factors Nr4a1 and Nr4a3; in genes 

related with cholesterol metabolism, including Hmgcr, Insig1, and Ldlr; and in the potassium 

channel Kcnk5. The possibility that this pattern could be accounted for by variations in the 

reference gene used for the quantification analysis was ruled out by the expression patterns of 

other adrenal genes (data not shown). This distinct expression pattern, which was also observed 
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for genes associated with the EDC phenotype, suggests that a common upstream element may be 

partly mediating the response to DEHP. At present, this upstream element is unknown but we do 

not rule out that this non-monotonic pattern of expression originated in the epigenomic regions 

that we previously identified [135]. Interestingly, our previous genome-wide DNA methylation 

analysis showed that none of the differentially-methylated CpG loci were within or near genes 

affected by DEHP. Instead, most of the CpG changes occurred in CpG islands, shore, and shelf 

regions, which are associated with control of gene expression. Moreover, in some cases, the CpG 

clusters correlated with regional changes in gene expression. This latter point suggested to us 

that these areas contain regulatory elements that can affect the expression of a cluster of genes. 

 The next experiment was designed to test the hypothesis that in utero exposure to DEHP 

compromises the adrenal gland, resulting in increased susceptibility to stress in the adult. From 

previous work, we knew that the PPAR pathway, a mediator of metabolism and immunity, is 

sensitive to DEHP, so that compounds that affect PPAR nuclear receptors are likely candidates 

for stressors. The involvement of the PPAR pathway in aldosterone biosynthesis was previously 

shown in vitro in the H295R and HAC15 cell lines [149, 150] and in vivo, when a 7-day 

treatment with rosiglitazone, a PPARγ agonist, reduced serum aldosterone levels in Sprague-

Dawley rats [151]. We also considered compounds that affect the rate-limiting step of cholesterol 

biosynthesis. This information led us to select the PPARβ agonist GW0742, the PPARγ agonist 

pioglitazone, and the PPARγ antagonist T0070907 as the stressors for this experiment. The 

stressors were used alone and in combination with atorvastatin, an HMG-CoA reductase 

inhibitor. These stressors were injected into adult rats that had been exposed to low doses of 

DEHP in utero and aldosterone levels were assessed and compared to animals that had no 

exposure to DEHP. A two-way analysis of all treatment groups with the exception of 
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pioglitazone and pioglitazone + atorvastatin revealed DEHP had a significant effect on variation. 

In particular, T0070907 treatment resulted in a significant reduction of serum aldosterone levels 

in DEHP-exposed offspring when compared to the oil control. This is a decrease of two orders of 

magnitude in the threshold for endocrine disruption.  

 In the last phase of the study, we searched for the changes associated with the second hit, 

which was supplied with the challenge with T0070907. We examined genes known to be 

associated with the DEHP phenotype at high doses and assessed their expression in rats receiving 

low doses in utero and that were stressed as adults. We chose to examine PPAR nuclear 

receptors and the RXRs, as these are known to form dimers with each other. Rxra and Rxrb 

expression was influenced by in utero exposure to a low dose of DEHP, a result that was 

unexpected and led us to wonder if the dimerizing partners of the PPARs may be important for 

endocrine disruption. In addition, gene expression of the ATII receptors and the members of the 

potassium pathway Kcnk5 and Kcnn2 were analyzed. Interestingly, Rxra, Rxrb, and Kcnk5 were 

downregulated with respect to the control and it may be that a common transcription factor 

controlling their gene expression was absent. Kcnk5 (also known as TASK-2) encodes an acid-

dependent potassium channel and has been shown to play a role in aldosterone production. 

Specifically, decreased expression of Kcnk5 has been determined to be a hallmark of 

aldosterone-producing adenomas [152, 153]. Because other genes involved in lipid metabolism 

and steroid biosynthesis were unaffected by the DEHP exposure, the data suggest that the RXRs 

and Kcnk5 mediated the decrease of aldosterone levels after the second hit. 

 In summary, the results presented here, in combination with our previous epigenetic and 

gene expression studies, suggest that in utero exposure to environmentally-relevant doses of 

DEHP predisposes the male adrenal gland for long-term endocrine disruption. Epigenetic 
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changes caused by low doses of DEHP may result in permanent changes to expression of genes 

and may be associated with other disease states. 
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Figures 4 to 8 

Figure 4. Venn diagrams of the differentially-expressed genes in the zona glomerulosa of adult 

rats that were exposed to DEHP 

(A) A comparison of the two low doses of DEHP; (B) a comparison of the low doses with the 

highest dose. Includes an expanded list of the 39 differentially-expressed genes amongst all 3 

doses and the over-represented biological processes (BP) obtained from David Bioinformatics. 

(C) A comparison of the lowest doses of DEHP and the zona glomerulosa stimulated with 

potassium; (D) a comparison of the lowest doses and the zona glomerulosa stimulated with 

angiotensin II. 
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Figure 4. Venn diagrams of the differentially-expressed genes in the zona glomerulosa of adult 

rats that were exposed to DEHP 
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Figure 5. Histograms showing the gene expression levels in the adult zona glomerulosa of select 

genes in response to in utero exposure to different concentrations of DEHP 

Relative gene expression for (A) Nr4a1, (B) Nr4a3, (C) Hmgcr, (D) Insig1, (E) Ldlr, and (F) 

Kcnk5. Note the non-monotonic dose-response. Data shows control (in white) and DEHP (in 

black) represented as means ± SEM; n = 5; bars indicate significance by 1-way ANOVA 

followed by Dunnett’s post-test; *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 5. Histograms showing the gene expression levels in the adult zona glomerulosa of select 

genes in response to in utero exposure to different concentrations of DEHP 
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Figure 6. Circulating levels of aldosterone and testosterone in adult male rats treated in utero 

with DEHP and as adults with secondary stressors, with or without atorvastatin 

Serum levels for (A) aldosterone and (B) testosterone are shown. Control animals were not 

exposed in utero to DEHP. Data represent means ± SEM; n ≥ 5; bars indicate significance by 

Student's T-test or 2-way ANOVA, *p < 0.05. Variation caused by DEHP exposure indicated by 

ϕ, ϕp < 0.05. Variation caused by stressor treatment indicated by θ, θθp < 0.01.   
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Figure 6. Circulating levels of aldosterone and testosterone in adult male rats treated in utero 

with DEHP and as adults with secondary stressors, with or without atorvastatin 
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Figure 7. Relative expression of Pparα, Pparγ, Pparδ, Rxrα, Rxrβ, and Rxrγ in the zona 

glomerulosa of adult male rats treated in utero with DEHP and as adults with T0070907  

Gene expression shown for (A) Pparα, (B) Pparγ, (C) Pparδ, (D) Rxrα, (E) Rxrβ, and (F) Rxrγ. 

Data shows control (C, in white) and 1 mg DEHP/kg BW/day (D, in black) represented as means 

± SEM; n ≥ 5; bars indicate significance by Student's T-test or 2-way ANOVA, *p < 0.05; ***p 

< 0.001. Variation caused by interaction of DEHP exposure and stressor treatment indicated by #, 

#p < 0.05.  
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Figure 7. Relative expression of Pparα, Pparγ, Pparδ, Rxrα, Rxrβ, and Rxrγ in the zona 

glomerulosa of adult male rats treated in utero with DEHP and as adults with T0070907 
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Figure 8. Relative expression of Agtr1a, Agtr1b, Agtr2, Kcnn2, and Kcnk5 of adult male rats 

treated in utero with DEHP and as adults with T0070907 

Gene expression shown for (A) Agtr1a, (B) Agtr1b, (C) Agtr2, (D) Kcnn2, and (E) Kcnk5. Data 

shows control (C, in white) and 1 mg DEHP/kg BW/day (D, in black) represented as means ± 

SEM; n ≥ 5; bars indicate significance by Student's T-test or 2-way ANOVA, *p < 0.05; **p < 

0.01; ***p < 0.001. Variation caused by interaction of DEHP exposure and stressor treatment 

indicated by #, ##p < 0.01. 
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Figure 8. Relative expression of Agtr1a, Agtr1b, Agtr2, Kcnn2, and Kcnk5 of adult male rats 

treated in utero with DEHP and as adults with T0070907 
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Tables 1 and 2 

Table 1. Pathways associated with gene changes following exposure to 0.5 or 1.0 mg DEHP/kg 

BW/day. Downregulated genes in bold. 

 

Pathway 0.5 mg DEHP/kg BW/day 1 mg DEHP/kg BW/day 

Innate immune system 

Birc2, Dusp8, Dusp10, Gab2, 

Irak2, Irf7, Irs2, Jun, Nr4a1, 

Rps6ka5, Trib3, Clec5a, 

Lgals3 

Cd55, Dusp8, Irak2, Irs2, 

Nr4a1, Rnf135, Wasf1, Fgf20, 

Hmgb1, Ifna5, Mapk10, 

Trim32 

Adaptive immune system 

Cblb, Dlc1, Irs2, Nr4a1, PVR, 

Spsb1, Trib3, Tuba4a, Tubb3 

Dlc1, Fbxo27, Irs2, Nr4a1, 

Pag1, PVR, Rel, Rnf19b, 

Spsb1, Tuba4a, Tubb3, Fgf20, 

Trim32, Ube2u 

Fatty acid, triacylglycerol, and 

ketone body metabolism 

Alas1, Dgat1, Hmgcr, Pex11a, 

Ptplad2, Trib3 

Agpat9, Alas1, Ctgf, Dgat1, 

Fasn, Helz2, Hmgcr, Hmgcs1, 

Lpin1, Ppard, Angptl4, 

Hmgcll1, Me1, Nr1d1 

Cytokine signaling in immune 

system 

Birc2, Cish, Dusp8, Dusp10, 

Gab2, Irak2, Irf7, Irs2,  

Dusp8, Ifit1, Irak2, Irs2, Oasl, 

Pom121, Fgf20, Ifna5 

Ppara activates gene 

expression 

Alas1, Hmgcr, Pex11a, Trib3 Alas1, Ctgf, Helz2, Hmgcr, 

Hmgcs1, Angptl4, Me1, 

Nr1d1 

Mapk family signaling Dusp8, Dusp10, Irs2, Jun, Dusp8, Irs2, Cdc42ep2, 
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cascades Myc Cdc42ep3, Fgf20 

Nuclear receptor transcription 

pathway 

Nr4a1, Nr4a2, Nr4a3 Nr4a1, Nr4a2, Nr4a3, Nr5a1, 

Ppard, Nr0b1, Nr0b2, Nr1d1 

Regulation of cholesterol 

biosynthesis by SREBP 

Hmgcr, Insig1 Fasn, Helz2, Hmgcr, Hmgcs1, 

Idi1, Insig1 

Phospholipid metabolism Dgat1, Etnk1 Agpat9, Dgat1, Etnk1, Lpin1 

Cholesterol biosynthesis Hmgcr Hmgcr, Hmgcs1, Idi1 

Lipid digestion, mobilization, 

and transport 

Ldlr, Fabp6 Ldlr 
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Table 2. Transcription factors that were downregulated by an in utero exposure to 0.5 and 1 mg 

DEHP/kg BW/day at post-natal day 60. Downregulated genes are in bold. 

 

Dose Gene symbols 

0.5 mg DEHP/kg BW/day 

Btg2, Creb3l1, Crem, Giot, Hes1, Irf7, Jun, Junb, Maf, Myc, 

Nfil3, Nr4a1, Nr4a2, Nr4a3, Per1, Loc680200, Trib3 

1 mg DEHP/kg BW/day 

Crebl1, Crem, Giot, Maf, Nfil3, Nr4a1, Nr4a2, Nr4a3, Nr5a1, 

Per1, Ppard, Ddit3, Dbp, Nr0b1, Nr0b2, Nr1d1, Pou4f1, 

Zfp51 

  



55 

 

Summary and Conclusions 

 To date, the majority of the studies on DEHP exposure in animal models have been 

performed utilizing doses of DEHP that may not be reflective of the amounts present in the 

environment. Although these studies have been crucial in identifying the anti-androgenic effects 

of DEHP and phthalates as a whole [103], it may be difficult to approximate human risk.  Given 

the permanent and long-term effects of DEHP [127] as well as its ability to synergize with other 

phthalates in its anti-androgenic action [154], it is of importance to explore the effects of 

environmentally-relevant levels of DEHP. Although some groups have begun to examine 

exposures at lower doses [138, 155], the focus is not on early fetal exposure. This is of critical 

importance as the fetus is vulnerable to foreign exposures such as DEHP during development 

and it is hypothesized that these exposures can have long-term consequences in adult health 

[113].  

 The present data provides evidence that in utero exposure to 1 mg DEHP/kg BW/day, an 

environmentally-relevant dose, targets the fetal zona glomerulosa. Global gene array analysis of 

the PND60 zona glomerulosa revealed a number of deregulated genes that were associated with 

pathways deregulated at high doses of DEHP, suggesting the 1 mg dose, although not enough to 

alter circulating aldosterone levels, caused a first hit in the adrenal gland. In addition, many of 

these genes were found to be in common with gene changes in zona glomerulosa following 

potassium or ATII stimulation, further supporting the hypothesis that the aldosterone pathway is 

a key target of in utero DEHP exposure. Treatment with the secondary stressor, T0070907, 

resulted in a significant decrease of serum aldosterone in adult males exposed in utero to 1 mg 

DEHP/kg BW/day. Gene expression analysis of adrenals in these males revealed a decrease in 
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Kcnk5, Rxrα, and Rxrβ mRNA levels, suggesting they may be key genes related to the decrease 

in aldosterone. 

 The endocrine disrupting effect of DEHP on the adrenal glands is a complex mechanism 

that alters several adrenal pathways and has yet to be fully elucidated. However, the low dose 

exposure reveals a number of key genes that are affected and may be important targets that 

ultimately lead to adrenal dysfunction at higher doses.   



57 

 

Reference List 

1. Hatano, O., et al., Identical origin of adrenal cortex and gonad revealed by expression 

profiles of Ad4BP/SF-1. Genes Cells, 1996. 1(7): p. 663-71. 

2. Yamamoto, M., R. Yanai, and K. Arishima, Study of migration of neural crest cells to 

adrenal medulla by three-dimensional reconstruction. J Vet Med Sci, 2004. 66(6): p. 

635-41. 

3. Keegan, C.E. and G.D. Hammer, Recent insights into organogenesis of the adrenal 

cortex. Trends Endocrinol Metab, 2002. 13(5): p. 200-8. 

4. Morohashi, K. and M. Zubair, The fetal and adult adrenal cortex. Mol Cell Endocrinol, 

2011. 336(1-2): p. 193-7. 

5. Mesiano, S. and R.B. Jaffe, Developmental and functional biology of the primate fetal 

adrenal cortex. Endocr Rev, 1997. 18(3): p. 378-403. 

6. Xing, Y., et al., Development of adrenal cortex zonation. Endocrinol Metab Clin North 

Am, 2015. 44(2): p. 243-74. 

7. Kreidberg, J.A., et al., WT-1 is required for early kidney development. Cell, 1993. 74(4): 

p. 679-91. 

8. Yu, R.N., et al., Role of Ahch in gonadal development and gametogenesis. Nat Genet, 

1998. 20(4): p. 353-7. 

9. Zanaria, E., et al., An unusual member of the nuclear hormone receptor superfamily 

responsible for X-linked adrenal hypoplasia congenita. Nature, 1994. 372(6507): p. 635-

41. 

10. Majdic, G., et al., Knockout mice lacking steroidogenic factor 1 are a novel genetic 

model of hypothalamic obesity. Endocrinology, 2002. 143(2): p. 607-14. 

11. Achermann, J.C., et al., A mutation in the gene encoding steroidogenic factor-1 causes 

XY sex reversal and adrenal failure in humans. Nat Genet, 1999. 22(2): p. 125-6. 

12. Nakamura, Y., et al., GATA6, SF1, NGFIB and DAX1 in the remodeled subcapsular 

zones in primary aldosteronism. Endocr J, 2014. 61(4): p. 393-401. 

13. Dexter, R.N., L.M. Fishman, and R.L. Ney, Stimulation of adrenal cholesterol uptake 

from plasma by adrenocorticotrophin. Endocrinology, 1970. 87(5): p. 836-46. 

14. Gwynne, J.T. and B. Hess, The role of high density lipoproteins in rat adrenal 

cholesterol metabolism and steroidogenesis. J Biol Chem, 1980. 255(22): p. 10875-83. 

15. Kraemer, F.B., Adrenal cholesterol utilization. Mol Cell Endocrinol, 2007. 265-266: p. 

42-5. 



58 

 

16. Brown, M.S. and J.L. Goldstein, A receptor-mediated pathway for cholesterol 

homeostasis. Science, 1986. 232(4746): p. 34-47. 

17. Morris, M.D. and I.L. Chaikoff, The origin of cholesterol in liver, small intestine, adrenal 

gland, and testis of the rat: dietary versus endogenous contributions. J Biol Chem, 1959. 

234(5): p. 1095-7. 

18. Shen, W.J., S. Azhar, and F.B. Kraemer, Lipid droplets and steroidogenic cells. Exp Cell 

Res, 2016. 340(2): p. 209-14. 

19. Martinez-Arguelles, D.B. and V. Papadopoulos, Epigenetic regulation of the expression 

of genes involved in steroid hormone biosynthesis and action. Steroids, 2010. 75(7): p. 

467-76. 

20. Rone, M.B., J. Fan, and V. Papadopoulos, Cholesterol transport in steroid biosynthesis: 

role of protein-protein interactions and implications in disease states. Biochim Biophys 

Acta, 2009. 1791(7): p. 646-58. 

21. Issop, L., M.B. Rone, and V. Papadopoulos, Organelle plasticity and interactions in 

cholesterol transport and steroid biosynthesis. Mol Cell Endocrinol, 2013. 371(1-2): p. 

34-46. 

22. Han, T.S., et al., Treatment and health outcomes in adults with congenital adrenal 

hyperplasia. Nat Rev Endocrinol, 2014. 10(2): p. 115-24. 

23. Nishihara, M., et al., Hormonal regulation of rat Leydig cell cytochrome P-45017 alpha 

mRNA levels and characterization of a partial length rat P-45017 alpha cDNA. Biochem 

Biophys Res Commun, 1988. 154(1): p. 151-8. 

24. Brock, B.J. and M.R. Waterman, Biochemical differences between rat and human 

cytochrome P450c17 support the different steroidogenic needs of these two species. 

Biochemistry, 1999. 38(5): p. 1598-606. 

25. Maninger, N., et al., Neurobiological and neuropsychiatric effects of 

dehydroepiandrosterone (DHEA) and DHEA sulfate (DHEAS). Front Neuroendocrinol, 

2009. 30(1): p. 65-91. 

26. Yang, J. and M.J. Young, The mineralocorticoid receptor and its coregulators. J Mol 

Endocrinol, 2009. 43(2): p. 53-64. 

27. Sutanto, W. and E.R. de Kloet, Mineralocorticoid receptor ligands: biochemical, 

pharmacological, and clinical aspects. Med Res Rev, 1991. 11(6): p. 617-39. 

28. Quinkler, M., et al., Agonistic and antagonistic properties of progesterone metabolites at 

the human mineralocorticoid receptor. Eur J Endocrinol, 2002. 146(6): p. 789-99. 

29. Pascual-Le Tallec, L. and M. Lombes, The mineralocorticoid receptor: a journey 

exploring its diversity and specificity of action. Mol Endocrinol, 2005. 19(9): p. 2211-21. 



59 

 

30. Lombes, M., et al., The mineralocorticoid receptor discriminates aldosterone from 

glucocorticoids independently of the 11 beta-hydroxysteroid dehydrogenase. 

Endocrinology, 1994. 135(3): p. 834-40. 

31. Verrey, F., B. Spindler, and L. Mastroberardino, Regulation of Na+ reabsorption in 

aldosterone target epithelia. Kidney Blood Press Res, 1997. 20(3): p. 148-50. 

32. Chen, S.Y., et al., Epithelial sodium channel regulated by aldosterone-induced protein 

sgk. Proc Natl Acad Sci U S A, 1999. 96(5): p. 2514-9. 

33. Naray-Fejes-Toth, A., et al., sgk is an aldosterone-induced kinase in the renal collecting 

duct. Effects on epithelial na+ channels. J Biol Chem, 1999. 274(24): p. 16973-8. 

34. Asher, C., et al., Aldosterone-induced increase in the abundance of Na+ channel subunits. 

Am J Physiol, 1996. 271(2 Pt 1): p. C605-11. 

35. Denault, D.L., G. Fejes-Toth, and A. Naray-Fejes-Toth, Aldosterone regulation of sodium 

channel gamma-subunit mRNA in cortical collecting duct cells. Am J Physiol, 1996. 

271(1 Pt 1): p. C423-8. 

36. Sharp, G.W. and A. Leaf, Mechanism of action of aldosterone. Physiol Rev, 1966. 46(4): 

p. 593-633. 

37. Doucet, A. and A.I. Katz, Mineralcorticoid receptors along the nephron: 

[3H]aldosterone binding in rabbit tubules. Am J Physiol, 1981. 241(6): p. F605-11. 

38. Chiu, A.T., et al., Identification of angiotensin II receptor subtypes. Biochem Biophys 

Res Commun, 1989. 165(1): p. 196-203. 

39. Wamsley, J.K., et al., Evidence for the presence of angiotensin II-type 1 receptors in 

brain. Brain Res Bull, 1990. 25(3): p. 397-400. 

40. Iwai, N. and T. Inagami, Identification of two subtypes in the rat type I angiotensin II 

receptor. FEBS Lett, 1992. 298(2-3): p. 257-60. 

41. Burson, J.M., et al., Differential expression of angiotensin receptor 1A and 1B in mouse. 

Am J Physiol, 1994. 267(2 Pt 1): p. E260-7. 

42. Tsuchida, S., et al., Murine double nullizygotes of the angiotensin type 1A and 1B 

receptor genes duplicate severe abnormal phenotypes of angiotensinogen nullizygotes. J 

Clin Invest, 1998. 101(4): p. 755-60. 

43. Bandulik, S., et al., TASK1 and TASK3 potassium channels: determinants of aldosterone 

secretion and adrenocortical zonation. Horm Metab Res, 2010. 42(6): p. 450-7. 

44. Czirjak, G., et al., TASK (TWIK-related acid-sensitive K+ channel) is expressed in 

glomerulosa cells of rat adrenal cortex and inhibited by angiotensin II. Mol Endocrinol, 

2000. 14(6): p. 863-74. 



60 

 

45. Heitzmann, D., et al., Invalidation of TASK1 potassium channels disrupts adrenal gland 

zonation and mineralocorticoid homeostasis. EMBO J, 2008. 27(1): p. 179-87. 

46. Lorz, P.M., Towae, F.K., Enke, W., Jackh, R., and Bhargava, N., Phthalic acid and 

derivatives, in Ullmann's Encyclopedia of Industrial Chemistry. 2000. 

47. Sharman, M., et al., Levels of di-(2-ethylhexyl)phthalate and total phthalate esters in milk, 

cream, butter and cheese. Food Addit Contam, 1994. 11(3): p. 375-85. 

48. Koo, H.J. and B.M. Lee, Estimated exposure to phthalates in cosmetics and risk 

assessment. J Toxicol Environ Health A, 2004. 67(23-24): p. 1901-14. 

49. Wormuth, M., et al., What are the sources of exposure to eight frequently used phthalic 

acid esters in Europeans? Risk Anal, 2006. 26(3): p. 803-24. 

50. Tickner, J.A., et al., Health risks posed by use of Di-2-ethylhexyl phthalate (DEHP) in 

PVC medical devices: a critical review. Am J Ind Med, 2001. 39(1): p. 100-11. 

51. Bility, M.T., et al., Activation of mouse and human peroxisome proliferator-activated 

receptors (PPARs) by phthalate monoesters. Toxicol Sci, 2004. 82(1): p. 170-82. 

52. Hurst, C.H. and D.J. Waxman, Activation of PPARalpha and PPARgamma by 

environmental phthalate monoesters. Toxicol Sci, 2003. 74(2): p. 297-308. 

53. Feige, J.N., et al., The endocrine disruptor monoethyl-hexyl-phthalate is a selective 

peroxisome proliferator-activated receptor gamma modulator that promotes 

adipogenesis. J Biol Chem, 2007. 282(26): p. 19152-66. 

54. Desvergne, B., J.N. Feige, and C. Casals-Casas, PPAR-mediated activity of phthalates: A 

link to the obesity epidemic? Mol Cell Endocrinol, 2009. 304(1-2): p. 43-8. 

55. Lemberger, T., B. Desvergne, and W. Wahli, Peroxisome proliferator-activated receptors: 

a nuclear receptor signaling pathway in lipid physiology. Annu Rev Cell Dev Biol, 1996. 

12: p. 335-63. 

56. Ito, Y., et al., Induction of peroxisome proliferator-activated receptor alpha 

(PPARalpha)-related enzymes by di(2-ethylhexyl) phthalate (DEHP) treatment in mice 

and rats, but not marmosets. Arch Toxicol, 2007. 81(3): p. 219-26. 

57. Hao, C., et al., The endocrine disruptor mono-(2-ethylhexyl) phthalate promotes 

adipocyte differentiation and induces obesity in mice. Biosci Rep, 2012. 32(6): p. 619-29. 

58. Hoppin, J.A., et al., Reproducibility of urinary phthalate metabolites in first morning 

urine samples. Environ Health Perspect, 2002. 110(5): p. 515-8. 

59. Hauser, R., et al., Temporal variability of urinary phthalate metabolite levels in men of 

reproductive age. Environ Health Perspect, 2004. 112(17): p. 1734-40. 



61 

 

60. Koch, H.M., H. Drexler, and J. Angerer, An estimation of the daily intake of di(2-

ethylhexyl)phthalate (DEHP) and other phthalates in the general population. Int J Hyg 

Environ Health, 2003. 206(2): p. 77-83. 

61. Frederiksen, H., et al., Urinary excretion of phthalate metabolites in 129 healthy Danish 

children and adolescents: estimation of daily phthalate intake. Environ Res, 2011. 111(5): 

p. 656-63. 

62. Wittassek, M., et al., Daily intake of di(2-ethylhexyl)phthalate (DEHP) by German 

children -- A comparison of two estimation models based on urinary DEHP metabolite 

levels. Int J Hyg Environ Health, 2007. 210(1): p. 35-42. 

63. Meek, M.E., Chan, P.K.L., Bis(2-ethylhexyl) phthalate: Evaluation of Risks to Health 

from Environmental Exposure in Canada. Journal of Environmental Science and Health, 

Part C, 1994. 12(2): p. 16. 

64. Schettler, T., Human exposure to phthalates via consumer products. Int J Androl, 2006. 

29(1): p. 134-9; discussion 181-5. 

65. Koch, H.M., R. Preuss, and J. Angerer, Di(2-ethylhexyl)phthalate (DEHP): human 

metabolism and internal exposure-- an update and latest results. Int J Androl, 2006. 

29(1): p. 155-65; discussion 181-5. 

66. FDA, Safety Assessment of Di(2-ethylhexyl)phthalate (DEHP) Released from PVC 

Medical Devices. 2001. 

67. Sjoberg, P.O., et al., Exposure of newborn infants to plasticizers. Plasma levels of di-(2-

ethylhexyl) phthalate and mono-(2-ethylhexyl) phthalate during exchange transfusion. 

Transfusion, 1985. 25(5): p. 424-8. 

68. Faouzi, M.A., et al., Exposure of hemodialysis patients to di-2-ethylhexyl phthalate. Int J 

Pharm, 1999. 180(1): p. 113-21. 

69. Green, R., et al., Use of di(2-ethylhexyl) phthalate-containing medical products and 

urinary levels of mono(2-ethylhexyl) phthalate in neonatal intensive care unit infants. 

Environ Health Perspect, 2005. 113(9): p. 1222-5. 

70. Weuve, J., et al., Exposure to phthalates in neonatal intensive care unit infants: urinary 

concentrations of monoesters and oxidative metabolites. Environ Health Perspect, 2006. 

114(9): p. 1424-31. 

71. Plonait, S.L., et al., Exposure of newborn infants to di-(2-ethylhexyl)-phthalate and 2-

ethylhexanoic acid following exchange transfusion with polyvinylchloride catheters. 

Transfusion, 1993. 33(7): p. 598-605. 

72. Liss, G.M., et al., Urine phthalate determinations as an index of occupational exposure 

to phthalic anhydride and di(2-ethylhexyl)phthalate. Scand J Work Environ Health, 1985. 

11(5): p. 381-7. 



62 

 

73. NTP, Di(2-ethylhexyl) Phthalate. Report on Carcinogens, 2000. 13. 

74. ATSDR, Toxicological Profile for Di(2-ethylhexyl) Phthalate. 2002. 

75. ECHA, Bis (2-ethylhexyl) Phthalate (DEHP). 2008. 

76. Latini, G., et al., Exposure to Di(2-ethylhexyl)phthalate in humans during pregnancy. A 

preliminary report. Biol Neonate, 2003. 83(1): p. 22-4. 

77. Latini, G., et al., In utero exposure to di-(2-ethylhexyl)phthalate and duration of human 

pregnancy. Environ Health Perspect, 2003. 111(14): p. 1783-5. 

78. Silva, M.J., et al., Detection of phthalate metabolites in human amniotic fluid. Bull 

Environ Contam Toxicol, 2004. 72(6): p. 1226-31. 

79. Jensen, M.S., et al., Amniotic fluid phthalate levels and male fetal gonad function. 

Epidemiology, 2015. 26(1): p. 91-9. 

80. Main, K.M., et al., Human breast milk contamination with phthalates and alterations of 

endogenous reproductive hormones in infants three months of age. Environ Health 

Perspect, 2006. 114(2): p. 270-6. 

81. Petersen, J.H. and T. Breindahl, Plasticizers in total diet samples, baby food and infant 

formulae. Food Addit Contam, 2000. 17(2): p. 133-41. 

82. Frederiksen, H., N.E. Skakkebaek, and A.M. Andersson, Metabolism of phthalates in 

humans. Mol Nutr Food Res, 2007. 51(7): p. 899-911. 

83. Huber, W.W., B. Grasl-Kraupp, and R. Schulte-Hermann, Hepatocarcinogenic potential 

of di(2-ethylhexyl)phthalate in rodents and its implications on human risk. Crit Rev 

Toxicol, 1996. 26(4): p. 365-481. 

84. Koch, H.M., H.M. Bolt, and J. Angerer, Di(2-ethylhexyl)phthalate (DEHP) metabolites 

in human urine and serum after a single oral dose of deuterium-labelled DEHP. Arch 

Toxicol, 2004. 78(3): p. 123-30. 

85. Koch, H.M., et al., New metabolites of di(2-ethylhexyl)phthalate (DEHP) in human urine 

and serum after single oral doses of deuterium-labelled DEHP. Arch Toxicol, 2005. 

79(7): p. 367-76. 

86. Koo, H.J. and B.M. Lee, Toxicokinetic relationship between di(2-ethylhexyl) phthalate 

(DEHP) and mono(2-ethylhexyl) phthalate in rats. J Toxicol Environ Health A, 2007. 

70(5): p. 383-7. 

87. Toppari, J., et al., Male reproductive health and environmental xenoestrogens. Environ 

Health Perspect, 1996. 104 Suppl 4: p. 741-803. 



63 

 

88. Irvine, S., et al., Evidence of deteriorating semen quality in the United Kingdom: birth 

cohort study in 577 men in Scotland over 11 years. BMJ, 1996. 312(7029): p. 467-71. 

89. Bergstrom, R., et al., Increase in testicular cancer incidence in six European countries: a 

birth cohort phenomenon. J Natl Cancer Inst, 1996. 88(11): p. 727-33. 

90. Paulozzi, L.J., International trends in rates of hypospadias and cryptorchidism. Environ 

Health Perspect, 1999. 107(4): p. 297-302. 

91. Swan, S.H., et al., Decrease in anogenital distance among male infants with prenatal 

phthalate exposure. Environ Health Perspect, 2005. 113(8): p. 1056-61. 

92. Hauser, R., et al., DNA damage in human sperm is related to urinary levels of phthalate 

monoester and oxidative metabolites. Hum Reprod, 2007. 22(3): p. 688-95. 

93. Swan, S.H., Environmental phthalate exposure in relation to reproductive outcomes and 

other health endpoints in humans. Environ Res, 2008. 108(2): p. 177-84. 

94. Meeker, J.D., A.M. Calafat, and R. Hauser, Urinary metabolites of di(2-ethylhexyl) 

phthalate are associated with decreased steroid hormone levels in adult men. J Androl, 

2009. 30(3): p. 287-97. 

95. Salazar-Martinez, E., et al., Anogenital distance in human male and female newborns: a 

descriptive, cross-sectional study. Environ Health, 2004. 3(1): p. 8. 

96. Eisenberg, M.L., et al., The relationship between anogenital distance and reproductive 

hormone levels in adult men. J Urol, 2012. 187(2): p. 594-8. 

97. Mendiola, J., et al., Shorter anogenital distance predicts poorer semen quality in young 

men in Rochester, New York. Environ Health Perspect, 2011. 119(7): p. 958-63. 

98. Hsieh, M.H., et al., Associations among hypospadias, cryptorchidism, anogenital 

distance, and endocrine disruption. Curr Urol Rep, 2008. 9(2): p. 137-42. 

99. Main, K.M., et al., Genital anomalies in boys and the environment. Best Pract Res Clin 

Endocrinol Metab, 2010. 24(2): p. 279-89. 

100. Meeker, J.D., et al., Urinary phthalate metabolites in relation to preterm birth in Mexico 

city. Environ Health Perspect, 2009. 117(10): p. 1587-92. 

101. Warren, D.W., G.C. Haltmeyer, and K.B. Eik-Nes, Testosterone in the fetal rat testis. 

Biol Reprod, 1973. 8(5): p. 560-5. 

102. Parks, L.G., et al., The plasticizer diethylhexyl phthalate induces malformations by 

decreasing fetal testosterone synthesis during sexual differentiation in the male rat. 

Toxicol Sci, 2000. 58(2): p. 339-49. 



64 

 

103. Gray, L.E., Jr., et al., Perinatal exposure to the phthalates DEHP, BBP, and DINP, but 

not DEP, DMP, or DOTP, alters sexual differentiation of the male rat. Toxicol Sci, 2000. 

58(2): p. 350-65. 

104. Culty, M., et al., In utero exposure to di-(2-ethylhexyl) phthalate exerts both short-term 

and long-lasting suppressive effects on testosterone production in the rat. Biol Reprod, 

2008. 78(6): p. 1018-28. 

105. Ge, R.S., et al., Stimulation of testosterone production in rat Leydig cells by aldosterone 

is mineralocorticoid receptor mediated. Mol Cell Endocrinol, 2005. 243(1-2): p. 35-42. 

106. Martinez-Arguelles, D.B., et al., In utero exposure to di-(2-ethylhexyl) phthalate 

decreases mineralocorticoid receptor expression in the adult testis. Endocrinology, 2009. 

150(12): p. 5575-85. 

107. Martinez-Arguelles, D.B., et al., In utero exposure to the antiandrogen di-(2-ethylhexyl) 

phthalate decreases adrenal aldosterone production in the adult rat. Biol Reprod, 2011. 

85(1): p. 51-61. 

108. Martinez-Arguelles, D.B., et al., In utero exposure to the endocrine disruptor di-(2-

ethylhexyl) phthalate induces long-term changes in gene expression in the adult male 

adrenal gland. Endocrinology, 2014. 155(5): p. 1667-78. 

109. Martinez-Arguelles, D.B. and V. Papadopoulos, Identification of hot spots of DNA 

methylation in the adult male adrenal in response to in utero exposure to the ubiquitous 

endocrine disruptor plasticizer di-(2-ethylhexyl) phthalate. Endocrinology, 2015. 156(1): 

p. 124-33. 

110. Latini, G., A. Verrotti, and C. De Felice, DI-2-ethylhexyl phthalate and endocrine 

disruption: a review. Curr Drug Targets Immune Endocr Metabol Disord, 2004. 4(1): p. 

37-40. 

111. Cobellis, L., et al., High plasma concentrations of di-(2-ethylhexyl)-phthalate in women 

with endometriosis. Hum Reprod, 2003. 18(7): p. 1512-5. 

112. Gore, A.C., et al., EDC-2: The Endocrine Society's Second Scientific Statement on 

Endocrine-Disrupting Chemicals. Endocr Rev, 2015. 36(6): p. E1-E150. 

113. Barker, D.J., The fetal and infant origins of adult disease. BMJ, 1990. 301(6761): p. 1111. 

114. Shelby, M.D., NTP-CERHR monograph on the potential human reproductive and 

developmental effects of di (2-ethylhexyl) phthalate (DEHP). NTP CERHR MON, 

2006(18): p. v, vii-7, II-iii-xiii passim. 

115. Jensen, M.S., et al., Phthalates and perfluorooctanesulfonic acid in human amniotic fluid: 

temporal trends and timing of amniocentesis in pregnancy. Environ Health Perspect, 

2012. 120(6): p. 897-903. 



65 

 

116. McKee, R.H., et al., NTP center for the evaluation of risks to human reproduction reports 

on phthalates: addressing the data gaps. Reprod Toxicol, 2004. 18(1): p. 1-22. 

117. Doull, J., et al., A cancer risk assessment of di(2-ethylhexyl)phthalate: application of the 

new U.S. EPA Risk Assessment Guidelines. Regul Toxicol Pharmacol, 1999. 29(3): p. 

327-57. 

118. Simmchen, J., R. Ventura, and J. Segura, Progress in the removal of di-[2-ethylhexyl]-

phthalate as plasticizer in blood bags. Transfus Med Rev, 2012. 26(1): p. 27-37. 

119. Koch, H.M., et al., Intravenous exposure to di(2-ethylhexyl)phthalate (DEHP): 

metabolites of DEHP in urine after a voluntary platelet donation. Arch Toxicol, 2005. 

79(12): p. 689-93. 

120. Fischer, C.J., et al., Phthalates in the NICU: is it safe? J Paediatr Child Health, 2013. 

49(9): p. E413-9. 

121. Sathyanarayana, S., et al., Baby care products: possible sources of infant phthalate 

exposure. Pediatrics, 2008. 121(2): p. e260-8. 

122. Mortensen, G.K., et al., Determination of phthalate monoesters in human milk, consumer 

milk, and infant formula by tandem mass spectrometry (LC-MS-MS). Anal Bioanal Chem, 

2005. 382(4): p. 1084-92. 

123. Fisher, J.S., Environmental anti-androgens and male reproductive health: focus on 

phthalates and testicular dysgenesis syndrome. Reproduction, 2004. 127(3): p. 305-15. 

124. Martinez-Arguelles, D.B. and V. Papadopoulos, Mechanisms mediating environmental 

chemical-induced endocrine disruption in the adrenal gland. Front Endocrinol 

(Lausanne), 2015. 6: p. 29. 

125. Martinez-Arguelles, D.B., et al., Fetal origin of endocrine dysfunction in the adult: the 

phthalate model. J Steroid Biochem Mol Biol, 2013. 137: p. 5-17. 

126. Hammer, G.D., K.L. Parker, and B.P. Schimmer, Minireview: transcriptional regulation 

of adrenocortical development. Endocrinology, 2005. 146(3): p. 1018-24. 

127. Martinez-Arguelles, D.B., et al., Maternal in utero exposure to the endocrine disruptor 

di-(2-ethylhexyl) phthalate affects the blood pressure of adult male offspring. Toxicol 

Appl Pharmacol, 2013. 266(1): p. 95-100. 

128. Meltzer, D., et al., In utero exposure to the endocrine disruptor di(2-ethylhexyl) phthalate 

targets ovarian theca cells and steroidogenesis in the adult female rat. Reprod Toxicol, 

2014. 51C: p. 47-56. 

129. Payet, N. and J.G. Lehoux, Aldosterone and corticosterone stimulation by ACTH in 

isolated rat adrenal glomerulosa cells: interaction with vasopressin. J Physiol (Paris), 

1982. 78(3): p. 317-21. 



66 

 

130. Novak, J.P., M.C. Miller, 3rd, and D.A. Bell, Variation in fiberoptic bead-based 

oligonucleotide microarrays: dispersion characteristics among hybridization and 

biological replicate samples. Biol Direct, 2006. 1: p. 18. 

131. Huang da, W., B.T. Sherman, and R.A. Lempicki, Systematic and integrative analysis of 

large gene lists using DAVID bioinformatics resources. Nat Protoc, 2009. 4(1): p. 44-57. 

132. Haw, R. and L. Stein, Using the reactome database. Curr Protoc Bioinformatics, 2012. 

Chapter 8: p. Unit8 7. 

133. Romero, D.G., et al., Gene expression profile in rat adrenal zona glomerulosa cells 

stimulated with aldosterone secretagogues. Physiol Genomics, 2007. 32(1): p. 117-27. 

134. Andrade, A.J., et al., A dose-response study following in utero and lactational exposure 

to di-(2-ethylhexyl)-phthalate (DEHP): non-monotonic dose-response and low dose 

effects on rat brain aromatase activity. Toxicology, 2006. 227(3): p. 185-92. 

135. Martinez-Arguelles, D.B. and V. Papadopoulos, Identification of Hot Spots of DNA 

Methylation in the Adult Male Adrenal in Response to In Utero Exposure to the 

Ubiquitous Endocrine Disruptor Plasticizer Di-(2-ethylhexyl) Phthalate. Endocrinology, 

2015. 1(1): p. 124-33. 

136. Gunther, E. and L. Walter, The major histocompatibility complex of the rat (Rattus 

norvegicus). Immunogenetics, 2001. 53(7): p. 520-42. 

137. Campioli, E., D.B. Martinez-Arguelles, and V. Papadopoulos, In utero exposure to the 

endocrine disruptor di-(2-ethylhexyl) phthalate promotes local adipose and systemic 

inflammation in adult male offspring. Nutr Diabetes, 2014. 4: p. e115. 

138. Hirai, S., et al., Low-dose exposure to di-(2-ethylhexyl) phthalate (DEHP) increases 

susceptibility to testicular autoimmunity in mice. Reprod Biol, 2015. 15(3): p. 163-71. 

139. Chalubinski, M. and M.L. Kowalski, Endocrine disrupters--potential modulators of the 

immune system and allergic response. Allergy, 2006. 61(11): p. 1326-35. 

140. Bertelsen, R.J., et al., Urinary biomarkers for phthalates associated with asthma in 

Norwegian children. Environ Health Perspect, 2013. 121(2): p. 251-6. 

141. Takano, H., et al., Di-(2-ethylhexyl) phthalate enhances atopic dermatitis-like skin 

lesions in mice. Environ Health Perspect, 2006. 114(8): p. 1266-9. 

142. Yanagisawa, R., et al., Effects of maternal exposure to di-(2-ethylhexyl) phthalate during 

fetal and/or neonatal periods on atopic dermatitis in male offspring. Environ Health 

Perspect, 2008. 116(9): p. 1136-41. 

143. Bally, M.B., D.J. Opheim, and H.G. Shertzer, Di-(2-ethylhexyl) phthalate enhances the 

release of lysosomal enzymes from alveolar macrophages during phagocytosis. 

Toxicology, 1980. 18(1): p. 49-60. 



67 

 

144. Nishioka, J., et al., Di-(2-ethylhexyl) phthalate induces production of inflammatory 

molecules in human macrophages. Inflamm Res, 2012. 61(1): p. 69-78. 

145. Andersen, J.M. and J.M. Dietschy, Regulation of sterol synthesis in adrenal gland of the 

rat by both high and low density human plasma lipoproteins. Biochem Biophys Res 

Commun, 1976. 72(3): p. 880-5. 

146. Balasubramaniam, S., et al., Lipoprotein-mediated regulation of 3-hydroxy-3-

methylglutaryl coenzyme A reductase activity and cholesteryl ester metabolism in the 

adrenal gland of the rat. J Biol Chem, 1977. 252(5): p. 1771-9. 

147. Kempna, P. and C.E. Fluck, Adrenal gland development and defects. Best Pract Res Clin 

Endocrinol Metab, 2008. 22(1): p. 77-93. 

148. Bassett, M.H., et al., The orphan nuclear receptor NGFIB regulates transcription of 

3beta-hydroxysteroid dehydrogenase. implications for the control of adrenal functional 

zonation. J Biol Chem, 2004. 279(36): p. 37622-30. 

149. Uruno, A., et al., Peroxisome proliferator-activated receptor-{gamma} suppresses 

CYP11B2 expression and aldosterone production. J Mol Endocrinol, 2011. 46(1): p. 37-

49. 

150. Pan, Z.Q., et al., The effect of pioglitazone on aldosterone and cortisol production in 

HAC15 human adrenocortical carcinoma cells. Mol Cell Endocrinol, 2014. 394(1-2): p. 

119-28. 

151. Diep, Q.N., et al., Structure, endothelial function, cell growth, and inflammation in blood 

vessels of angiotensin II-infused rats: role of peroxisome proliferator-activated receptor-

gamma. Circulation, 2002. 105(19): p. 2296-302. 

152. Lenzini, L., et al., Lower expression of the TWIK-related acid-sensitive K+ channel 2 

(TASK-2) gene is a hallmark of aldosterone-producing adenoma causing human primary 

aldosteronism. J Clin Endocrinol Metab, 2014. 99(4): p. E674-82. 

153. Gomez-Sanchez, C.E., Channels and pumps in aldosterone-producing adenomas. J Clin 

Endocrinol Metab, 2014. 99(4): p. 1152-6. 

154. Howdeshell, K.L., et al., A mixture of five phthalate esters inhibits fetal testicular 

testosterone production in the sprague-dawley rat in a cumulative, dose-additive manner. 

Toxicol Sci, 2008. 105(1): p. 153-65. 

155. Hsu, P.C., et al., The adverse effects of low-dose exposure to Di(2-ethylhexyl) phthalate 

during adolescence on sperm function in adult rats. Environ Toxicol, 2016. 31(6): p. 

706-12. 

 

  



68 

 

Supplemental Figures 1 and 2 

Supplemental Figure 1. Relative gene expression of Plin, Prkacb, Lipe, Mgll, Fabp4, Hmgcr, and 

Scarb1 

Gene expression shown for (A) Plin, (B) Prkacb, (C) Lipe, (D) Mgll, (E) Fabp4, (F) Hmgcr, and 

(G) Scarb1. Data represent means ± SEM; n ≥ 5; bars indicate significance by Student's T-test or 

2-way ANOVA, **p < 0.01; ***p < 0.001.   
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Supplemental Figure 1. Relative gene expression levels shown for Plin, Prkacb, Lipe, Mgll, 

Fabp4, Hmgcr, and Scarb1 
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Supplemental Figure 2. Relative gene expression of Star, Tspo, Cyp11b2 

Gene expression shown for (A) Star, (B) Tspo, and (C) Cyp11b2. Data represent means ± SEM; 

n ≥ 5; bars indicate significance by Student's T-test or 2-way ANOVA, *p < 0.05. 
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Supplemental Figure 2. Relative gene expression levels shown for Star, Tspo, Cyp11b2 
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Supplemental Table 1 

Supplemental Table 1. Taqman quantitative PCR probes used for gene expression analysis. 

Gene symbol RefSeq TaqMan Reference 

Agtr1a NM_030985.4 Rn01435427_m1 

Agtr1b NM_031009.2 Rn02132799_s1 

Agtr2 NM_012494.3 Rn00560677_s1 

Cyp11b2 NM_012538.2 Rn02396730_g1 

Fabp4 NM_053365.1 Rn04219585_m1 

Gapdh NM_017008.3 4352338E 

Hmgcr NM_013134.2 Rn00565598_m1 

Insig1 NM_022392.1 Rn00574380_m1 

Kcnk5 NM_001039516.2 Rn01755927_m1 

Kcnn2 NM_019314.1 Rn00570910_m1 

Ldlr NM_175762.2 Rn00598442_m1 

Lipe NM_012859.1 Rn00689222_m1 

Mgll NM_138502.2 Rn00593297_m1 

Nr4a1 NM_024388.2 Rn01533237_m1 

Nr4a3 NM_031628.1 Rn00569312_g1 

Plin NM_013094.1 Rn00558672_m1 

Pparα NM_013196.1 Rn00566193_m1 

Pparβ NM_013141.2 R Rn00565707_m1 

Pparγ NM_013124.3 Rn00440945_m1 

Prkacb NM_001077645.1 Rn01748544_m1 
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Rxrα NM_012805.2 Rn00441185_m1 

Rxrβ NM_206849.3 Rn01399560_m1 

Rxrγ NM_031765.1 Rn01483465_m1 

Scarb1 NM_031541.1 Rn00580588_m1 

Star NM_031558.3 Rn00580695_m1 

Tspo NM_012515.2 Rn00560892_m1 

 

 


