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ABSTRACT OF THE DISSERTATION 
 
 
 

Assessing the Role of Estrogen Signaling in the Developmental Toxicity of Oil in Fish 
 

by 
 

Graciel Y. Diamante 
 

Doctor of Philosophy, Graduate Program in Environmental Toxicology  
University of California, Riverside, September 2017 

Dr. Daniel Schlenk, Chairperson 
 
 
 

  Oil spills are one of the primary sources of polycyclic aromatic hydrocarbons 

(PAHs) in marine environments. PAHs are subject to biotic and abiotic weathering that 

can alter their physical and chemical characteristics. Due to photochemical reactions and 

microbial activity PAHs can undergo oxidation forming oxygenated products that can 

have severe effects on marine life and the environment. Previous studies have indicated 

that weathered oil can cause greater developmental toxicity than source oil. Among the 

PAHs found in crude oil, chrysene is one of the most persistent in the water column and 

can undergo photo-oxidation to produce oxygenated derivatives such as 2-

hydroxychrysene and 6-hydroxychrysene, which possess respective estrogenic and 

antiestrogenic properties. The endocrine system regulates many signaling processes that 

control the development of cardiovascular immune, reproductive and central nervous 

systems. The integrated role of various biological systems and the interaction between 
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organs can make it difficult to assess the effects of endocrine disrupting compounds 

(EDCs) especially when a series of signaling events need to occur in a precise spatio-

temporal manner during embryogenesis. To assess the role of estrogen signaling in the 

effects of hydroxychrysene, estradiol toxicity was first characterized using zebrafish. 

Here we showed that although disruption of estrogen signaling can result in significant 

malformations, the toxic effects of 2-hydroxychrysene and 6-hydroxychrysene were not 

directly mediated through this pathway. Additionally, studies evaluating microRNA 

regulation of mRNA expression, indicated disruption of ion transport may be critical step 

in the cardiovascular toxicity caused by oil. These findings raise the need to utilize 

genomic and epigenomic tools to identify mechanisms that are involved in the toxicity of 

these compounds to assess the potential risks of oil spills on fish populations.  
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Introduction 

 

  The endocrine system is a network of cellular signaling tissues that secrete 

hormones into the circulatory system. When a hormone binds to its receptor on/in a target 

tissue, it typically initiates a signaling cascade. Activation of the hormone receptor can 

have multiple downstream physiological effects, including regulation of the immune 

system, reproduction, behavior, and development (Figure 0-1). 

 The ability of the endocrine system to control cellular processes requires close 

coordination with the central nervous system (CNS). The primary link between the CNS 

and the endocrine system is the hypothalamus. It is organized into groups of neuronal 

bodies that can receive signals from the brain or afferent signals from the viscera, which 

then initiate the release of specific factors to the anterior or posterior portions of the 

pituitary gland. The magnocellular neurons release oxytocin (OT), vasopressin (AVP) 

and neurophysins (NP) to the posterior pituitary. The parvocellular neurons release 

corticotropin-releasing hormone (CRH), dopamine (DA), growth hormone-releasing 

hormone (GHRH), gonadotropin releasing hormone (GnRH), and thyrotropin-releasing 

hormone (TRH) to the anterior pituitary (Figure 0-2). The hypothalamus also releases 

inhibitory factors such as the gonadotropin-inhibitory hormone (GnIH) and somatostatin 

(SS) (Ubuka et al. 2013). The hormones produced by pituitary cells are typically released 

into the circulation, eventually reaching a diverse array of targets which elicit either the 

synthesis or release of a multitude of downstream factors. 
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 Endocrine signaling can be negatively influenced by a host of factors including 

contaminants (DeRosa et al. 1998; Crisp et al. 1998; Sumpter 1998). Given the 

importance of the endocrine system to reproduction, most studies have focused on this 

apical endpoint. However, endocrine disrupting chemicals (EDCs) have also been shown 

to have adverse developmental, neurological and more recently cardiovascular effects 

(Panzica et al. 2007; Waye and Trudeau 2011; Frye et al. 2012; Gao and Wang 2014). In 

an attempt to better regulate endocrine endpoints, the US Environmental Protection 

Agency established the Endocrine Disruptor Screening Program (EDSP) to identify 

chemicals that adversely affect the estrogen, androgen, thyroid and steroid biosynthesis 

pathways in a biological system.  Consequently, background on these four pathways will 

be initially the focus of this chapter with subsequent emphasis on steroid signaling. The 

goal of this review is to highlight the role of the different endocrine pathways in 

regulating the cardiovascular system and to present the challenges in evaluating EDCs 

during development. 

 

Thyroid hormone synthesis and signaling pathways 

 

Thyrotropin-releasing hormone signaling 

 Thyroid signaling is initiated when TRH reaches the pituitary and targets 

thyrotrophic cells that synthesize and release of the glycoprotein, thyroid-stimulating 

hormone (TSH).  TRH binds to a subfamily of Gq/11 protein-coupled receptors, activating 

phospholipase C (PLC) that cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into 



 
 

 

3 

two secondary messengers; inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). 

Each of the secondary messengers will cause an influx of intracellular Ca2+ initiating the 

release of TSH to the blood stream where it will target the thyroid gland (Hsieh and 

Martin 1992). TSH regulates energy storage and consumption throughout development 

and during adulthood. TSH also binds to a group of Gs protein-coupled receptors on the 

membrane of thyroid cells activating adenylate cyclase (AC) and forming cyclic 3’5’-

adenosine monophosphate (cAMP). Increases in cAMP can activate the protein kinase A 

(PKA) signaling pathways, which are involved in the production and secretion of thyroid 

hormones: 3,3’3,5’-Triiodo-L-thyronine (T3) and L-thyroxine (T4) (Brent 1994; Mullur et 

al. 2014). 

Thyroid hormone synthesis 

 T3 and T4 are both synthesized in the follicles of the thyroid gland, derived from 

iodinated tyrosine. Blood-borne iodide is transported to the lumen of the thyroid follicle 

where it is oxidized to iodine by thyroperoxidase. Diet is another source of iodine, which 

is absorbed in the small intestine and transported to the thyroid. As a part of this process, 

thyroglobulin (Tg) is synthesized in the endoplasmic reticulum of thyroid gland cells and 

further processed in the Golgi apparatus. Tg is secreted into the colloid space, where the 

tyrosine residues undergo iodination (Kim and Arvan 1991 and 1993). Iodinated Tg will 

re-enter the cell by receptor-mediated endocytosis. After Tg is internalized, the endosome 

will fuse with lysosomes allowing the formation of T3 and T4 through the cleavage of Tg 

(Figure 0-3). The resulting thyroid hormones will then diffuse into the bloodstream 

(Kostrouch et al. 1991; Seljelid et al. 1970; Brix and Herzog 1994; Dunn et al. 1991). 
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Approximately 85% of the hormone released is T4 and is predominantly converted to the 

more biologically active thyroid hormone T3, by 5’-monodeiodinase in multiple organs 

such as the liver (Klein and Danzi 2007). In the bloodstream, T4 and T3 are transported by 

several thyroid hormone binding plasma proteins to ensure the supply of thyroid 

hormones to the cells (Herzog 1983; Kostrouch et al. 1993). Thyroxine-binding globulin, 

transthyretin and albumin are plasma proteins that transport of T4 and T3 in the 

bloodstream (Ingenbleek and Young 1994). The degradation and synthesis of thyroid 

hormones are highly regulated by available iodine, which influence the synthesis of Tg. 

TSH can increase the transport of iodine into the cells leading to a rise of thyroid 

hormone levels, which control TSH release through negative feedback (Breen et al. 

1997).  

Thyroid hormone signaling 

 Thyroid hormones play an important role in growth, development and 

metabolism. T3 and T4 bind to a superfamily of thyroid hormone receptors (TRs) that act 

as transcription factors. Unbound thyroid receptor is associated with a co-repressor 

protein that prevents it from initiating transcription. Upon binding of T3 or T4, the 

receptor will undergo a conformational change allowing it to bind to thyroid regulatory 

elements (TREs), upstream the promoter region of target genes. TRs also dimerize with 

retinoid X receptors (RXRs) and bind TREs (Figure 0-4). RXRs are widely distributed 

throughout different tissues and can interact with other receptors allowing TR crosstalk 

with additional regulatory pathways. At the plasma membrane, thyroid hormones can 
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bind to receptors on integrin avB3 leading to downstream effects on ion exchange such as 

Na+ and H+ (Cheng et al. 2010).  

 

Steroid hormone synthesis and signaling pathways 

 

Gonadotropin releasing hormone 

 Another factor released from the hypothalamus is GnRH, which regulates steroid 

synthesis and signaling. To mediate its role in reproduction, GnRH can bind to a Gq/11 

protein-coupled receptor, found in gonadotrophic cells of the pituitary gland. Binding of 

GnRH to the membrane bound receptor will cause the G-protein to undergo a 

conformational change resulting in the activation of phospholipase C leading to the 

mobilization Ca2+. Influx of Ca2+ ions initiates a cascade of signaling events including the 

production and secretion of two glycoproteins, luteinizing hormone (LH) and follicle-

stimulating hormone (FSH). Each hormone plays a major role in reproduction by 

inducing steroidogenesis, spermatogenesis, folliculogenesis and ovulation. The increased 

levels of sex steroid hormones in the blood can cause a negative feedback decreasing the 

release of GnRH from the hypothalamus, which will affect the secretion of LH and FSH 

from the anterior pituitary gland.  

 FSH and LH have gender-specific roles in regulating reproduction. In females, 

FSH stimulates the growth of granulosa cells, which regulates follicular maturation and 

the production of estradiol (E2) by inducing CYP19 (Padmanabhan et al. 1991). In 

addition to enhancing proliferation of sertoli cells in the testis, FSH stimulates 
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spermatogenesis by inducing androgen binding-protein (ABP) in sertoli cells (Hansson et 

al. 1975). ABP aids in the intracellular transport of hormones such as testosterone, 

dihydrotestosterone and E2 (Meachem et al. 1996). Under the control of circulating 

testosterone and E2, FSH is also regulated by several transforming growth factor β (TGF-

β) proteins: activin and inhibin (Gregory and Kaiser 2004). Activin increases the 

secretion of FSH and inhibin diminishes the release of FSH in females (Ling et al. 1986; 

De Jong 1988).  

In females, an increase in circulating LH levels enhances ovulation and 

development of the corpus luteum, which secretes progesterone during the luteal phase of 

the ovarian cycle. In theca cells of the ovary, LH signaling initiates the conversion of 

cholesterol to androgens, which are precursors for estrogen synthesis via cytochrome 

P450 aromatase (CYP19). In males, LH is involved in the production of testosterone in 

the testis (Hu et al. 2010). Increased levels of testosterone will activate a negative 

feedback loop by inhibiting the release of GnRH and ultimately LH in the hypothalamus.  

Steroid hormone synthesis 

 Production of steroid hormones can occur in several different tissues utilizing 

multiple forms of the cytochrome p450 monooxygenases or the hydroxysteroid 

dehydrogenase families of proteins (Payne and Hales 2004). Cytochrome p450 enzymes 

are a group of heme containing enzymes that are found in all organisms. They are not 

only important for steroid synthesis but also catalyze the biotransformation of 

endogenous as well as exogenous chemicals (Klingenberg 1958; Omiecinski et al. 2011). 

Hydroxysteroid dehydrogenases belong to a family of alcohol dehydrogenases with tissue 
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specific expression throughout development (Voutilainen and Miller 1986; Kayes-

Wandover and White 2000; Mellon and Griffin 2002; Payne and Hales 2004). Steroid 

hormones are derived from the parent compound cholesterol. Intermediary products 

include aldosterone, cortisol, estrogens and androgens.  

 The first step in steroidogenesis occurs in the mitochondrial membrane, where the 

side chain moiety from cholesterol is cleaved, forming pregnenolone (Miller 2002 and 

2008). Pregnenolone can either be hydroxylated by cytochrome p450 17 (CYP17) to 

form 17-hydroxypregnenolone or is converted into progesterone by 3β-hydroxysteroid 

dehydrogenase (3β-HSD). 17-Hydroxypregnenolone and progesterone are both 

precursors for androstenedione but under different pathways. 17-Hydroxypregnenolone is 

converted via CYP17 to dehydroepiandrosterone (DHEA), which is formed into 

androstenedione by an oxidoreductase known as 3β-HSD. Alternatively, progesterone 

may undergo hydroxylation by CYP17 into 17-hydroxyprogesterone, which is 

subsequently converted into androstenedione then into estrone or testosterone by CYP19 

or by 17β-HSD, respectively. Estrone and testosterone are both precursors for E2. 

Estrone can be hydrolyzed to E2 by 17β-HSD and testosterone can be converted into E2 

by CYP19 (Figure 0-5). The conversion of cholesterol to androstenedione and 

testosterone primarily occur in either the theca cells and granulosa cells of the ovaries or 

in the Leydig cells of the testis (Figure 0-6). Conversion of androstenedione to estrone 

and testosterone to estradiol occur in the granulosa cell of the ovaries (Figure 0-6). 

 Estrogens and androgens are synthesized in both males and females. However, 

differences in concentration and hormone receptor expression contribute to the difference 
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between the sexes. In males, androgens are the main steroid hormones that regulate 

reproduction and physiology. In Leydig cells, testosterone is rapidly created from 

androstenedione due to the high expression of 17β-HSD (Andersson et al. 1996; 

O’Shaughnessy et al. 2000). However, estradiol is also present in males and is produced 

in mammalian testis (Stumpf 1969). Estrogen has an essential role in reproduction as well 

as Leydig cell development and function (Khan et al. 1998; Abney 1999). In addition to 

its roles normal male physiology, estrogens have a role in regulating steroidogenesis 

(Melner and Abney 1980a and 1980b; Kalla et al. 1980). Studies have shown that 

estradiol can inhibit enzymes important for steroid production such as 17α-hydroxylase in 

males (Brinkmann et al. 1980; Abney 1999). The biosynthesis of androgens in females 

occurs in the ovary and in the adrenal gland (Lebbe and Woodruff 2013). The production 

of androgens in theca cells is primarily under LH regulation (Baird et al. 1981). Low 

levels of LH have been shown to result in the increased production of androgens 

(Campbell et al. 1998). Maintaining the appropriate amounts of androgens in female is 

important in sexual development and bone formation.  

 Since steroid hormones play a significant role in vertebrate physiology and 

development, there are essential mechanisms that have evolved to help maintain 

hormonal homeostasis. Steroidogenic acute regulatory protein (StAR) alters the 

production of steroid hormones through the manipulation of cholesterol transport in the 

cell (Miller 1999 and 2007). Steroidogenesis can also be regulated transcriptionally 

through the expression of the above steroidogenic enzymes (Hiroi et al. 2004). Recent 
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evidence has shown that these enzymes can also be epigenetically regulated (Martinez-

Arguelles and Papadopoulos 2010). 

Signaling of steroid hormones 

 Steroids hormones such as androgens and estrogens, initiate receptor activation by 

binding to intracellular or membrane bound receptors. When initially described in the late 

1960s to early 1970s, estrogenic activation was characterized by the binding of E2 to a 

classical intracellular receptor (Jensen et al. 1968; Jensen and Desombre 1973). These 

intracellular steroid receptors belong to a superfamily of nuclear receptors that can either 

stimulate or inhibit the transcription of specific gene targets through genomic 

interactions. In addition to nuclear receptor activation, steroid hormones can also induce 

non-genomic signals that initiate the production of secondary messengers.  Increases in 

secondary messengers can also control the expression of genes through a variety of 

additional downstream signal transduction pathways. The primary difference between 

genomic and non-genomic pathways is that the latter does not require the entry of 

hormones into the cell but rather mediates their action through receptors at the cell 

membrane. 

Signaling of Androgens 

 Androgens initiate activity by binding to cytosolic androgen receptors (ARs) 

(Chang et al. 1988a and 1988b; Gobinet et al. 2002). One of the most well studied 

androgens that bind to ARs is testosterone (Benten et al. 1999). After the binding of 

testosterone to an AR, the receptor undergoes a conformational change exposing the 

DNA binding domain. The ligand- receptor complex then moves to the nucleus and 
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activates the expression of genes by binding to androgen-response elements (AnRE) 

(Jenster et al. 1991; Chang et al. 1995). Once bound to the DNA, the complex can recruit 

co-activators that initiate chromatin structure modifications, which allow RNA 

polymerases access to initiate transcription (Wang et al. 2005; McKenna and O’Malley 

2002) (Figure 0-7).  

 AR is expressed in several tissues of all vertebrates (de Waal et al. 2008; 

Gustafsson and Pousette 1975; Chang et al. 1988b). The expression of AR is dependent 

on age and reproductive stage of an organism. In rats, aside from the reproductive organs 

of both male and female, AR is expressed in the pancreas, liver, thyroid gland and heart 

in varying degrees (Gustafsson and Pousette 1975; Takeda et al. 1990; Kimura et al. 

1993). ARs regulate the expression of enzymes important for metabolism, cell 

differentiation, growth and detoxification (Sahlin et al. 1994; Hossain et al. 2008). 

Androgens can also initiate rapid non-genomic effects through secondary messengers 

(Foradori et al. 2008). Studies in mouse have shown that testosterone can induce an 

influx of extracellular Ca2+ following activation of the phospholipase C pathway and the 

downstream effectors, calmodulin and extracellular signal-regulated kinase (ERK) 

(Benten et al. 1999; Mellstrom and Naranjo 2001; Estrada et al. 2003).  

Signaling of Estrogens 

 Estrogens can induce biological effects by binding to G-protein coupled receptors 

or nuclear receptors (Hall et al. 2001; Prossnitz et al. 2008). Of the different estrogens, 

E2 is the strongest endogenous agonist for estrogen receptors (Kuiper et al. 1997; 

Heldring et al. 2007). The classical pathway of estrogen signaling regulates gene 



 
 

 

11 

transcription by binding to the nuclear estrogen receptor (ER). In the absence of a ligand, 

heat shock proteins inhibit ERs. When E2 binds to the receptor, it will induce a 

conformational change causing the release of the inhibitory factors and initiating 

dimerization with another molecule of ligand-ER complex. The activation of ER also 

results in the exposure of the DNA binding domain in the receptor that binds to estrogen 

response elements (EREs) in the promoting region of ER-regulated genes. Each response 

element has a specific palindromic DNA sequence (AGGTCAnnnTGACCT).  

Activated ER can also induce transcription by regulating proteins involved in 

chromatin modification and recruitment of the transcriptional machinery (Pinzone et al. 

2004; Heldring et al. 2007) (Figure 0-8). The two main forms of nuclear estrogen 

receptors are ERα and ERβ. ERα was the first estrogen receptor that was described in the 

1960s in humans (Jensen 1962). Then in 1993, an ERα knockout mice was created and 

soon after ERβ was discovered (Lubahn et al. 1993; Kuiper et al. 1996). Both ERs are 

highly conserved in structure and in DNA binding domains (Heldring et al. 2007). 

Expression of these receptors depends on tissue type and developmental stage.  

 ERs have 6 different structural regions (A-F) that have various physiological 

functions.  For instance in humans, region E is the site for ligand binding, while region C 

allows for DNA binding. Each region is stabilized by region D.  Region E also has a 

ligand dependent transcription activation function (AF-2), while domain A/B has a ligand 

independent transcription activation function (AF-1) (Figure 0-9). AF-2 binds a family of 

co-activator proteins called p160s, which includes GRIP1, TIF1 and SRC-1. These co-

activators then recruit other transcriptional factors such as CREB binding proteins and 
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p300. Together these proteins can induce histone modification and allow the recruitment 

of the transcription machinery complex.  Unlike AF-2, less is known about the activity 

for AF-1 (Webb et al. 1998).   

 Genes lacking ERE sequences can still be regulated by E2, further showing the 

diversity of estrogen signaling. ERs can also be transcriptional regulators by interacting 

with other proteins to induce expression. For example, ER can interact with activation 

protein 1 (AP-1) and affect the expression of genes that contain AP-1 binding sites 

(Figure 0-8). AP-1 is a complex of proteins that consist of different combinations of FOS 

and JUN proteins. AP-1 binding sites are found in promoters of genes essential for many 

cellular processes like cell division and death. Interaction between ER and AP-1 sites has 

been shown to induce transcription of ovalbumin, cyclin D1 and IGF genes (Gaub et al. 

1990; Umayahara et al. 1994; Liu et al. 2002). ER and AP-1 protein interactions are 

dependent on the receptor subtype and the AF domain (Webb et al. 1999).   

There are also genes that only contain imperfect sequences or half of the ERE 

sequence in their promoting regions (Duan et al. 1998; Petz and Nardulli 2000). Genes 

with unique EREs include low-density lipoprotein receptor (LDLR) and c-fos, and are 

regulated through an ER-Sp1 complex (Weisz and Rosales 1990).  Studies in breast 

cancer cells have shown that ERα-Sp1 can induce genes involved in cell cycle 

progression and proliferation (Kim et al. 2005). Similar to the signaling pathways 

induced by ER/AP-1, the actions of the ER/Sp1 complex are also dependent on receptor 

type. E2 signaling is also involved in the regulatory functions of NF-ΚB and GATA1. 
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Interaction of ER with NF-ΚB has been shown to have a role in bone metabolism by 

affecting the transcription of interleukin 6 (il-6) (Stein and Yang et al. 1995).    

Similar to other steroid hormones the effects of estrogen can also occur through 

non-genomic interactions mediated through secondary messengers such as Ca2+ and 

cAMP (Figure 0-10) (Szego and Davis 1967; Pietras and Szego, 1975). E2 membrane 

signaling is complex and quite controversial. These rapid changes in levels of Ca2+ and 

cAMP can be induced by E2 binding to membrane bound receptors such as a 

transmembrane, G-protein coupled estrogen receptor (GPER) (Revelli et al. 1998; 

Revankar et al. 2005; Thomas et al. 2005) (Figure 0-10). GPER has been found on the 

plasma membrane as well as the outer surfaces of intracellular organelles such as the 

endoplasmic reticulum (Thomas et al. 2005; Revankar et al. 2005; Funakoshi et al. 2006). 

Although rapid production of secondary messengers is the predominant effect produced, 

GPER activation alters downstream gene expression (Vivacqua et al. 2012). Estrogen 

induced increases of cAMP has been observed in uterine, mammary gland, and breast 

cancer cells (Szego and Davis 1967; Aronica et al. 1994). In breast cancer cells, E2 was 

shown to bind to GPER, and activate adenylyl cyclase (AC) and increase cAMP levels 

(Thomas et al. 2005). A study in vascular smooth muscle cells has shown that E2 can 

promote apoptosis by inhibition of PKA via GPER (Ding et al. 2009). GPER signaling 

can also activate the phosphoinositide 3-kinase (PI3K) pathway (Ding et al. 2009).  

PI3K/AKT regulates cellular proliferation and suppression of apoptosis (Datta et al. 1997 

and 1999). GPER induced apoptosis in vascular cells has been shown to be via ERK 

signaling (Ding et al. 2009). Estrogen mediated-ERK activity has been described to 
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involve EGFR transactivation (Daub et al. 1996; Filardo et al. 2000). The EGF pathway 

is important in regulating meiosis, mitosis and cellular differentiation (Carpenter and 

Cohen 1979). Binding of GPER has been shown to induce the mobilization of Ca2+ ions 

into the cytosol by its interaction with EGFR (Figure 0-10) (Revankar et al2005).  

While differences are present between the genomic and non-genomic regulatory 

pathways of estrogens, overlap also occurs. For example, cyclin D1 (CCND1) expression 

is regulated by AP-1, but studies have shown that E2 can induce CCND1 transcription via 

cAMP, which was linked to the activation of PKA (Castro-Rivera et al. 2001). The ability 

of estrogen to regulate the transcription of genes such as CCND1 by several mechanisms 

further shows the complexity of estrogen signaling pathways.  Additionally, the 

interaction of ERα and GPER is required for estrogen induced pathways in ovarian 

cancer cells (Albanito et al. 2007).  

 

Role of the Endocrine System on the Cardiovascular System 

 

 Hormones play a key role in a diverse number of signaling pathways in different 

organ systems like the cardiovascular system. Thyroid hormone receptors are expressed 

in many different tissues such as the brain, heart, kidney and liver (Cheng et al. 2010). In 

the heart, changes in the concentration of both T3 and T4 can cause changes in cardiac 

output, myocyte contraction, as well as oxygen consumption (Kahaly and Dillmann 2005; 

Biondi et al. 2002; Danzi and Klein 2002). However, in cardiac myocytes, T3 initiates 

most of the signaling because of limited deiodination in these cells (Everts et al. 1996). 
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T3 can initiate signaling in cardiac myocytes by binding to TR or RXR and regulate the 

expression of multiple genes involved in cardiac function (Brent 1994). Expression of 

cardiac genes such myosin heavy chain, sarcoplasmic reticulum Ca2+ ATPase (SERCA) 

and phospholamban (PLB) are regulated by TR (Hartong et al. 1994; Kiss et al. 1994; 

Klein and Danzi 2007). Myosins are important parts of muscle fibers and aid in muscle 

contraction. During muscle relaxation, cytosolic Ca2+ is remobilized into the 

sarcoplasmic reticulum by SERCA under PLB regulation. Thyroid hormones can also 

mediate physiological effects by non-genomic pathways in cardiac cells. T3 can alter 

membrane channels that control ion influxes such as Ca2+ essential for proper cardiac 

function (Davis and Davis 2002). In mice, treatment of vascular endothelial cells with T3 

led to the phosphorylation of protein kinase B (AKT) and endothelial nitric oxide 

synthase (eNOS), a protein involved in synthesis of nitric oxide (NO), which regulates 

contraction, heart rate and myocyte contractility (Hiroi et al. 2006).  

 Steroid hormones have also been shown to have cardiac effects. In addition to 

reproductive tissues, testosterone has also been shown to impact macrophages, cardiac 

myocytes and neuroblastoma cells (Ceballos et al. 1999; Estrada et al. 2006a and 2006b). 

Androgen-induced Ca2+ influxes cause cell proliferation, cell death by apoptosis or 

necrosis (Estrada et al. 2006b). In cardiac myocytes, activation of a G-protein coupled 

receptor by testosterone causes an increase in intracellular Ca2+ (Vicencio et al. 2006). In 

rabbits, the non-genomic effects of androgens have been shown to affect the relaxation of 

coronary arteries and the aorta in rabbit (Yue et al. 1995). Xiao et al. (2015) showed that 

testosterone could have a protective role in cardiac myocytes by decreasing cell death via 
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AR. Although androgens have been linked to cardiac health, the role of androgen 

signaling on the heart has not been fully characterized (Liu et al. 2003; Kaushik et al. 

2010).  

 As with androgens, estrogens can regulate of non-reproductive organ systems, 

including the cardiovasculature system (Murphy 2011), often having a protective role 

against cardiovascular diseases (Mendelsohn and Karas 1999; Deschamps and Murphy 

2009). For example, estrogen therapy has been linked to decreasing cardiac arrhythmias 

in postmenopausal women (Cagnacci et al. 1992), and estrogens can affect blood flow by 

regulating the metabolism of cholesterol and reduce arterial plaque formation (Chow 

1995). The role of the estrogen pathway on cardiovascular function is complex (Meyer et 

al. 2009 and 2011). Activation of GPER also prevents the opening of mitochondria 

permeability transition pores, which may reduce intracellular Ca2+ levels during ischemia-

reperfusion injury (Hausenloy and Yellon 2003; Bopassa et al. 2010). Contraction of 

cardiac myocytes is dependent upon rapid fluctuations in intracellular Ca2+. Studies in 

mice have shown that the number of L-type Ca2+ channels is maintained by E2 (Johnson 

et al. 1997). L-Type Ca2+ channels are one of the most abundant calcium channels found 

in cardiac cells and transport Ca2+ into the cytosol (Catterall 1991). Signaling pathways 

via estrogen can also impact the cardiovascular system by regulating the expression of 

nitric oxide synthase (NOS), a protein that catalyzes the production of NO (Chambliss 

and Shaul 2002). NO targets vascular endothelial cells and modulates myocardial 

contractility.  
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Endocrine Disrupting Chemicals 

The ability of hormones to affect an important network like the cardiovascular 

system, shows the complex and integral role of the endocrine system in normal 

organismal physiology. Biological processes that are required for normal development 

and function of organ systems can be influenced not only by endogenous molecules but 

as well as exogenous agents. Environmental contaminants can alter the endocrine system 

signaling (DeRosa et al. 1998; Crisp et al. 1998; Sumpter 1998). Endocrine disrupting 

chemicals (EDCs) include a host of compounds such as pesticides, steroid hormones and 

pharmaceutical agents, which can enter water bodies through municipal discharge of 

wastewater, as well as agricultural, industrial and urban runoff (Ternes et al. 1999; 

Purdom et al. 1994; Larsson et al. 1999). The presence of EDCs in the environment has 

become a major concern due to the potential risks they pose to exposed populations.  

EDCs can alter endocrine pathways by mimicking endogenous hormones and 

binding to specific receptors, either as an agonist or as an antagonist. The synthesis or 

clearance of endogenous hormones may also be altered by EDCs. Moreover, some EDCs 

can have multiple modes of action. For example, bisphenol-A (BPA), an industrial 

plasticizer, acts on several endocrine pathways by binding to estrogen, androgen and 

thyroid receptors (Kuiper et al. 1997; Moriyama et al. 2002; Zoeller et al. 2005; Sohoni 

and Sumpter 1998; Lee et al. 2003). As described above each of these pathways have 

roles in the cardiovascular system. Epidemiological evidence has correlated exposure to 

BPA with increased cardiovascular risks (Melzer et al. 2010). Identification of the 
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specific pathway affected by toxicants such as BPA can be especially challenging, due to 

the significant amount of cross-talk between endocrine pathways.  

 Hormones have also been suggested to play a role in cardiac development, and 

exposure to EDCs during embryogenesis can have significant effects that may impair the 

fitness of the organism. The heart serves a critical role in a developing organism. 

Consequently, impairment of endocrine pathways at sensitive life stages may 

significantly alter cardiac development and cause multiple lethal and sublethal effects 

that may not be observed until later life stages. Due to the complex nature of the 

evaluating EDCs, researchers have established and benefitted from the use of zebrafish as 

a model organism.  

 

Zebrafish as a Model for Cardiac development  

 

Zebrafish (Danio rerio) has been a useful model in better understanding 

developmental toxicology. Traditionally, toxicants were screened for developmental 

effects using rodents, which bring certain limitations owing to their high cost of use and 

protracted developmental time, both of which limit the ability to evaluate the impacts of 

toxicants at sensitive stages. Zebrafish can be easily maintained and cultured in a 

laboratory setting. Due to its transparent embryos, visual analysis of organogenesis can 

be measured throughout embryonic development. The zebrafish development toxicity 

assay (ZEDTA) has evaluated the teratogenicity of hundreds of compounds with high 

predictive ability (Ball et al. 2014). Large-scale mutagenesis screens have allowed the 
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classification of important genes involved in the development of many organs such as the 

heart (Haffter et al. 1996; Driever et al. 1996; Chen et al. 1996). To further explore 

zebrafish development, small molecule screens have also been conducted to investigate 

both time and dose effects (Peterson et al. 2000; Mathew et al. 2007).  

 Many of the genes involved in development are highly conserved between 

zebrafish and humans allowing it to serve not only as a general vertebrate model, but also 

one that can be utilized in human health biomedical research (Lam et al. 2006). There are 

several transgenic strains that have greatly contributed to developmental biology research 

(Veldman and Lin 2008; Ni et al. 2012). One of the first strains developed was a GFP 

labeled gata1 gene that allows the study of erythrocyte development (Long et al. 1997). 

Transgenic zebrafish models have also been generated to study human diseases. A 

transgenic zebrafish line containing the mutated human cardiac sodium channel gene 

scn5a was developed as an arrhythmia model (Huttner et al. 2013). 

 The development of zebrafish is rapid; embryos hatch approximately 72 hrs after 

fertilization. The release of eggs by fecund females is driven by light and the eggs are 

then externally fertilized immediately. Zebrafish development is divided into several 

stages: zygotic, cleavage, blastula, gastrula, segmentation, pharyngula, and the hatching 

period (Kimmel et al. 1995). Zebrafish are not dependent on a functional cardiovascular 

system for the first five days of its development, allowing phenotypic analysis after 

genetic alterations or chemical exposure. Although the cardiovascular system of zebrafish 

is different from mammals, early cardiac development has many similarities. The many 
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complex processes that occur during cardiovascular development in zebrafish has been 

extensively reviewed (Stainier 2001; Staudt and Stainier, 2012).  

 Myocardial and endocardial progenitor cell formation is one of the earliest events 

in cardiac development and many of the genes and pathways involved are highly 

conserved among vertebrates. Cardiac progenitor cells that will later differentiate into 

myocardial and endocardial cells are derived from mesodermal cells (Figure 0-11). At 

around 3 hours post fertilization (hpf), cardiac progenitor cells are found on the marginal 

zone of the embryo. One of the earliest genes to be expressed in cardiac cells and is 

thought to be a key player in cardiac differentiation is gata5. It has been shown to initiate 

and can regulate expression of nkx2.5 during cardiac cell specification (Reiter et al. 

1999). NKX2.5 is crucial for myocardial differentiation in zebrafish (Chen and Fishman 

1996). Several mutation studies have identified that nodal and bmp signaling also affects 

nkx2.5 expression. Mutations on nodal and bmp result in a decrease in nkx2.5 expression 

which could be restored by forcible expression of GATA5 (Reiter et al. 2001; Kishimoto 

et al. 1997). NKX2.5 homologs have been identified in pre-cardiac mesoderm cells of 

other organisms such as mice and frogs (Lints et al. 1993; Tonissen et al. 1994). Another 

important gene in cardiac differentiation is helix–loop–helix transcription factor (hand2) 

(Yelon et al. 2000). Hand2 also contains the binding site for GATA transcription factors 

in its promoter region (McFadden et al. 2000). Hand2 deficient embryos result in a 

decrease in myocyte cell number (Yelon et al. 2000). The differentiation of endocardial 

cells is less understood compared to that of myocardial cells. One of the genes that is 
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important for endocardial cell formation is clouche (clo). Mutations in this gene have 

been shown to block endocardial and blood cell differentiation (Stainier et al. 1995). 

 Starting from mid to late gastrula and during the segmentation period, cardiac 

precursor cells move towards anterior lateral plate mesoderm (ALPM) (~16 hpf) and then 

fuse in the midline (~19 hpf) (Figure 0-11). When cardiac cells reach the ALPM they 

continue to further differentiate (De Pater et al. 2009). The myocardial cells will further 

differentiate into ventricular or atrial myocytes by expression of different myosin heavy 

chain genes. Grinch, which encode a G-protein coupled receptor, is expressed in the 

marginal zone and the ALPM, while its ligand apelin are found in the midline and (Scott 

et al. 2007; Zeng et al. 2007). Grinch-Appelin signaling has been shown to be important 

for cardiac cell migration during gastrulation. Fibronectin is an essential factor in cell 

migration and cardiac fusion. Mutation in the fibronectin gene (natter) has been 

demonstrated to disrupt the movement of cells to the midline (Trinh and Stainier 2004). 

Levels of fibronectin are balanced and regulated by hand2 (Garavito-Aguilar et al. 2010). 

A gene mutation known as Miles apart (mil), and its ligand regulator two of hearts (toh), 

is reported crucial for cell movement to the midline (Kupperman et al. 2000; Osborne et 

al. 2008). Endocardial cells will migrate towards the midline with the aid of the 

transcription factor tal1 (Bussmann et al. 2007). VEGF signaling is also required for 

endocardial movement in order to coat the interior heart tube. Interaction between the 

endocardial and myocardial cells is also important. Endocardial cells may play a role in 

myocardial cell migration to form the outer layers of the cardiac cone (Staudt and Stainier 

2012). 
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 After the fusion of the two bilateral cardiac primordia (~19 hpf), the heart forms a 

disc-like structure in the midline that will form the primitive heart tube (~26 hpf). The 

myocardial disc will rotate forming the venous pole at the left side of the midline, while 

the arterial pole remains at the midline (Figure 0-11). The myocardial cells originating 

from the right field will involute towards the ventral side into the anterior region of the 

embryo. Mutations to has and nok have been shown to alter cell polarity and interfere 

with heart tube formation (Rohr et al. 2006; 2008). Both nodal and bmp signaling also 

help regulate this well-organized process (Bakkers 2011). Bmp4 is asymmetrically 

expressed with high amounts on the left field (Chen et al. 1997). Along with the left 

rotation of the disc, the heart subsequently undergoes extension.   

 After formation of the cardiac tube, at ~36 hpf, the heart tube loops to form a two-

chambered organ with an inner and outer curvature (Figure 0-11). The ventricle will bend 

to the right side of the midline while the future atrium remains in place. This second 

rotation is also regulated by asymmetric gene expression. The venous and arterial poles 

will rotate at different degrees. Then the chambers will obtain their curvature by 

undergoing a process called cardiac ballooning. Natriuretic peptide type A (nppa) 

expression sets the outer curvature of the myocardium (Auman et al. 2007). Several 

molecular events are required for ventricular specification, which will form the major 

pumping chamber. Alterations in several genes such as gata5 and hand2 specifically 

produce altered ventricle formation (Reiter et al 1999; Yelon et al. 2000).   

 Another important step in heart development is the atrioventricular canal (AVC) 

and valve formation. This starts at ~36 hpf and continues until about 4 days post 
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fertilization when the valve leaflets are formed. The AVC is formed at the border 

between the two cardiac chambers. AVC specification is observed when restriction of 

bmp4 and versican expression is limited to the AVC myocardial cells, and notch1b is 

limited to the endocardial cells (Westin and Lardelli, 1997; Walsh and Stainier 2001). 

Cardiac valves are essential in maintaining the direction of blood flow from the ventricle 

to the atrium. Valve development starts with the formation of an endocardium cushion in 

the atrioventricular canal. Endothelial cells will take a cuboidal shape and start to express 

dm-grasp (Beis et al. 2005; Bakkers 2011). The molecular signaling of valve formation 

involves communication between the myocardial and endocardial layers via nodal, nfat 

and tgf-B pathways. After hatching, the endocardial cushion will enlarge and differentiate 

to form the atrioventricular valve leaflets. Blood flow also plays a role in valve 

development. Molecular changes that occur during valvulogenesis can be stimulated by 

physical changes of blood flow. The sheer stress produced from the oscillating flow 

induces the transcription of klf2, which regulates notch expression and enhances valve 

formation (Vermot et al. 2009; Timmerman et al. 2004). 

 As the heart is developing from a tube to a looped structure, it contains layers of 

two different cell types (the myocardial and endocardial cells) (Figure 0-11). However, a 

third layer arises from the surrounding cells called the epicardium. This cell layer forms a 

surface around the entire heart. Bmp4 signaling from the myocardium layer induces 

epicardial specification (Liu and Stainier 2010). Expression of wt1, tbx18 and tcf21 are 

the molecular markers for the epicardial cell population (Serluca 2008). The epithelial 

layer that surrounds the heart protects it from injury. After injury, the epicardial cells 
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respond by increasing the expression of tbx18 causing epithelial to mesenchyme 

transition, which will move into the injured myocardium layer forming a vascular 

network to promote repair (Lepilina et al. 2006; Kim et al. 2010).  

 Contractions are first observed at the venous pole of the developing heart (~24 

hpf). Contractions initially occur at an irregular rhythm until the heart tube is fully 

formed. As the heart continues to develop, the contractions continue to increase and 

occur in a sequential pattern. The cells that maintain this pulse are located at the inner 

atrial node. Islet-1 regulates the activity of pacemaker cells, which is seen at 48 hpf 

(Tessadori et al. 2012). Before the heart starts to contract in a peristaltic pattern, there is a 

decrease in pulse in the canal myocardium. This delay disappears in zebrafish that lack an 

endothelium suggesting that this event is initiated from signals from the endocardial cells 

(Milan et al. 2006). Transcription factor tbx2b, which is expressed in the myocardium of 

the AV canal is also required for the conduction delay as well as marking fast and slow 

conducting cells.  Bmp4 can regulate expression of tbx2b, which are both regulated by 

Wnt signaling in the AV canal myocardium (Verhoeven et al. 2011).  

 

Cardiotoxicity in the Zebrafish 

 

 The growing use zebrafish and detailed studies on its cardiovascular development 

have greatly contributed in characterizing the effects of cardiac toxicants. 2,3,7,8-

Tetrachlorodibenzo-p-dioxin (TCDD), a polychlorinated dibenzo-p-dioxin congener, is 

known to target the cardiovascular system. TCDD mediates its toxicity by binding with 
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high affinity to the aryl hydrocarbon receptor (AhR) in the cytoplasm. Activated AhR 

will move to the nucleus and form a dimer with the aryl hydrocarbon receptor nuclear 

translocator (ARNT).  The AhR/ARNT dimer can then bind to xenobiotic response 

elements (XRE) and regulate transcription of specific genes (Denison et al. 1988a and 

1988b; Schmidt and Bradfield 1996; Rowlands and Gustafsson 1997). AhR regulates the 

genes involved in chemical metabolism such as cyp1A (Fujisawa-Sehara et al. 1987; 

Telakowski-Hopkins et al. 1988; Denison et al. 1988a) (Figure 0-12).  

 AhR also has an important role in the development of several organs, including 

the heart (Gonzalez and Fernandez-Salguero 1998; Antkiewics et al. 2006). Disruption of 

the AhR pathway results in cardiovascular defects. Ahr-null mice resulted in an increase 

in heart weight that is associated with myocyte hypertrophy (Thackaberry et al. 2002; 

Lund et al. 2003). Furthermore, over activation of AhR by TCDD causes heart size 

defects and dys-regulation in myocyte proliferation and heart rate (Hornung et al. 1999; 

Walker and Catron 2000; Thackaberry et al. 2005). Other effects include looping 

malformations, pericardial edema, and decreases in myocyte number have also been 

associated to TCDD toxicity (Henry et al. 1997; Antkiewics et al. 2006; Carney et al. 

2006). Further evidence that the developmental effects of TCDD were mediated through 

AhR comes from the observation that malformations in wildtype mice were reversed with 

a loss of function mutation of the ahr and arnt genes (Walisser et al. 2004). However, 

there is growing evidence that TCDD toxicity isn’t dependent on activation of cyp1a 

(Carney et al. 2004). 
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 Since the genome is well annotated for zebrafish, many researchers have used this 

model to uncover other AhR targets during development. Handley-Goldstone et al. 2005 

showed exposure to TCDD can alter the expression of genes that form the sarcomere, 

which is important for contraction. To further elucidate specific targets of AhR/ARNT, 

transcriptional changes were also temporally assessed in heart tissue of zebrafish after 

TCDD exposure (Carney et al. 2006). The genes that were dys-regulated were involved 

in xenobiotic metabolism, cell division and proliferation, as well as ion transport. Along 

with the gene alterations, there was a significant reduction in cardiac function, heart size 

and looping defects (Carney et al. 2006).  

 Another group of compounds that have been shown to activate the AhR and cause 

cardiac defects are polycyclic aromatic hydrocarbons (PAHs). PAHs are byproducts 

formed from incomplete combustion of organic matter. Mixtures of PAHs can also be 

found in fossil fuels such as crude oil and coal. Many studies have shown that exposure 

to crude oil can result in several malformations and sublethal effects (Incardona et al. 

2013, 2014 and 2015).  Some of the abnormal phenotypes that have been observed after 

exposure to PAH mixtures are pericardial edema, yolk sac edema, and curved body axis 

(Incardona et al. 2004; Heintz et al. 1999). Effects on heart rate (bradycardia) have also 

been described after PAH exposure (Incardona et al. 2004). To determine the specific 

compounds that cause toxicity, zebrafish embryos were exposed to a host of individual 

PAHs with subsequent evaluation of development (Incardona et al. 2004; 2006 and 

2011). These studies showed that individual PAHs can induce toxicity with differing 

severity. Three-ring PAHs such as phenanthrene and dibenzothiophene caused more 
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severe effects compared to pyrene, as well as different deformities. Phenanthrane and 

dibenzothiophene showed effects on cardiac conduction while pyrene resulted in anemia 

and loss of peripheral circulation showing that ring number is an important characteristic 

in PAH toxicity (Incardona et al. 2004).  

 Studies have also been done to evaluate the molecular mechanism of cardiac 

toxicity of individual PAHs. Research on PAHs has been primarily focused on AhR 

activation (Jayasundara et al. 2015). However, growing evidence suggests that certain 

PAHs can induce toxicity independent of AhR (Incardona et al. 2005; Goodale et al. 

2013). AhR morpholinos were able to prevent the cardiac toxicity seen in zebrafish 

embryos treated with pyrene, but not phenanthrene or dibenzothiophene (Incardona et al. 

2005). This further shows that other pathways may also be involved in PAH cardiac 

induced toxicity, and warrants further investigation especially those that are known to 

interact with the AhR pathway.  

 Compounds that alter the endocrine system can also cause cardiotoxic effects. 

Estrogenic compounds have also been shown to change Ca2+ homeostasis in 

cardiomyocyte cells. E2 and BPA can alter Ca2+ regulation, promoting cardiac 

arrhythmias in rodents (Yan et al. 2011). Levels of BPA measured in the urine from 

adults in the U.S were associated with increased risk of myocardial infarction (Lang et al. 

2008), coronary artery disease (Melzer et al. 2010) and hypertension (Shankar et al. 

2012). Zebrafish embryos exposed to BPA (15mg/L) caused pericardial edema, 

indicating an effect on the development of cardiovascular system (Duan et al. 2008). 

Although research has established the role of the endocrine system on cardiovascular 
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maintenance and function, its specific role in development remains unclear and warrants 

further investigation. Exposure to 17β-estradiol (3 µM) has also shown to result in 

pericardial edema as well as other defects (Chandrasekar et al. 2010). GPER has been 

suggested to have a role in heart development in zebrafish. Exposure to the GPER agonist 

G1 resulted in cardiac malformations (Jayasinghe and Volz 2012; Diamante et al., 2017). 

However, minimal studies have been done to further elucidate this as a potential pathway 

for cardiac toxicity. However, examining estrogen signaling can be multifaceted because 

of the great deal of crosstalk between several pathways. In addition, the AhR and ER 

signaling have been shown to interact, leading to another potential mechanism for 

cardiotoxicity (Matthews and Gustafsson 2006). Activated AhR has been shown to 

recruit ERs to promoter regions and to affect normal estrogen signaling (Matthews et al. 

2005). The exact role of ER to AhR regulated genes needs to be further examined.  

 

Conclusion 

 

 The endocrine system plays a vital role in many cellular processes that are 

important for maintaining normal physiological functions. The thyroid, androgen and 

estrogen pathways not only have the ability to signal to their specific receptors, but can 

crosstalk with other pathways that add to the complexity of the signaling cascades that 

are induced. Therefore, studying the molecular effects of EDCs on an organism can 

become quite complicated, even more so when assessing their effects during 

development. With the numerous pathways that are endocrine regulated along with the 
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additional complexity of cellular processes occurring during development, assessing 

toxicity at these intricate times brings about more difficulties. Therefore, despite 

numerous studies showing the effects of hormones on development, the specific 

molecular pathways responsible for these phenotypic effects remain unclear. Using the 

zebrafish as a model organism may help bridge the gaps.  

 The zebrafish has become a popular model for developmental and toxicological 

research. It has played a role in obtaining the current knowledge we have about the 

cardiotoxic effects of dioxins and PAHs. However, there are still many compounds that 

need to be further studied to better assess their potential to negatively affect embryo 

development. Estrogens have been well studied in terms of their effect on reproduction, 

but their role in embryo development and cardiovascular functions are now being 

examined. Using zebrafish as a tool can aid in the study of the role of estrogens on heart 

development. These findings will be essential in elucidating the mechanisms of toxicity 

of xenoestrogens. Future research needs to be able to match the molecular events of 

toxicity to a specific time point in the very complex timeline of development. A detailed 

mechanistic understanding of the normal role of endocrine system and the ability of 

EDCs to induce cardiac effects during development may help to address the toxicity of 

other environmental contaminants.  
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Figure 0-1: Endocrine system network. The endocrine system is a network of glands that 
synthesize and secrete hormones as chemical messages. These hormones are released into 
the circulatory system to reach a target organ. Upon binding to a specific receptor, the 
hormones can induce signal transduction events that regulate many physiological 
functions. 
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Figure 0-2: The hypothalamus–pituitary complex. Hormone signaling and synthesis 
begins at the hypothalamus. Specialized cells in the hypothalamus release hormones that 
either inhibit or promote release of other hormones from the anterior lobe of the pituitary. 
The hormones that target the anterior pituitary include corticotropin-releasing hormone 
(CRH), dopamine (DA), growth hormone-releasing hormone (GHRH), gonadotropin 
releasing hormone (GnRH), thyroid-releasing hormone (TRH) and gonadotropin-
inhibitory hormone (GnIH). These hormones then initiate or inhibit the synthesis of 
hormones from the pituitary gland such as luteinizing hormone (LH), follicle-stimulating 
hormone (FSH), thyroid-stimulating hormone (TSH), growth hormone (GH) and 
adrenocorticotropic hormone (ACTH) that have unique functions in specific target 
organs.  
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Figure 0-3: Diagram of the major steps involved in thyroid hormone (T3 and T4) 
synthesis and secretion. Thyroid hormones are formed in follicles lined by a single layer 
of follicular cells. Thyroglobulin (Tg) is formed in the endoplasmic reticulum and then 
secreted into the colloid where it undergoes iodination. Iodinated residues of tyrosine are 
then conjugated. Processed thyroglobulin will re-enter the cell by endocytosis and broken 
down by proteases to yield T3 and T4. 
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Figure 0-4: Thyroid receptor activation pathways. In the nucleus, thyroid hormones can 
bind to thyroid receptors (TRs), which recruit co-activator protein. An activated TR can 
then activate the transcription of thyroid response element (TRE) containing genes. TRs 
form heterodimers with retinoid X receptors (RXRs) and bind to TREs located in the 
promoter regions of target genes. In the absence of the ligand, the RXR–TR heterodimer 
interact with repressor proteins (R) to inhibit target gene transcription. 
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Figure 0-5: Diagram of the steroid biosynthesis pathway along with the enzymes 
involved in each step. 17β-Hydroxysteroid dehydrogenase (17β-HSD), 3β-
Hydroxysteroid dehydrogenase (3β-HSD), cytochrome P450 family 11 subfamily A 
(cyp11A), cytochrome P450 Family 17 (cyp17) and cytochrome P450 Family 19 (cyp19).  
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Figure 0-6. Sex steroid hormones synthesis in the testis and the ovary. Conversion of 
cholesterol to the primary sex steroid hormones in the testis and the ovary. This process 
requires both the theca cells and granulosa cells of the ovaries and the Leydig cells and 
Sertoli cells of testis. 
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Figure 0-7: Androgen receptor activation pathway. In the absence of its ligand, androgen 
receptors (ARs) are bound to repressors (R) that inhibit its transport to the nucleus. 
Testosterone-bound ARs form dimers that translocate into the nucleus to initiate the 
transcription of AR-regulated genes. Activated ARs will recruit co-activators and bind to 
androgen response element (ARE) upstream the promoter region of target genes. 
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Figure 0-8: The classical genomic activity of estrogens is mediated through the signaling 
of nuclear estrogen receptors (ERs). Unbound ER is bound to repressor proteins (R). 17β-
estradiol (E2) binding induces formation of ER dimers, which relocate into the nucleus. 
After dimerization, ERs recruits co-activators (CoA) and binds to estrogen response 
elements (ERE) on DNA. ERs also associate with other transcription factors such as 
specificity Protein 1 (Sp1) and activating protein-1 (AP-1) to induce transcription of 
target genes. 
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Figure 0-9: Functional domains of the nuclear estrogen receptors. Both ERα and ERβ 
have four main functional domains. Domain C harbors a DNA-binding domain (DBD) 
while the ligand-binding domain (LBD) is located in E/F. The two transcriptional 
activation functions (AF-1 and AF-2) of the ERs are in A/B and E/F. 
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Figure 0-10: Rapid non-genomic signaling of G-protein coupled estrogen receptors 
(GPER). Binding of 17β-estradiol (E2) to GPER can activate the epidermal growth factor 
receptor (EGFR) leading to the initiation of other signal transduction pathways such as 
PI3K/AKT that can have downstream genomic effects. Activation of GPER can also lead 
to an increase in the conversion of adenosine triphosphate (ATP) to cyclic adenosine 
monophosphate (cAMP) as well as the release of Ca2+ in the cytosol. Accumulation of 
cAMP in the cytoplasm can activate protein kinase A (PKA), which can phosphorylate 
transcription factors to regulate transcription. Increased levels of Ca2+ can lead to the 
activation of different transcription factors.  
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Figure 0-11: Zebrafish cardiac development. Cardiac progenitor cells are located 
bilaterally in the lateral marginal zone. The cardiac progenitor cells move dorsally 
towards the mid-line to end up in the anterior later plate mesoderm (ALPM). The pre-
endocardial and myocardial cells migrate towards the mid-line. When the bilateral heart 
fields fuse at the mid-line, they form a cardiac disc structure with the endocardial cells 
forming the inner layer and the ventricular and atrial myocytes at the periphery of the 
disc. Cardiac morphogenesis transforms the cardiac disc into a cardiac tube. When the 
linear heart tube forms, the venous pole is located at the anterior left and the arterial pole 
is fixed at the mid-line. The heart tube will then loop with 2 distinct chambers. The heart 
will continue to develop and form an epicardium and valve leaflets at the atrioventricular 
canal (AVC). Ventral side (V), dorsal side (D)  
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Figure 0-12: Aryl hydrocarbon receptor pathway. In the absence of bound ligand, aryl 
hydrocarbon receptor (AHR) resides in a complex with heat shock protein 90 (HSP90), 
the co-chaperone protein X-associated protein 2 (XAP2), and p23. When bound to an 
agonist ligand such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the AHR complex 
translocates to the nucleus, resulting in HSP90 displacement. AHR binds to the AHR 
nuclear translocator (ARNT), leading to AHR–ARNT heterodimer formation. This 
heterodimer is capable of binding to a xenobiotic responsive element (XRE). Both AHR 
and ARNT can recruit co-activators, leading to the transcription of a wide variety of 
genes such as cytochrome P450 1A1 (CYP1A1). 
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Abstract 
 
 Exposure to 17B-estradiol (E2) influences the regulation of multiple signaling 

pathways, and E2-mediated disruption of signaling events during early development can 

lead to malformations such as cardiac defects. In this study, we investigated the potential 

role of the G-protein estrogen receptor 1 (GPER) in E2-induced developmental toxicity. 

Zebrafish embryos were exposed to E2 from 2 h post fertilization (hpf) to 76 hpf with 

subsequent transcriptional measurements of heart and neural crest derivatives expressed 2 

(hand2), leucine rich repeat containing 10 (lrrc10), and gper at 12, 28 and 76 hpf. 

Alteration in the expression of lrrc10, hand2 and gper was observed at 12 hpf and 76 hpf, 

but not at 28 hpf. Expres- sion of these genes was also altered after exposure to G1 (a 

GPER agonist) at 76 hpf. Expression of lrrc10, hand2 and gper all coincided with the 

formation of cardiac edema at 76 hpf as well as other developmental abnormalities. 

While co-exposure of G1 with G36 (a GPER antagonist) rescued G1-induced 

abnormalities and altered gene expression, co-exposure of E2 with G36, or ICI 182,780 

(an estrogen receptor antagonist) did not rescue E2-induced cardiac deformities or gene 

expression. In addition, no effects on the concen- trations of downstream ER and GPER 

signaling molecules (cAMP or calcium) were observed in embryo homogenates after E2 

treatment. These data suggest that the impacts of E2 on embryonic development at this 

stage are complex and may involve multiple receptor and/or signaling pathways. 

 

  



 
 

 

64 

Introduction 

 

Xenobiotics in the environment can alter the normal functions of the endocrine 

system by acting as antagonists or agonists to hormonal receptors, and/or alter the 

synthesis/metabolism of endogenous hormones (Guillette et al., 1995; Sonnenschein and 

Soto, 1998). For example, phenolic xenobiotic compounds structurally similar to the 

endogenous hormone, 17β-estradiol (E2), may alter the regulation of a variety of signal 

transduction events during development. Studies in zebrafish have been utilized 

extensively as a model to evaluate the effects of xenobiotics on development, and have 

shown that exposure to agents such as Bisphenol-A (BPA) and the natural hormone E2 

during development resulted in a range of gross malformations, including curved body 

axis, yolk- sac edema, and pericardial edema (Brion et al., 2004; Duan et al., 2008; Saili 

et al., 2012). Similar cardiac phenotypes have been observed following polycyclic 

aromatic hydrocarbon (PAH) exposure in zebrafish embryos (Incardona et al., 2004). 

Although many studies have evaluated the impacts of xenobiotics such as PAHs on heart 

development, the molecular mechanisms by which estrogenic compounds cause 

cardiotoxicity is poorly understood. 

Embryonic development depends on the precise spatio-temporal expression of 

signaling genes, and alterations can result in abnormal phenotypes. While nuclear E2 

receptors have been primarily studied in development, limited work has been reported on 

the G-protein-coupled estrogen receptor 1 (GPER). Activation of GPER by G1 (a GPER 

agonist), E2 and other estrogenic compounds increases levels of secondary messengers 
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such as Ca2+ (Brailoiu et al., 2013; Szego and Davis, 1967; Thomas et al., 2005), which 

can affect the expression of genes vital to cardiovascular development, such as lrrc10 and 

hand2 (Brody et al., 2013; Dirkx et al., 2013). 

To better understand the effects of E2 and other potential phenolic contaminants 

that have estrogenic activities, the purpose of this study was to evaluate the role of GPER 

in the toxicity of E2 on zebrafish embryo development; G1 was used as a positive control 

for all exposures. To analyze the potential role of GPER in E2 and G1 toxicity, signal 

transduction and the expression of gper and cardiac genes, lrrc10 and hand2 were 

evaluated. 

 

Materials and methods 

 

Chemicals 

G1 (rel-1-[4-(6-bromo-1,3-benzodioxol-5-yl)-3aR,4S,5,9bS-tetrahydro-3H-

cyclopenta[c]quinolin-8-yl]-ethanone; ≥ 98% purity, Cayman Chemical, Ann Harbor, 

MI), G36 ((4S)-rel-4-(6-bromo-1,3-benzodioxol-5-yl)-3aR,4,5,9bS-tetrahydro-8-(1-

methylethyl)-3H-cyclopenta[c]quinolone; ≥ 98% purity, Cayman Chemical);  ICI 

182,780182, 780 (7α,17β-[9-[(4,4,5,5,5-Pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-

triene-3,17-diol; ≥ 99% purity, Tocris, Minneapolis, MN) and 17β-estradiol (E2; ≥ 98% 

purity, Sigma-Aldrich, St. Louis, MO) were dissolved in ethanol. Stock solutions were 

kept at 4°C in dark conditions. Exposure solutions were prepared by diluting working 
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stocks in dechlorinated water at a final vehicle concentration of 0.1- 0.2% ethanol within 

all vehicle control and treatment groups. 

Maintenance of zebrafish culture 

Zebrafish (Danio Rerio) 5D adults were purchased from Oregon State University. 

Adults were maintained and embryos were treated according to an animal use protocol 

(AUP #20130005) that was reviewed and approved by the University of California, 

Riverside (UCR) Institutional Animal Care and Use Committee (IACUC). Adults were 

bred in tanks containing a mesh-spawning basket. The morning of treatment, embryos 

were collected 30min after the light turned on. Embryos were cleaned and 

microscopically evaluated for viability. The stage of the embryos was visualized before 

treatment to ensure that exposure was conducted at a consistent developmental stage 

throughout all experiments. The different stages were determined using previously 

published standards (Kimmel et al., 1995). The embryos were maintained at 28◦C in 

dechlorinated water with a light:dark cycle of 14 h:10 h. 

Exposure regime 

After microscopic evaluation, 30–35 randomly selected embryos were placed in 

petri dishes (100 mm × 15 mm) for expo- sure. Treatment was initiated at 2h post 

fertilization (hpf) and embryos were statically exposed until 76 hpf. At this time point, 

there is no cardiac progenitor cell formation which allows for sufficient time to determine 

the embryo viability without confounding cardiac effects. The embryos were exposed to 

0.1% ethanol as the solvent control and to various nominal concentrations of E2 (0.1, 2, 5, 

7 and 8 μM). The concentrations were selected based on range finding studies and our 
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own dose response experiment (data not shown). Each dish of treatment contained 20 ml 

of the appropriate treatment solution. There were 4–9 replicates for each treatment 

depending on the specific experiment. 

After exposure, the plates were incubated at 28◦C in a light:dark cycle of 14h:10h. 

Embryos were statically exposed for 74h and were checked daily for viability based on a 

transparency, yellowish appearance and presence of a heartbeat. Embryos that were 

determined to be dead were removed immediately at each observation time. At 76 hpf, 

treatment was terminated and surviving embryos were used for molecular endpoints (see 

below) and analyzed for abnormalities. Prevalence of the following gross malformations 

were assessed microscopically and quantified: curved body axis, bent tail, yolk-sac 

edema, looping defects and pericardial edema. 

To investigate the role of GPER in E2-induced toxicity expression of GPER, 

Hand2, and Lrrc10 mRNA was analyzed at several time points during development 

including the segmentation (12 hpf) and pharyngula stages (28 hpf). We also analyzed 

expression of these genes and Vtg mRNA at the same time point morphological 

responses occurred (76 hpf). Vtg was included as a positive control for ER activation. 

To determine and compare whether GPER activation resulted in similar effects as 

E2 during development, embryos were exposed to G1, a GPER agonist. Embryos were 

exposed at various concentrations (0.5, 2 and 5 μM) of G1 at the same developmental 

time point as the E2 treatment. Doses were determined using range finding dose response 

experiments based on previous studies (Chandrasekar et al., 2010). To determine the 

contribution of GPER, co-exposure experiments were conducted with the GPER 
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antagonist, G36 (5 μM) and ICI 172, 780 (14 μM). Concentrations of the antagonists 

were selected based on the solubility of these compounds in ethanol and the highest 

concentration that did not cause adverse effects on embryonic development, based on a 

range finding dose response experiment (data not shown). 

RNA isolation and RT-PCR 

Post-treatment embryos at 12, 28, and 76 hpf were pooled for mRNA expression 

analysis. Approximately 35 embryos were pooled per treatment replicate (n=4–9) and 

used for total RNA extraction using RNeasy Lipid Tissue Mini Kit purchased from 

Qiagen (Valencia, CA). After RNA extraction, the purity and integrity of the samples 

were analyzed using the OD260/OD280 ratio. Using the Promega Reverse Transcription 

System kit (Madison, WI), 1000 ng of RNA was used for cDNA synthesis following the 

manufacturer’s instructions. Upon completion, cDNA was stored at -20°C until qPCR 

was performed. qPCR was done using the iTAQ Universal SYBR green kit from BioRad 

(Hercules, CA). Each SYBR reaction mix had 100 ng of cDNA and a specific primer set 

for the genes of interest. The primer sequence is as follows: 

gper forward- 5’ TGG CTG TGG CAG ATC TTA TTC 3’ 

gper reverse- 5’ CAA TGG ACT GCT GCT CAT AGA 3’ 

hand2 forward- 5’ AGA GAT GTC TCC TCC TGA CTA TAC 3’ 

hand2 reverse- 5’ TTC CCT GAG TTC TGC AAA GG 3’ 

lrrc10 forward- 5’ AGG AGC TTC CTC TGG TCA TA 3’ 

lrrc10 reverse- 5’ AGC CTA AAT GGA GCG TCT TG 3’ 

vtg forward- 5’ CTG CAA GAG TGC AAC TGA TAG TTT C 3’ 
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vtg reverse- 5’ ACT TGC CAG TGA CTT TGT GCT T3’ 

ef-α forward- 5’ CTA CAT CAA GAA GAT CGG CTA CAA 3’ 

ef-α reverse- 5’ CGA CAG GGA CAG TTC CAA TAC 3’ 

The thermal cycling conditions used for all three genes analyzed via qPCR was as 

follows: The denaturation step was done at 95°C for 5 min, followed by annealing and 

extension at 95°C for 10 sec and at 55°C for 30 sec. This was repeated for 40 cycles. 

Afterwards, a melt curve analysis was done from 54-95°C in increments of 0.5°C. All 

primer sets displayed one peak demonstrating the specificity. Data was normalized using 

ef-α and the efficiency for all genes were optimized and monitored using PCRminer. 

(Zhao and Fernald, 2005) 

Calcium measurement 

To measure calcium, treated embryos were collected (~30-35 embryos per 

treatment replicate; n=6) and homogenized on ice using a lysis buffer (150 mmol L−1 

NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 50 mmol L−1 Tris-HCl, 1 mmol L−1 

EDTA, 1 mmol L−1 phenylmethanesulfonyl fluoride, 0.1% SDS). After incubation for 30 

min on ice, lysed samples were centrifuged at 15,000 x g for 20 min at 4°C. The resulting 

supernatant was aspirated and used for the assay. Supernatant was mixed with 150 μl of 

the calcium reagent Arsenazo III (Sigma Aldrich, St. Louis, MO) and the absorbance 

determined at 650-nm with a spectrophotometer. The readings were then normalized to 

protein content, which was measured using a Pierce™ BCA Protein Assay Kit (Thermo 

Fisher Scientific, Waltham, MA) per manufacturer’s instructions. 

cAMP Measurements 
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 Treated zebrafish embryos at 76 hpf (30-35 embryos per replicate, n=4-6) were 

snap-frozen in liquid nitrogen. cAMP concentrations was determined using Direct cAMP 

ELISA kit (Enzo Life Sciences, Farmingdale, NY) following the manufacturers’ 

instructions. Proteins levels were determined using a Bradford assay (Thermo Fisher 

Scientific, Waltham, MA) for normalization. 

Statistical Analysis  

 All statistical analyses were done using the statistical program R (R 

version 3.1.2). For parametric analyses, one-way ANOVA was used followed by a 

Tukey’s HSD test (p<0.05).  Data sets that were not normally distributed were analyzed 

using a nonparametric method, the Kruskal–Wallis one-way analysis of variance. If the 

Kruskal-Wallis test showed significance (p<0.05), then Dunn’s post hoc test was used. 

Co-exposures were analyzed by a two-way ANOVA. Survival and deformity datasets 

were analyzed via logistic regression model. 

 

Results 

 

Sublethal malformations were observed after treatment with E2, including curved 

body axis, yolk-sac edema and pericardial edema (Figure 1-8). At 76 hpf, 35.5±15.9% 

and 61.1±28.9% of the surviving embryos exhibited pericardial edema and cardiac 

impairment (such as looping defects) after exposure to 7 μM and 8 μM of E2, 

respectively, which were both statistically significant compared to all groups (Figure 1-
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1A). To assess ER activation in embryos, vtg expression was also analyzed at 76 hpf after 

treatment and an upward trend was observed following E2 treatment (Figure 1-9).  

The expression of two cardiac genes lrrc10 and hand2 also increased after 

exposure to E2. The patterns of lrrc10 and hand2 expression were correlated with an r2 

value of 0.88.  Expression of lrrc10 transcripts at 12 hpf showed an increasing trend after 

exposure to 5 μM and 7 μM of E2, with a significant 9.6-fold increase observed at 8 μM 

E2 (Figure 1-2A). At 28 hpf, lrrc10 expression did not significantly change (Figure 1-2B). 

At 76 hpf, an upward trend in lrrc10 expression was seen after exposure to 2, 7 and 8 μM 

of E2, with a significant change at 5 μM exposure (Figure 1-2C). At 12 hpf, the 

expression of hand2 after exposure to 8 μM of E2 resulted in a significant 5.7-fold 

increase (Figure 1-3A). At 28 hpf, hand2 expression did not significantly change (Figure 

1-3B). At 76 hpf, hand2 expression showed an upward trend after exposure to 2, 7 and 8 

μM of E2, but a significant change only occurred at 5 μM exposure (Figure 1-3C). 

After exposure to 2 μM and 5 μM of G1 for 74 hrs, there was a significant 

increase in cardiac deformities (e.g., pericardial edema and looping defects). Treatment 

with 2 μM and 5 μM of G1 resulted in 87.7 ± 19.4% and 100 ± 0% of embryos with 

cardiac deformities (Figure 1-4A). After treatment with 2 μM of G1, expression of lrrc10, 

hand2 and gper were significantly induced.  Expression of gper resulted in a 9-fold 

increase compared to the vehicle control (Figure 1-4B). G1 exposure also resulted in a 8- 

and 9-fold increase in the expression of lrrc10 and hand2, respectively (Figure 1-4C and 

D).  
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To assess whether the impacts on cardiac development were mediated through 

activation of GPER, E2- and G1-exposed embryos were co-exposed with the GPER 

antagonist G36. Exposure up to 5 μM of G36 did not cause cardiac deformities. Embryos 

exposed to 7 μM of E2 and 1.75 μM of G1 both caused a significant increase in the 

percentage of embryos that had cardiac deformities (45.4 ± 5.3% and 52.8 ± 6.1% 

respectively).  Co-exposure of embryos to G1 and G36 decreased the abnormalities 

observed with G1 to 13.3 ± 2.5% (Figure 1-5A).  In addition, the alterations observed in 

gper, lrrc10 and hand2 transcripts after G1 exposure were also abolished (Figure 1-5B 

and C). This suggests that expression of these genes may be associated with GPER-

induced cardiotoxicity. 

The increase in the expression of gper, lrrc10 and hand2 observed in the E2 

exposed embryos were reduced when co-exposed with G36 (Figure 1-6B and C).  

However, the deformities were not rescued in the embryos that were co-exposed with E2 

and G36 (Figure 1-6A).  Since E2 deformities were not rescued by G36, we investigated 

whether the nuclear estrogen receptors were involved in E2 developmental toxicity. 

Embryos were co-exposed to 14 μM of ICI, 182,780 (ICI). The co-exposed samples did 

not significantly decrease the number of observed deformities, although levels of vtg 

mRNA was diminished confirming the concentration of ICI necessary for ER antagonism 

(Figure 1-7 and 2-9).  

 Activation of GPER enhances levels of intracellular secondary messengers such 

as cAMP and Ca2+, which can moderate the expression of lrrc10 and hand2 (Brody et al., 

2013; Dirkx et al., 2013). Levels of both secondary messengers were analyzed after 
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exposure to 2, 5 and 7 μM of E2, and G1 was used as a positive control. There was an 

increase in the levels of Ca2+ following treatment with 5 μM of G1 (Figure 1-10). 

However, significant changes were not seen after exposure to E2 for 74 hr at any of the 

concentrations analyzed (Figure 1-10). There was also no increase in cAMP after 

treatment with E2 and a trend towards a decrease after G1 exposure (Figure 1-11).   

 

Discussion 

 

Activation of GPER by the GPER agonist G1 induces similar malformations as those of 

embryos exposed to other estrogenic compounds (Jayasinghe and Volz, 2012). Binding 

of E2 or G1 to GPER can alter transcriptional regulation of genes required for 

development. In the present study, the role of GPER on cardiac impacts by E2 during 

development was evaluated. We showed that exposing zebrafish embryos to E2 and G1 

during embryogenesis altered the transcription of gper and genes involved in cardiac 

development (lrrc10 and hand2). Embryo lethality and developmental abnormalities such 

as cardiac deformities (e.g., pericardial edema) were temporally related to the altered 

expression patterns. 

A significant increase in cardiac deformities (primarily pericardial edema) was 

observed after exposure to 7-8 µM of E2 at 76 hpf. Exposure to E2 (7-96 hpf) was 

reported to cause cardiac abnormalities in zebrafish embryos, but was observed at lower 

concentrations (2 µM) (Chandrasekar et al., 2010). The inconsistency in effect thresholds 

are likely due to experimental design differences such as different treatment vessels, 
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duration and developmental stage. In our study, exposure was only for 74 hrs with 

exposure occurring at 2 hpf. In contrast, Chandrasekar et al. (2010) exposed 7-hpf 

embryos to E2 for 96 hrs. Cardiac deformities have also been observed with other 

estrogen receptor ligands including EE2, BPA, bifenthrin, and genistein (Duan et al., 

2009; Jin et al., 2009; Tse et al., 2013; Santos et al., 2014). EE2 was shown to alter heart 

rate and cause pericardial edema after exposure for 142 h (2-144 hpf) (Santos et al., 

2014). Exposure to BPA in embryos from 8-120 hpf resulted in cardiac abnormalities at 

concentrations between 30-70 µM (Saili et al., 2012). Similarly, exposing 24-hpf 

zebrafish embryos to genistein (25 and 50 µM) for 60 hr resulted in a reduction of heart 

rate and increased pericardial edema (Kim et al., 2009).  

Consistent with earlier studies, G1 also caused similar developmental cardiac 

toxicity in the current study (Jayasinghe and Volz, 2012).  In addition, expression of gper 

mRNA was significantly increased following E2 treatment. Previous studies have shown 

that E2 induced the levels of both gper mRNA and protein in breast cancer cells via the 

epidermal growth factor receptor (EGFR) pathway (Vivacqua et al., 2009). 

Overexpression of GPER has been observed in breast and lung cancer cells, indicating its 

role in different chronic diseases (Filardo et al., 2006; Jala et al., 2012). The role of 

EGFR in the developmental toxicity of estrogenic compounds in zebrafish is unclear, but 

warrants further study. 

GPER signaling is important for reproductive physiology and cardiovascular 

function (e.g. vasolidation) (Bopassa et al., 2010; Deschamps and Murphy, 2009; Meyer 

et al., 2011). In this study, E2 altered hand2 transcripts at 12 hpf and 76 hpf and 
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treatment with G1 also caused altered expression of hand2. The transcription factor, 

hand2 belongs to the beta helix-loop-helix (bHLH) family of proteins and regulates 

cardiac differentiation, especially during early somitogenesis, which occurs ~10-24 hpf in 

zebrafish (Kimmel et al., 1995; Stainier, 2001; Yelon et al., 2000).  In addition, hand2 

plays a role in Notch and NFAT signaling in the endocardium (VanDusen et al., 2014). 

Overexpression of hand2 in zebrafish embryos increases the number of cardiomyocyte 

cells and causes heart enlargement (Schindler et al., 2014). For example, mice that 

overexpressed hand2 developed cardiac hypertrophy (Dirkx et al., 2013). Thus, the 

increase of hand2 observed in our study may negatively affect cardiac development, but 

further study is needed to test this hypothesis.  

Changes in the expression of lrrc10 during development were also observed in the 

study after exposure to E2 at 12 hpf and 76 hpf.  Transcripts of lrrc10 were also altered 

by G1 exposure, showing that activation of GPER is a potential pathway for E2-induced 

expression of lrrc10. LRRC10 is a cardiac specific protein that contains leucine-rich 

repeat (LRR) motifs and is found in mice, humans and zebrafish. LRRC10 also has a 

significant role in heart function and development in mice as well as zebrafish (Brody et 

al., 2013; Kim et al., 2007; Nakane et al., 2004). A zebrafish study using lrrc10 

morpholinos showed that knocking down this gene caused cardiac morphogenic defects, 

such as cardiac looping errors, in addition to pericardial edema (Kim et al., 2007). This, 

along with the results from our study indicates that any disturbance in the levels of lrrc10 

may also result in abnormal development.  
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To verify that the altered gene expression of gper, lrrc10 and hand2 were 

mediated through the activation of GPER, embryos were co-exposed to the GPER 

antagonist, G36. Co-exposure of G1 with G36 rescued the altered expression of all three 

genes back to control levels. In addition, the rescue of gper, lrrc10 and hand2 expression 

was associated with a reduced percentage of cardiac deformities in the G1-G36 co-

exposure. This shows that gper, lrrc10 and hand2 may be involved in the cardiac effects 

of G1.  

In contrast to G1, G36 was unable to rescue the cardiac deformities induced by E2 

exposure, although the expression of gper, hand2 and lrrc10 were reduced in the E2-G36 

co-exposure. To investigate the involvement of the estrogen receptor pathway in E2 

toxicity, a co-exposure study was conducted using the ER antagonist, ICI 182, 780 (ICI). 

Interestingly, neither ICI 182, 780 nor G36 rescued the observed cardiac effects caused 

by E2.  While these results were unexpected, it is important to note the limitations of 

chemical co-exposure experiments in evaluating the mechanism of toxicity of compounds. 

The inability of G36 to rescue E2 cardiac deformities does not eliminate the contribution 

of other rapid estrogen sig- naling pathways involvement such as ERs variants (i.e. 

mER36) that can localize in the membrane (Razandi et al., 1999; Levin, 2002; Chaudhri 

et al., 2012). In addition, E2 may induce expression of additional ERs that may not be 

inhibited by ICI.  Although these compounds are known bind to specific receptors and 

initial downstream effects, it is currently not possible to eliminate all other pathways that 

might be affected by E2 at this concentration, time-point and developmental stage. Thus, 

the inability of ICI 182, 780 or G36 to rescue the E2 induced morphological effects may 
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be due to the possibility that concentrations used for the study were insufficient to reverse 

E2 effects at the specific stage of development examined. Clearly, concentrations of G36 

were sufficient to reduce G1-mediated effects and expression of GPER regulated cardiac 

genes, but morphological effects of E2 were unchanged.  Concentrations of agonists and 

antagonists for all exposures were optimized based on solubility and overt toxicity.  

Antagonist concentrations above the solubility limit or that caused overt toxicity were not 

used. Although other studies in zebrafish adults have shown that 1 µM ICI can rescue 

effects of 10 nM E2, this was seen in adult male fish (Lam et al., 2011).  Given that the 

concentrations of ICI in our study (14 µM) were more than 10-fold greater that those 

used in the adult male exposure, and below limits of solubility and overt toxicity, it seems 

likely that concentrations of ICI should have been high enough to elicit anti-estrogenic 

activity.  In fact, the ICI-mediated inhibition of vtg induction by E2 is also consistent 

with ICI concentrations being relevant.  However, the kinetic disposition of E2 and 

antagonists to specific molecular targets in adults relative to embryos is unknown, and 

suggests morphological effects may be dependent upon the time of exposure.  

Alteration in the transcriptional regulation of gper, hand2 and lrrc10 was 

observed at 12 hpf and 76 hpf but not at 28 hpf. Enhanced expression at unique temporal 

periods may indicate sensitive windows for E2 toxicity during zebrafish development. At 

12 hpf, the embryo is in the segmentation period of development. At this stage, cardiac 

precursor cells begin to move towards the embryonic axis and segregate (Stainier, 2001; 

Bakkers, 2011). At 28 hpf, ventricular and atrial chambers of the heart tube are becoming 

more distinct (Stainier, 2001). At 76 hpf, rapid growth of all tissues including the heart is 
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occurring (Staudt and Stainier, 2012). This is the time when deformities were observed in 

the current study. Proliferation of cardiac myocytes, and development of the primitive 

leaflet valves occur during 76 hpf and are critical for regulating blood flow (Scherz et al., 

2008). The degree of reduced blood flow needed to cause embryo or larval mortality is 

unclear but would be a fruitful area of further study.  

In summary, our data suggest that E2-induced cardiotoxicity in developing 

zebrafish embryos may not be attributed to a specific estrogen pathway. This further 

raises the question of the role of GPER and ERs during development. Given the 

widespread occurrence of structurally similar environmental pollutants, such as hydroxy-

PAHs or phenolic compounds, that affect estrogen pathways, it is necessary to better 

characterize this pathway in vertebrate development and environmental toxicology. 
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Figure 1-1. Effects of 17β–Estradiol (E2) on cardiac development and mRNA levels of 
GPER in zebrafish embryos at different times during development. Cumulative fold 
change of GPER mRNA of zebrafish embryos exposed to 0.1% ethanol (ETOH) and 0.1 
μM-8 μM of E2 at 2hpf. Each graph represents different time points A) 12 hpf B) 28 hpf 
and C) 76 hpf. Data presented as mean ± standard error (SE) of four to nine independent 
replicates. (D) Average percent cardiac deformities at 76 hpf after treatment with 0.1% 
ethanol (ETOH) and 0.1 μM- 8 μM of E2 at 2 hpf. Data presented as mean ± standard 
error (SE) of four to six independent replicates. Deformities data were analyzed using a 
logistic regression model. Normal data was analyzed by ANOVA followed by Tukey’s 
HSD multiple comparisons test. Data that was not normal a Wallis test was used followed 
by a Dunn’s Multiple Comparison Test. Asterisks (*) represent the significant difference 
(p<0.05).  
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Figure 1-2. Effects of E2 on the expression of lrrc10 in zebrafish embryos at different 
times during development. Cumulative fold change of lrrc10 mRNA of zebrafish 
embryos exposed to 0.1% ethanol (ETOH) and 0.1 μM-8 μM of 17β-estradiol(E2) at 2 
hpf. Each graph represents different time points (A) 12 hpf (B) 28 hpf and (C) 76 hpf. 
Data presented as mean ± standard error (SE) of four to nine independent replicates. 
Normal data was analyzed by ANOVA followed by Tukey’s HSD multiple comparisons 
test. Data that was not normal a Kruskal-Wallis test was used followed by a Dunn’s 
Multiple Comparison Test.  Asterisks (*) represent the significant difference compared to 
control (p<0.05). 
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Figure 1-3. Effects of E2 on the expression of hand2 in zebrafish embryos at different 
times during development. Cumulative fold change of hand2 (A-C) mRNA of zebrafish 
embryos exposed to 0.1% ethanol (ETOH) and 0.1 μM-8 μM of 17β-estradiol(E2) at 2 
hpf. Each graph represents different time points (A) 12 hpf (B) 28 hpf and (C) 76 hpf. 
Data presented as mean ± standard error (SE) of four to nine independent replicates. 
Normal data was analyzed by ANOVA followed by Tukey’s HSD multiple comparisons 
test. Data that was not normal a Kruskal-Wallis test was used followed by a Dunn’s 
Multiple Comparison Test.  Asterisks (*) represent the significant difference compared to 
control (p<0.05). 
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Figure 1- 4. Effects of G1 exposure on cardiac development and expression of lrrc10, 
hand2 and gper in zebrafish embryos. (B-D) Cumulative fold change of gper (B), lrcc10 
(C) and hand2 (D) mRNA of zebrafish embryos exposed to 0.1% ethanol (ETOH) and 
0.5 μM-5 μM of G1 for 74 hr starting at 2 hpf. Data presented as mean ± standard error 
(SE) of four to nine independent replicates. (A) Data represents average percent cardiac 
deformities at 76 hpf after treatment with 0.1% ethanol (ETOH) and 0.5 μM- 5 μM of E2 
at 2 hpf. Average percent cardiac deformities is presented and was analyzed via a logistic 
regression model. Normal data was analyzed by ANOVA followed by Tukey’s HSD 
multiple comparisons test. Data that was not normal a Kruskal-Wallis test was used 
followed by a Dunn’s Multiple Comparison Test.  Different letters represent the 
significant differences (p<0.05).  
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Figure 1-5. Effects of GPER agonist G1 and GPER antagonist G36 co-exposure on 
deformities and the expression of lrrc10, hand2 and gper in zebrafish embryos. (A) Data 
represents average percent cardiac deformities at 76 hpf after treatment with 0.2% 
ethanol (ETOH), 5 μM of G36 and 1.75 μM of G1 for 74 hr starting at 2 hpf. (B-D) 
Cumulative fold change of gper (B), lrrc10 (C) and hand2 (D) mRNA of zebrafish 
embryos after exposure at 2 hpf. Data presented as mean ± standard error (SE) of four to 
nine independent replicates. Normal data was analyzed by 2-way ANOVA followed by 
Tukey’s HSD multiple comparisons test. Deformities data was analyzed using a logistic 
regression model. Different letters represent the significant difference (p<0.05).  
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Figure 1-6. Effects of co-exposure to E2 and GPER antagonist G36 on deformities and 
the expression of lrrc10, hand2 and gper in zebrafish embryos. (A) Data represents 
average percent cardiac deformities at 76 hpf after treatment with 0.2% ethanol (ETOH), 
5 μM of G36 and 7 μM E2 for 74 hr starting at 2 hpf. (B-D) Cumulative fold change of 
gper (B), lrrc10 (C) and hand2 (D) mRNA of zebrafish embryos after exposure at 2 hpf. 
Data presented as mean ± standard error (SE) of four to nine independent replicates. 
Normal data was analyzed by 2-way ANOVA followed by Tukey’s HSD multiple 
comparisons test. Deformities data was analyzed using a logistic regression model. 
Different letters represent the significant difference (p<0.05).  
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Figure 1-7. Percent of cardiac deformities after co-exposure of ER antagonist ICI 182, 
780 with 17β–Estradiol (E2). Data represents average percent cardiac deformities at 76 
hpf after treatment with 0.2% ethanol (ETOH), 7 μM of E2, 14 μM of ICI 182, 780 and 2 
μM of Ral at 2 hpf. Data presented as mean ± standard error (SE) of four to six 
independent replicates. Data was analyzed using a logistic regression model. Asterisks 
(*) represent the significant difference (p<0.05).  
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Figure 1-8.  Images of sublethal malformations were observed after treatment with E2, 
including curved body axis, yolk-sac edema and pericardial edema at 76 hpf.  
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Figure 1-9. Effects of E2 on vtg expression in zebrafish embryos at 76 hpf. Cumulative 
fold change of vtg mRNA of zebrafish embryos exposed to 0.2% ethanol (ETOH), 7 μM 
of 17β-estradiol(E2), 14 μM ICI 182, 780 and co-exposed with E2 and ICI 182, 780 at 2 
hpf. Data presented as mean ± standard error (SE) of four to six independent replicates. 
Kruskal-Wallis test was used followed by a Dunn’s Multiple Comparison Test.  Asterisks 
(*) represent the significant difference (p<0.05). 
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Figure 1-10. Effects on Ca2+ levels in zebrafish embryos after 17β–Estradiol (E2) 
exposure. Average levels of Ca2+ normalized to protein concentrations in zebrafish 
embryos exposed to 0.1% ethanol (ETOH) and 2μM-7μM E2 and 0.5 μM -5 μM G1 for 
74hr starting at 2hpf. Data presented as mean ± standard error (SE) of six independent 
replicates. Data was analyzed by ANOVA followed by Tukey’s HSD multiple 
comparisons test.  Asterisks (*) represent the significant difference (p<0.05).  
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Figure 1-11. Levels of cAMP in zebrafish embryos after 17β–Estradiol (E2) and G1. 
Average levels of cAMP normalized to protein concentrations in zebrafish embryos 
exposed to 0.1% ethanol (ETOH) and 2μM-7μM E2 and 2μM -5 μM G1 for 74hr starting 
at 2hpf. Data presented as mean ± standard error (SE) of six independent replicates. 
Kruskal-Wallis test was used followed by a Dunn’s Multiple Comparison Test.  Asterisks 
(*) represent the significant difference (p<0.05). 
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Chapter 2 

Developmental Toxicity Of 
Hydroxylated Chrysene Metabolites in Zebrafish Embryos 
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Abstract 
 

 One of the primary sources of polycyclic aromatic hydrocarbons (PAHs) in 

marine environments is oil. Photochemical oxidation and microbial transformation of 

PAH-containing oils can result in the formation of oxygenated products. Among the 

PAHs in crude oil, chrysene is one of the most persistent within the water column and 

may be transformed to 2- and 6-hydroxychrysene (OHCHR). Both of these compounds 

have been shown to activate (2-OHCHR) and antagonize (6-OHCHR) the estrogen 

receptor (ER). Previous studies in our lab have shown that estrogen can significantly alter 

zebrafish development. However, little is known about the developmental toxicity of 

hydroxylated PAHs. Zebrafish embryos were exposed to 0.5-10 μM of 2- or 6-OHCHR 

from 2 hours post-fertilization (hpf) until 76 hpf.  A significant decrease in survival was 

observed following exposure to 6-OHCHR – but not 2-OHCHR. Both OHCHRs 

significantly increased the percentage of overall deformities after treatment. In addition to 

cardiac malformations, ocular and circulatory defects were also observed in embryos 

exposed to both compounds, while 2-OHCHR generally resulted in a higher prevalence 

of effect. Moreover, treatment with 2-OHCHR resulted in a significant decrease in 

hemoglobin levels. ER nor G-Protein coupled estrogen receptor (GPER) antagonists and 

agonists did not rescue the observed defects. We also analyzed the expression of cardiac-, 

eye- and circulation-related genes previously shown to be affected by oil. Rhodopsin 

mRNA expresssion was significantly decreased by both compounds equally.  However, 

exposure to 2-OHCHR significantly increased the expression of the hematopoietic 
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regulator, runx1 (runt related transcription factor 1). These results indicate the toxicity of 

oxygenated photoproducts of PAHs and suggest that other targets and signaling pathways 

may contribute to developmental toxicity of weathered oil. Our findings also demonstrate 

the regio-selective toxicity of hydroxy-PAHs in the effects on eye and circulatory 

development and raise the need to identify mechanisms and ecological risks of oxy-PAHs 

to fish populations. 
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Introduction 
 

 
The Deepwater Horizon (DWH) disaster of 2010 released millions of barrels of 

oil into the Gulf of Mexico, which occurred at the same time and location where 

numerous ecologically and commercially important fish species spawn (Incardona et al., 

2014). Numerous studies have shown that fish embryos are especially sensitive to oil and 

the primary target may be the developing heart (Incardona et al., 2013 and 2014). The 

induced toxicity observed with oil exposure has been attributed to polycyclic aromatic 

hydrocarbons (PAHs) found in oil as mixtures. In crude oil, the major PAHs responsible 

for cardiac effects are those that have 2-4 aromatic rings (Brette et al., 2017).   In addition 

to cardiotoxicity, exposure to PAHs also caused yolk sac edema, reduction in jaw size, 

skeletal defects (lordosis or scoliosis) and neurodevelopmental abnormalities commonly 

referred to as blue sac disease (BSD) (Incardona et al., 2004; 2006; 2011; Heintz et al., 

1999; Le Bihanic et al., 2014).  

In the marine environment, PAHs can undergo weathering processes (biotic and 

abiotic) that can change their physical and chemical composition and alter bioavailability 

and toxicity. Photolytic and microbial oxidation can result in the formation of oxygenated 

products that have greater toxic effects on marine life and the environment (Saeed et al., 

2011; Esbaugh et al., 2016; Sweet et al., 2016). Among the PAHs found in crude oil, 

chrysene is one of the most persistent in the water column (Tansel et al., 2011) and can 

undergo oxidation to produce derivatives such 2- and 6-hydroxchrysene (OHCHR).  
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Prior work evaluating the molecular mechanisms of PAH toxicity has been 

primarily focused on the aryl hydrocarbon receptor (AhR) pathway (Jayasundara et al., 

2015). AhR activation during development has been shown to cause cardiovascular 

defects induced by certain PAHs (Scott et al., 2011). However, growing evidence 

suggests that certain PAH-induced developmental toxicity may be AhR-independent 

(Incardona et al., 2005; Goodale et al., 2013). For example, in zebrafish, knockdown of 

AhR using morpholinos blocked pyrene-induced cardiotoxicity, but not phenanthrane or 

dibenzothiophene (Incardona et al., 2005).  

In vitro studies have shown that hydroxylated PAHs such as 2- and 6-OHCHR 

can activate or antagonize estrogen receptor, respectively (Hayakawa et al., 2008; Van 

Lipzig et al., 2005; Tran et al., 1996). The estrogen pathway plays a significant role in 

reproduction, development, and the maintenance and function of the cardiovascular 

system of vertebrates (Allgood Jr. et al., 2013). Estrogens can induce biological effects 

by binding G-protein coupled estrogen receptors (GPER) or nuclear estrogen receptors 

(ER) (Hall et al. 2001). Estrogen treatment during development in zebrafish caused 

significant cardiotoxicity (Diamante et al., 2017). However, little is known about the 

effects of hydroxylated PAHs in aquatic organisms. To address this issue, we evaluated 

the effects of the ER agonist, 2-OHCHR, and the ER antagonist, 6-OHCHR on the 

embryonic development of zebrafish. In addition to cardiac effects, ocular and circulatory 

system effects were also investigated. To gain insight into the possible pathway involved 

in the 2- and 6-OHCHR induced developmental abnormalities, transcriptional and 

circulatory defects associated with 2- and 6-OHCHR toxicity were also evaluated.  
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Materials and methods 

 

Chemicals 

2- and 6 hydroxychrysene (≥ 99% purity, MRI Global, Kansas City, MO), 

phenanthrene (≥ 98% purity, Sigma-Aldrich, St. Louis, MO), chrysene (≥ 98% purity, 

EMD Millipore, Billerica, MA), G36 ((4S)-rel-4-(6-bromo-1,3-benzodioxol-5-yl)-

3aR,4,5,9bS-tetrahydro-8-(1-methylethyl)-3H-cyclopenta[c]quinolone; ≥ 98% purity, 

Cayman Chemical); ICI 182, 780 (7α,17β-[9-[(4,4,5,5,5-Pentafluoropentyl) 

sulfinyl]nonyl] estra-1,3,5(10)-triene-3,17-diol; ≥ 99% purity, Tocris, Minneapolis, MN) 

and E2 (17β-estradiol ≥ 98% purity, Sigma-Aldrich, St. Louis, MO) were dissolved in 

100% ethanol. Stock solutions were kept at 4°C in dark conditions. Exposure solutions 

were prepared by diluting working stocks in dechlorinated water at a final vehicle 

concentration of 0.1 or 0.2% ethanol within all vehicle control and treatment groups. 

2.2 Maintenance of zebrafish culture 

 Wildtype zebrafish (5D) embryos were obtained from the facility of Dr. David 

Volz at the University of California, Riverside (UCR). The night prior to exposure in-

tank breeding traps were placed into tanks. Embryos were handled under the UCR- 

Institutional Animal Care and Use Committee (IACUC) approved protocol (AUP 

#20130005). Newly fertilized eggs were collected within 30 min of spawning. After 

collection, embryos were rinsed and microscopically evaluated for viability. The 

developmental stage of embryos was visualized before treatment to ensure that exposure 

was conducted at a consistent stage throughout all experiments. The different stages were 
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determined using previously published standards (Kimmel at al., 1995). The embryos 

were maintained at 28◦C in dechlorinated water with a light:dark cycle of 14 hours:10 

hours (hrs). 

Exposure Regime 

 After microscopic evaluation, 30-35 embryos were randomly placed in plastic 

petri dishes (100 x 15mm) for exposure at 2 hours post fertilization (hpf). Working 

solutions were freshly prepared by spiking stock solutions into water, resulting in 0.1 or 

0.2% ethanol in controls and treatment groups. The embryos were exposed to ethanol as 

the solvent control and to various nominal concentrations of 2- or 6-OHCHR (0.5, 3, 5, 

10 μM). Embryos were also treated with E2 (3, 5 and 8 μM), chrysene (0.5, 1 and 3 μM), 

phenanthrene (0.5, 3 and 5 μM), E2 (3 μM), G36 (5 μM) and ICI 172, 780 (14 μM).  

Concentrations of the oxy-PAHs were based on relative potency of the compounds to E2 

(Hawakawa et al., 2008) and the developmental toxicity of E2, which was determined 

from previous studies in our laboratory (Diamante et al.  2017).  Similarly, the 

concentrations of E2, G36 and ICI 172, 780 were also selected based on our previous 

study (Diamante et al., 2017). These concentrations were the highest soluble 

concentrations that did not cause overt toxicity. For co-exposure experiments, both 

compounds were added at the same developmental time point (2hpf). Each treatment dish 

contained 20 ml of the appropriate treatment solution. Treatment was repeated with at 

least 3 different clutches. The number of replicate (2-4) dishes per treatment group per 

clutch depended on the embryo yield for that day’s hatch from culture. After exposure, 

petri-dishes were incubated at 28◦C in a light:dark cycle of 14 hrs:10 hrs until 76 hpf. 
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Embryos were statically exposed for 74 h and were checked daily for viability based on a 

transparent and yellowish appearance and presence of a heartbeat. The dead organisms 

were removed immediately at each observation time. At 76 hpf, treatment was terminated 

and surviving embryos were analyzed for abnormalities. Treatment between 2-76 hpf was 

chosen due to previous work in the lab that showed this stage to be sensitive for 

estrogenic compound exposure (Diamante et al 2017). Prevalence of the following gross 

malformations were assessed microscopically and quantified: curved body axis, bent tail, 

yolk-sac edema, pericardial edema, presence of red blood cells, cardiac looping and eye 

defects (diameter). 

RNA isolation and RT-PCR  

 Treated embryos were pooled for mRNA expression analysis. Approximately 30 

embryos were pooled per replicate (n=4-9 replicate pools) for total RNA extraction using 

the RNeasy Lipid Tissue Mini Kit purchased from Qiagen (Valencia, CA).  After RNA 

extraction, the purity and integrity of the samples were analyzed using the 

OD260/OD280 ratio. Using the Promega Reverse Transcription System kit (Madison, 

WI), 1000 ng of RNA was used for cDNA synthesis following the manufacturer’s 

instructions. Upon completion, cDNA was stored at -20°C until qPCR was performed.  

qPCR was carried out using the iTAQ Universal SYBR green kit from BioRad (Hercules, 

CA). Each SYBR reaction mix had 100 ng of cDNA and a specific primer set for the 

genes of interest. The primer sequences are as follows:  

rho forward- 5’ CCCCTCAACTACATCCTGCT 3’ 

rho reverse- 5’ CGACTTTAGCCCCATCTCAC 3’ 
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sema3a forward- 5’ CACACCTTCCAAACGCGATG 3’ 

sema3a reverse- 5’ ATAGGATGGAAGGCTCCGGT 3’ 

vegfa forward- 5’ TGTAATGATGAGGCGCTCGAA 3’ 

vegfa reverse- 5’ AGGCTCACAGTGGTTTTCTT 3’ 

ncx1 forward- 5’ CAGGGTAGAGACAAACCAATCC 3’ 

ncx1 reverse- 5’ CAGCAATACGCCTCTCATCTT 3’ 

runx1 forward- 5’ CCACCCTACAACACCAATCT 3’ 

runx1 reverse- 5’ CATGGCTGACATGCCAATAC 3’ 

gata1 forward- 5’ AGTTCAGCAGCGCTCTATTC 3’ 

gata1 reverse- 5’ CTGTTCTGGCCGTTCATCTTA 3’ 

vtg forward- 5’ CTGCAAGAGTGCAACTGATAGTTTC 3’ 

vtg reverse- 5’ ACTTGCCAGTGACTTTGTGCTT 3’ 

ef-α forward- 5’ ATACATCAAGAAGATCGGCTACAA 3’ 

ef-α reverse- 5’ CCACAGGTACAGTTCCAATAC 3’ 

The thermal cycling conditions for the qPCR analysis used for all genes were as 

follows: The denaturation step was done at 95°C for 5 min, followed by annealing and 

extension at 95°C for 10 sec and at 55°C for 30 sec. This was repeated for 40 cycles. 

Afterwards, a melt curve analysis was carried out from 54-95°C at increments of 0.5°C. 

All primer sets displayed one peak demonstrating the specificity.  This was done using 

the BioRad CFX Connect instrument (Hercules, CA).  Optimization was determined by 

previous studies and qPCR data was normalized using ef-α (Diamante et al., 2017). 
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Imaging 

 Images were captured using a Leica MZ10 F stereomicroscope equipped with a 

DMC2900 camera and Leica Application Suite (LAS v4.6) software. Morphometric 

analyses of images were performed using Image J (National Institutes of Health, 

Bethesda, MD). Embryos were imaged in lateral recumbency and analyzed for pericardial 

area.  

O-Dianisidine Staining 

Previously published protocols for o-dianisidine staining were utilized to 

determine the levels of hemoglobin after exposure (Paffett-Lugassy and Zon, 2005; Leet 

et al., 2014). Treated embryos were transferred into clean petri dishes and were stained 

with an o-dianisidine solution (0.6 mg/ml o-dianisidine, 0.01 M sodium acetate (pH 4.5), 

0.65% H2O2, and 40% ethanol) at room temperature for 30 mins covered with foil. After 

staining, embryos were rinsed with E-pure water and transferred into 2 ml microfuge 

tubes. Once embryos were rinsed, 4% paraformaldehyde was added and the embryos 

were fixed for 1 h at 4°C then placed in a solution containing 0.8% KOH, 0.9% H2O2, 

and 0.1% Tween-20 for 30 mins at room temperature to remove pigments. After fixation, 

embryos were washed with phosphate-buffered saline (PBS) and then fixed with 4% 

paraformaldehyde overnight at 4°C. Embryos were then kept in PBS at 4°C until imaging. 

Embryos were imaged in dorsal recumbancy using a Leica MZ10 F stereomicroscope 

equipped with a DMC2900 camera and Leica Application Suite (LAS v4.6) software 

(Buffalo Grove, IL). The images were then analyzed using the Adobe Photoshop software 

color range tool. For comparison, a sample color of the o-dianisidine stain was obtained 
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from the control samples and then used to measure levels of staining in the ventral side of 

the yolk and pericardial area among all treatment groups.  

 

Results 

 

To compare the toxicity of 2- and 6-OHCHR to PAHs and estrogenic compounds, 

embryos were separately exposed to chrysene, phenanthrene, and E2 at the same stage 

and for the same duration.  Exposure to 2-OHCHR for 74 h did not affect embryo 

survival. However, average percent survival significantly decreased to 67.01 % ± 10.73 

after exposure to 10 μM of 6-OHCHR. Exposure to 5 μM phenanthrene also significantly 

decreased embryo survival to 33.28 % ± 5.37. No effect on survival was observed after 

exposure to chrysene and E2 (Table 2-1).  

Occurrence of malformations were quantified after exposure to 2- and 6- OHCHR, 

chrysene, phenanthrene and E2 for 74 h. There was an increase in the percent of overall 

deformities after treatment with 2- and 6-OHCHR, phenanthrene and E2. After exposure 

to 0.5 μM 2-OHCHR more than 60% of the surviving embryos had deformities. Over 

90% of the embryos exposed to 3-10 μM of either 2-OHCHR or 6-OHCHR presented 

with altered development. The highest concentration of phenanthrene also caused 70% of 

the surviving embryos to have malformations. E2 concentrations of 5 μM and 8 μM 

resulted in the average percent deformities to increase to 47.44 % ± 6.25 and 100.00 % ± 

0, respectively. Similar to survival measurements, parent (non-hydroxylated) chrysene 

did not cause any developmental malformations at the concentrations tested (Table 2-1).  
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To determine whether the toxicity of 2- and 6-OHCHR was tissue-specific, the 

deformities were separated into different categories (spinal, eye, cardiac and circulatory 

defects).  Exposure to the highest concentration of 6-OHCHR resulted in a significant 

increase in spinal deformities (Figure 2-1D). 2-OHCHR treatment at 3, 5, and 10 μM also 

increased structural malformations from approximately 20 to 30 % (Figure 2-1D). In 

contrast to 2- and 6-OHCHR, spinal deformities were the most abundant malformations 

observed in embryos exposed to E2. Exposure to 5 and 8 μM E2 caused a 25.23 % ± 4.6 

and 99.33 % ± 0.66 prevalence of spinal deformities. Chrysene and phenanthrene did not 

cause significant increases in spinal deformities (Figure 2-1A and B).   

Previous studies have shown that PAHs (e.g., phenanthrene) and oil can target eye 

development (Huang et al., 2013; Xu et al., 2016). Therefore, the incidence of eye 

deformities (e.g., eye discoloration and size) was also evaluated. The percentage of 

embryos with eye deformities significantly increased after exposure to 5 μM 

phenanthrene and 8 μM E2, respectively (Figure 2-2B and C). Exposure to 2- and 6-

OHCHR also resulted in an increase in eye deformities. Exposure to 3, 5 and 10 μM of 2-

OHCHR caused eye malformations in 80-97% of the embryos. 6-OHCHR also caused 

abnormal eye formation at 3, 5 and 10 μM, but the percentages were significantly lower 

than 2-OHCHR at the same concentrations (P< 0.05) (Figure 2-2D).  

Heart development has been shown in many studies to be the primary target of 

PAHs; thus, the occurrence of cardiac deformities (pericardial edema, looping defects) 

was also quantified (Incardona et al., 2004; 2011). Phenanthrene, E2, 2- and 6- OHCHR 

all caused an increase in the average occurrence of cardiac malformations such as looping 
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defects and the presence of pericardial edema. Exposure to the highest concentrations of 

phenanthrene (5 μM) caused approximately a 40% increase of cardiac deformities 

(Figure 2-3B), whereas E2 (8 μM) caused cardiac malformations in more than 70% of 

embryos (Figure 2-3C). Exposure to 0.5, 3, 5, and 10 μM 2-OHCHR also resulted in an 

increase in cardiac deformities, with a more than 3-fold increase from 0.5 to 10 μM 

(Figure 2-3D). In contrast, treatment with 6-OHCHR caused the prevalence of cardiac 

deformities to significantly increase to nearly 70% at 3-10 μM (Figure 2-3D). Exposure 

to 2-OHCHR caused a 2-fold increase in pericardial area (Figure 2-4). However, embryos 

treated with 6-OHCHR only showed a trend towards an increase in pericardial area 

(Figure 2-4).  

 Hemoglobin levels and vascular effects were also observed.  Impairment of 

circulation was observed in the embryos exposed to E2, 2- and 6-OHCHR. Exposure to 8 

μM E2 resulted in a greater than 90% increase in the prevalence of circulatory defects 

(Figure 2-5C). Embryos exposed to 0.5, 3, 5 and 10 μM 2-OHCHR also resulted in blood 

flow alterations with effect noted from 40 % to nearly 90% over the range of 

concentrations (Figure 2-5D). Although similar responses were observed in embryos 

treated with 6-OHCHR (~50% response), overall responses were not concentration-

dependent (Figure 2-5D). Exposure to 3 and 5 μM 2-OHCHR caused significantly more 

defects than 6-OHCHR at the same concentration. Hemoglobin levels were also 

measured and a significant decrease was observed in the embryos treated with 2-OHCHR 

compared to control and 6-OHCHR (Figure 2-6).   
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 To investigate potential contributions of ER signaling in 2- and 6-OHCHR 

toxicity, the expression of vtg was analyzed. Expression of vtg was significantly 

increased after exposure to 2- OHCHR at 0.5 μM but unchanged by 6-OHCHR (Figure 2-

7A).  Co-exposure of the PAHs with the ER antagonist ICI 182,780 or the GPER 

antagonist G36 failed to rescue any of the developmental effects noted above (Figure 2- 

7B and C).  Since 6-OHCHR has been shown to be an ER antagonist, embryos were co-

exposed to the hydroxylated chrysene and E2.  However, co-exposure of embryos to E2 

and 6-OHCHR did not rescue any development malformations (Figure 2-7D). 

 Potential molecular targets were investigated for each malformation that was 

observed after exposure to 2- and 6-OHCHR for 74hrs. The expression of rho (ocular), 

nxc1 (cardiac ion exchange), gata1 (hematopoiesis), runx1 (hematopoiesis), vegfa 

(vasculogenesis and angiogenesis) and sema3a (vasculogenesis) were investigated. The 

genes selected were previously shown to be affected by either oil or PAH exposure 

(Sørhus et al., 2016; Xu et al., 2016). No significant alterations were observed in ncx1, 

gata1 and sema3a expression. 2- and 6-OHCHR both caused a concentration-dependent 

decrease in expression of rho (Figure 2-8). However, there were no significant 

differences between the responses of either compound. A trend towards an increase in 

levels of vegfa mRNA was observed with 2-OHCHR treatments (Figure 2-8C), but a 

significant increase in runx1 expression was observed after exposure to 10 μM of 2-

OHCHR (Figure 2-8E).  
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Discussion 

 

Oil spillage from minor fuel leakage to disasters, such as the DWH spill, is one of 

the major sources of PAHs in the environment. The effects of parent PAHs have been 

well studied in model organisms such as zebrafish. However, PAHs can undergo 

oxidation to degradates that are non-target compounds in oil studies. In this study, 

zebrafish embryos were used to assess the developmental effects of 2- and 6-OHCHR, 

chrysene, phenanthrene and E2. Exposure of zebrafish embryos to 0.5-3 µM of chrysene 

during embryogenesis did not result in any significant developmental defects at 76 hpf. 

These results are consistent with previous studies in zebrafish (Incardona et al., 2004). 

Conversely, both mortality and malformations were increased in the embryos that were 

exposed to 5 µM of phenanthrene. This is also consistent with other studies showing the 

toxic effects of phenanthrene on survival and development of fish (Incardona et al., 2004; 

Gundel et al., 2012; Butler et al., 2013; Brette et al., 2017). Interestingly, unlike the 

parent compound chrysene, 2- and 6-OHCHR significantly affected zebrafish 

development, both causing a significant increase in deformed embryos. However, only 

treatment with 6-OHCHR was acutely toxic to zebrafish embryos. This study is the first 

to show structural regio-selective toxicity of hydroxylated PAHs on development and 

survival of fish embryos. Previous studies have shown that oxygenated PAHs can be 

toxic to both vertebrates and invertebrates (Lampi et al., 2006; Knecht et al., 2013). 

Interestingly, oil induced toxicity was enhanced in mahi mahi embryos when co-exposed 

to UV light (Alloy et al., 2016; Stieglitz et al., 2016; Sweet et al., 2016).  While there are 
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clearly higher levels of toxicity of oxy-PAHs, the mechanisms and targets for the toxicity 

are still somewhat unclear and warrants further investigation. 

The cardiovascular system has been the most well studied target of PAHs and oil 

in both marine and model organisms like zebrafish (Incardona et al., 2004; Brette et al., 

2014; 2017). Several studies have reported the effects of individual PAHs such as 

phenanthrene and dibenzothiophene on the cardiovascular system of zebrafish embryos. 

Incardona et al., (2004) also observed developmental toxicity induced by phenanthrene 

(28 µM) but at higher concentrations. This difference may be explained by initial time of 

exposure. In our study, exposure started at 2hpf while in the previous study it occurred at 

4-8hpf. To determine if these differences are due to signaling processes at a specific stage 

additional studies are needed. 

In contrast to other 2-4 ring PAH, chrysene failed to show cardiac defect or 

developmental abnormalities. However, hydroxylation at the 2 or 6 position significantly 

altered the cardiotoxicity of chrysene with 2-OHCHR being more active than 6-OHCHR. 

These data have relevance for abiotic transformation, but also biotic metabolism 

potentially from microbial and maternal sources. Additional metabolism studies 

particularly from spawning females may help quantify exposure to either metabolite in 

embryos.  

Studies have shown that oil and PAH (e.g. phenanthrene) exposure can alter 

excitation-contraction coupling in cardiomyocyte cells that is important for normal heart 

function (Brette et al., 2014 and 2017).  Altered expression of ion transporters such as 

ncx1 has been previously shown to be caused by oil exposure in Atlantic haddock at 6 dpf 
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(Sørhus et al., 2016). In the current study, 2- or 6-OHCHR at 3dpf did not alter ncx1 

expression.  Additional studies are needed to evaluate the potential alterations at later 

stages. The current data also does not eliminate effects on other important ion 

transporters such as kcnh2 and serca.  

Previous studies indicated that the 2-hydroxy derivative of chrysene activated the 

estrogen receptor (ER) but 6-OHCHR was an antagonist using the same in vitro system 

(Hayakawa et al., 2008), ER signaling was evaluated as a potential target for the 

developmental toxicities. Consistent with the in vitro studies, expression of the ER 

regulated gene vtg (vitellogenin) was induced by 2-OHCHR, but unchanged by the 6-

hydroxy metabolite.  Since previous studies in our laboratory indicated that E2 caused 

cardiotoxicity in embryonic zebrafish (Diamante et al. 2017), we hypothesized 

regioselective toxicity at the developing heart would also occur. Although differences 

were observed between the compounds, treatment with ER and GPER antagonists 

concurrently with the ER active 2-OHCHR failed to rescue the morphological effects 

indicating ER or GPER signaling may not directly contribute to the toxicity of 2-OHCHR.  

Similar results were noted with E2 when embryos were co-treated with ER and GPER 

antagonists suggesting alternative molecular targets or complexities associated with in 

vivo endocrine effects of E2 (Diamante et al., 2017).  

Regioselective toxicity was also observed in the hematopoietic and circulatory 

systems after exposure to 2- and 6- OHCHR. The most common defect was a significant 

reduction in hemoglobin levels in embryos exposed to 2-OHCHR. Similar abnormalities 

were also observed in embryos after treatment with phenanthrene and E2, which both 
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show the impaired cardiac phenotype. Similar to our study, anemia was observed after 

exposure to PAHs; however, little is known about the mechanisms by which this occurs 

(Incardona et al., 2004). Anemia has also been observed in many oiled seabirds and is 

thought to be due to oxidative damage (Troisi et al., 2007). Oil-treated zebrafish embryos 

showed effects on intersegmental blood vessel development, potentially due to disruption 

of neural crest signaling during embryogenesis (de Soysa et al., 2012). Interestingly, in 

this study we saw a trend towards an increase in levels of vegfa mRNA, which is an 

important factor in neural crest migration during vascular development (Wiszniak and 

Schwarz, 2014).  The relevance of this pathway requires additional study to determine its 

contribution to the phenotype.  

We also observed significant effects on the hemoglobin levels by 2-OHCHR. 

Runx1 is an important regulator for hematopoiesis and vasculoangiogenesis in zebrafish 

(Kalev-Zylinska et al., 2002), which was altered by 2-OHCHR. Runx1 is part of the runt 

family of transcription factors and is expressed during development in hematopoietic 

cells. It plays an important role in regulating the transition of endothelial cells to 

hematopoietic cells. A runx1 morpholino study in zebrafish, showed defects in 

hematopoiesis and treated embryos lacked normal blood cell circulation (Kalev-Zylinska 

et al., 2002). RNAseq analysis carried out in mahi-mahi embryos exposed to oil also 

showed significant alterations in runx1 (Xu et al., 2016). The specific initiation effect that 

alters runx1 is unknown, but the clear structural requirement suggests a unique pathway 

for anemia during embryonic exposure to PAHs.  
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Ocular effects were also observed after exposure to both hydroxylated chrysenes. 

2-OHCHR had a higher incidence of eye malformations compared to 6-OHCHR. 

Previous studies in zebrafish showed that phenanthrene caused retinal defects (Huang et 

al., 2013), and recent RNAseq evaluations with mahi-mahi embryos exposed to 

weathered oil indicated that, in addition to alterations in genes involved in heart 

development, genes regulating eye development were all primarily down-regulated (Xu 

et al., 2016). Consistent with these results, both 2- and 6-OHCHR caused a significant 

decrease in rho expression. rho is a G-protein coupled receptor involved in 

phototransduction. Although regioselective differences were not observed, future studies 

should investigate the role of rho on PAH and oil induced ocular toxicity and the 

potential effects on vision-based behaviors such as feeding at various developmental 

stages. Altered eye morphology likely results in impaired response to visual stimulus and 

may diminish feeding, mating and predator avoidance (Bilotta et al., 2002; Baumann et 

al., 2016).  

 In summary, while no effect was observed in zebrafish embryos after exposure to 

chrysene, its two degradates/metabolites 2- and 6-OHCHR negatively affected 

development. Both 2- and 6-OHCHR caused cardiac, ocular and circulatory defects. The 

role of rho and runx1 warrants further investigation in PAH and oil toxicity. These 

findings are consistent with observations that weathering of crude oil can result in greater 

developmental toxicity. The current study raises the need to further identify mechanisms 

that are involved in the toxicity of oxygenated PAHs to assess the potential risks of oil 

spills on fish populations.  
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Chemical Concentration 
(μM) 

Survival (%) ± 
SE   

Overall deformities (%) 
± SE 

Ethanol 0.2% 94.19 ± 3.14 16.15 ± 3.99  

2-
hydroxychrysene 

0.5 91.89 ± 2.24 62.84 ± 13.50 * 

3 83.89 ± 7.27 100.00 ± 0 * 

5 86.10 ± 7.23 99.43 ± 0.57 * 

10 85.99 ± 3.45 100.00 ± 0 * 

6-
hydroxychrysene 

0.5 87.82 ± 4.72 38.60 ± 8.41 

3 77.34 ± 5.18  97.95 ± 1.19 * 

5 69.89 ± 13.09  97.74 ± 1.65 * 

10 67.01 ± 10.73 * 99.31 ± 0.69 * 

Phenanthrene 

0.5 98.67 ± 1.33 23.10 ± 6.32 

3 93.31 ± 1.48 42.69 ± 8.37 

5 33.28 ± 5.37 * 77.87 ± 7.34 * 

Chrysene 

0.5 98.15 ± 1.85 10.47 ± 1.27 

3 100 ± 0 14.09 ± 2.55 

4 96.59 ± 0.09 13.28 ± 4.84  

17β-estradiol 
3 99.38 ± 0.63 32.75 ± 3.97 

5 98.37 ± 1.11 47.44 ± 6.25 * 



 
 

 

114 

8 97.95 ± 0.84 100.00 ± 0 * 

 

Table 2-1. Effects of 2-hydroxychrysene, 6-hydroxychrysene, phenanthrene, chrysene 
and 17β–estradiol on survival and development of zebrafish embryos at 76 hpf after a 
74hr exposure. Data is presented as mean ± standard error (SE) of 4 to 7 independent 
replicates. 2- and 6-hydroxychrysene was analyzed using Two-way ANOVA, Tukey 
HSD test. Phenanthrene, Chrysene and 17β–Estradiol were analyzed using a logistic 
regression model. Asterisks (*) represent the significant difference relative to the solvent 
control. Letters represents differences between the same concentrations of 2 and 6-
hydroxychrysene. (p<0.05) 
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Figure 2-1. Effects of 2-hydroxychrysene, 6-hydroxychrysene, phenanthrene, chrysene 
and 17β–estradiol on spinal development of zebrafish embryos at 76 hpf after a 74 h 
exposure. (A) Chrysene, (B) Phenanthrene, (C) 17β–Estradiol and (D) 2- and 6-
hydroxychrysene. A-C) Logistic regression model. D) Two -way ANOVA, Tukey HSD 
test. Data presented as mean ± standard error (SE) of 4 to 6 independent replicates. 
Asterisks represent the significant difference between the solvent control. Letters 
represents difference between same concentrations of 2 and 6-hydroxychrysene. (p<0.05)  
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Figure 2-2. Effects of 2-hydroxychrysene, 6-hydroxychrysene, phenanthrene, chrysene 
and 17β–estradiol on eye development of zebrafish embryos at 76 hpf after a 74 h 
exposure. (A) Chrysene, (B) Phenanthrene, (C) 17β–Estradiol and (D) 2- and 6-
hydroxychrysene. A-C) Logistic regression model. D) Two-way ANOVA, Tukey HSD 
test. Data presented as mean ± standard error (SE) of 4 to 6 independent replicates. 
Asterisks represent the significant difference between the solvent control. Letters 
represent significant difference between same concentrations of 2 and 6-hydroxychrysene. 
(p<0.05)  
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Figure 2-3. Effects of 2-hydroxychrysene, 6-hydroxychrysene, Phenanthrene, Chrysene 
and 17β–Estradiol on cardiac development of zebrafish embryos at 76 hpf after a 74 h 
exposure. (A-E) Data represents average percent cardiac deformities at 76 hpf after 
treatment with (A) Chrysene, (B) Phenanthrene, (C) 17β–Estradiol and (D) 2- and 6-
hydroxychrysene. A-C) Logistic regression model. D) Two-way ANOVA, Tukey HSD 
test. Data presented as mean ± standard error (SE) of 4 to 6 independent replicates. 
Asterisks represent the significant difference between the solvent control. Letters 
represents significant difference between same concentrations of 2 and 6-
hydroxychrysene. (p<0.05)  
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Figure 2-4. Effects of 2-hydroxychrysene and 6-hydroxychrysene on pericardial area of 
zebrafish embryos at 76 hpf after a 74 h exposure. Average pericardial area after 
treatment with 2- and 6- hydroxychrysene. Two-way ANOVA, Tukey HSD test. Data 
presented as mean ± standard error (SE) of 4 to 6 independent replicates. Asterisks 
represent the significant difference between the solvent control. Letters represents 
significant difference between same concentrations of 2 and 6-hydroxychrysene. (p<0.05)  
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Figure 2-5. Effects of 2-hydroxychrysene, 6-hydroxychrysene, Phenanthrene, Chrysene 
and 17β–Estradiol on circulation of zebrafish embryos at 76 hpf after a 74 h exposure. 
(A-D) Data represents average percent embryos with circulatory abnormalities at 76 hpf 
after treatment with (A) Chrysene, (B) Phenanthrene, (C) 17β–Estradiol and (D) 2- and 
6-hydroxychrysene. A-C) Logistic regression model. D) Two-way ANOVA, Tukey HSD 
test. Data presented as mean ± standard error (SE) of 4 to 6 independent replicates. 
Asterisks represent the significant difference between the solvent control. Letters 
represents significant difference between same concentrations of 2 and 6-
hydroxychrysene. (p<0.05)  
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Figure 2-6. Effects of 2-hydroxychrysene and 6-hydroxychrysene on hemoglobin levels 
in zebrafish embryos at 76 hpf after a 74 h exposure. Average o-Dianisidine stain area in 
embryos exposed to 2- or 6-hydroxychrysene (3-5 μM). All embryos were oriented in 
dorsal recumbency for imaging. Two-way ANOVA, Tukey HSD test. Data presented as 
mean ± standard error (SE) of 4 to 6 independent replicates. Asterisks represent the 
significant difference between the solvent control. Letters represents significant 
difference between same concentrations of 2 and 6-hydroxychrysene. (p<0.05)  
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Figure 2-7. Effects of 2- and 6-hydroxychrysene on estrogen pathway signaling in 
zebrafish embryos at 76 hpf after a 74 hr exposure. A) Cumulative fold change of vtg 
mRNA of zebrafish embryos exposed to 0.2% ethanol (ETOH), 2-hydroxychrysene and 
6-hydroxychrysene at 2hpf. B) Data represents average percent deformities at 76 hpf after 
treatment with 0.2% ethanol (ETOH), 3μM of 2-hydroxychrysene, 5 μM of G36 and a 
combination of 2-hydroxychrysene with G36 at 2hpf. C) Data represents average percent 
deformities at 76 hpf after treatment with 0.2% ethanol (ETOH), 3μM of 2-
hydroxychrysene, 14 μM of ICI 182, 780 and a combination of 2-hydroxychrysene with 
ICI 182, 780 at 2hpf. D) Data represents average percent deformities at 76 hpf after 
treatment with 0.2% ethanol (ETOH), 3μM of 6-hydroxychrysene, 3μM of E2 and a 
combination of 6-hydroxychrysene with E2 at 2hpf.  A-D) Two-way ANOVA, Tukey 
HSD test. Data presented as mean ± standard error (SE) of 4 to 6 independent replicates. 
A) Asterisks represent the significant difference between the solvent control. Letters 
represents difference between same concentrations of 2 and 6-hydroxychrysene.  B-D) 
Symbols represent the significant difference. (p<0.05)  
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Figure 2-8. Effects of 2- and 6-hydroxychrysene on rho, nxc1, vegfa, sema, runx1 and 
gata1 expression in zebrafish embryos at 76 hpf after a 74 h exposure. Cumulative fold 
change in zebrafish embryos exposed to 0.2% ethanol (ETOH), 2-hydroxychrysene and 
6-hydroxychrysene for 74hrs. (A) rho, (B) nxc1, (C) vegfa, (D) sema, (E) runx1 and (F) 
gata1. Data is presented as mean ± standard error (SE) of 4 to 6 independent replicates. 
A-F) Two-way ANOVA, Tukey HSD test. Letters represents difference between same 
concentrations of 2 and 6-hydroxychrysene. Asterisks represent the significant difference. 
(p<0.05)  
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Abstract 

 

Deepwater Horizon (DWH) oil causes developmental cardiotoxicity in a number 

of fish species, but the molecular mechanisms are still not well understood. MicroRNAs 

(miRNA) play key roles in a number of diverse biological processes including heart 

development. In our study, we evaluated the effects of DHW oil on miRNA expression in 

mahi-mahi (Coryphaena hippurus) embryos exposed to weathered slick oil and non-

weathered source oil. miRNAs were sequenced and annotated either using the Fugu 

rubripes genome (term as Fugu-guided approach) or aligned and annotated to known 

mature animal miRNAs (miRBase) using the Basic Local Alignment Search Tool 

(BLAST) method (termed as the phylogenetic-guided approach). Using the phylogenetic-

guided approach, more differentially expressed (DE) miRNAs were identified in all 

treatment groups at all stages. Exposure of embryos to slick oil resulted in more DE 

miRNAs than source oil at all developmental stages 24 hpf, 48 hpf, and 96 hpf. There 

was also an increase in the number of DE miRNA as development progressed, with 96 

hpf having the highest number of DE miRNAs. miR-21b, miR-7641 and miR-92b, were 

the a few common DE miRNAs at all stages. The expression of miRNAs and their target 

mRNA was further compared using advanced bioinformatics with subsequent target 

organ predictions based on their interactions. Gene ontology (GO) analysis on the target 

mRNAs was consistent with pathway analysis of miRNAs, predicting disruption of 

cardiovascular system development after oil exposure and showed that specific miRNA–

mRNA interactions may contribute to these effects. Slick oil caused an overexpression of 
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miR-133a, which correlated to the decrease in the expression of genes related to the 

cardiovascular system such as KCNH2. This work is the first study linking miRNAs and 

mRNAs in fish responsive to DWH oil exposure, providing a new opportunity for better 

understanding of the molecular mechanism(s) of oil toxicity.  
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Introduction 

 

In 2010, the largest oil disaster in US history occurred with the explosion of the 

MC252 well of the Deepwater Horizon oil rig, releasing millions of barrels of oil into the 

Gulf of Mexico. In marine environments, oil spills are one of the primary sources of 

polycyclic aromatic hydrocarbons (PAHs), which are teratogenic, carcinogenic and 

mutagenic to many different organisms, especially fish (Pashin et al., 1979; Carls et al., 

1999; Heintz et al., 1999; Incardona et al 2004; 2011; 2013). The timing and location of 

the Deepwater Horizon oil spill overlapped with the spawning season of economically 

and ecologically relevant fish species including Coryphaena hippurus (mahi), which 

spawn during the spring and summer months (Gibbs et al., 1959). Oil derived PAHs from 

the Deepwater Horizon spill have been shown to negatively affect development of mahi 

as well as other pelagic fish like the bluefin tuna (Thunnus maccoyii), yellowfin tuna 

(Thunnus albacares) and yellowtail amberjack (Seriola lalandi) (Incardona et al., 2014; 

Mager et al., 2014; Esbaugh et al., 2016).  

In fish, the developing heart is known to be a primary target for PAHs derived 

from oil. Cardiac effects include pericardial edema and bradycardia following embryonic 

exposure to DWH oil (Incardona et al., 2014; Esbaugh et al., 2016; Stieglitz et al., 2016). 

In mahi, impaired looping and atrial contractility were observed along with altered 

expression of genes such as atrial myosin heavy chain (amhc) and ventricular myosin 

heavy chain (vmhc) after oil exposure (Edmunds et al., 2015). Oil exposure can also 

affect Ca2+ and K+ currents in isolated fish cardiomyocytes which may lead to 
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developmental effects in the heart (Brette et al., 2014). Collectively, the effects induced 

by PAHs during development can translate into adverse effects on later life stages, 

potentially altering overall fitness of an organism. 

PAH induced developmental toxicity can be mediated through the activation of 

the aryl hydrocarbon receptor (AhR) (Incardona et al., 2005; Jayasundara et al., 2015). 

PAHs with high receptor affinity can bind and activate AhR resulting in the transcription 

of genes involved in metabolism, such as cytochrome P4501A, as well as a host of other 

pathways regulating development. However, PAHs that are poor AhR ligands can also 

cause developmental toxicity in fish (Incardona et al., 2005; Goodale et al., 2013). 

Similarly, transcriptomic studies in fish have also indicated a number of non-AhR-

pathways involved in oil toxicity; however, it is unclear how many of the transcripts are 

regulated (Xu et al., 2016; Sørhus et al., 2016).  

Gene expression can be regulated through the binding of transcription factors to 

promoter regions of specific genes. However, expression of mRNA can also be post-

transcriptionally controlled with microRNAs (miRNA), which are small non-coding 

RNAs (Bartel, 2004). Transcriptional regulation by miRNAs is complex for two related 

reasons: first, one miRNA can target many mRNAs, and second, a single mRNA can be 

targeted by multiple miRNAs.  miRNA play a key role during embryogenesis and in 

regulating other biological processes such as cell differentiation, apoptosis, and 

metabolism. In addition, recent studies have also shown that oil can regulate miRNA 

expression through methylation of miRNA promoters (Huang et al., 2016; Bianchi et al., 

2017).  
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Based on the differential expression of genes observed after oil treatment, we 

sought to investigate the role of miRNA in the transcriptomic changes induced by oil in 

embryonic and larval fish. In this study, miRNA sequencing was performed in early life 

stage mahi exposed to two different types of Deepwater Horizon oil; source and slick 

(weathered). miRNA and mRNA profiles were evaluated at different developmental time 

points including the pharyngula embryonic stage (24 hpf), the yolk-sac larva stage (48 

hpf), and the free-swimming larva stage (96 hpf) after exposure.  Novel and known 

miRNAs were identified using single species and phylogeny based miRNA reference-

genome-guided annotation approaches and compared with mRNAs with two 

bioinformatics tools. Several genes known to be important in the functional impacts of oil, 

were shown to be regulated by specific miRNA indicating a significant role in PAH 

induced developmental toxicity in mahi.  

Materials and Methods 

Oil Preparation 

Preparation of high-energy water accommodated fraction (HEWAF) of each oil 

type was obtained from adding 1g of oil into 1L of 35ppt filtered and UV sterilized 

seawater. Oil and water were blended for 30s with the resulting solution subsequently 

placed into a glass separatory funnel and allowed to settle for 1 hour. The lower layer 

(~100ml) was then drained from the funnel and discarded. The remaining solution 

(~800ml top layer) was collected and used for exposures and was considered the 100% 
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HEWAF stock solution. The stock solution was then diluted to the desired concentration 

for treatment using 35ppt seawater. The two oil types used for the study were source and 

weathered oil from the Deepwater Horizon spill. Source oil was collected right over the 

well from the subsea containment system (sample ID: SO-20100815-Mass-001 A0075K). 

Weathered oil referred to as slick oil was collected from a surface skimming operation 

(sample ID: OFS-20100719-Juniper-001 A0091G).  

Embryo collection and treatment 

Embryos used for the study were collected from mahi broodstock.  The adult mahi 

were captured using a hook and line angling technique from the coast of Miami, FL. The 

broodstock are then acclimated and kept at the University of Miami Experimental 

Hatchery (UMEH) of the Rosenstiel School of Marine and Atmospheric Science, in a 

recirculating aquaculture system. Embryos were collected and prepared using the 

standard UMEH method (Stieglitz et al., 2012).  Embryos were treated for 1 hour with a 

37ppm formaldehyde solution and rinsed with filtered and UV-sterilized seawater. Stage 

and quality of the embryos were assessed microscopically (Xu et al., 2016). After 

collection and assessment, each treatment had 30-24 embryos which were exposed to 

diluted HEWAF of slick and source oil (3 replicates per treatment). The embryos were 

exposed to each oil at the same time (~6 hpf) concurrently. Pooled embryo and larvae 

(n=3) were removed from oil at each of the following time points: 24, 48 and 96 hpf. The 

3 stages were chosen because they mark important stages during development. At 24 hpf, 

the embryo forms a heart tube, which starts to beat. By 48 hpf, the ventricle and atrium is 
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discernable and the yolk sac diminishes in size. At the last stage (96 hpf), the larvae have 

undergone morphogenesis and are free swimming (Xu et al., 2017). During the treatment, 

health of the embryos and larvae were monitored and dead animals were removed. Water 

quality was also monitored throughout the experiment and PAH concentrations were 

measured (Xu et al., 2016 (Supplemental data)). Pooled embryos and larvae were placed 

in RNAlater at -80℃ until RNA extraction.  

miRNA isolation, library construction and sequencing 

miRNAs of pooled samples were isolated using the miRNeasy mini kit and 

RNeasy Mini Elute Cleanup Kit from Qiagen (Valenica, CA).  The quality and 

concentration of miRNA was determined using the Agilent 2100 small RNA chip (Santa 

Clara, CA).  miRNA libraries were made using the New England Biolabs NEBNext 

Multiplex Small RNA Sample Prep kit (Ipswich, MA) following the manufacturer’s 

protocol.  The PCR amplified cDNA libraries were then purified using the Qiagen 

QIAQuick PCR Purification Kit (Valencia, CA) according to the manufacturer’s manual. 

The purified libraries were size-selected using Beckman Coulter SPRIselect beads 

(Indianapolis, IN).  The size distribution and concentration of the libraries were 

determined using the Agilent High Sensitivity DNA Assay Chip (Santa Clara, CA). 

Single Read 1 x 75 sequencing was performed on an Illumina NextSEQ v2 at the Institute 

of Integrative Genome Biology, of the University of California, Riverside. The read data 

were deposited in the NCBI database (GSE102966). 
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Sequencing data process 

Phylogenetic miRNA-annotation method 

The quality of the raw sequences was evaluated by FastQC toolkit (Cambridge, 

UK). Adaptor sequences were trimmed off using the FASTX toolkit (Cambridge, UK), to 

obtain a mean Phred score ≥30. Only reads that are longer than 18 bp and shorter than 30 

bp were kept for downstream alignment against known mature miRNA sequences (Figure 

3-1). All mature miRNA sequences from miRbase (release 21) (Griffiths-Jones et al., 

2006) were used and clustered into unique miRNA sequences. The filtered sequencing 

data were Fugu-guided approach against unique miRNA sequences by using Basic Local 

Alignment Search Tool- BLAST (Bethesda, MD) (Altschul et al., 1990). Only 

sequencing read that 1) had no gap in the alignment with known mature miRNA; 2) 

matched exactly with known miRNA’s nucleotide 2–17; and 3) was at maximum 3 bp 

longer than known miRNA was considered as a candidate miRNA. A customized perl 

script was then designed to count the sequencing reads Fugu-guided approach to each 

unique miRNA. Differential expression analysis was conducted using DESeq2 (Love et 

al., 2014). miRNAs were considered differentially expressed when false discovery rate 

(FDR) < 0.01 (Benjamini−Hochberg correction). Identified differentially expressed 

miRNAs and mRNA-seq data from Xu et al. (2016) were analyzed using the microRNA 

Target Filter in Ingenuity Pathway Analysis (IPA) software from Qiagen (Valencia, CA) 

to identify experimentally demonstrated miRNA-mRNA relationships and predict the 

impact of expression changes of miRNA and its target mRNA on biological processes 
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and pathways. By matching miRNA and mRNA expression data, a miRNA was 

considered to be regulatory only if expression levels of miRNA and its mRNA targets are 

reversely correlated. As previous studies showed that slick oil increased pericardial area, 

altered the gene expression in cardiovascular and nervous system (Xu et al. 2016), we 

further filtered the DE miRNA/mRNA data and focused on cardiovascular/ocular 

functions and diseases in IPA.  The target mRNAs identified by IPA were then used for 

gene ontology (GO) analysis by DAVID (Bethesda, MD) (Huang et al., 2009; 2009) 

(Figure 3-1).   

 Fugu-genome-miRNA annotation   

The methods of quality assessment and filtration on the raw reads were the same 

as described above.  The processed reads were Fugu-guided approach against the fugu 

(Fugu rubripes) genome, and both known and novel miRNAs were identified using 

miRDeep2, a probabilistic algorithm based on the miRNA biogenesis model and 

designed to detect miRNAs from deep sequencing reads (Friedländer et al., 2012; An et 

al., 2013). Read counts generated from miRDeep2 were used for differential expression 

analysis using DESeq2. The same downstream analysis using IPA and DAVID was 

conducted as described above (Figure 3-1). All analysis was carried out on a local server 

running under the Institute for Integrative Genome Biology (IIGB)'s Linux cluster, 

Biocluster, environment (http://manuals.bioinformatics.ucr.edu/home/hpc). 
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Quantitative Reverse Transcription Real-Time PCR (qPCR) 

 Differentially expressed miRNAs identified in the miRNAseq analysis were 

validated by qPCR. miRNA primers were designed using the Qiagen custom miRNA 

primer assay (Valencia, CA). Melt curve analysis and 1% agarose gel electrophoresis 

were performed to assess the specificity of the qPCR products. cDNA was generated 

using the Qiagen miScript II RT Kit following manufacturers’ protocol (Valencia, CA). 

Expression was then analyzed using Qiagen miScript SYBR Green PCR Kit following 

manufacturer’s instructions using RNU6 as the normalizing gene (Valencia, CA) and ran 

on the CFX Connect™ Real-Time PCR Detection System (Hercules, CA).   

Results 

To assess the role of miRNAs in oil toxicity during development (24, 48 and 96 

hpf), mahi embryos were treated with slick and source oil. The number of DE miRNA 

increased with time, and slick oil induced more DE miRNAs than source oil by both 

methods. Using the phylogenetic miRNA-annotation method, the numbers of DE 

miRNAs were 46, 101 and 178 at 24 hpf, 48 hpf and 96 hpf, after source oil exposure, 

respectively (Table 3-1).  At 24 hpf, the majority of DE miRNAs were down-regulated 

(37 down-regulated and 9 up-regulated), while at 48hpf, there were 48 down-regulated 

and 53 up-regulated miRNAs. By 96hpf, there were more up-regulated (137) than down-

regulated (41) miRNAs (Table 3-1 and Figure 3-2). Exposure to slick oil at 24 hpf, 

altered expression of 139 miRNA (104 were down-regulated and 35 were up-regulated). 
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At the 48hpf there were 213 DE miRNAs; of these 138 were down-regulated and 75 were 

up-regulated. At 96hpf, of the 213 DE miRNAs, there were more over-expressed (143) 

than under-expressed (70) miRNAs (Table 3-1 and Figure 3-2). The Fugu-guided 

annotation method identified less DE miRNAs than the phylogenetic method. At 24 hpf, 

there were 25 DE miRNAs after source oil exposure (18 up-regulated and 7 down-

regulated). At the 48hpf, there were 20 down-regulated and 4 up-regulated miRNAs. At 

96hpf, there were 78 down-regulated and 87 up-regulated (Table 3-1 and Figure 3-2). 

Similar to phylogenetic method, more DE miRNAs were identified after slick oil 

exposure than source oil exposure. There was a total of 42 DE miRNA at the 24hpf after 

slick oil exposure (38 up-regulated and 4 down-regulated).  At 48hpf there were 82 DE 

miRNA, with 40 down-regulated and 42 up-regulated. At 96hpf, there were 254 DE 

miRNAs, 126 were down-regulated and 128 were up-regulated (Table 3-1 and Figure 3-

2). The expression of a subset of miRNAs were confirmed by qRT-PCR at 96 hpf of 

mahi-mahi exposed to slick oil (Figure 3-10).  

There were about 25-35% identified DE miRNA that were common between the 

two annotation methods. At 24hpf, there were 6 common DE miRNAs after exposure to 

source and 14 common DE miRNAs in the slick oil data. At 48hpf, the source oil data 

showed 7 common DE miRNAs and the slick oil data showed 27 common miRNAs. At 

the 96hpf there were 48 and 65 similar DE miRNA after exposure to source and slick oil, 

respectively (Table 3-1). Several miRNAs were consistently up- or down- regulated at all 

three developmental stages. Using the phylogenetic method, 28 and 70 miRNAs were 

differentially expressed at all developmental stages after source and slick oil exposure, 
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respectively (Figure 3-3). Using the Fugu method, 3 miRNAs were DE at all stages, 

namely miR-21b, miR-7641 and miR-92b, after source oil exposure. Slick oil data 

showed 13 similar DE miRNAs at all stages (Figure 3-3 and Table 3-2). Several common 

miRNAs (e.g. miR-21b, miR-7641 and miR-92b) were consistently differentially 

expressed at all stages between the two methods (Table 3-2). 

IPA identified miRNA-mRNA networks in both oil types at the three stages 

(Figure 3-4, 3-5 and 3-6) based on the reverse expression of miRNAs and their target 

mRNAs. The fugu method showed that at 96hpf of source oil exposure, miR-133 

(regulating 81 genes), miR-214 (regulating 81 genes) and miR-20 (regulating 57 genes) 

were the top 3 DE miRNA targeting the largest number of DE mRNA (Figure 3-6B). For 

the phylogenetic method, the top 3 for source oil were miR-15 (regulating 73 genes), let-

7 (regulating 56 genes) and miR125 (regulating 22 genes). Using the fugu method, IPA 

identified miR-15 (regulating 179 genes), miR-34 (regulating 173 genes) and miR-133 

(regulating 84 genes) as the top 3 DE miRNA having the highest number of target DE 

mRNA after slick oil exposure (Figure 3-6D), and miR-15 was also among the top 3 for 

slick oil using the phylogenetic method (Figure 3-6C).  

Xu et al., (2016) showed that slick oil increased pericardial area and altered 

expression of a number of DE expressed genes related to the cardiovascular system as 

well as vision related pathways and diseases. Therefore, miRNA-mRNA relationships 

were further filtered for cardiovascular system associated functions and pathways at the 

48hpf and 96hpf after slick oil treatment (Table 3-5 and 3-6). The phylogenetic method 
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identified the top miRNAs ranked by the number of DE mRNA to be miR-15b, miR-155 

and miR-98 at 48hpf, while the top 3 miRNA ranked in the number of DE mRNA were 

miR-142-3p, miR-365 and miR-144-3p by the Fugu method (Table 3-4). At 96hpf, for 

the fugu method, the top 3 miRNAs for slick oil were miR-34a-5p, miR-15b and miR-

133b (Table 3-6). miR-133 expression was also correlated to ion transporter genes such 

as kcnh2 (Figure 3-7). For the phylogenetic method, miR-15b, let-7e and miR-30c were 

the top three (Table 3-6). In addition, using IPA, the miRNA-mRNA networks were also 

filtered for ocular functions and ophthalmic diseases. The phylogenetic method identified 

let-7e, miR-15b and miR-30c as the top 3 miRNA correlated to the most DE mRNAs. For 

the Fugu method, miR-34a-5p, miR-15b and miR-20b were identified as the highest-

ranking miRNAs (Table 3-7).  

To determine the biological impact of the miRNA-mRNA expression, a GO term 

analysis (molecular function, cellular component, biological process) was conducted by 

analyzing the target mRNAs using DAVID (Figure 3-8 and 3-9; Table 3-8 and 3-9). 

Using the phylogenetic method, the top enriched biological processes were transcription 

and cellular proliferation terms; however, cardiac related terms were also identified for 

slick oil (cardiac muscle hypertrophy in response to stress (ranked 18) and heart 

development (rank 28)) (Figure 3-9A).  For source oil, DAVID identified terms related to 

regulation of transcription as well as heart development as the top ranked terms (Figure 

3-8A). Similar to the phylogenetic method, annotation based on Fugu also predicted 

regulation of transcription, heart development, and cell proliferation as the top enriched 

terms for both slick and source oil at 96hpf (Figure 3-8B and 1-9B). In addition, calcium 
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regulation, liver development, and ventricular septum morphogenesis were also 

significantly enriched (Figure 3-9B, 3-8B).  

Discussion 

The impacts of oil exposure on fish development have been well documented and 

the cardiovascular system has been reported to be a primary target associated with oil 

exposure.   (Esbaugh et al., 2016; Incardona and Scholz, 2016; Incardona et al., 2014; 

Mager et al., 2014). Consistent with earlier studies in other fish, RNA-seq analysis in 

mahi has shown that exposure of embryos to DWH oil resulted in the altered regulation of 

genes associated with the cardiovascular system in addition to Ca2+ homeostasis, EIF2 

signaling and phototransduction pathways (Xu et al., 2016). To determine the 

contribution of epigenetic regulation of transcription, this study evaluated the effects of 

oil on miRNA expression. 

Previous studies have indicated that weathered slick oil caused more severe 

developmental defects than source oil (Xu et al., 2016). Similarly, more DE miRNA were 

observed after slick oil exposure compared to source oil exposure of the mahi embryos at 

all stages.  As reported previously, a higher number of 3-ring PAHs and likely oxy-PAHs 

are present in slick oil (Xu et al., 2016).  OxyPAHs have demonstrated higher cardiac 

toxicity than parent compounds (Knecht et al., 2013; Diamante et al., 2017) and oil 

treated with UV-light (Sweet et al., 2016). 

Three ring PAHs, such as phenanthrene, have been shown to target the heart 

during development in fish (Incardona et al., 2004; 2005). Previously documented effects 

in the heart include looping defects, arrhythmia and bradycardia (Incardona et al., 2004; 
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2005; 2011). Recent studies have also shown that ion gradients important for normal 

excitation-contraction coupling are altered after exposure to oil, and contribute to the 

cardiotoxic effects (Brette et al., 2014). Brette et al., 2017 showed that Ca2+ and K+ 

currents were disrupted in the cardiomyocytes of bluefin and yellowfin tuna and that the 

main driver of these effects is phenanthrene. One hypothesis for the ionic alterations is 

the diminished expression of ion transporter genes (kcnh2 and ncx1) within cardiac 

myocytes (Sørhus et al., 2016).  However, the pathway by which oil can alter the 

expression of kcnh2 and ncx1 is still unknown. miRNA-mRNA network analysis in our 

study clearly showed that DE of kcnh2 was correlated to the DE of miR-133. Similarly, a 

study in mice has shown that miR-133 is involved in the cardiac hypertrophy induced by 

phenanthrene (Huang et al., 2016). Whether miR-133 also plays a role in the alteration of 

ion influxes such as Ca+ induced by oil warrants further investigation.  

miR-7641 showed the highest increase of expression at all developmental stages 

of mahi treated with oil. In human stem cells, miR-7461 has been shown to be involved 

in regulating the expression of CXCL1, a vasculogenic chemokine important for 

endothelial cell differentiation (Yoo et al., 2013). In our miRNA-mRNA network analysis, 

miR-7641 correlated with the diminished expression of positive regulatory domain 

containing 16 (PRDM6), a zinc finger transcriptional repressor. Deletion of PRDM6 

caused cardiovascular defects in mice (Gewies et al., 2013). PRDM6 also plays a role in 

smooth muscle cell proliferation by regulating the expression of myocardin and GATA-6 

(Davis et al., 2006). GATA transcription factors such as GATA6 are involved in 

regulating cardiac hypertrophy. Overexpression of GATA-6 has been shown to induce 
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hypertrophic characteristics in cardiomyocytes (Liang et al., 2001). Interestingly, in 

support of this miRNA-mRNA network, GATA-6 was upregulated after oil exposure in 

mahi mahi (Xu et al., 2016). 

Slick oil exposure also upregulated miR-15b which regulated the highest number 

of DE mRNAs. Members of the miR-15 family have been shown to play an important 

role in normal heart development by repressing cell proliferation through genes 

regulating cell cycle such as checkpoint kinase 1 (CHEK1) (Porrello et al., 2013). In 

mahi, CHEK1 mRNA was downregulated, suggesting proliferation was impaired within 

embryos. Whether this occurred specifically in the heart or other targets deserves further 

study. 

In addition to heart defects, eye related processes and diseases were identified in 

previous RNA-seq analysis in mahi (Xu et al., 2016). Although eye related processes 

were not observed in the GO term analysis using DE miRNA, some miRNA-mRNA 

networks were linked to ophthalmic disease. IPA showed that eye related genes such as 

the downregulated mRNA of phosphatase and tensin homolog (PTEN) and neurogenic 

locus notch homolog protein 2 (NOTCH2) genes were inversely correlated to several 

upregulated miRNAs (miR-34a, miR-15 and miR-23). PTEN is a phosphatase involved 

in tumor suppression (Chalhoub and Baker, 2009) and eye development (Chaffee et al., 

2016; Huang et al., 1999). Notch2 encodes a transmembrane receptor involved in cell 

differentiation (Hoppe and Greenspan, 1990; Artavanis-Tsakonas et al., 2001). In mice, a 

NOTCH2 loss of function mutation caused abnormal eye vasculature, which can lead to 

several eye diseases such as cataracts and eye degeneration (McCright et al., 2001). 
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Cataract formation was one of the top diseases identified in the slick oil RNA-seq 

analysis (Xu et al., 2016). With the growing evidence that the eye is negatively affected 

by parental and oxygenated PAHs (Huang et al., 2013; Diamante et al., 2017), the need to 

further evaluate the role of miRNAs in ocular development is apparent. 

Overall, this study shows that exposure to both source and slick oil can alter the 

expression of miRNAs during mahi embryonic development. Both oil types resulted in an 

increase of DE miRNA as development progressed. Similar to the toxicological effects 

seen between the two oil types (Xu et al., 2016), a more pronounced change of miRNA 

expression was observed after slick oil exposure than source oil. IPA identified miRNA-

mRNA networks involved in cardiovascular and ocular functions and diseases for both 

oil types, and GO term analysis also indicated heart development and ion regulation 

terms were affected after oil exposure. To our knowledge, this is the first study linking 

miRNAs and mRNA in fish responsive to crude oil exposure, providing a new 

opportunity for understanding mechanisms of oil induced toxicity.  
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Figure 3-1. Schematic of bioinformatics pipeline. Flow diagram of steps used to identify 
differentially expressed miRNAs and the inversely correlated putative target genes.  
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Figure 3-2. Transcript expression profiles of miRNAs using the phylogenetic-guided 
approach and Fugu-guided approach. The plots show relative expression of genes in 
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source oil (A-C and G-I) and slick oil (D-F and J-L) treated larvae compared with control 
at 24 (A, D, G, J), 48 (B, E, H, K) and 96 (C, F, I, L) hpf. The X-axis plots log2 fold 
change and the Y-axis is the –log10 adjusted p-value. Light blue dots represent non-
significant genes, whereas blue indicate genes with an adjusted p value < 0.05 and dark 
blue dots indicate significant differentially expressed genes with a p value < 0.01.  
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Method  

Phylogenetic-
guided 

approach  
Fugu-guided 

approach  Both 

Oil 
Type  Source Slick   Source Slick   Source Slick 

  
24 hours 
  

upregulated 9 35   18 38       
downregulated 37 104   7 4       

Total 46 139   25 42   6 14 

  
48 hours 
  

upregulated 53 75   4 42       
downregulated 48 138   20 40       

Total 101 213   24 82   7 27 

  
96 hours 
  

upregulated 137 143   87 128       
downregulated 41 70   78 126       

Total 178 213   165 254   48 65 
 
Table 3-1. Number of upregulated and downregulated miRNA after slick and source oil 
exposure using both methods.  
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Figure 3-3. Venn Diagrams of differentially expressed miRNA at the 3 different stages 
after slick and source oil exposure. Venn diagram showing the number of shared 
differentially expressed (DE) miRNA at 24h, 48 and 96h time points identified using the 
phylogenetic-guided approach method after slick (A) and source oil (B) exposure. Venn 
diagram showing the number of shared DE miRNA at 24h, 48 and 96h time points 
identified using the Fugu-guided approach method after slick (C) and source oil (D) 
exposure. 
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Table 3-2. List of differentially expressed (DE) miRNA at all 3 stages after source and 
slick oil exposure observed using both methods.  
  

 
Source oil 

 
log2 fold change 

DE miRNA 24h  48h 96h 

miR-21b-3p -0.994 -0.650 -1.055 

miR-7641 1.918 1.504 1.513 
  Slick oil 
  log2 fold change 
DE miRNA 24h  48h 96h 

miR-204 0.840 0.594 0.456 

miR-204b 0.838 0.588 0.466 

miR-211 0.839 0.589 0.459 

miR-21b-3p -0.794 -1.065 -0.651 

miR-365 1.794 1.126 1.138 

miR-7641 2.434 2.020 2.023 

miR-92a 0.703 0.675 0.352 

miR-92b 0.799 0.840 0.512 
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Table 3-3. List of differentially expressed (DE) miRNA at all 3 stages after source and 
slick oil exposure observed using the Fugu-guided approach. 
  

Fugu-guided 
approach Source oil 

 
log2 fold change 

DE miRNA 24h  48h 96h 

miR-21b-3p -0.994 -0.650 -1.055 

miR-7641 1.918 1.504 1.513 

miR-92b 0.690 0.438 0.398 
  Slick oil 
  log2 fold change 
DE miRNA 24h  48h 96h 

miR-204 0.840 0.594 0.456 

miR-204-5p 0.836 0.589 0.460 

miR-204a 0.830 0.576 0.456 

miR-204a-5p 0.831 0.590 0.451 

miR-204b 0.838 0.588 0.466 

miR-211 0.839 0.589 0.459 

miR-21b-3p -0.794 -1.065 -0.651 

miR-365 1.794 1.126 1.138 

miR-365-5p 1.794 1.126 1.138 

miR-462 0.789 0.677 1.615 

miR-7641 2.434 2.020 2.023 

miR-92a 0.703 0.675 0.352 

miR-92b 0.799 0.840 0.512 



 
 

 

153 

 
 
 
Phylogenetic-guided 
approach method Source oil 

 log2 fold change 

 
24hpf 48hpf 96hpf 

let-7e -1.7434 -0.7699 -2.0334 
let-7j -1.7388 -0.7751 -2.0319 
miR-10 0.4854 0.5351 0.8327 
miR-101 -2.0261 -1.1258 -1.1067 
miR-101a -2.0242 -1.1263 -1.1068 
miR-101b -2.0124 -1.1315 -1.1066 
miR-101c -2.0499 -1.1492 -1.1482 
miR-10a 0.4872 0.5339 0.8285 
miR-148a -1.2666 -1.0114 -0.6001 
miR-192 -1.4593 -0.5255 -0.3976 
miR-212 2.518 1.2579 1.7847 
miR-212a 2.5098 1.2777 1.8605 
miR-215 -1.4563 -0.5315 -0.3926 
miR-21b -2.6572 -2.4195 -2.469 
miR-222 -0.8853 -0.6592 -0.5647 
miR-222a -0.9004 -0.6788 -0.5784 
miR-222b -0.8867 -0.6838 -0.5616 
miR-3529 -0.597 -0.6555 -0.4272 
miR-3596c -1.6828 -0.8182 -2.0562 
miR-365 2.8375 1.7834 2.0212 
miR-365a 2.8468 1.7587 2.0464 
miR-365b 2.8526 1.7533 2.0463 
miR-7 -0.597 -0.6555 -0.4272 
miR-7641 2.8821 2.5911 2.0696 
miR-79 -1.2519 -0.6177 -0.658 
miR-7a -0.597 -0.6554 -0.4272 
miR-7b -0.597 -0.6555 -0.4272 
miR-7d -0.5992 -0.6594 -0.4264 
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Phylogenetic-guided 
approach method Slick oil 

 log2 fold change 

 
24hpf 48hpf 96hpf 

let-7 -1.2922 -0.8742 -1.9785 
let-7b -1.2934 -0.8921 -2.0075 
let-7e -2.1423 -1.5277 -2.5494 
let-7f -1.1662 -0.841 -1.5536 
let-7g -1.1892 -0.8539 -2.0011 
let-7h -2.6822 -2.0904 -2.3378 
let-7j -2.1258 -1.5345 -2.5467 
miR-10 0.6506 0.9036 1.1709 
miR-10a 0.6526 0.9044 1.1676 
miR-10b 0.526 0.895 1.1921 
miR-10c 0.526 0.8949 1.1921 
miR-10d 0.5397 0.6963 1.1092 
miR-135b -1.8884 -1.2121 -0.5222 
miR-142 -1.3748 -1.2515 -0.8364 
miR-142a -1.3838 -1.2395 -0.8295 
miR-142b -1.3838 -1.2395 -0.8295 
miR-148a -1.5406 -1.3119 -0.6252 
miR-153 -2.1492 -1.8185 -0.729 
miR-153b -2.076 -1.1796 -0.7633 
miR-153c -2.1309 -1.7879 -0.7403 
miR-1623 2.651 4.1818 5.4896 
miR-192 -1.7281 -0.9191 -0.6277 
miR-204 1.595 1.7349 2.581 
miR-204b 1.5978 1.7428 2.5786 
miR-211 1.6116 1.7397 2.5774 
miR-212 2.3795 1.3772 1.4604 
miR-212a 2.3441 1.3886 1.5411 
miR-214 2.1767 2.7037 4.2208 
miR-215 -1.7333 -0.9178 -0.6231 
miR-216 -1.9593 -1.7943 -1.352 
miR-216a -1.949 -1.8029 -1.357 
miR-218 -1.6156 -1.1949 -0.4603 
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miR-2188 -0.9755 -1.2702 -1.5935 
miR-218a -1.6145 -1.1924 -0.4593 
miR-218b -1.6145 -1.1924 -0.4593 
miR-21b -2.7746 -2.5925 -1.6744 
miR-222 -0.9928 -0.799 -0.5474 
miR-222a -1.012 -0.8201 -0.5641 
miR-222b -1.013 -0.8164 -0.5577 
miR-235 1.3531 1.358 1.1899 
miR-25 0.248 0.8472 0.7698 
miR-301a -1.5584 -1.1739 -1.3651 
miR-301b -1.5351 -1.1687 -1.3963 
miR-301d -1.1166 -1.206 -1.1927 
miR-310 1.5645 1.8038 1.7525 
miR-311 1.5664 1.8013 1.7423 
miR-311a 1.4921 2.0771 1.3409 
miR-3120 -1.208 -1.137 -0.7881 
miR-313 1.4353 1.9104 1.6456 
miR-3529 -0.9826 -1.0017 -0.5859 
miR-3596b -1.5691 -1.1585 -2.1584 
miR-3596c -2.0719 -1.5471 -2.5846 
miR-365 3.1612 2.3589 2.3672 
miR-365a 3.1867 2.3534 2.3764 
miR-365b 3.1793 2.3496 2.3824 
miR-499 -2.2095 -1.8567 -2.0273 
miR-499a -2.2095 -1.8573 -2.0302 
miR-499b -2.2084 -1.8553 -2.0294 
miR-7 -0.9826 -1.0017 -0.5859 
miR-7641 2.9898 2.3953 2.1069 
miR-79 -1.5705 -0.9117 -0.8305 
miR-7a -0.9826 -1.0017 -0.5859 
miR-7b -0.9826 -1.0017 -0.5859 
miR-7d -0.9855 -1.0029 -0.5869 
miR-9 -1.5187 -0.7967 -0.6511 
miR-92 1.3969 1.9573 1.5254 
miR-92a 0.2487 0.8501 0.7754 
miR-92b 1.3977 1.9595 1.53 
miR-92c 1.3972 1.959 1.5255 



 
 

 

156 

miR-92d 1.1773 1.0561 1.0116 
 
Table 3-4. List of differentially expressed (DE) miRNA at all 3 stages after source and 
slick oil exposure using the phylogenetic-guided approach method. 
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Figure 3-4. Visual distribution of the number of differentially expressed mRNA 
correlated to differentially miRNA identified using IPA at 24h. Pie chart showing the 
number of correlated mRNA and miRNA at 24h after source (A and B) and slick (C and 
D) oil exposure.  
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Figure 3-5. Visual distribution of the number of differentially expressed mRNA 
correlated to differentially miRNA identified using IPA 48h. Pie chart showing the 
number of correlated mRNA and miRNA at 48h after source (A and B) and slick (C and 
D) oil exposure.  
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Figure 3-6. Visual distribution of the number of differentially expressed mRNA 
correlated to differentially miRNA identified using IPA at 96h. Pie chart showing the 
number of correlated mRNA and miRNA at 96h after source (A and B) and slick (C and 
D) oil exposure.  
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Phylogenetic-guided approach Slick Oil (48h) 

DE miRNA log2 FC DE 
mRNA GENE ID 

miR-15b 1.505 37 ARHGDIA, ATF6, BCL2, BDNF, CA12, CCNE1, CDC25A, 
CDK6, CHEK1, CHORDC1, DMTF1, DNAJB4, E2F3, EGFR, F2, 
FGFR1, FNDC3B, GRB2, HACE1, IGF1, IGF2R, ITGA2, 
KCNN4, LAMC1, MAPK3, MSH2, MYB, PHLDB2, PLK1, 
PMS1, PRIM1, PRIMPOL, SHOC2, SLC12A2, TPI1, UGDH, 
WT1 

miR-155 1.13 22 AGTR1, ARL5B, BACH1, CSF1R, F2, GNA13, IKBKE, JARID2, 
MAF, MYB, MYD88, MYO10, PDE3A, PICALM, PPL, PRKCI, 
PTPRJ, RCN2, RHOA, SYNE2, TAB2, TRAM1 

miR-98 -1.67 16 BCL2L1, CCND1, CDKAL1, DRD3, FANCD2, GYS1, HMGA2, 
IGF2BP2, IGF2BP3, MTRR, PTGS2, RDH10, SIGMAR1, 
SLC25A1, SLC25A32, WNT1 

miR-449b -1.188 13 CCND1, CREB1, FOXP1, JAG1, MAP2K1, MET, MYCN, 
NOTCH2, SIRT1, TP53, TRPS1, VEGFA, WNT1 

miR-27b 1.112 10 FBXW7, FOXO1, GRB2, IGF1, NOTCH1, PDPK1, PPARG, 
RUNX1, SMAD3, ST14 

miR-141 -1.613 8 CTNNB1, CYP1B1, DLX5, ERBB21P, MAP2K4, PITX2, ZEB2, 
ZFPM2 

miR-92b 1.96 8 CCNE2, FBXW7, IKZF1, ITGA5, ITGB3, MYLIP, PTEN, 
VSNL1 

miR-211 1.74 6 BMP1, CTSC, ERF, MMP9, SHC1, SPARC 

miR-218 -1.195 5 ARAF, CTSB, PIK3C2A, PLCG1, RICTOR 

miR-23b 1.951 5 CXCL12, HES1, NOTCH1, PTEN, SMAD3 

miR-7 -1.002 5 FOS, MAPKAP1, PAK1, RAF1, SYNE1 

miR-128 -2.012 4 AFF1, KMT2A, LDLR, SNAP25 

miR-19a -1.776 4 BMPR2, CCND1, ERBB4, NR4A2 

miR-135b -1.212 3 APC, JAK2, TRPS1 

miR-214 2.704 3 FGF16, GPD1, PTEN 

miR-101 -1.484 2 MYCN, PTGS2 

miR-301a -1.174 2 SMAD4, ZFPM2 

miR-212 1.377 2 MMP9, RB1 

miR-181a -1.796 2 GRIA2, HOXA11 

miR-26a -1.82 2 EPHA2, PTGS2 

miR-96 -1.305 2 ADCY6, MITF 

miR-184 1.059  AKT2 
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miR-499 -1.857 1 SOX6 

Fugu-guided approach Slick Oil (48h) 

DE miRNA log2 FC DE 
mRNA GENE ID 

miR-142-3p -1.046 20 AKT1S1, ANK3, ANKRD11, APC, ARNTL, BAZ1A, BCL2L1, 
COG4, FLVCR1, GAB1, HGS, HMGA2, LIFR, LMO3, MYLK, 
NKX2-3, PDE4B, RICTOR, S1PR3, ZBTB41 

miR-365 1.126 11 ACVR1, ADM, ARRB2, CPT2, DFFB, ESRRA, GAA, NR3C2, 
P2RY1, TFDP1, UBAC2 

miR-144-3p -1.111 10 FST, GABRA1, MEF2A, MSX1, PLA2G4A, PLAT, SMAD9, 
SYNCRIP, TBC1D9B, TNFSF11, 

miR-219b-
5p 

-1.05 10 CHRNA7, CYP7B1, DLX3, DNAH3, DOK6, FAM20A, 
GUCY1B3, PPP1CB, TOMM7, UCKL1 

miR-219-5p -1.176 9 CACNB3, DOK6, ISL1, KCNA4, LEF1, PI4KA, PLCG2, RECK, 
RORB 

miR-7641 2.02 5 BIRC5, EMC8, NOSTRIN, PRDM6, TCF21 

miR-216a -1.364 3 BECN1, CA6, KLHL8 

miR-144-5p -1.011 1 RGS5 

 
 
Table 3-5. Enriched IPA cardiovascular disease of differentially expressed (DE) miRNA 
and inversely correlated genes at the 48h stage after slick oil treatment using the both 
phylogenetic-guided approach and Fugu-guided approach method. Ranked by the number 
of DE gene inversely correlated. Fold change (FC). 
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Phylogenetic-guided approach Slick oil (96h) 

DE miRNA log 2 FC DE mRNA GENE ID 

miR-15b 3.381 31 

ABCF2, BCL2, BDNF, CDC25A, CDK5RAP1, CHEK1, 
DMTF1, DNAJB4, E2F3, FGFR1, FNDC3B, GALNT13, 
IGF1, ITGA2, MAP2K1, MSH2, MYB, NAA15, NOTCH2, 
PHLDB2, PLK1, PMS1, PRIM1, PRIMPOL, RECK, SHOC2, 
SLC12A2, SLC7A1, TXN2, WT1, ZYX 

let-7e -2.549 23 

CAPG, CASP3, CCND1, CDK6, DAD1, DRD3, F2, 
FANCD2, HMGA2, ITGB3, LIN28A, MTRR, PRDM1, 
PRRC2A, PTGS2, RABGAP1L, RDH10, RHOG, SLC25A1, 
TGFBR1, THBS1, TUSC2, WNT1 

miR-30c 1.021 22 

ATP2A2, ATRX, CBFB, CDCP1, CHD1, CTGF, DOCK7, 
ITGA2, MAT2A, MBNL1, MYO10, NT5E, PPP3CA, 
RBMS1, RUNX2, SLC12A4, SLC4A7, SLC7A1, 
SLC9A3R2, TNRC6A, TP53, TRPS1 

miR-155 1.908 19 
AGTR1, CBFB, CYR61, IKBKE, INPP5D, JARID2, LPL, 
MAF, MYB, MYO10, NT5E, PDE3A, PICALM, PPL, 
PTPRJ, SLA, SYNE2, TAB2, TRAM1 

miR-93 1.344 13 ARID4B, BCL2, BMPR2, CAMTA1, E2F1, E2F3, ITCH, 
MYLIP, PKD2, PTEN, RB1, RBL2, RUNX1 

miR-34a 3.124 12 BCL2, E2F3, FOXP1, MAP2K1, MYB, MYC, NOTCH1, 
NOTCH2, TAGLN, TP53, TRPS1, WISP2 

miR-122 -2.585 8 ADAM17, ALDOA, AP3M2, CCNG1, CERS6, EGLN3, 
GPX7, SLC7A11 

miR-92b 1.53 8 BMPR2, CCNE2, IKZF1, ITGA5, MYLIP, PTEN, VSNL1, 
ZEB2 

miR-205 1.812 7 ATP1A1, MED1, PRKCE, PTEN, TRPS1, ZEB1, ZEB2 

miR-27b 1.577 7 IGF1, MEF2C, NOTCH1, PHB, PXN, RUNX1, THRB 

miR-133b 1.228 5 CDK13, CTGF, KCNH2, KLF15, RUNX2 

miR-181a -1.297 5 ESR1, GATA6, HOXA11, MMP14, TIMP3 

miR-23b 2.318 5 CXCL12, FBXO32, NOTCH1, PTEN, TRPS1 

miR-429 2.292 4 PTEN, RERE, ZEB1, ZEB2 

miR-100 1.278 3 FGFR3, MTOR, PLK1 

miR-128 -2.451 3 AFF1, LDLR, TGFBR1 

miR-138 1.33 3 ALDH1A2, ROCK2, VCAN 

miR-204 2.581 3 ATP2B1, SHC1, TRPS1 

miR-10b 1.192 2 KLF4, NF1 
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miR-212 1.46 2 RB1, TJP1 

miR-203 1.043 2 ABL1, RUNX2 

miR-210 1.453 2 E2F3, FGFRL1 

miR-214 4.221 2 GPD1, PTEN 

miR-454 1.602 1 DICER1 

miR-451 1.795 1 MIF 

miR-33a 1.598 1 ABCA1 

Fugu-guided approach Slick oil (96h) 

DE miRNA log 2 
FC DE mRNA GENE ID 

miR-34a-5p 1.282 59 

ACBD3, ADRA1D, AGTR1, AIRE, AMER1, ASB4, ATG5, 
ATMIN, BCL2, CA7, CACNB3, CAV3, CBFA2T3, CCNE2, 
CLIC5, DGAT1, E2F3, FGF23, FOXP1, FUT9, GABRA3, 
GNAO1, GRIN2B, HTR2C, IKBKE, KCND3, KCNJ8, 
KIAA1462, KLF4, LEF1, MAP2K1, MARCH8, MYADM, 
MYB, MYC, NDST1, NGB, NOTCH1, NOTCH2, NTRK3, 
OVOL2, PDGFRA, PER2, PIGQ, RECK, ROCK1, SAMD12, 
SERPINF2, STAB2, STRN3, SYT1, TAGLN, TP53, TRPS1, 
UBP1, WISP2, XYLT1, ZDHHC17, ZHX2 

miR-15b 1.042 58 

ABCF2, AKT3, ALKBH3, AMER1, ATXN2, BCL2, BDNF, 
CARM1, CCND2, CDC25A, CDK5R1, CDK5RAP1, CHEK1, 
DMTF1, DNAJB4, E2F3, E2F7, FASN, FGFR1, FNDC3B, 
GALNT13, IGF1, INSR, ITGA2, KIF1B, MAP2K1, MSH2, 
MYB, MYLK, NAA15, NDP, NOTCH2, NSMF, PHLDB2, 
PLEKHA5, PLK1, PMS1, PRIM1, PRIMPOL, RBMS1, RECK, 
RGS5, RPS6KA3, RSPO3, RUNX1T1, SALL4, SHOC2, 
SLC12A2, SLC7A1, SMURF2, TACC1, TFRC, TXN2, UNC80, 
WT1, ZBTB16, ZMYM2, ZYX, 

miR-133b 1.142 26 

BICC1, CDK13, COL8A1, CTGF, FLI1, FOXC1, FRMPD1, 
KCNH2, KLF15, MAML1, PER2, PTH1R, RARB, RUNX2, 
SGMS2, SLC24A4, SLC6A1, SLC6A6, SNRK, SP3, SV2A, 
SYT1, TMOD3, TUBB1, VKORC1, WASF2 

miR-145-5p 1.318 23 

ACBD3, AHNAK, CASZ1, CBFB, CCNA2, CLINT1, DAB2, 
DDC, FLI1, IKBKAP, IRS1, ITGB8, KCNA4, KLF4, KLF5, 
MAP3K1, MKL2, MYC, PLCE1, PPP3CA, RASA1, SPTB, 
TFRC 

miR-23b 1.169 23 

ACVR1C, ATP11C, BORA, C15orf41, CA2, CCM2, CXCL12, 
DLGAP1, FBXO32, MYH1, NDUFA2, NOTCH1, NR6A1, 
PKP4, PROK2, PTEN, SCG5, SIX1, SST, TFRC, TMED5, 
TRPS1, ZNF91 

miR-214 2.177 21 
AKAP13, ATF2, CD276, CDK5R1, CIT, DFFB, GPD1, 
HECTD4, HNF1A, LHX6, MAP3K9, MYDGF, NAA15, 
OPRK1, PTEN, PTH1R, SAMD12, SEPT4, SIGMAR1, 
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TMED5, VDR 

miR-20b 1.297 19 
ARID4A, ARID4B, BCL2, BMPR2, CAMTA1, E2F1, E2F3, 
F3, ITCH, MASTL, MYLIP, NR4A3, PKD2, PTEN, RB1, 
RBL2, RUNX1, SAMD12, VLDLR 

miR-211-5p 1.142 15 
ATP2B1, BIN1, DVL3, FOXC1, NEBL, NOP10, PDE3A, 
PHOX2B, PIK3CB, SF3B1, SHC1, SLC43A1, TRPS1, ZEB2, 
ZNF521 

miR-18a-3p 1.389 13 C3orf18, CASP7, CDH20, CPS1, CRELD1, FOXJ1, HTR2C, 
KCNAB2, KRAS, NOTCH2, PDGFB, PROK1, VHL 

miR-34b-5p 1.306 12 ACTL6A, CAV1, CDC25A, DNM1L, FUT9, MAT2A, MYC, 
PER2, PFKFB1, RGS4, WISP2, XYLT1 

miR-144 -1.256 11 ARL15, FST, MEF2A, NFE2L2, PLA2G4A, PLAT, PTHLH, 
SMAD9, TBC1D9B, TBX1, TNFSF11 

miR-132-3p 1.723 9 CALU, PNKD, RASA1, RB1, SDF2, SLC6A1, TGFB2, TJP1, 
TTK 

miR-365b-3p 1.163 9 ADM, CPT1A, CPT2, DFFB, PAX6, RAPGEF4, TFDP1, 
TMOD3, UBAC2 

miR-455-3p 1.143 8 AGTR1, BUD13, LRP6, PAX6, RARB, SUCLA2, TFRC, TTK 

miR-122-3p 1.359 7 COL11A2, CXCR3, FGFR4, MAT2A, NEK8, RAPH1, TFRC 

miR-216 -1.165 3 BECN1, CA6, KLHL8 

miR-7641 2.023 3 EMC8, FHL5, PRDM6 

miR-144-5p -1.457 2 CTSV, F2R 

miR-182-3p -1.001 2 HAND1, SLC16A10 

miR-216b-5p -1.11 1 DLX2 

 
 
Table 3-6. Enriched IPA cardiovascular disease of differentially expressed (DE) miRNA 
and inversely correlated genes at the 96h stage after slick oil treatment using the both 
phylogenetic-guided approach and Fugu-guided approach method. Ranked by the number 
of DE gene inversely correlated. Fold change (FC). 
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Figure 3-7. Ingenuity Pathway Analysis of correlated miRNA and mRNA network 
related to A) cardiovascular disease and B) Ophthalmic disease at 96h after slick oil 
exposure.  
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Phylogenetic-guided approach Slick oil (96h) 

DE miRNA log 2 FC DE mRNA GENE ID 

let-7e -2.549 14 CASP3, CCND1, DRD3, DUSP12, F2, FANCD2, ITGB3, 
MTRR, NF2, PTGS2, RDH10, SLC1A4, TGFBR1, THBS1 

miR-15b 3.381 9 BCL2, BDNF, CADM1, CDC14B, IGF1, MAP2K1, 
NOTCH2, PRIMPOL, WT1 

miR-30c 1.021 8 ANPEP, CTGF, GPD2, MBNL1, P4HA2, PPP3CA, 
SLC4A7, TP53 

miR-93 1.344 6 BCL2, CRIM1, E2F1, PTEN, RB1, RBL2 

miR-34a 3.124 6 BCL2, FOXP1, MAP2K1, NOTCH1, NOTCH2, TP53 

miR-155 1.908 4 AGTR1, CYR61, LPL, MAF 

miR-429 2.292 4 BAP1, PTEN, RERE, ZEB1 

miR-23b 2.318 4 CXCL12, NOTCH1, POU4F2, PTEN 

miR-27b 1.577 4 IGF1, MEF2C, NOTCH1, THRB 

miR-122 -2.585 3 ADAM17, EGLN3, SLC7A11 
miR-205 1.812 3 MED1, PTEN, ZEB1 

miR-128 -2.451 2 LDLR, TGFBR1 

miR-212 1.46 2 RB1, TJP1 

miR-133b 1.228 2 CTGF, PTBP2 

miR-181a -1.297 2 ESR1, TIMP3 

miR-214 4.221 2 POU4F2, PTEN 

miR-100 1.278 1 MTOR 

miR-10b 1.192 1 NF1 

miR-454 1.602 1 DICER1 

miR-138 1.33 1 VCAN 

miR-203 1.043 1 ABL1 

miR-204 2.581 1 ITGB4 

miR-33a 1.598 1 ABCA1 

miR-92b 1.53 1 PTEN 

Fugu-guided approach Slick oil (96h) 

DE miRNA log 2 FC DE mRNA GENE ID 

miR-34a-5p 1.282 26 

ADRA1D, AGTR1, AIRE, ATG5, BCL2, BEST1, CA7, 
FOXP1, GABRA3, GNAO1, GRIN2B, HTR2C, LEF1, 
MAP2K1, MTMR10, NDST1, PVRL1, NGB, NOTCH1, 
NOTCH2, NTRK3, OVOL2, PDGFRA, PER2, TP53, 
TWIST2 
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miR-15b 1.042 17 
BCL2, BDNF,  CADM1,  CCND2,  CDC14B,  IGF1,  INSR,  
KIF21A,  MAP2K1,  NDP,  NOTCH2,  PRIMPOL,  SALL4,  
SCN8A,  SIX6,  TENM2,  WT1 

miR-20b 1.297 12 BCL2, CRIM1, E2F1, F3, MYT1L, PTEN, RB1, RBL2, 
SLC17A7, TBC1D20, TOPORS, VLDLR 

miR-133b 1.142 10 COL8A1, CTGF, FOXC1, PDE8B, PER2, PTBP2, RARB, 
SLC6A6, SOBP, TUBB1 

miR-23b 1.169 8 B4GAT1, CA2, CXCL12, KCNV2, NOTCH1, POU4F2, 
PTEN, SIX1 

miR-18a-3p 1.389 7 HTR2C, KRAS, NOTCH2, NYX, PDGFB, POMGNT1, 
VHL 

miR-145-5p 1.318 6 DDC, GLIS1, IRS1, ITGB8, MAP3K1, PPP3CA 

miR-214 2.177 6 HNF1A, PVRL1, POU4F2, PTEN, TUBGCP6, VDR 

miR-455-3p 1.143 6 AGTR1, IMPG1, KCNJ13, LRP6, PAX6, RARB 

miR-132-3p 1.723 5 RB1, SAP30L, SOX5, TGFB2, TJP1 

miR-34b-5p 1.306 5 ALX4, CAV1, DNM1L, OLFM2, PER2 

miR-144 -1.256 4 FST, PLA2G4A, PLAT, TENM3, 

miR-211-5p 1.142 4 FOXC1, ITGB4, PHOX2B, SF3B1 

miR-144-5p -1.457 3 CTSV, F2R, TFG 
miR-182-3p -1.001 2 HYAL1, TRIM44 
miR-216 -1.165 2 BECN1, CA6 
miR-365b-3p 1.163 2 EFEMP1, PAX6 
miR-122-3p 1.359 1 COL11A2 
 
Table 3-7. Enriched IPA ophthalmic disease of differentially expressed (DE) miRNA and 
inversely correlated genes at the 96h stage after slick oil treatment using the both 
phylogenetic-guided approach and Fugu-guided approach method. Ranked by the number 
of DE gene inversely correlated. Fold change (FC). 
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Figure 3-8. GO analysis of enriched biological processes of the correlated differentially 
expressed mRNA at 96h after source oil exposure. Gene count and FDR p-value 
associated with the GO category from DAVID are presented in the bar graph.  
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Figure 3-9. GO analysis of enriched biological processes of the correlated differentially 
expressed mRNA at 96h after slick oil exposure. Gene count and FDR p-value associated 
with the GO category from DAVID are presented in the bar graph.  
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Source oil (96h) 

Fugu-guided approach Phylogenetic-guided approach 

Cellular component 
term 

Gene 
Count FDR Cellular component term Gene 

Count FDR 

cytosol 102 2.00E-01 cytosol 80 2.30E-05 

transcription factor 
complex 13 1.50E+00 cytoplasm 109 3.50E-05 

nucleoplasm 82 4.00E+00 nucleus 110 1.40E-04 

nuclear chromatin 12 4.50E+00 nucleoplasm 65 3.40E-03 

axon 13 4.60E+00 nuclear chromatin 13 1.20E-02 

cell-cell contact zone 4 7.30E+00 focal adhesion 18 2.20E-02 

membrane 65 1.10E+01 receptor complex 10 6.00E-02 

cytoplasm 135 1.50E+01 extracellular exosome 58 4.80E-01 

holo TFIIH complex 3 2.70E+01 plasma membrane 75 2.00E+00 

endoplasmic reticulum 28 2.70E+01 membrane 45 3.40E+00 

cell-cell adherens junction 14 2.90E+01 myelin sheath 8 5.10E+00 

perinuclear region of 
cytoplasm 22 3.50E+01 SMAD protein complex 3 5.90E+00 

Molecular function term Gene 
Count FDR Molecular function term Gene 

Count FDR 

protein binding 241 6.50E-04 protein binding 178 1.90E-10 

transcription coactivator 
activity 15 1.80E+00 protein kinase binding 21 4.80E-04 

transcription cofactor 
activity 7 6.70E+00 

RNA polymerase II core 
promoter proximal region 
sequence-specific DNA 
binding 

17 5.80E-02 

transcriptional activator 
activity, RNA polymerase 
II core promoter proximal 
region sequence-specific 
binding 

13 8.80E+00 

transcriptional activator 
activity, RNA polymerase 
II core promoter proximal 
region sequence-specific 
binding 

13 1.80E-01 

neurotransmitter:sodium 
symporter activity 4 9.50E+00 chromatin binding 17 1.80E-01 

transcription regulatory 
region DNA binding 12 1.10E+01 identical protein binding 25 1.90E-01 

protein serine/threonine 
kinase activity 17 1.30E+01 

RNA polymerase II 
transcription factor 
activity, sequence-specific 
DNA binding 

11 2.10E-01 



 
 

 

171 

 
 
 
Table 3-8.  Top cellular component and molecular function terms at the 96h stage after 
source oil treatment using DAVID. Ranked by p-value. 
 
  

transcription factor 
binding 14 1.40E+01 

transcription factor 
activity, sequence-specific 
DNA binding 

29 2.60E-01 

sequence-specific DNA 
binding 21 1.50E+01 core promoter binding 7 3.80E-01 

protein kinase activity 16 1.80E+01 sequence-specific DNA 
binding 19 5.10E-01 

protein homodimerization 
activity 26 2.50E+01 RNA polymerase II 

transcription factor binding 6 6.90E-01 

transcription factor 
activity, sequence-
specific DNA binding 

32 2.70E+01 insulin-like growth factor I 
binding 4 7.80E-01 
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Slick oil (96h) 

Fugu-guided approach method Phylogenetic-guided approach method 

Cellular component term Gene 
Count FDR Cellular component term Gene 

Count FDR 

nucleoplasm 173 4.90E-03 nucleus 145 3.00E-07 

Golgi membrane 48 1.40E-01 nucleoplasm 88 5.70E-06 

cytoplasm 282 1.60E-01 cytosol 94 2.80E-04 

neuron projection 24 5.90E-01 cytoplasm 129 1.20E-03 

synapse 19 1.80E+00 melanosome 11 1.20E-02 

nucleus 282 2.00E+00 extracellular exosome 77 2.20E-02 

cell-cell adherens junction 28 2.00E+00 membrane 63 5.00E-02 

cell junction 36 2.20E+00 cell surface 24 7.70E-02 

transcription factor complex 19 3.70E+00 focal adhesion 19 1.80E-01 

synaptic vesicle membrane 9 4.10E+00 apical plasma membrane 16 2.00E-01 

cytosol 175 1.40E+01 cell-cell adherens junction 16 6.00E-01 

intracellular membrane-
bounded organelle 38 1.50E+01 intracellular membrane-

bounded organelle 21 2.00E+0
0 

Molecular function term Gene 
Count FDR Molecular function term Gene 

Count FDR 

protein binding 492 7.30E-07 protein binding 233 6.30E-16 

protein kinase activity 36 4.40E-02 protein kinase binding 22 7.00E-03 
RNA polymerase II 
transcription factor activity, 
sequence-specific DNA 
binding 

21 2.10E-01 core promoter binding 9 2.70E-02 

protein kinase binding 34 5.40E-01 protein domain specific 
binding 15 3.70E-02 

protein serine/threonine 
kinase activity 33 1.10E+00 integrin binding 10 1.70E-01 

phosphoprotein binding 8 1.30E+00 miRNA binding 5 2.30E-01 
transcription factor activity, 
sequence-specific DNA 
binding 

67 1.40E+00 chromatin binding 19 3.90E-01 

transcription regulatory 
region DNA binding 22 1.50E+00 protein tyrosine phosphatase 

activity 9 6.50E-01 

GTPase activator activity 26 2.00E+00 transcription regulatory 
region DNA binding 13 7.20E-01 

ATP binding 95 2.20E+00 transcription factor binding 15 9.60E-01 
transcriptional activator 
activity, RNA polymerase II 13 2.20E+00 fibroblast growth factor 

binding 5 1.00E+0
0 
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transcription regulatory 
region sequence-specific 
binding 
transcriptional activator 
activity, RNA polymerase II 
core promoter proximal 
region sequence-specific 
binding 

23 2.30E+00 ATP binding 45 1.10E+0
0 

 
Table 3-9. Top cellular component and molecular function terms at the 96h stage after 
slick oil treatment using DAVID. Ranked by p-value. 
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Figure 3-10. 
A comparison of relative fold change of miRNA in 96 hpf larvae after slick oil exposure 
as determined by miRNAseq and qPCR. Mean ± SD (N=3).  
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Conclusions 
 

 
The endocrine system plays a crucial role in many signaling processes that aid in 

regulating normal development. Our data show that exposure to E2 and G1 cause 

cardiotoxicity in developing zebrafish embryos. However, the toxic effects induced by E2 

was not rescued after co-exposure to ER or GPER antagonist. This further shows the 

complexity in endocrine signaling and raises the question of the role of GPER and ERs 

during development. Due to ability of these agonists and antagonists to have other 

potential targets, E2 induced toxicity needs to be evaluated using a more targeted 

approach such as morpholinos or RNAi for the specific estrogen receptors would be a 

relevant future study. Evaluating the pathways involved in estrogen toxicity is important 

due to the high number of pollutants that can alter the endocrine system. 

Transformation products of chrysene such as 2-hydroxychrysene and 6-

hydroxychrysene, have been shown in vitro to have estrogenic and antiestrogenic effects. 

In our study, no effect was observed in zebrafish embryos after exposure to chrysene. In 

contrast, its two metabolites, 2-hydroxychrysene and 6-hydroxychrysene caused cardiac, 

ocular and circulatory defects. However, the toxic effects of 2-hydroxychrysene and 6-

hydroxychrysene do not seem to be directly mediated through the estrogen pathway. One 

of the most abundant deformities observed was circulatory defects, it would be 

interesting to investigate whether this is a primary target for 2-hydroxychrysene and if 

runx1 expression is directly involved in the mechanism. Another interesting future study 

is to evaluate what drives the regio-selective difference between the compounds. 
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Preliminary data show a difference in accumulation of the 2 compounds. It would be 

intriguing if a difference in metabolism was involved in the regio-selective effects. 

In our study, we show that exposure to both source and weathered oil can alter the 

expression of miRNAs during mahi-mahi development. Consistent with the toxicological 

effects observed, GO term analysis identified heart development and ion regulation 

processes to be affected after oil exposure. This study indicates that miRNAs play a role 

in misregulating the expression of genes involved in cardiac and ion transport induced by 

oil exposure that need to be elucidated. The mRNA-miRNA network generated in this 

study can guide many hypotheses based experiments that will contribute to the field. 

Studies evaluating the role of specific miRNAs on Ca2+ influx and transport in cardiac 

myocytes is important to show further understand oil toxicity. However, this also raises 

the question of how PAHs alter miRNA expression. 

The dynamic signaling patterns that occur during early development contributes 

to the complexity in evaluating developmental toxicity. The zebrafish has become a 

useful model in better understanding the potential risks of exposed organisms to 

environmental pollutants. The increase in many new molecular and cellular methods as 

well as high throughput sequencing is beneficial in better understanding mechanisms 

involved in toxicological effects induced by environmental pollutants. The current study 

further shows the need for continued research on not only source oil, but even more so 

weathered oil. Studies like this can aid in identifying the risks involved when oil spills 

occur in areas where fish species spawn.  

 




