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Abstract 

Following the phase out of polybrominated diphenyl ethers (PBDEs), 

manufacturers turned to several alternative flame retardants (FRs) to meet flammability 

standards. Organophosphate FRs (OPFRs), and in particular tris (1,3-dichloropropyl) 

phosphate (TDCPP), have been increasingly detected in textiles and foam padding used 

in a variety of consumer products, including camping equipment, upholstered furniture, 

and baby products. Like PBDEs, OPFRs are additive, meaning that they are not 

chemically bound to the treated material and can more readily leach out into the 

surrounding environment. Indeed, OPFRs have been detected in numerous 

environmental and biological matrices, often at concentrations similar to or exceeding 

that of PBDEs. 

Although OPFRs have been in use for several decades, relatively little is known 

regarding their potential for adverse human and environmental health consequences. 

However, based on their structural similarity to OP pesticides, they may have analogous 

mechanisms of toxicity. OP pesticide toxicity is classically associated with cholinesterase 

inhibition, resulting in cholinergic intoxication syndrome. OPFRs have been shown to be 

ineffective cholinesterase inhibitors, however chlorpyrifos (CPF) and other OP pesticides 

have been shown to elicit adverse effects on developing organisms through other 

mechanisms. 
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The main objective of this research project was to evaluate the toxicity of four 

structurally similar OPFRs (TDCPP; tris (2,3-dibromopropyl) phosphate, (TDBPP); tris 

(1-chloropropyl) phosphate (TCPP) and tris (2-chloroethyl) phosphate (TCEP)) in 

comparison to the OP pesticide, CPF. A combination of in vitro and in vivo models was 

used to elucidate potential mechanisms as well as functional consequences of exposure 

in developing organisms.  

In the first research aim, a series of in vitro experiments with neuronotypic PC12 

cells were used to evaluate the effects of four structurally similar OPFRs (TDCPP, 

TDBPP, TCEP, or TCPP) and CPF on neurodevelopment. The effects of TDCPP were 

also compared to that of BDE-47, a major component of the commercial PentaBDE 

mixture. In general, TDCPP elicited similar or greater effects when compared to an 

equimolar concentration of CPF. All OPFRs tested produced similar decrements in cell 

number and altered phenotypic differentiation, while BDE-47 had no effect on cell 

number, cell growth, or neurite growth.  

For the second research aim, zebrafish (Danio rerio) were used to evaluate the 

effects of the same suite of OP chemicals on early development. TDCPP, TDBPP, and 

CPF elicited overt toxicity (e.g., malformations or death) within the concentration range 

tested (0.033-100 µM). TDBPP was the most potent with 100% mortality by 6 days post 

fertilization (dpf) at ≥3.3 µM. CPF and TDCPP showed equivalent toxicity with 

malformations observed in at 10 µM and significant mortality (≥75%) at ≥33 µM. There 
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was no overt toxicity among TCEP- and TCPP-exposed fish. All test chemicals affected 

larval swimming behavior on 6 dpf at concentrations below the overt toxicity threshold. 

Parent chemical was detected in all in embryonic (1 dpf) and larval (5 dpf) tissues. 

TDCPP and TDBPP showed rapid and extensive metabolism. 

Finally, for the third aim, juvenile (45-55 dpf) zebrafish were exposed to CPF (1 

µg/g food) or TDCPP (Low TDCPP = 1 µg/g food; High TDCPP = 40 µg/g food) via diet 

for 28 days followed by a 7 day depuration period where all treatments received clean 

food. A dietary exposure was chosen to more closely mimic what is expected to be the 

primary exposure route in humans. Samples were collected at 7 time points throughout 

the experiment, on Days 0, 7, 14, 21, 28, 30, and 35. Whole tissues were collected for 

tissue accumulation and histopathology endpoints. Viscera and brain were dissected 

and flash frozen separately for DNA damage analyses.  

Tissue measurements of CPF, TDCPP, and the metabolite bis (1,3-

dichloropropyl) phosphate (BDCPP) were often below the method detection limit, 

however when present there was a trend towards increased accumulation with 

treatment and time. On Day 7 Low TDCPP caused a dramatic but transient increase in 

DNA damage in both viscera and brain that returned to control levels by Day 14. Similar 

results have been seen previously with other genotoxicants and may be due to CPF and 

High TDCPP inducing an adaptive response prior to the 7 day sampling point. All 

treatments shifted the neurohypophysis to adenohypophysis ratio (NH/AH; Day 7 only) 
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and increased thyroid follicle activation (Day 14). Finally High TDCPP affected gonad 

maturation, causing a significant increase in ovary follicle development (Day 14) and a 

transient but marked decrease in testes maturity (Day 7). Taken together these data 

suggest that dietary exposure to TDCPP and CPF elicits DNA damage in brain and 

viscera and alters endocrine function in juvenile zebrafish. Importantly, analyses were 

restricted to the first three time points (Days 0, 7, and 14) due to the emergence a disease 

among the experimental colony.  Although these samples were collected prior to the 

disease becoming apparent, it remains a potential confounder of the current results.  
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1 Introduction 

In an effort to reduce the occurrence or severity of fires, a number of national and 

international flammability standards have been established for a wide variety of 

consumer products, including electronics, textiles, and upholstered furniture (Alaee et 

al. 2003; Covaci et al. 2011; van der Veen and de Boer 2012). To comply with these 

flammability standards, manufacturers often use chemical applications to prevent or 

delay combustion and slow the spread of fire. These chemical flame retardants (FRs) can 

be applied in either an additive or reactive form, however many current use FRs are 

additive. Additive FRs are not chemically bound to the treated materials and, thus, over 

time can leach out of products and into the surrounding environment. 

In 1999, demand for the three polybrominated diphenyl ether (PBDE) 

commercial mixtures in North America exceeded 30,000 tons, comprising over half of 

the global demand for these products. Three commercial PBDE mixtures have been used 

in a variety of consumer products over the past few decades. While specific trade names 

vary, the three commercial PBDE mixtures are generally referred to as Penta-, Octa-, and 

DecaBDE based on the degree of bromination of the primary mixture component. 

PentaBDE was the primary FR applied to polyurethane foam (PUF) used for furniture 

manufactured in North America prior to 2004, while the Octa- and Deca-BDE mixtures 
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were most commonly used in the manufacture of plastics used in office equipment and 

electronics (Hale et al. 2003). 

In response to a growing body of research demonstrating widespread 

environmental contamination, persistence, accumulation in biological tissues, and 

potential for toxicity, PBDEs have been banned or voluntarily phased out in both the US 

and EU (Shaw et al. 2010).  Since this time, manufacturers have turned to several 

alternative FRs to meet flammability standards. Although many formulations are in use, 

including several alternative brominated FRs, organophosphate FRs (OPFRs) have been 

identified as one of the primary replacements for the PentaBDE commercial mixture in 

PUF applications. Tris (1,3-dichloropropyl) phosphate (TDCPP) in particular was 

identified as the predominant OPFR present in items such as upholstered furniture and 

baby products containing PUF (e.g. car seats, nursing pillows, etc.) (Stapleton et al. 

2009, 2011, 2012). Like PBDEs, OPFRs can escape from treated products and have been 

detected in numerous environmental and biological matrices (van der Veen and de Boer 

2012). 

1.1 Overview of Research 

TDCPP and other OPFRs have been in use for over 50 years (Reemtsma et al. 

2008), however, few studies have evaluated the potential for these chemicals to elicit 

adverse effects on humans and the environment. Despite the dearth of information for 
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OPFRs, organophosphate (OP) pesticides, which share the central phosphate backbone, 

are a well-studied class of chemicals associated with numerous adverse effects. Acute 

exposure to OP pesticides results in inhibition of cholinesterases, causing over-excitation 

of the nervous system that can lead to cholinergic intoxication and death (Eaton et al. 

2008). Although OPFRs are inefficient cholinesterase inhibitors (Eldefrawi et al. 1977), 

chlorpyrifos (CPF) and other OP pesticides have been shown to elicit adverse effects via 

mechanisms that are independent of cholinesterase inhibition (see section 1.7.3.1). 

Developing organisms in particular have been found to be more sensitive to these 

alternative mechanisms of toxicity (Aldridge et al. 2005; Pope 1999; Sledge et al. 2011; 

Timofeeva et al. 2008). 

The main objective of this dissertation project was to evaluate the potential for 

several structurally similar OPFRs (TDCPP; tris (2,3-dibromopropyl) phosphate, 

(TDBPP); tris (1-chloropropyl) phosphate (TCPP) and tris (2-chloroethyl) phosphate 

(TCEP)) to cause developmental toxicity, and to compare their toxicity with CPF, an OP 

pesticide that has been shown to be particularly harmful to early life stages (Eaton et al. 

2008). Although a number of endpoints were evaluated, particular focus was placed on 

neurodevelopmental toxicity. The specific aims for this project are as follows:  
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Aim 1: Evaluate the effects of a suite of four OPFRs on neurodevelopmental processes 

in a PC12 cell model. See Chapter 2 (Dishaw et al. 2011).  

A series of in vitro experiments were conducted with undifferentiated and 

differentiating neuronotypic PC12 cells to evaluate the effects of four structurally similar 

OPFRs (TDCPP, TDBPP, TCEP, or TCPP) and CPF on neurodevelopment. The effects of 

TDCPP were also compared to that of 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47), a 

major component of the commercial PentaBDE mixture. Changes in DNA synthesis, 

oxidative stress, cell viability, cell number, cell growth, neurite growth, and phenotypic 

differentiation were assessed.  

Key findings: In general, TDCPP elicited similar or greater effects when 

compared to an equimolar concentration of CPF. All OPFRs tested produced similar 

decrements in cell number and altered phenotypic differentiation. BDE-47 had no effect 

on cell number, cell growth, or neurite growth.  

 

Aim 2: Assess overt toxicity, neurodevelopmental effects and tissue accumulation of 

OPFRs in early life stage zebrafish. See Chapter 3 (Dishaw et al. 2014). 

Early life stage zebrafish (Danio rerio) were exposed to the same suite of 

chemicals evaluated in Aim 1 (TDCPP, TDBPP, TCEP, TCPP, or CPF). Overt 

developmental toxicity (i.e., death and malformations) and effects on larval swimming 
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behavior following a developmental (0-5 days post fertilization, dpf) aqueous exposure 

were evaluated in 6 dpf larvae. Uptake and metabolism of test chemicals was measured 

in whole tissues at 1 and 5 dpf. 

Key Findings: TDCPP, TDBPP, and CPF elicited overt toxicity within the 

concentration range tested, however TCEP- and TCPP-exposed fish did not exhibit 

significant malformations or mortality even at the highest concentration tested (100 µM). 

All chemicals affected larval swimming behavior following a developmental exposure at 

concentrations below the overt toxicity threshold. TDCPP and TDBPP showed rapid 

uptake and metabolism in early life stage zebrafish, with parent and metabolite present 

in tissues at both time points. 

 

Aim 3: Evaluate tissue accumulation, genotoxicity, and histopathological changes 

following a dietary exposure to TDCPP or CPF in juvenile zebrafish. See Chapter 4 

Juvenile zebrafish (45-55 dpf) were administered food treated with TDCPP (1 or 

40 µg TDCPP/g food) or CPF (1 µg/g) for 28 days, followed by a 7 day period in which 

fish were fed clean food to examine chemical depuration in tissues. Samples were 

collected on Days 0, 7, 14, 21, 28, 30, 35. On each sampling day, fish tissues were 

collected and either frozen or placed in fixative for later analysis. Whole tissues were 
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collected for tissue accumulation and histology analyses, while visceral mass and brain 

tissues were dissected and flash frozen for DNA damage analyses  

Key Findings: Approximately 14 days into the experiment, fish began to show 

signs of disease with a high rate of mortality. As result, analyses were restricted to 

samples collected from the first three time points (Days 0, 7, and 14). Accumulation of 

CPF, TDCPP, and the primary metabolite of TDCPP was low, with the levels in many 

fish falling below the method detection limits. Low TDCPP caused significant increase 

in DNA damage on Day 7, but damage returned to control levels by Day 14. Treatment 

was associated with changes in pituitary, thyroid, and gonad morphology, suggesting 

that dietary exposure to these chemicals alters endocrine function. 

1.2 Flammability Standards and the Use of Flame Retardants 

In an effort to reduce both the frequency and severity of fires, a number of 

flammability standards have been established by national and state governments as well 

as within specific industries. These standards have driven demand for FR chemicals. 

Although upholstered furniture was the first item to catch on fire in only 2% of 

residential fires, they are responsible for a disproportionate number of casualties, 

resulting in 19% of fire-related civilian deaths from 2005-2009. The majority (58%) of 

upholstery fire-related deaths occur when smoking materials were determined to be the 

ignition source (Ahrens 2011). Technical Bulletin 117 (TB117) is a home furniture 
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flammability standard established by the California Bureau of Home Furnishings and 

Thermal Insulation (BHFTI) in 1975. Although TB117 applies only to furniture sold in 

the state of California, it has driven the use of FRs in furniture sold throughout North 

America (Shaw et al. 2010). 

Until very recently, TB117 only required the testing of the filling materials used 

in furniture, most commonly flexible PUF. To pass the original TB117 testing standard, 

bare PUF was required resist ignition during a 12 s exposure to a small open flame (State 

of California Bureau of Home Furnishings and Thermal Insulation 2000). However, full 

scale composite tests performed by the Consumer Product Safety Commission to inform 

a proposal for a national furniture flammability standard indicated that FR-treated foam 

was insufficient to prevent the spread of flames once the upholstery material had ignited 

(Mehta 2012). TB117 has since been revised. Under the new testing standard (i.e., TB117-

2013), a composite sample containing all fabric and barrier materials is evaluated. 

Furthermore, due to the elevated hazard from smoking materials, the open flame 

ignition source was replaced by a smolder standard intended to simulate ignition caused 

by a lit cigarette (State of California Bureau of Electronic & Appliance Repair Home 

Furnishings & Thermal Insulation 2013). 
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1.3 Mechanism of Action: How Flame Retardants Work 

The combustion cycle is generally broken down into four basic phases: initiation, 

pyrolysis, ignition, and propagation (Figure 1). The initial heating from an ignition 

source (e.g., small flame, ember, etc.) causes the release of flammable gases from the fuel 

material in a process called pyrolytic decomposition. These gases contain highly reactive 

OH and H radicals that, when mixed with oxygen in the air, initiate a series of 

exothermic chain reactions that result in ignition. Heat produced by the flames creates a 

positive feedback mechanism, causing further pyrolytic decomposition of the fuel 

material and propagation of flames (Alaee et al. 2003; Troitzsch 1998).  

FRs can work through one or more mechanisms, including interfering with the 

chemical reactions or creating a physical barrier between the ignition source(s) and the 

fuel material. Halogenated FRs typically function in the gas phase: decomposition of 

treated materials releases low-energy halogen radicals that react with the high energy 

OH and H radicals present in the gas phase, thus quenching the chain reactions 

necessary for ignition or propagation (Troitzsch 1998). Although all halogen radicals are 

effective at trapping the OH and H radicals, most halogenated FRs are most commonly 

brominated or chlorinated. This is due to their ideal thermal stability and trapping 

efficiency. Iodine, the largest halogen, has a very high trapping efficiency, however it 

decomposes at relatively low temperatures. Fluorine decomposes only at temperatures 
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above those required for polymers to burn. Bromine is used preferentially when 

compared to chlorine in halogenated FR formulations, however since the phase out of 

PBDEs, chlorinated FRs have been used increasingly. OPFRs, which can be halogenated 

or non-halogenated, 
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Figure 1. Illustration of the different steps in the combustion cycle as described in 

Troitzsch, 1998 
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function in the solid phase. When heated, the phosphorous backbone reacts to form 

phosphoric acid which, in turn, reacts with the fuel material to form an inert char layer. 

The char layer acts as a physical barrier between the ignition sources and the fuel 

material, slowing or even preventing decomposition (Troitzsch 1998; van der Veen and 

de Boer 2012). 

1.4 FRs in the Environment 

There are two major classes of organic FRs: additive and reactive. Additive FRs 

are incorporated into the material after polymerization and, thus, can more easily leach 

out of treated materials throughout the lifetime of the product. Many FRs have become 

nearly ubiquitous contaminants, detected in numerous environmental matrices. 

Consequently, many studies have previously measured FR concentrations in various 

environments. These studies have been reviewed extensively elsewhere (Alaee et al. 

2003; Besis and Samara 2012; Hale et al. 2003; Hites 2004; Law et al. 2014; van der Veen 

and de Boer 2012), therefore the remainder of this section will provide an overview of 

general trends in the environment. 

1.4.1 Indoor Dust and Air 

FRs are typically detected at the highest concentrations indoors. Measurements 

of FRs in indoor air and dust are often several orders of magnitude higher than outdoor, 

and are believed to be a good predictor of human exposure (Mercier et al. 2011; 
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Whitehead et al. 2011). Contamination of indoor air is caused by both volatilization of 

chemical into the gas phase and the presence of contaminated airborne particulate 

matter (Reemtsma et al. 2008). Models suggest that semi-volatile organic compounds, 

including many FRs, will strongly partition to organic solids (e.g. settled or suspended 

dust) and very little will be present in the gas phase (Wensing et al. 2005).  

Several mechanisms have been proposed for the transfer of FRs from treated 

materials to dust. They are 1) sorption following volatilization from treated products; 2) 

transfer from direct contact with treated materials; and 3) deposition of small particles or 

fibers from treated materials that are degrading. It is possible that all of these 

mechanisms occur, however the degree to which a particular transfer mechanism 

contributes to dust levels will depend on the physicochemical properties of the FR in 

question. Mechanism 1 is most relevant for FRs with relatively high vapor pressures 

(e.g., OPFRs) that more readily volatilize under typical indoor conditions. Mechanism 2 

is more complex and will vary depending on a number of factors including the duration 

of contact between the dust and treated material, the physiochemical properties of the 

FR, the composition of the dust, and the microenvironment. Finally, Mechanism 3 is 

most relevant for reactive FRs or additive FRs with very low vapor pressures (Rauert et 

al. 2014; Webster et al. 2009). 
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The concentrations of FRs indoors vary widely. The highest levels are typically 

found close to contaminant sources. Dust collected adjacent to a suspected FR source 

had significantly higher levels than that collected a few meters away. Furthermore, 

addition or removal of potential FR sources was associated with a subsequent increase 

or decrease, respectively, in the levels of FRs in dust (Muenhor and Harrad 2012). 

Offices, schools and other public buildings containing a high number of electronics and 

foam containing products have also been reported to have higher FR concentrations in 

dust and air (Bergh et al. 2011; Marklund et al. 2005a; Mizouchi et al. 2014). Since the 

phase out of PBDEs, the shift in FRs used in products has been reflected in the change of 

dust contaminant profiles. Paired samples collected from 16 California residences in 

2006 and 2011 showed a decrease in the median PBDE concentrations. Median OPFR 

levels remained steady, however houses that had purchased new furniture showed 

drastic increases in OPFRs (Dodson et al. 2012) 

1.4.2 Water 

OPFRs have been detected in ground, surface, and drinking waters as early as 

the 1980s (Ishikawa et al. 1985; LeBel et al. 1981). Waste water treatment plant (WWTP) 

effluent and landfill leachate likely are the greatest contributors to OPFRs in urban 

impacted waters (Andresen et al. 2004; Kawagoshi et al. 2002; Marklund et al. 2005b). 

Storm water runoff from urban areas may also increase contaminant load in surface 
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waters (Regnery and Püttmann 2010b). Schreder and La Guardia (2014) hypothesized 

that WWTP burdens may be driven by deposition of dust on laundry that comes off 

during washing, however laundering of FR-coated fabrics could also contribute to waste 

water levels (Ahrens et al. 1979; Gutenmann and Lisk 1975). Although the 

concentrations are much lower than urban impacted waters, OPFRs have been detected 

in remote volcanic lakes, suggesting that they are capable of long range atmospheric 

transport (Regnery and Püttmann 2010a).  

1.5 Exposure in Humans  

Humans are believed to be exposed to FRs through a combination of ingestion, 

inhalation, and dermal absorption. Each of these pathways has multiple possible 

environmental inputs, summarized in Figure 2 (Frederiksen et al. 2009; Jones-Otazo et 

al. 2005; Lorber 2008). Most FR exposure studies have focused on PBDEs; however due 

to their similar persistence (Reemtsma et al. 2008) and widespread presence in the 

environment (van der Veen and de Boer 2012), OPFR exposure pathways are expected to 

be very similar.  

Today people spend the majority of their time indoors. The EPA estimates that in 

America, adults spend approximately 20 hr/day indoors, increasing to upwards of 21 

hr/day for infants and children (US Environmental Protection Agency 2011). Thus 

indoor contaminant levels are believed to be a strong predictor of exposure. Indeed, 
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indoor dust is believed to be the primary source of PBDE exposure, accounting for >80% 

of the total exposure in the US (Frederiksen et al. 2009; Jones-Otazo et al. 2005; Lorber 

2008). Although inhalation (e.g., suspended particles) or unintentional ingestion of 

contaminated indoor dust is thought to be the most significant contributor, there is also 

potential for exposure via direct partitioning of volatilized chemicals to the skin 

(Frederiksen et al. 2009; Hughes et al. 2001; Weschler and Nazaroff 2008). Dietary intake 

is not believed to be an important source of OPFR exposure (Cequier et al. 2015), but is 

thought to be the second largest source of PBDE exposure in the US (Johnson-Restrepo 

and Kannan 2009).  

Importantly the contribution of each pathway likely to vary substantially 

between individuals depending on a number of factors. Exposure to FRs and other 

environmental contaminants is thought to be influenced by age, with the highest 

exposures predicted among infants and young children. This is due to a combination of 

factors including, increased dust ingestion from frequent hand to mouth behaviors, 

higher respiration rates, more time spent on floors in proximity to areas of dust 

accumulation, greater contact with treated surfaces, and potential for very high dietary 

intake (e.g., breast feeding) (US EPA 2008). Indeed, numerous studies have found 

consistently higher levels of FRs in children when compared to adults (Butt et al. 2014; 

Cequier et al. 2015; Fischer et al. 2006; Rose et al. 2010).  Among adults, certain 
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occupations also contribute to elevated exposures, with carpet installers and 

foam and electronics recycling workers shown to have serum PBDE levels an 

order of magnitude higher than that of the general US population (Stapleton et 

al. 2008b) 

 

Figure 2. Overview of the potential pathways of flame retardant exposure in humans 

(adapted from Frederiksen et al, 2009) 

1.6 Models of Toxicity: PC12 Cells and the Zebrafish 

The studies described in this dissertation utilized both in vitro and in vivo 

models to evaluate the toxicity of OPFRs. The following sections provide an overview of 

the advantages and disadvantages of these models for developmental toxicity screening. 
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1.6.1 PC12 cells 

Neurodevelopment is extremely complex. While emphasis has been placed on 

early life exposures, particularly during embryonic development, certain developmental 

mechanisms (e.g., myelination, synaptic pruning) are now recognized to continue long 

after birth, extending into adolescence and early adulthood (Figure 3). Importantly, in 

vitro models can be used to evaluate toxicant effects on many of these mechanisms in a 

relatively high throughput and controlled manner when compared to in vivo studies. 

 

Figure 3. Overview of important neurodevelopmental processes and the approximate 

timing of events involved in neurodevelopment.  Adapted from Andersen et al 2003. 

PC12 cells are a neuronotypic cell line isolated from a male rat 

pheochromocytoma. In the undifferentiated state, PC12 cells undergo mitosis, often 

forming tight clusters of round or ovoid cells. Addition of nerve growth factor (NGF) to 

the culture media triggers differentiation, characterized by the loss of cell replication 

and the growth of multiple neuritic processes from the cell body. PC12 cells are capable 
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of differentiating into cholinergic or dopaminergic phenotypes (Greene and Tischler 

1976). Thus, this model allows detection of toxicant effects on key events of early 

neurogenesis, including proliferation, growth, and differentiation. PC12 cells have 

proven to be a useful for rapid screening of chemicals as they reproduce many of the key 

features of in vivo developmental neurotoxicity (Qiao et al. 2001, 2003, 2005; Song et al. 

1998).  

Despite the advantages of in vitro models, they fail to replicate many factors that 

can affect exposure and toxicity in vivo. PC12 cell experiments can only evaluate the 

direct effect of toxicants without regard for pharmacokinetic and pharmacodynamic 

factors that can strongly influence exposure. Furthermore, the vertebrate brain is a 

complex three dimensional structure comprised of a dense network of connections with 

dozens of distinct cell types (Bondy and Campbell 2005). Thus, the relatively simple 

PC12 cell model cannot detect toxicity mediated by cell-to-cell interactions. When 

compared to environmental exposures, in vitro experiments are very brief in duration. 

The cell culture experiments performed in Aim 1 lasted from 24 hours to 6 days. In vivo 

exposures, on the other hand, may extend throughout the entirety of neurodevelopment. 

Indeed, with respect to the persistent nature and ubiquitous detection of FRs in the 

environment, lifelong exposures are predicted. Finally, as a cancer-derived cell line, 

PC12 cells are highly resistant to toxicant effects. Typically much higher concentrations 
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are required to elicit toxicity than would be needed when compared to experiments 

using a primary cell line or whole animal model. Importantly, their resilience to 

chemical assaults suggests that the results of PC12 cell studies represent an 

underestimation of in vivo toxicity. 

1.6.2 Zebrafish (Danio rerio) 

Traditionally, toxicity studies have been performed in rodent species. However, 

in recent years the zebrafish (Danio rerio) has proven to be a valuable alternative model, 

particularly with regard to studies of developmental toxicity. Despite the obvious 

differences between fish and mammalian models, molecular processes are largely 

conserved across vertebrate species (Hutchinson et al. 2005; McCollum et al. 2011). 

Additionally, their small size, high fecundity, and rapid external development make 

them ideal for evaluating the effects of chemicals during early life development. 

Under ideal conditions, mature female zebrafish can spawn eggs once every few 

days and are capable of producing several hundred eggs within a single spawning 

event. (Hill et al. 2005; Lawrence 2007). Zebrafish embryos are ~1 mm in diameter and 

remain sufficiently small through early larval development that they can be maintained 

in 96 well plates. Accordingly, a variety of screening techniques have been devised to 

evaluate developmental toxicity in a high-throughput manner when compared to 

traditional in vivo toxicity assays (de Esch et al. 2012; Kimmel et al. 1995). 
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1.6.2.1 Overt toxicity: Teratogenesis 

Normal embryonic development of the zebrafish has been thoroughly described. 

Cleavage begins at approximately 0.75 hours post fertilization (hpf). Development 

occurs rapidly and by 24 hpf embryos reach the pharyngula stage, characterized by 

emergence of the classical vertebrate “bauplan.” At this point, the heart has begun to 

contract and there is visible pigmentation of the eye and skin. Hatching typically occurs 

around 3 days post fertilization (dpf) however the exact timing can vary considerably 

(Kimmel et al. 1995). The chorion remains clear allowing continuous observation of 

living specimens throughout embryogenesis. Early life stage exposure to teratogens can 

produce a number of different malformations that can be readily evaluated with a 

stereomicroscope.  

In addition to malformations, toxicants have been shown to induce 

developmental delays (Oliveira et al. 2009). Development in zebrafish is also 

significantly impacted by temperature. Both high and low temperatures can produce 

healthy, viable larvae, however, fish raised at higher temperatures develop more rapidly 

than those at lower temperatures; thus the incubation temperature is critical for accurate 

comparisons of results across zebrafish studies (Kimmel et al. 1995). 
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1.6.2.2 Larval Swimming Behavior 

Early life stage zebrafish exhibit a surprisingly rich repertoire of behaviors in 

response to environmental stimuli. Normal development of locomotor behaviors relies 

on proper innervation of the musculature by motor neurons originating in the central 

nervous system as well as sensory feedback from the periphery to the brain. 

Locomotions develop fairly quickly in zebrafish; within the first 24 hpf they begin to 

exhibit spontaneous contractions along the lateral line that, later, occur in response to a 

touch stimulus. Prior to swim bladder inflation, swimming activity is generally fairly 

limited and is characterized by short bursts of rapid movement. Once the swim bladder 

has inflated, larval swimming patterns shift to an adult-like basal activity (Budick and 

O’Malley 2000; Drapeau et al. 2002).  

Zebrafish have a highly developed visual system (Neuhauss 2010). In addition to 

tactile stimuli, zebrafish are responsive to sudden changes in ambient light: a light-to-

dark transition elicits a sudden burst of swimming activity whereas a dark-to-light 

transition will cause an abrupt decrease in swimming. If the new light levels are 

maintained, fish return to a baseline swimming activity. These responses may have 

evolved to facilitate predator avoidance  and aid prey capture (Burgess and Granato 

2007). Modern video tracking systems have led to the development of assays using this 

paradigm of light-mediated swimming activity to screen potential neurobehavioral 
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effects of chemical exposures in a high throughput manner relative to traditional testing 

methods (de Esch et al. 2012; Irons et al. 2010; MacPhail et al. 2009; McCollum et al. 

2011). 

1.6.2.3 Thyroid Regulation 

The structure and function of the hypothalamus-pituitary-thyroid (HPT) axis in 

teleosts is very similar to that of other vertebrates. Thyroid tissue is comprised of many 

follicular structures characterized by a thin outer epithelial layer surrounding a colloid 

filled lumen. However, while these follicles are arranged in a densely packed glandular 

structure in mammals, they are dispersed throughout the subpharyngeal region in fish 

species. In teleosts, the colloid is comprised of primarily of the prohormone, thyroxine 

(T4). When activated by thyroid stimulating hormone (TSH), T4 is transported across the 

epithelium for release into circulatory system. Synthesis and release of thyroid 

hormones are under negative feedback control at the level of both the hypothalamus and 

pituitary. Elevated levels of circulating T4 inhibit the release of thyroid releasing 

hormone (TRH) from the hypothalamus and/or TSH from the pituitary (Brown et al. 

2004; Eales and Brown 1993). In serum the vast majority (>99%) of T4 is bound to 

transport proteins (i.e., albumin, thyroid binding globulin, and transthyretin). Once 

released from transport proteins, free T4 is able to be taken up by cells in peripheral 

tissues where it can undergo outer ring deiodination to the active hormone, 3,3’,5-
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triiodothyronine (T3), or inner ring deiodination to the inactive hormone, 3,3’,5’-

triiodothyronine (rT3). Deiodination of thyroid hormones is catalyzed by deiodinase 

(dio) enzymes (Figure 5). Vertebrates have three dio isoforms: dio1 can perform both 

outer ring and inner ring deiodination, whereas dio2 and 3 only perform outer and inner 

ring deiodination, respectively (Brown et al. 2004; Eales and Brown 1993). 
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Figure 4. HPT axis function in teleosts.  Abbreviations: RXR, retinoid x receptor; T3, 

3,3’,5-triiodothyronine; T4, thyroxine; THR, thyroid hormone receptor; TRH, thyroid 

releasing hormone; TSH, thyroid stimulating hormone 
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Figure 5. Pathways of Outer-Ring and Inner-Ring Deiodination of Thyroid Hormones 

in Vertebrates (Adapted from Brown et al, 2004) 

1.6.2.4 Gonad Development 

Zebrafish do not possess a distinct sex chromosome. Rather, a combination of 

environmental and other genetic factors are believed to mediate sex determination 

(Shang et al. 2006). Gonads remain in a bipotential state until the onset of puberty 

initiates differentiation and maturation. Primordial germ cells emerge along the 

dorsolateral region of the body cavity around 14 dpf. Over the next two weeks the 

gonads undergo significant growth, forming bilateral lobes that resemble 
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undifferentiated “juvenile ovaries” in both males and females (Maack and Segner 2003). 

Thus female development is the default trajectory, with masculinization requiring the 

initiation of sexually dimorphic signal transduction pathways via hypothalamus-

pituitary-gonad (HPG) axis signaling (Wang and Orban 2007). 

 

Figure 6. Endocrine factors regulating ovary follicle maturation in zebrafish.  

Adapted from Clelland and Peng, 2009 

In females, the onset of puberty coincides with several changes in the endocrine 

system (Figure 6). Increased estradiol (E2) synthesis in the granulosa cells of the ovary 

stimulates growth of primary ovary follicles and vitellogenin (VTG) production in the 

liver. As VTG is taken up by the ovary follicles, they begin to undergo significant 

growth, increasing in size (i.e., vitellogenesis). Later additional maturation factors, 

including 17a,20b-dihydroxy-4-pregnen-3-one, are produced that stimulate further 

development of vitellogenic follicles into mature eggs (Clelland and Peng 2009). The 

mechanisms underlying the transformation from juvenile ovary to testis in males is less 

well understood. This process can begin as early as 21 dpf (Uchida et al. 2002); however, 
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the timing varies considerably and may be delayed by several weeks. At the beginning 

of testis differentiation, oocytes within the juvenile ovary undergo apoptosis, becoming 

irregular in shape and showing signs of degradation. Over the next several weeks, 

degenerating oocytes are replaced by testicular cells (Maack and Segner 2003; Orban et 

al. 2009). 

1.7 Halogenated Organophosphate Flame Retardants 

1.7.1 Uses 

OPFRs are used in a wide variety of plastics and consumer products. TCEP and 

TCPP are added to acrylic resins, paints, adhesives, rigid PUFs used for building 

insulation, and flexible PUF padding (European Union and Phosphate 2009; European 

Union 2009). Historically, TDCPP and TDBPP were used to treat fabrics used in 

children’s pajamas. This use was discontinued, however, after these chemicals were 

found to be mutagenic in vitro (see section 1.7.3.2.1). Since the phase out of PentaBDE, 

TDCPP has become a predominant FR for flexible PUFs used in automobiles, 

upholstered furniture, and baby products (European Union 2008; Stapleton et al. 2009, 

2011, 2012). TDCPP was also the most commonly detected FR in surface wipe samples 

collected from camping tent materials (Keller et al. 2014).  

TDBPP, TCEP and, more recently, TDCPP have been classified as potential 

carcinogens (See section 1.7.3.2.1) in the EU and the State of California (Cal/EPA 2014; 



 

28 

European Union 2009; National Toxicology Program 2011a). In response to 

carcinogenicity concerns, Vermont, New York, and Maryland have all enacted 

legislation banning the use of TCEP or TDCPP in certain children’s products ([CSL 

STYLE ERROR: reference with no printed form.]). As of 2009 there were no known 

commercial producers of TDBPP (National Toxicology Program 2011a) and TCEP use 

has declined steadily since the 1980s; however both of these chemicals or their possible 

degradation products have been measured in recent foam or environmental samples 

(Dodson et al. 2012; Rudel et al. 2003; Stapleton et al. 2011).  

1.7.2 Measurements in Humans 

A number of studies have reported OPFRs in humans. As early as the 1980s, 

TDCPP was detected human seminal plasma and adipose tissue (Hudec et al. 1981; 

LeBel and Williams 1983; LeBel et al. 1989). TDCPP, TCPP, and TCEP were all detected 

in Swedish breast milk samples collected between 1997-2007 (Sundkvist et al. 2010). 

More recently, methods have been developed to analyze urinary metabolites of these 

OPFRs (Cooper et al. 2011; Schindler et al. 2009). Several studies have correlated 

concentrations of OPFRs in dust with hand wipe measurements and urinary metabolite 

levels, emphasizing the importance of dust as an exposure source (Carignan et al. 2013; 

Cequier et al. 2015; Meeker et al. 2013; Stapleton et al. 2014). Although there was 

considerable variability between participants, multiple samples collected from adult 
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males and pregnant females over the course of several months indicated individual 

exposure levels remain fairly stable (Hoffman et al. 2014a; Meeker et al. 2013). There are 

a few reports of urinary metabolite levels in mother-child pairs showing consistently 

higher levels in children when compared to their parents (Butt et al. 2014; Cequier et al. 

2015).  

1.7.3 Toxicity 

1.7.3.1 Acute 

Acute OP toxicity is classically associated with acetylcholinesterase (AChE) 

inhibition, wherein the chemical irreversibly binds to AChE in the nervous system. 

AChE cleaves the excitatory neurotransmitter acetylcholine after release into the 

synaptic cleft, allowing subsequent reuptake of the inactive components into the 

presynaptic cell. When AChE activity is sufficiently disrupted, acetylcholine 

accumulates in the synapse resulting in over excitation of the cholinergic system (Eaton 

et al. 2008). In general, OPFRs do not have a strong binding affinity for AChE and 

exhibit low acute toxicity when compared to OP pesticides (Eldefrawi et al. 1977; 

Smulders et al. 2004). Chemical structure has been found to be a strong predictor of 

AChE reactivity among OPs; steric hindrance in the binding pocket increases with the 

increasing length or branching of alkyl substituents (Fukuto 1990). Although some 

studies with TDCPP, TCEP, and TCPP induced classical signs of acute cholinergic 

http://www.wikiwand.com/en/Acetylcholinesterase_inhibitor
http://www.wikiwand.com/en/Acetylcholinesterase_inhibitor
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intoxication in rodent models, very high doses (>1 g/kg) were required (European Union 

and Phosphate 2009; European Union 2008, 2009; NRC 2000).  

A few studies have investigated the acute toxicity of OPFRs in fish. In Goldfish 

(Carassius auratus), TDCPP and TCEP were found to have 96 hr LC50s of 5.1 and 90 ppm, 

respectively. Medaka (Oryzias latipes) were slightly more resilient to TCEP with LC50s of 

3.6 and 210 ppm for TDCPP and TCEP, respectively (Sasaki et al. 1981). Although 

aqueous concentrations were not measured, two studies reported the effect of addition 

of unlaundered fabrics treated with TDCPP or TDBPP to aquaria housing goldfish. 

Severe toxicity and death was observed within 24 hrs. Prior to death fish exhibited 

several symptoms, including hyperactivity and/or lethargy, lack of appetite, and 

disoriented swimming. Once the fabrics had been washed, however, their toxicity to fish 

diminished significantly (Ahrens et al. 1979; Maylin et al. 1977). These results emphasize 

the mobility of these chemicals in textile applications. 

1.7.3.2 Chronic 

1.7.3.2.1 Carcinogenicity 

TDBPP was commonly applied to children's sleepwear as a FR prior to 1977; its 

use was discontinued following the detection of mutagenic metabolites in children's 

urine (Blum and Ames 1977; Blum et al. 1978). A two year TDBPP dietary exposure in 

rats and mice induced tumors (kidney, lung, and stomach) in both species (National 

Cancer Institute 1978). The mutagenicity and carcinogenicity of TDBPP is believed to be 
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largely driven by two potential metabolites, 2,3-dibromopropanal and 2-bromoacrolein, 

that form DNA adducts and single strand breaks (Gordon et al. 1985; Pearson et al. 

1993a, 1993b; van Beerendonk et al. 1994).  

TDCPP became the primary replacement for TDBPP in children's pajamas. 

However this use was discontinued when it too was identified as a weak mutagen in 

vitro (Gold et al. 1978). Rats were exposed to TDCPP via their diet for two years starting 

at 8 weeks of age. In addition to reduced weight gain and increased mortality, the two 

highest dose groups (20 and 80 mg/kg/day) showed increased incidence of benign and 

malignant tumors in the testes, liver, kidney, and adrenal gland (Freudenthal and 

Henrich 2000). A similar study with mice administered TCEP by gavage for two years. 

The high dose group (88 mg/kg/day) showed degenerative brain lesions and benign and 

malignant tumors in the kidney and thyroid gland (Matthews et al. 1993). Interestingly, 

despite the structural similarity to the aforementioned OPFRs, there is little evidence to 

suggest that TCPP is carcinogenic. No in vivo carcinogenicity studies have been 

performed, however in vitro mutagenicity assays suggest that it is not genotoxic 

(European Union and Phosphate 2009; Föllmann and Wober 2006).  

1.7.3.2.2 Early Development 

There is increasing evidence indicating that adverse events during 

embryogenesis that does not lead to overt toxicity can still have lasting consequences 

and may function as the developmental origins of human disease (Vo and Hardy 2012). 
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A recent study by McGee et al (2012) evaluated overt toxicity in early life stage zebrafish 

(5.25-96 hpf) exposed to TCEP, TCPP or TDCPP. Although TCEP and TCPP did not 

induce malformations or death at ≤ 50 µM, TDCPP was overtly toxic at concentrations > 

8 µM. When the TDCPP exposure began very early during embryogenesis (0.75 hpf, 2 

cell stage), the developing embryos were more sensitive, showing significant mortalities 

and malformations at concentrations as low as 3 µM. Overt toxicity was attributed to 

TDCPP-induced delays in normal re-methylation of DNA during embryogenesis. 

In a similar study, microarray and proteomic techniques were used to elucidate 

potential mechanisms of TDCPP-induced embryotoxicity following a 3 µM exposure 

starting at 0.75 hpf (2 cell stage) in zebrafish. Embryos exhibited severe malformations, 

resulting in high mortality. Microarray of 4 hpf embryos revealed changes in expression 

of numerous genes involved in growth and cell rearrangement during embryogenesis. 

Proteomic analysis of 96 hpf larvae showed significant changes in 15 proteins (12 up-

regulated, >1.5 fold change; 3 down-regulated, <0.7 fold change) with diverse functions, 

including organogenesis and metabolism (Fu et al. 2013). 

Chicken eggs injected with TDCPP and TCPP also showed developmental 

abnormalities. TCPP significantly delayed hatching (9240 and 51,600 ng/g) and 

decreased the tarsus length (51,600 ng/g). TDCPP caused distinct effects on embryo 
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development, with only the highest dose (45,000 ng/g) causing a significant decrease in 

head plus bill length, embryo mass, and gallbladder size (Farhat et al. 2013) 

1.7.3.2.3 Neurodevelopmental toxicity 

The developing nervous system is extremely sensitive to toxic insults. Early 

neurodevelopment in vertebrates is characterized by rapid cellular proliferation and 

migration followed by phenotypic differentiation and synaptogenesis. Precise 

spatiotemporal coordination of these processes is required, and disruption can result in 

“miswiring” of the brain resulting in persistent changes in behavior and cognitive 

function (Bondy and Campbell 2005; Casey et al. 2000; Rodier 1995). In humans, 

neurodevelopment begins early in the first trimester of pregnancy and extends through 

early adulthood (Gogtay et al. 2004). Importantly, the human blood brain barrier does 

not fully form until approximately 6 months of age, making young infants more 

susceptible to the adverse effects of neurotoxicant exposures (Engelhardt 2003). 

Until recently, very few studies had been conducted to evaluate the potential for 

neurotoxic effects of OPFRs following both chronic and sub-chronic exposures. 

Although neurotoxic effects of OPs are classically associated with AChE inhibition, 

OPFRs may elicit neurodevelopmental effects through mechanisms that are unrelated to 

cholinesterase inhibition. Similar effects have been observed previously with OP 

pesticides. In vivo CPF exposures in rodents have identified numerous 

neurodevelopmental changes, including altered development and function of 
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dopaminergic and serotonergic systems, decreased DNA synthesis, and changes in 

behavior at levels that are insufficient to cause significant cholinesterase inhibition 

(Aldridge et al. 2005; Eddins et al. 2010; Timofeeva et al. 2008).  

A recent study in PC12 cells found that TDCPP and TCEP decreased cell viability 

and neurite extension in undifferentiated and differentiating PC12 cells. Changes in 

mRNA and protein expression of neurodevelopmental regulators was also evaluated. 

Both TDCPP and TCEP increased mRNA expression of calcium/calmodulin dependent 

kinase type II (CAMK2)A and CAMK2B, but decreased expression of growth associated 

protein-43 (GAP43) (Ta et al. 2014). CAMK2 mediates apoptosis, neuritic outgrowth, and 

synaptogenesis (Hamdani et al. 2013; Matsuzaki et al. 2004; Mockett et al. 2011; Redondo 

et al. 2010). GAP43 is associated with axonal growth during development or repair after 

injury (Grasselli and Strata 2013). mRNA expression of the neurofilament-H (NF-H) and 

Tubulin-α and –β was also affected, showing decreases in TCEP exposed cells but mixed 

effects in TDCPP treated cultures. These proteins are important for maintaining 

structural integrity of the cell, particularly during neurite growth (Holmgren et al. 2012). 

Interestingly, changes in mRNA expression did not necessarily correspond with changes 

in protein levels. TDCPP universally decreased expression of the six target proteins 

while TCEP elicited both increases and decreases in protein levels (Ta et al. 2014). 
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1.7.3.2.4 Endocrine Disruption 

There is mounting evidence to suggest that OPFRs may also affect endocrine 

function in vertebrates. Table 1 provides a summary of these studies. Although some 

interspecies differences exist, endocrine function is highly conserved across diverse 

vertebrate species (Hutchinson et al. 2005; McCollum et al. 2011). 

1.7.3.2.4.1 HPT Axis Effects 

Thyroid hormones are critical regulators of numerous physiologic processes, 

including growth, neurodevelopment, reproduction and metabolism. The developing 

brain in particular is highly sensitive to thyroid hormone disruptions. In humans, 

thyroid perturbation of either the mother or fetus during pregnancy is associated with 

decreased IQ and increased risk for neurobehavioral disorders (Gilbert et al. 2012; 

Zoeller and Rovet 2004). As a result, even subtle changes in thyroid hormone levels have 

the potential to elicit serious adverse effects, particularly at critical stages of 

development or among susceptible subpopulations (Blanton and Specker 2007; Brown et 

al. 2004; Miller et al. 2009). 

In one epidemiology study, increasing concentrations of TDCPP in house dust 

were associated with significant changes in human serum hormone levels: males 

showed decreased T4 and increased prolactin levels. There was also a positive 

association between TDCPP in dust and serum T3, however this was not statistically 

significant (p < 0.09) (Meeker and Stapleton 2010). Prolactin has many functions in 

http://www.wikiwand.com/en/Prolactin
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vertebrates, including metabolism, reproduction, osmotic regulation, and immune 

response (Freeman et al. 2000) In mammals TRH is associated with secretion of TSH and 

prolactin release from the pituitary (McGonnell and Fowkes 2006).  

Table 1. Summary of studies reporting endocrine disruptive effects of halogenated 

OPFRs. Abbreviations: E2, estradiol; VTG, vitellogenin; T, testosterone; HPG, 

hypothalamus-pituitary gonad; T3, triiodothyronine; T4, thyroxine; HPT, 

hypothalamus-pituitary-thyroid. 

 

Similar results have been reported in fish and avian models. Chicken embryos 

exposed to 7,640 ng TDCPP/g egg showed lowered free T4 levels in the blood (Farhat et 

al. 2013). In early-life stage zebrafish, whole body T4 and T3 were decreased and 
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increased, respectively, following a 5 day exposure to TDCPP (0.1-1.4 µM). Changes in 

thyroid hormone levels were associated with altered mRNA expression of several genes 

involved in thyroid development as well as synthesis and metabolism of thyroid 

hormones. Notably, both thyroid stimulating hormone β (tshβ) and deiodinase 1 (dio1) 

were significantly (>1.5 fold) up-regulated (Wang et al. 2013). In teleosts, TSH triggers 

uptake and release of T4 present in the colloid of the thyroid follicle while dio1 is 

responsible for conversion of T4 to T3 or rT3 (Eales and Brown 1993). 

1.7.3.2.4.2 The HPG Axis and Reproductive Effects 

The HPG axis may also be a target of OPFRs, potentially impacting gonad 

development and reproductive success in vivo. Two human cell lines, MVLN and 

H295R, were exposed to a suite of OPFRs, including TDCPP, TCPP and TCEP as well as 

several non-halogenated OPFRs. The MVLN cells are a line of breast tumor cells that 

bioluminesce in the presence of estrogen receptor agonists (Demirpence et al. 1993), 

while H295R is an adrenocortical carcinoma cell line that has been extensively used to 

evaluate the effects of chemicals on steroidogenesis (Gracia et al. 2006). All test 

chemicals elicited similar effects, however the lowest observed effect concentration 

varied by several orders of magnitude for some endpoints. In general, TDCPP was the 

most potent and TCPP was the least potent. In MVLN cells, TDCPP was found to act as 

an estrogen receptor antagonist, however TCEP, TCPP and TDCPP all stimulated 

production of E2 and testosterone (T) in H295R cultures. The effects on E2 were more 
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dramatic, resulting in an increase in the E2/T ratio. Expression (mRNA) of several 

enzymes involved in steroid hormone synthesis and metabolism was also altered.  In the 

same study, very similar results were observed in adult zebrafish following a 14 day 

aqueous exposure to TDCPP, however there were some sex-dependent effects. Males 

showed a slight increase in the E2/T ratio while this was decreased in females.  mRNA 

expression of VTG was also altered, elevated in males and decreased in females. (Liu et 

al. 2012) 

A later study by the same research group evaluated reproductive endpoints 

following a 21 day aqueous exposure to TDCPP. Decreases in egg production, spawning 

frequency, fertilization, and hatching success were observed among the high dose group 

(2.4 µM).  Serum hormone levels and mRNA expression of numerous HPG axis genes 

were also altered (Figure 7) in a sex-dependent manner.  Although the effects on 

hormone levels were similar to the previous study there were some slight differences. 

Again E2 was increased, however serum T was decreased and the VTG and E2/T ratio 

was increased in both males and females (Liu et al. 2013).  Importantly, in the first study 

males and females were housed separately (Liu et al. 2012) whereas in the second study 

exposures were conducted in mating chambers containing a male and female (Liu et al. 

2013). 
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Figure 7. Pathways of sex steroid synthesis in zebrafish adapted from Busby et al. 

2010. Color coding indicates TDCPP-mediated changes in mRNA expression of genes 

involved in steroid synthesis as reported by Liu et al. 2013. 

1.8 Summary and Thesis Objectives 

OPFRs are current high volume use FRs that are commonly detected in indoor 

environments. While a few of these OPFRs are known or suspected carcinogens, 

relatively little is known regarding their potential for toxicity to developing organisms. 

Given that children in the US are expected to be chronically exposed to these chemicals, 

often at concentrations higher than adults, more research is needed to elucidate the 

potential for adverse human health effects.   The primary objective of this proposal is to 

examine the developmental effects of OPFRs, focusing on neurodevelopmental and 

endocrine endpoints.  This project will evaluate four structurally similar OPFRs, 
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however, emphasis will be placed on TDCPP due to its abundance in residential dust 

samples and prominent use as a PentaBDE replacement in PUF. 
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2 Effects of OPFRs In Vitro: Changes in Replication, 
Growth, and Differentiation of PC12 Cells 

2.1 Introduction 

For several decades, a variety of FR additives have been applied to polymers and 

resins found in commercial products, including electronics, furniture, and textiles (Alaee 

et al. 2003; Blum et al. 1978; Sjödin et al. 2003; Stapleton et al. 2009; World Health 

Organization 1998). FRs serve to slow the combustion of treated materials and are 

applied to meet state and federal flammability standards. PBDEs particularly the 

commercial mixture known as PentaBDE, were the primary FRs used in polyurethane 

foam found in furniture manufactured in North America prior to 2004 (Hale et al. 2003). 

Studies have demonstrated that, over time, PBDEs leach out of treated products, 

typically accumulating in household dust and resulting in both human and 

environmental exposures (Hale et al. 2003; Johnson-Restrepo and Kannan 2009; Jones-

Otazo et al. 2005; Sjödin et al. 2003). Additionally, PBDEs are both bioaccumulative and 

persistent in the environment (de Wit 2002; Sjödin et al. 2003; Stapleton et al. 2004, 

2008b), increasing concerns about human health. Elevated PentaBDE body burdens in 

humans are associated with adverse effects on circulating hormone levels, fecundability, 

impaired neurodevelopment, and an increased incidence of adverse birth outcomes, 

such as decreased weight and cryptorchidism (Chao et al. 2007; Harley et al. 2010; 
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Herbstman et al. 2010; Main et al. 2007; Meeker et al. 2009; Turyk et al. 2008). In response 

to the growing body of literature reporting bioaccumulation, persistence, and toxicity, 

U.S. production of PentaBDE ended in 2004 and its use in commercial products was 

phased out (Tullo 2003). Since that time, manufacturers have turned increasingly to 

alternative FR chemicals to meet flammability standards (Stapleton et al. 2008a). 

However, there is no legal requirement to disclose information regarding the chemical 

identity of FR formulations or the types of products to which they are applied.  

We recently identified TDCPP, an OPFR, as one of the primary FRs now found in 

polyurethane foam used in furniture (Stapleton et al. 2009). TDCPP has been detected in 

U.S. and Japanese dust samples at levels that are similar to PBDEs (Stapleton et al. 2009; 

Takigami et al. 2009), suggesting that it has either been used for decades or is a primary 

PentaBDE replacement. Due to its persistence in the environment (Marklund et al. 2005a, 

2005b; Reemtsma et al. 2008) and abundance in residential dust samples (Stapleton et al. 

2009; Takigami et al. 2009), TDCPP exposure is likely to mimic that of PBDEs. 

Furthermore, these findings suggest that, on a daily basis, the majority of the U.S. 

population is exposed to TDCPP and other OPFRs currently on the market.  

OPFRs have been in use since the late 1970s (Reemtsma et al. 2008) and as early 

as the 1980s were known to accumulate in human adipose tissue (LeBel and Williams 

1983; LeBel et al. 1989) and seminal fluid (Hudec et al. 1981). Recently, elevated levels of 
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OPFRs, including TDCPP, in house dust were associated with altered hormone levels 

and decreased sperm quality in men (Meeker and Stapleton 2010). The primary routes of 

FR exposure to are believed to be inhalation or inadvertent ingestion of contaminated 

dust (Jones-Otazo et al. 2005; Lorber 2008). Current models estimate that children ages 

1–5 ingest anywhere from 2 to 10× the amount of dust as an adult, indicating that 

children are likely to have the highest exposures to FR chemicals (US EPA 2008). Given 

their structural similarity to OP pesticides, such as CPF, OPFRs may also act as 

developmental neurotoxicants (Figure 8). Importantly, OP pesticides, including CPF, 

exert many neurodevelopmental effects through mechanisms that are unrelated to acute 

toxicity via cholinesterase inhibition (Pope 1999), indicating that OPFRs may exert 

similar neurodevelopmental actions.  

There is very limited human health and toxicity data available for TDCPP (Blum 

et al. 1978; Hudec et al. 1981; Meeker and Stapleton 2010; NRC 2000). This study was 

initiated to compare the effects of TDCPP to that of CPF, a known developmental 

neurotoxicant (Eddins et al. 2010; Qiao et al. 2001; Song et al. 1998), using an in vitro 

model of neurodevelopment. Using the same experimental model, we then compared 

the neurotoxicity of TDCPP to that of three structurally similar OPFRs: TCEP, TCPP, and 

TDBPP. All three of these OPFRs have been or are currently used as flame retardant 

additives in consumer products. Finally, we compared the effects of TDCPP to BDE-47, a 
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major component of the commercial PentaBDE mixture that has been found to 

bioaccumulate most readily in human tissues (Hale et al. 2003; Sjodin et al. 2008). 

Experiments were conducted in PC12 cells, a widely used in vitro model for 

neurotoxicity that has been shown to reproduce key mechanisms and features of in vivo 

developmental neurotoxicity of OP pesticides (Jameson et al. 2006; Qiao et al. 2001; Song 

et al. 1998). 

2.2 Materials and Methods 

All of the techniques used in this study have been reported previously (Jameson 

et al. 2006; Qiao et al. 2001, 2003, 2005; Song et al. 1998), therefore only brief descriptions 

are provided here.  

2.2.1 Cell cultures 

Experiments were performed on cells that had undergone fewer than five 

passages. PC12 cells (American Type Culture Collection, 1721-CRL) obtained from the 

Duke Comprehensive Cancer Center (Durham, NC) were grown in RPMI-1640 medium 

(Sigma Chemical Co., St. Louis, MO). Medium was supplemented with 10% inactivated 

horse serum (Sigma), 5% fetal bovine serum (Sigma), and 50 µg/mL 

penicillin/streptomycin (Invitrogen, Carlsbad, CA). Cells were maintained at 37°C with 

5% CO2.  
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For studies in the undifferentiated state, the culture medium was changed 24 hr 

after seeding to include one of the following test agents: 50 µM CPF (98.8% purity; Chem 

Service, West Chester, PA) or 10, 20, or 50 µM TDCPP (99% purity as measured by GC-

ECNI-MS; Chem Service). For studies in differentiating cells, the medium was changed 

24 hr after seeding to include 50 ng/mL of 2.5S murine NGF (Promega, Madison, WI). 

The addition of NGF to the culture medium cues PC12 cells to exit the cell cycle and 

initiate phenotypic differentiation. All cultures were examined under a microscope to 

verify the subsequent outgrowth of neurites. In addition to the test agents used for 

experiments in undifferentiated cultures, the following chemicals were used for 

experiments with differentiating cell cultures: 10, 20, or 50 µM BDE-47 (100% Purity, 

AccuStandard, New Haven, CT), or 50 µM TCEP (97% purity; Sigma-Aldrich, St. Louis, 

MO), TCPP (96% purity; Pfaltz and Bauer, Waterbury, CT), or TDBPP (95.5% purity; 

Supelco Analytical, Bellefonte, PA). Test agents were added concurrently with the start 

of NGF treatment and cultures were maintained for up to 6 days. Medium renewal 

occurred at 48 hr intervals with the indicated agents included with every medium 

change. 
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Figure 8. Structures of chemicals evaluated in Aim 1 

 

Due to the limited water solubility of some of the test compounds, all were 

dissolved in dimethyl sulfoxide (DMSO). Controls included DMSO to match the final 

concentration achieved in the culture medium (0.1%). Previous studies have shown that 

this concentration of DMSO has no effect on PC12 cell replication or differentiation 

(Song et al., 1998; Qiao et al., 2001, 2003). The CPF concentration that was chosen for 

comparison with TDCPP is known to elicit a robust effect on cell replication and 

differentiation, but is below the threshold for outright cytotoxicity or loss of cell viability 

(Jameson et al. 2006; Qiao et al. 2001, 2003, 2005; Slotkin et al. 2007a; Song et al. 1998). 
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2.2.2 DNA and Proteins 

Cells were harvested and washed, and the DNA and protein fractions were 

isolated and analyzed as described previously (Slotkin et al. 2007a; Song et al. 1998). 

Changes in cell number, cell growth, and neurite growth were measured indirectly by 

calculating the total DNA content per dish (µg/dish), total protein to DNA (tP:DNA) 

ratio, and membrane to total protein (mP:tP) ratio, respectively. Neuronal cells contain a 

single nucleus, thus, the total DNA content per dish provides a measure of cell number. 

Similarly, although cell growth increases the total protein per cell, the DNA per cell 

remains constant, so that the tP:DNA ratio provides an index of cell growth. If cell 

growth entails simply an increase in the perikaryon, then the mP:tP ratio will decrease in 

parallel with the decline in the surface-to-volume ratio; however, when neurites are 

formed as a consequence of neurodifferentiation, this produces a specific rise in the 

mP:tP ratio. 

Effects on DNA synthesis were assessed by measuring changes in the extent of 

3H-thymidine incorporation into the DNA fraction (Slotkin et al. 2007a; Song et al. 1998). 

To initiate this measurement, the medium was changed to include 1 µCi/mL of 3H-

thymidine (specific activity, 2 Ci/mmol; PerkinElmer Life and Analytical Sciences, 

Boston, MA) and the corresponding test agents. One hour later, the medium was 



 

48 

aspirated, cells were harvested, and the DNA and protein fractions isolated and 

quantified for radiolabel and total DNA content. 

2.2.3 Oxidative Stress  

Oxidative stress was assessed through reaction with thiobarbituric acid to 

measure formation of malondialdehyde (MDA), a byproduct of lipid peroxidation (Qiao 

et al. 2005). The MDA values were calculated relative to the DNA content to give the 

MDA concentration per cell. 

2.2.4 Cell Viability 

Cell viability was assessed using a dye exclusion method where uptake of stain 

into the cytoplasm is indicative of dead or dying cells. The cell culture medium was 

changed to include trypan blue (Invitrogen; 1 vol per 2.5 vol medium). Cells were then 

examined for staining with a Zeiss Axio Observer (Carl Zeiss MicroImaging, 

Thornwood, NY) at 100× magnification. Scoring was performed independently by two 

blinded observers. An average of 100 cells per field was counted in two fields per 

culture. 

2.2.5 Enzyme Activity 

Choline acetyltransferase (ChAT) and tyrosine hydroxylase (TH) assays were 

conducted according to published techniques (Lau et al. 1988) to assess differentiation 

into the cholinergic or dopaminergic phenotypes, respectively. Briefly, radiolabeled 
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enzyme substrates specific to the cholinergic (14C-acetyl coenzyme A; specific activity, 60 

mCi/mmol; PerkinElmer) and dopaminergic (14C-l-tyrosine; specific activity, 51.0 

mCi/mmol isotopically diluted to 3.33 mCi/mmol, Moravek Biochemicals, Brea, CA) 

phenotypes were added to separate aliquots of culture homogenates. The enzyme 

products were then isolated and measured for radiolabel. Enzyme activities were 

calculated relative to the DNA content to give the activity per cell. 

2.2.6 Data Analysis 

For TDCPP experiments assessing changes in DNA synthesis (24 hour exposure), 

cell number, cell growth, neurite growth, oxidative stress, cell viability (4 day exposure), 

and phenotypic differentiation (6 day exposure), measurements were per- formed on 8–

10 cultures for each treatment, using one to two separate cell batches. For TDCPP 

experiments assessing changes in cell number, cell growth, and neurite growth (6 day 

exposure), measurements were performed on 15–23 cultures for each treatment, using 

three separate cell batches. We evaluated two analysis of variance (ANOVA) factors 

(treatment × cell batch) and found that the results did not vary significantly between 

different cell batches; therefore, results across different batches were normalized and 

combined for presentation. Comparisons between OPFRs were performed on 4–5 

separate cultures from a single cell batch. BDE-47 studies were performed on 8–10 

cultures for each treatment, using a single cell batch. The results are presented as the 
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mean ± SEM. Comparisons between treatments were carried out by ANOVA followed 

by a post hoc Fisher's protected least significant difference. Significance was assumed at 

p < 0.05 (two-tailed). 

 

2.3 Results 

2.3.1 TDCPP Studies 

Undifferentiated PC12 cells exposed to TDCPP for 24 hr showed a significant 

concentration-dependent reduction in DNA synthesis, as indicated by decreased 

incorporation of 3H-thymidine into the DNA fraction. The highest concentration of 

TDCPP produced an inhibitory effect on DNA synthesis equivalent to that seen with an 

equimolar concentration of CPF (Figure 9A). Following both 4 and 6 day exposures, 

differentiating cultures showed a progressive and significant reduction in DNA content, 

a measure of cell number, with increasing TDCPP concentrations (Figure 9B-C). 

Interestingly, the magnitude of the effect on cell number was increased significantly 

with exposure duration: cultures treated with 50 µM TDCPP showed a 22% decrease in 

DNA on day 4, whereas by day 6 this effect nearly doubled, with cultures showing a 

39% decrease (ANOVA: treatment  time, p = 0.001). At both time points, TDCPP elicited 

a notably greater decrement in cell number when compared with an equal concentration 

of CPF (4 day: p = 0.0016; 6 day: p < 0.0001). Although exposure to TDCPP resulted in 
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substantial reductions in cell number, it did not adversely affect the tP:DNA ratio, an 

index of cell growth. In fact, the tP:DNA ratio was significantly elevated in cultures 

treated with 50 µM TDCPP, suggesting an increase in cell growth (Figure 9D-E; 4 day: p 

< 0.0001; 6 day: p = 0.021).  

 

Figure 9. Effects of TDCPP in undifferentiated and differentiating PC12 cells. (A) 

DNA synthesis in undifferentiated cells after a 24 h exposure; (B–F), evaluations in 

differentiating cells of cell number (B–C) and cell growth (D–E) after 4 and 6 day 

exposures, and oxidative stress (F) after a 4 day exposure. Data represent mean ± SEM 

(24 hour and 4 day exposures: n = 8–10; 6 day exposure: n = 15–23). ANOVA shows a 

significant main effect of treatment for all panels (p < 0.001 for A–D, F; p < 0.05 for E). 

Letters indicate significant difference from control. Bars with different letters indicate 

a significant difference from each other. 
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To determine mechanisms underlying cell loss, we assessed the effects on 

oxidative stress and cell viability in differentiating cells following 4 day exposures. 

MDA, a byproduct of lipid peroxidation, was used as a measure of oxidative stress. 

Although there was no effect at the 10 or 20 µM concentrations, cultures treated with 50 

µM TDCPP showed a 22% increase in lipid peroxidation (p < 0.0001; Figure 9F). Cells 

exposed to CPF also showed increased levels of MDA, however, they were significantly 

lower than that seen with the highest concentration of TDCPP (p = 0.0162). Interestingly, 

although lipid peroxidation was increased by CPF and 50 µM TDCPP we did not 

observe any significant decrements in cell viability, as measured by trypan blue 

exclusion, over the same exposure period (data not shown). 

All concentrations of TDCPP promoted neurodifferentiation into both the 

dopaminergic and cholinergic phenotypes, as indicated by significant increases in TH (p 

< 0.005) and ChAT (p < 0.01) activity, respectively (Figure 10A-B). While the effect on the 

cholinergic phenotype was equivalent for all TDCPP exposure doses, when compared to 

the moderate and low concentrations, cultures treated with 50 µM TDCPP displayed 

significantly greater elevations in TH activity (p < 0.0001). Consequently, for the high 

TDCPP concentration only, there was a net shift in cell fate favoring differentiation into 

the dopaminergic phenotype. In addition to expression of phenotype specific enzymes, 

the process of neurodifferentiation also entails neurite formation which is measured by  
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Figure 10. Effects of TDCPP on phenotypic differentiation. (A) Dopaminergic 

phenotype and (B) cholinergic phenotype after a 6 day exposure. Data represent 

means ± SEM (n = 8–10). For both measures, ANOVA indicates a main effect of 

treatment (p < 0.0001). Letters indicate significant difference from control. Bars with 

different letters indicate a significant difference from each other. 
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the mP:tP ratio. Although TDCPP promoted phenotypic expression, there was no effect 

on the mP:tP ratio (data not shown). 

2.3.2 OPFR Comparison 

The effects of 50 µM TDCPP, TCEP, TCPP and TDBPP on cell number, cell 

growth, and phenotypic expression were compared in differentiating PC12 cells after a 6 

day exposure. Across all measures, the effects of TDBPP were indistinguishable from 

TDCPP (Figure 11A-C). All test chemicals elicited significant deficits in cell number (p < 

0.005); however, the greatest effects were observed for TDCPP and TDBPP (p < 0.0001; 

Figure 11A). As with the TDCPP studies, OPFR treatments did not impair cell growth 

(data not shown) despite the profound effects on cell number. All four of the OPFRs 

tested promoted emergence of the cholinergic phenotype (Figure 11B; p < 0.008). 

Although TDCPP and TDBPP also robustly promoted emergence of the dopaminergic 

phenotype (p < 0.0001), TH activity was not affected by treatment with TCEP or TCPP 

(Figure 11C). Accordingly, TCEP and TCPP shifted differentiation in favor of the 

cholinergic phenotype. 

2.3.3 BDE-47 Studies 

Changes in cell number, cell growth, and neurite growth were assessed in differentiating 

cultures following a 6 day exposure to 10, 20, or 50 µM BDE-47. 50 µM TDCPP was used 

as a positive control. Across all measures, no significant effect was observed regardless 
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of the BDE-47 concentration (Figure 11D-F). Importantly, the lack of effect on DNA 

content and mP:tP ratio was statistically distinguishable from concurrently-run TDCPP  

 

Figure 11. Effects of OPFRs and BDE-47 on differentiating PC12 cells. (A) Cell 

number, (B) dopaminergic phenotype, and (C) cholinergic phenotype after a 6 day 

exposure to TCEP, TCPP, and TDBPP. (D) Cell number, (E) cell growth, and (F) 

neurite growth after a 6 day exposure to BDE-47. Data represent means ± SEM (OPFR 

comparison: n = 4–5; BDE-47 studies: n = 8–10). For all measures, ANOVA indicates a 

main effect of treatment (p < 0.001). Letters indicate significant difference from 

control. Bars with different letters indicate a significant difference from each other. 
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samples (p < 0.05). Although there was no effect on cell growth, cultures treated with 50 

µM BDE-47 showed an increase in the mP:tP ratio that approached significance (p = 

0.0501). 

2.4 Discussion 

Our studies show that OPFRs have the potential to elicit developmental 

neurotoxicity in a manner similar to OP pesticides, a class of chemicals that are widely 

recognized to damage the developing brain (Eddins et al. 2010; Qiao et al. 2001; Song et 

al. 1998). Importantly, we observed adverse effects in both the undifferentiated state and 

during neurodifferentiation, implying that the developing nervous system is likely to be 

vulnerable to disruption by OPFRs beginning in the earliest events of neural cell 

division and extending through later events of phenotype selection and formation of 

neural circuits. Notably, in the TDCPP studies, adverse effects were generally observed 

at concentrations less than or equivalent to those required to elicit the same effects with 

CPF.  

Treatment with TDCPP resulted in rapid mitotic inhibition in undifferentiated 

cultures and profoundly reduced cell numbers during neurodifferentiation. Although 

TDCPP induced oxidative stress in PC12 cells, we did not observe any impairment of 

cell growth or loss of cell viability that would be expected if cell losses were being 

driven by cytotoxicity. Consequently, the present findings do not indicate that 
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nonspecific cytotoxicity is the underlying mechanism for these effects. Rather, our 

results suggest that promotion of neurodifferentiation in the absence of NGF, the 

appropriate biochemical signal, is the critical mechanism for TDCPP toxicity and, 

potentially, all OPFRs tested here. Exposure to TDCPP enhanced TH and ChAT activity, 

hallmarks of phenotypic differentiation in PC12 cells. Since neurodifferentiation entails 

the loss of mitotic activity, this alone could explain the observed declines in DNA 

synthesis and resultant reductions in the number of cells without compromising overall 

cell growth. 

Indeed, the increases in cell growth observed in the TDCPP studies are consistent 

with a promotional effect on neurodifferentiation, a process that also involves cell 

enlargement and neurite formation. There was no change in the mP:tP ratio despite the 

fact that TDCPP elicited an increase in cell growth, implying that there was an increase 

in neurite formation relative to controls. Had cell enlargement involved only the 

perikaryon, the mP:tP ratio would have fallen due to a decrease in the surface to volume 

ratio of the cell. This conclusion is further supported by the effects of TDCPP on cell and 

neurite growth in the BDE-47 studies; although the tP:DNA ratio was not increased 

significantly, the mP:tP ratio was significantly elevated, again indicating increased 

neurite extension. 
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It is possible that the small degree of oxidative stress observed in the TDCPP 

studies may play a role in the observed outcomes. In PC12 cells, levels of oxidative stress 

that are insufficient to compromise cell viability are known to initiate 

neurodifferentiation in the absence of NGF (Katoh et al. 1997). A number of recent 

studies have identified associations between elevations in biomarkers of oxidative stress 

and neurodevelopmental disorders (Carter 2006; James et al. 2006; Ross et al. 2003; 

Taurines et al. 2010; Wood et al. 2009). Sajdel-Sulkowska et al. (2009) reported increased 

levels of oxidative stress and neurotrophin-3, a regulator of replication and 

differentiation during neurodevelopment, in autistic brains. Similarly, children 

diagnosed with attention deficit hyperactivity disorder were found to have elevated 

biomarkers of oxidative stress (Ross et al. 2003). 

It is important to note that differences were observed between the OP 

compounds, particularly with regard to the effects on neurodifferentiation. The greatest 

similarities were observed between compounds with similar halogenation substitution 

patterns, suggesting the presence of a structure activity relationship. Across all tested 

measures, the effects of TDCPP and TDBPP, which differ only by the type of halogen 

substituent, were nearly identical, with each promoting differentiation into both the 

cholinergic and dopaminergic phenotypes. TCEP and TCPP, however, which differ from 

TDCPP and TDBPP most notably by the number halogen substituents, showed distinct 
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effects on neurodifferentiation; these OPFRs promoted emergence of the cholinergic 

phenotype without affecting dopaminergic expression. Thus, the results of these studies 

suggest that the difference in molecular size due to the presence of two different halogen 

atoms (i.e. bromine and chlorine) had little effect. Rather, differences in the halogen 

substitution patterns appear to be an important factor in determining the effect of 

OPFRs on phenotypic fate. 

CPF, on the other hand, contains a phosphorus–sulfur bond with chlorine atoms 

attached to an ester-linked pyridine ring rather than an alkane chain, resulting in a 

distinct pattern of differentiation. In agreement with previous findings, CPF produced a 

shift in phenotypic expression in favor of the dopaminergic phenotype through 

promotion of TH combined with impairment of ChAT (Jameson et al. 2006). CPF and 

other OP pesticides containing a phosphorus–sulfur bond undergo bioactivation by 

desulfuration via cytochrome P450 enzymes to form an oxon metabolite; these 

metabolites irreversibly bind to cholinesterase and, thus, are much more potent 

cholinesterase inhibitors (Eaton et al. 2008; Poet et al. 2003). Interestingly, however, 

when the developmental neurotoxicity of CPF and its oxon-metabolite were compared, 

the parent compound was found to have a significantly greater effect, indicating that 

OPs are able to elicit effects through mechanisms independent of cholinesterase 

inhibition (Pope 1999; Qiao et al. 2001). 
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Some of the molecular mechanisms that drive differences in cell fate for OP 

pesticides are known. These include targeted activation and suppression of genes 

known to regulate critical neurotrophic factors involved in neurodevelopment, 

including the fibroblast growth factor family, wingless, and frizzled (Slotkin et al. 2007b, 

2008). It is possible that, like OP pesticides, exposure to OPFRs alters gene expression 

with certain targets being unique to specific compounds and structures (Slotkin et al. 

2007a, 2008). Due to the similarities observed between the effects of TDCPP and CPF, the 

present findings suggest that neurotrophic factors are likely to be targeted by OPFRs as 

well. Changes in gene expression may dictate the observed effects on neurophenotypic 

fate, which in turn, could translate to disparities in behavioral or functional outcomes in 

vivo. 

Regardless of the underlying mechanism, premature loss of neuronal cell 

replication, dysregulation of pathways involved in neurodifferentiation, and changes in 

phenotypic outcome that favor one neurotransmitter at the expense of another are likely 

to produce extensive miswiring of neuronal circuitry in the developing organism. Thus, 

if TDCPP elicits effects in the developing brain similar to those observed in the present 

studies, in vivo exposures will likely result in persistent cognitive and behavioral 

deficits akin to those seen with CPF. Importantly, all of the OPFRs tested in the present 

study elicited similar decrements in cell number and altered the phenotypic fate of 
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differentiating cells. These data indicate that, as a whole, this class of compounds may 

be developmentally neurotoxic. Early brain development is characterized by periods of 

proliferation, migration, and differentiation, the timing of which are critical (Bondy and 

Campbell 2005; Mueller et al. 2004). Disruption of these developmental stages, as seen 

here with OPFRs, may lead to irrevocable changes in brain function due to deficiencies 

in the number of neurons and altered neurodifferentiation. 

Young children who are still undergoing brain maturation are expected to have 

the highest exposures to FR chemicals because of specific behaviors (e.g., crawling and 

hand-to-mouth contact) that elevate their intake of household dust (Bondy and 

Campbell 2005; Jones-Otazo et al. 2005; Lorber 2008). A recent report by the EPA 

estimates that children ages 1–5 years ingest approximately 100– 200 mg dust/day, 

whereas adults are predicted to ingest only 20– 50 mg dust/day (US EPA 2008). Indeed, 

studies report that children living in California exhibit 2- to 10-fold higher 

concentrations of PBDEs when compared to the average American adult (Fischer et al. 

2006; Rose et al. 2010). Both adolescent and adult rodent offspring that are perinatally 

exposed to PBDEs show slowed motor skill development (Branchi et al. 2002) and 

changes in synaptic plasticity and long term potentiation in the hippocampus, a brain 

region involved in learning and memory (Dingemans et al. 2007; Xing et al. 2009). 

Correspondingly, neonatal administration of PBDEs in mice impaired adult 
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performance on a Morris water maze, which assesses the ability to learn and recall the 

location of a hidden underwater platform (Viberg et al. 2003, 2006). These effects were 

attributed to inhibition of the cholinergic system, which plays an important role in 

learning and memory, following developmental exposure to PBDEs (Viberg et al. 2003). 

Although the exposure levels of the different PBDE congeners used in these studies 

varied, ranging from 0.45 to 68 mg/kg, adverse neurological effects were often observed 

at doses >10 mg/kg. Recently, Herbstman et al. (2010) found similar relation- ships 

between PBDE exposure and neurodevelopmental deficits in humans; high 

concentrations of PBDEs in cord blood, an estimate of prenatal exposure, were 

associated with delayed motor development and lower IQ scores at several time points 

over a 72 month period. 

Interestingly, despite the large body of literature showing adverse outcomes 

following developmental exposure to PBDEs, no significant effects were observed on 

measures of cell number, cell growth, or neurite growth following exposure to BDE-47. 

These findings suggest either that OPFRs are more potent neurotoxicants than PBDEs on 

these measures or that their developmental neurotoxicity is elicited through mechanisms 

that were not evaluated in these studies. The pathways and products of metabolism are 

a critical aspect of toxicology. In rodent models, PBDEs are generally metabolized 

through cytochrome P450-mediated oxidative reactions to form hydroxylated 
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metabolites (Marsh et al. 2006; Qiu et al. 2007). Several studies by Dingemans et al 

directly exposed PC12 cells to hydroxylated PBDE metabolites and found alterations in 

calcium homeostasis and neurotransmitter release at much lower concentrations than 

the parent compound, suggesting that these chemicals are bioactivated via oxidative 

metabolism (Dingemans et al. 2008, 2010a, 2010b). Importantly, cytochrome P450 

enzymes are not normally expressed by PC12 cells (Mapoles et al. 1993), which may 

explain the lack of effect observed in the present studies. Although the metabolism of 

OPFRs has yet to be evaluated in humans, OP compounds are believed to be 

metabolized most readily by esterases (Costa et al. 2005). Lynn et al. (1981) evaluated 

TDCPP metabolism in rats and identified bis (1,3-dichloropropyl) phosphate (BDCPP) as 

the primary metabolite in urine. Aliquots of culture media from dishes treated with 50 

µM TDCPP were taken immediately prior to media changes and analyzed with LC/MS- 

MS for the presence of BDCPP. We found significant formation of this compound (data 

not shown) therefore it is possible that the observed effects in the TDCPP studies were 

mediated by the BDCPP metabolite rather than the parent compound. 

Our studies raise concerns that OPFRs, which are now being used increasingly as 

PentaBDE replacements, may be neurotoxicants. TDBPP was commonly used to treat 

children's sleepwear prior to 1977; its use was discontinued following the detection of 

mutagenic, carcinogenic, and mutagenic metabolites in children's urine (Blum and Ames 
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1977; Blum et al. 1978; Gold et al. 1978). TDCPP became the primary replacement for 

TDBPP in children's pajamas, despite data indicating that it too acted as a weak mutagen 

(Gold et al. 1978). The use of TDCPP in children's sleepwear was eventually 

discontinued (Lynn et al. 1981), yet the levels measured in U.S. house dust (Stapleton et 

al. 2009) indicate that exposure in children continues. With respect to decrements in cell 

number and altered phenotypic differentiation, however, the effects of TDCPP and 

TDBPP are identical. Similarly, TCEP is recognized as a carcinogen by both the World 

Health Organization and the State of California and its use has been largely replaced by 

TDCPP and TCPP (World Health Organization 1998). The results of this study point to 

the importance of endpoints other than mutagenesis and carcinogenesis in evaluating 

the toxicity of OPFRs, especially in light of evidence showing that children have the 

highest exposures. Furthermore, the possibility of in utero developmental effects as a 

result of maternal exposure has yet to be fully explored. Although it is unclear to what 

extent the chemicals tested here cross the placental barrier, Ahmed et al. (1993) reported 

accumulation of low levels of the OPFR, tri-o-cresyl phosphate, in mouse fetal brains 

and spinal cords following a single maternal exposure. Clearly, the potential for prenatal 

OPFR exposure should not be dismissed. Indeed, we observed profound effects on 

neural cell replication and neurodifferentiation, processes that are critical to early 

neurodevelopment. 
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The in vitro PC12 cell model chosen for these experiments provides a number of 

advantages and disadvantages in evaluating the neurotoxicity of potential toxicants. We 

were able to assess the direct effects of toxicants on neuronal cell replication, growth, 

and differentiation in the absence of many of the confounding variables found in vivo, 

such as stress, nutrition or confounds involving maternal factors. Also, in PC12 cells, 

differentiation is triggered by the addition of NGF to the culture media, allowing 

examination of effects at specific stages of neurodevelopment, beginning at cell 

replication and extending though differentiation; these types of determinations require 

coordinated and uniform differentiation of the cell population, a situation that cannot be 

modeled in vivo. In vitro models, however, are limited in that they do not to account for 

many factors that can affect exposure and toxicity in vivo. PC12 cultures do not 

reproduce the complex three dimensional architecture of the mammalian brain and, 

thus, cannot detect toxicity that is mediated by cell-to-cell interactions. Also, in vitro 

exposures are relatively short, lasting for hours to days, while in vivo exposures may 

extend throughout the course of neurodevelopment. Furthermore, as a transformed cell 

line, PC12 cells are resistant to the effects of chemicals, generally requiring a higher 

concentrations to elicit an effect than would be needed in vivo. Notably, these 

limitations are likely to result in an underestimation of neurotoxicity, reinforcing the 

importance of the present results. 
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Due to the ubiquitous nature of OPFRs in both indoor and outdoor environments 

(Marklund et al. 2003; Reemtsma et al. 2008; Stapleton et al. 2009), it is likely that the 

general population and, particularly, children are subject to chronic exposure. Although 

the present work represents a significant step forward in our under- standing of the 

potential toxicity of TDCPP and other OPFRs, more work is necessary to further 

characterize the effects this class of chemicals will have on development. Additional 

studies are needed to identify potential OPFR gene targets and determine whether these 

mechanisms can predict similarities and differences between the effects of different 

OPFRs. Furthermore, since the present data suggest that there may be an even greater 

sensitivity to OPFRs in utero, an examination of the extent of placental transfer and 

bioaccumulation in fetal tissues is warranted. 
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3 Effects of OPFRs In Vivo: Teratogenic and Behavioral 
Outcomes and Tissue Accumulation following Early-
life Exposure in Zebrafish (Danio rerio) 

3.1 Introduction 

For several decades, FR chemicals have been added to polymers and resins used 

in commercial products, including electronics, furniture, and textiles, to meet various 

flammability standards (Shaw et al. 2010). Prior to 2005, PBDEs were the primary FRs 

applied to furniture in North America. PBDEs are known to leach from treated materials 

during their lifetime, and many PBDEs are both bioaccumulative and persistent in the 

environment (Frederiksen et al. 2009). Numerous adverse health outcomes have been 

associated with PBDE exposure. These include altered circulating hormone levels, 

decreased fertility, and impaired neurodevelopment (Harley et al. 2010; Herbstman et al. 

2010; Meeker et al. 2009). Mounting concerns about the impact of PBDEs on human and 

environmental health has resulted in their voluntary phase out or ban across the globe 

Alternative FR chemicals are now being used as PBDE replacements to meet 

existing flammability standards OPFRs were recently identified as the primary 

replacements for PentaBDE in polyurethane foam used in furniture and some baby 

products (Stapleton et al. 2011, 2012). Like PBDEs, OPFRs can leach out of treated 

materials throughout the lifecycle of the product and are widespread and persistent in 

the environment. TDCPP, TCPP, and TCEP are OPFRs that have been detected in 
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numerous environmental samples including indoor air, household dust, WWTP 

effluent, and drinking water in the United States and Europe, suggesting that 

widespread exposure is likely (van der Veen and de Boer 2012). Indeed, OPFRs have 

been detected in both human and wildlife tissue samples (Barceló et al. 1990; Meeker et 

al. 2013; Sundkvist et al. 2010). 

Unfortunately, little is known about OPFR toxicity. Early studies found that 

some OPFR metabolites were mutagenic in vitro (Blum and Ames 1977; Blum et al. 1978; 

Gold et al. 1978) and exposure to TDCPP, TCEP or TDBPP increased tumor rates in 

rodents (Freudenthal and Henrich 2000; Matthews et al. 1993; National Toxicology 

Program 2011b). More recently, exposure to OPFRs has been associated with altered 

hormone levels, decreased reproductive function, and adverse develop- mental 

outcomes in humans and animal models (Farhat et al. 2013; Liu et al. 2013; McGee et al. 

2012; Meeker and Stapleton 2010; Wang et al. 2013). Interestingly, whereas TDBPP and 

TCEP have been largely phased out, TDCPP and TCPP are current high production 

volume chemicals (van der Veen and de Boer 2012). 

The goals of this study were to compare the overt and neurodevelopmental 

toxicity of CPF to four structurally similar OPFRs, TDCPP, TDBPP, TCEP, and TCPP, in 

vivo. Previously we found that neuronotypic PC12 cell cultures exposed to the same 

OPFRs exhibited reduced cell number and altered patterns of phenotypic differentiation 
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at concentrations that did not elicit cytotoxicity (Dishaw et al. 2011). These effects were 

similar to those of the organophosphate pesticide, CPF. Although OPFRs are not potent 

AChE inhibitors (Eldefrawi et al. 1977), some OP pesticides are known to elicit 

neurodevelopmental toxicity through mechanisms unrelated to cholinesterase inhibition 

or cytotoxicity (Eaton et al. 2008). Thus, we hypothesized that early life OPFR exposure 

may result in developmental effects similar to CPF. 

Zebrafish (Danio rerio) were chosen as a model organism to elucidate effects of 

early life OPFR exposure on developmental and behavioral endpoints. The zebrafish is 

an established model for developmental and neurotoxicity testing. Their small size, high 

fecundity, and rapid external development make them ideal for rapidly evaluating the 

effects of chemicals during early life development. Furthermore, early life stages can be 

raised in 96-well plates, allowing the use of video tracking software to monitor larval 

swimming behavior in a relatively high- throughput manner (de Esch et al. 2012). 

3.2 Materials and Methods 

3.2.1 Animal Care and Breeding 

Animal husbandry protocols have been described previously (Padilla et al. 2011). 

Briefly, adult zebrafish were maintained at 28°C with a 14:10 h light:dark cycle. On the 

morning of embryo collection, adults were placed in breeding tanks. Embryos were 

collected ~1 h after light onset and maintained at 26°C. Embryos pooled from multiple 
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breeding tanks were washed twice using the following procedure: 5 min rinse in 10% 

Hanks’ balanced salt solution (HBSS; 13.7 mM NaCl, 0.54 mM KCl, 25 mM Na2HPO4, 44 

mM KH2PO4, 130 mM CaCl2, 100 mM MgSO4, and 420 mM NaHCO3) containing 0.06% 

bleach followed by a 3x rinse in 10% HBSS. After washing, embryos were viewed under 

a dissecting microscope and only healthy embryos with intact chorions were selected for 

use in experiments. After plating, early life stage zebrafish were housed in an incubator 

maintained at 26°C with a 14:10 h light:dark cycle 

3.2.2 Chemicals 

For exposures, concentrated stock solutions (1-2 mL at 250x final concentration) 

of each of the test chemicals, TDCPP (99% purity as measured by GC-ECNI-MS; Chem 

Service, Westchester, PA), TDBPP (95.5% purity; Supelco Analytical, Bellefonte, PA), 

TCPP (96% purity; Pfaltz and Bauer, Waterbury, CT), TCEP (97% purity; Sigma-Aldrich, 

St. Louis, Mo), and CPF (98.8% purity; Chem Service), were prepared by serial dilution 

in DMSO from a 25 mM concentrated stock. Deuterated TDCPP (d15-TDCPP) and 

deuterated BDCPP (d10-BDCPP) were used as internal standards for TDCPP, TDBPP, 

TCPP and their respective bis metabolites, bis BDCPP, bis (2,3-dibromo- propyl) 

phosphate (BDBPP), and bis (1-chloropropyl) phosphate (BCPP). Deuterated TCEP (d12-

TCEP) and deuterated bis (2-chloroethyl) phosphate (d10-BCEP) were used as internal 

standards for TCEP and bis (2-chloroethy) phosphate (BCEP), respectively. Deuterated 
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CPF (d10-CPF) was used as an internal standard for both CPF and CPF-oxon. Deuterated 

triphenyl phosphate (d15-TPP, Isotech, Miamisburg, OH) and deuterated diphenyl 

phosphate (d10-DPP) were used to assess recovery of the internal standards. With the 

exception of d15-TPP, all deuterated standards were synthesized by Dr. Vladimir Belov 

(Max Planck Institute for Biophysical Chemistry, Goettingen, Germany). When not in 

use, stock solutions and standards were stored at 4°C. 

3.2.3 Overt Toxicity Assessment 

Zebrafish were raised from 0 to 6 dpf in 96-well plates (1 embryo/well), with each 

well containing 250 mL of 10% HBSS dosed with a 1 ml aliquot of the exposure stock or 

clean DMSO. Solution renewals were performed daily. A total of 2 plates were exposed 

to 0.033–100 µM TDCPP, TDBPP, TCPP, TCEP, CPF (1/2 log increments, n = 4 

fish/concentration/chemical) or 0.4% DMSO (n = 32) from 0 to 5 dpf. All chemicals were 

tested on the same plate and larvae were monitored for mortality, hatching success, and 

developmental malformations prior to daily solution renewals. Embryos and larvae 

were considered dead following coagulation of the egg or loss of heart beat. 

Malformation assessments were performed as described previously (Padilla et al. 

2011). Briefly, hatched larvae were examined under a dissecting microscope and blind-

scored for malformations on the afternoon of 6 dpf. Each larva was evaluated for 

abnormalities of the spine, fins, head, thorax, abdomen, and resting position in the well. 
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Within each of these categories, several possible malformation subtypes were scored on 

a scale of 0–4, where 0 indicates normal morphology and 4 corresponds to a severe 

malformation. The sum of the malformations scores is reported here as the total 

teratogenicity score. The overt toxicity threshold, defined as the lowest exposure 

concentration that caused significant mortality or malformations, was determined for 

each of the test chemicals. 

3.2.4 Uptake and Metabolism 

To evaluate whether toxicokinetic differences were driving disparities in the 

observed overt toxicity thresholds, accumulation and metabolism of the different test 

chemicals were evaluated. Briefly, bleached zebrafish embryos (6–8 hpf) were placed in 

100 mm petri dishes (75–95 embryos/dish). Solution renewals could not be performed 

without risk of damaging the developing embryos; therefore, glass dishes were used to 

reduce sorption of the chemical during the course of the exposure. After plating, 100 mL 

of concentrated stock was diluted in 25 mL of 10% HBSS to a final concentration of 1 

µM. Viable embryos with intact chorions were collected at 1 dpf (24 hr exposure) and 

hatched larvae were collected for extraction and analysis after 5 days of exposure. 

Tissues were pooled (20 fish/sample; 3 samples/exposure), flash-frozen in liquid 

nitrogen, and stored at -80°C prior to extraction. Exposures were conducted in triplicate 

(n = 3 exposures/chemical/time point). 
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Immediately prior to extraction, samples were spiked with internal standards 

(Table 2) Analytes were extracted and quantified using previously published methods 

(McGee et al. 2012). Briefly, tissue homogenates were sonicated 3 times in 1 mL 

acetonitrile (ACN) for 20min. The combined ACN extracts were concentrated to dryness 

under N2 at 35°C and reconstituted in 1:1 methanol:water. Prior to analysis, particulates 

were removed by syringe filtration (0.2 µm, VWR International) and samples were 

spiked with d15-TPP and d10-DPP to determine recovery of the internal standards for the 

parent and metabolites, respectively. Tissue extracts were analyzed using liquid 

chromatography -tandem mass spectrometry (LC/MS-MS) on an Agilent 1200 series LC 

connected to an Agilent 6410B triple quadrupole MS detector equipped with an 

electrospray ionization source. Analytes were separated chromatographically on a 

Kinetex XB- C18 column (100 x 2.1 mm, 2.6 µm; Phenomenex) using a methanol-water 

gradient. Multiple reaction monitoring was used to detect parent OPFRs, CPF, and CPF-

oxon in positive ionization mode while OPFR metabolites were detected in negative 

ionization mode. 
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Table 2. Structures and physicochemical properties of chemicals used in the study. 

Dose ranges used in exposures for behavioral testing and internal standards used for 

uptake and metabolism analyses are also shown. 
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3.2.5 Quality Assurance 

Instrument detection limit (IDLs) were defined as 3 times the standard deviation 

of the signal in laboratory blanks or, if not detected in blanks, a signal-to-noise ratio >10. 

TDCPP blank contamination was 16.44 ± 1.06 ng (IDL = 7.53 ng) and reported values for 

this analyte are blank corrected. For the remaining analytes, blank levels were below the 

IDLs; therefore, blank correction was not required. Recovery of internal standards 

varied. d10-CPF showed the lowest recovery at 42 ± 5.5%, whereas d10-BDCPP had the 

highest recovery at 112 ± 1.6%. Recovery of d12-TCEP and d15-TDCPP was 69 ± 1.2% and 

86 ± 2.0%, respectively. Poor ionization of BCEP and d10-BCEP prevented analysis of this 

metabolite. 

3.2.6 Larval Swimming Activity 

Larval swimming activity was measured to evaluate neurobehavioral effects of 

developmental exposure to the test chemicals at concentrations that did not elicit overt 

toxicity. Larval zebrafish show predictable behavioral responses to ambient light 

transitions. A dark-to-light switch elicits a rapid decrease in swimming activity that 

slowly increases to a low level baseline if the light is maintained. Conversely, a light-to-

dark transition stimulates a rapid spike in activity that decreases over time to a baseline 

that is higher than that observed after a dark-to-light transition (Padilla et al. 2011). 
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Early life stage zebrafish were raised from 0 to 6 dpf as described previously. 

Although the same suite of chemicals was used, each was tested on a separate plate 

containing a total of 5 concentrations (1/4 log increments; n = 6–12 fish/concentration/ 

plate). The concentration range for each test chemical varied, with the highest 

concentration set below that found to cause significant death or malformations in the 

overt toxicity assay. Plates (2–4 plates/chemical; Table 2) were dosed from 0 to 5 dpf 

with daily renewals of the exposure solution. 

Larval swimming activity was measured on the afternoon of 6 dpf using a 

Noldus behavior recording system (Noldus Information Technology, Leesburg, VA) 

housed in a dark room maintained at 26°C. The Noldus system is equipped with visible 

and infrared (IR) light sources that allow measurement of larval swimming activity 

during both light and dark conditions, respectively. Testing sessions were sampled at a 

rate of 5 frames/s and movement was quantified using Ethovision soft- ware (v3.1; 

Noldus Information Technology). To minimize background, swimming data were 

filtered such that larval movement of < 0.135 cm was removed from analyses. 

On the morning of 6 dpf, plates were moved from the incubator to a light-tight 

drawer located in the behavior testing room and allowed to acclimate for several hours. 

The testing protocol consisted of a 20 min period of visible light (5.1 lux; light phase) 

followed by a 30 min IR light only period (dark phase). After testing, larvae were briefly 
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examined under a dissecting microscope to identify fish that had died or exhibited 

abnormalities that might affect swimming ability; these larvae were excluded from 

subsequent analyses. 

3.2.7 Statistical Analyses 

Statistical analyses were performed using GraphPad Prism 6 (v6.01, GraphPad 

Software Inc). A Fisher’s Exact Test (two-tailed) was used to compare effects of a 

chemical on mortality in the overt toxicity assay. Malformation data are presented as the 

average total teratogenicity scores (mean ± SEM; n = 2–4). A one-way ANOVA was 

performed for each chemical followed by a Dunnett’s multiple comparisons test to 

determine the effect of concentration. Kaplan-Meier Survival curves were plotted and a 

log-rank (Mantel-Cox) test was performed to determine whether survival time differed 

between chemicals during the overt toxicity assay.  

Tissue concentrations (pmol/embryo) of the parent and expected primary 

metabolites are shown as the average from three experiments ± SEM. A two-way 

ANOVA (chemical x age) followed by a Sidak multiple comparisons test was performed 

to evaluate the main effect of age on tissue concentrations of the test chemicals. Behavior 

data were evaluated for normality using the D’Agostino and Pearson omnibus 

normality test. In general, larval swimming activity exhibited a strongly non-Gaussian 

distribution, therefore nonparametric statistical methods were employed. A Kruskal-
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Wallis test followed by a Dunn’s multiple comparisons test was used to evaluate 

treatment effects on average larval swimming activity during the light or dark phase. 

Data are presented as the median ± interquartile range (IQR). For all tests, significance 

was defined as p < 0.05 

3.3 Results 

3.3.1 Overt Toxicity 

The results of the overt toxicity assessment are summarized in Table 3. 

Sensitivity of early life stage zebrafish to the test chemicals varied widely. 

Developmental exposure to >10 µM CPF, 10 µM TDCPP, or 1 µM TDBPP resulted in 

≥75% mortality by 6 dpf (Figure 12A; p < 0.01). Fish treated with 10 µM CPF or TDCPP 

exhibited severe malformations as measured by the malformation index (Figure 12B; p < 

0.01). Observed malformations included moderate to severe lordosis and/or scoliosis, 

craniofacial abnormalities, and pericardial and/or abdominal edema. The observed 6 dpf 

overt toxicity thresholds were 3.3 µM for TDBPP and 10 µM for TDCPP and CPF.  
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Table 3. Summary of results from the overt toxicity and larval swimming activity 

assessments. 
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Figure 12. Overt toxicity of OPFRs in early life stage zebrafish following a 

developmental exposure to OPFRs or CPF (n = 4 fish/concentration/chemical). (A) 

Percent mortality and (B) total teratogenicity score across the concentration range of 

each chemical on 6 dpf (mean ± SEM). (C) Cumulative percent survival during the 

course of the overt toxicity assessment of early life stage zebrafish exposed to CPF, 

TDCPP, or TDBPP at concentrations that elicited significant (≥75%) mortality. 
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There was no mortality or teratogenicity among control (Figure 12A and B), TCEP- or 

TCPP-exposed fish (data not shown); accordingly, overt toxicity thresholds could not be 

determined for these chemicals.  

Interestingly, TDBPP, TDCPP, and CPF also showed large disparities in the 

timing of mortalities during development. Figure 12C presents the cumulative percent 

survival for these chemicals during the course of the overt toxicity assessment at 

concentrations that elicited significant (≥ 75%) mortality. The majority of deaths in 

TDCPP-exposed embryos occurred within the first 24 hr of exposure, whereas deaths 

among TDBPP- and CPF-exposed fish occurred primarily on days 4 and 6, respectively. 

The differences in survival time among chemicals were significantly different (p < 

0.0001). 

3.3.2 Uptake and Metabolism 

All test chemicals accumulated in zebrafish embryos, with measurable levels 

occurring within 24 hr (Figure 13A). Tissue concentrations at 1 dpf varied widely 

between exposure chemicals, with the highest tissue levels observed for CPF (23.7 ± 5.12 

pmol/fish) and the lowest levels observed for TCEP (0.677 ± 0.075 pmol/fish). In addition 

to accumulation of the parent chemical, early life stage zebrafish readily metabolized 

TDCPP and TDBPP. BDBPP and BDCPP were detected in 1 dpf embryo extracts (Figure 
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13B; BDCPP = 1.05 ± 0.21 pmol/fish; BDBPP = 9.78 ± 0.194 pmol/fish). On 5 dpf, tissue 

concentrations of BDCPP and BDBPP were significantly increased relative to their 1 dpf  

 

Figure 13. Uptake and Metabolism of OPFRs in zebrafish at 1 and 5 dpf. Tissue 

concentrations (pmol/fish) of (A) parent chemicals and (B) their expected primary 

metabolites (mean ± SEM; n = 3). 
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measurements (Figure 13B: BDCPP = 13.9 ± 0.7 pmol/fish, BDBPP = 27.2 ± 5.2 pmol/fish; 

p < 0.005 and 0.0005, respectively). The increase in these metabolites at 5 dpf 

corresponded with a decrease in their parent chemicals (Figure 13A: TDCPP = 0.85 ± 0.17 

pmol/fish; TDBPP = 0.54 ± 0.14 pmol/fish). Only very low levels of the CPF-oxon 

metabolite were detected (Figure 13B: 1 dpf = 0.17 ± 0.02 pmol/fish; 5 dpf = 0.24 ± 0.07 

pmol/fish). BCPP was below the IDL in all tissue extracts. 

3.3.3 Larval Swimming Activity 

The results of the larval swimming assay are summarized in Table 3 

Representative control data for the behavioral testing is shown (Figure 14A). 

Developmental exposure to OPFRs or CPF altered neurobehavioral responses at 

concentrations below their overt toxicity thresholds (i.e. concentrations that resulted in 

significant death or malformations). Decreases in larval swimming activity were 

observed during both the light and dark phases of behavior testing, (Figure 14B; median 

± IQR). Larvae exposed to TDBPP (0.56 and 1 µM) and TCPP (100 µM) were hypoactive 

in the light phase; although their swimming ability was not impaired as exhibited by 

normal activity during the dark period, these larvae showed very little movement 

throughout the preceding light period (p < 0.001). The opposite pattern was observed in 

TCEP- and CPF-exposed larvae (TCEP: 31.4 and 100 µM; CPF: 3.14 µM). These larvae 

demonstrated a significant decrease in activity during the dark period but no effect was 



 

84 

observed during the light period. TDCPP in contrast, elicited hypoactivity during both 

the light (5.6 µM, p < 0.0001) and dark periods (3.14 µM, p < 0.05; 5.6 µM, p < 0.01)  

 

Figure 14. Larval Swimming Activity. (A) Representative control larval swimming 

activity during the course of the larval swimming assay. (B) Changes in larval 

swimming activity following developmental exposure to OPFRs or CPF (median ± 

IQR). * indicates p < 0.05. 
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3.4 Discussion 

The purpose of this study was to evaluate the overt and neurodevelopmental 

effects of four structurally similar OPFRs in vivo using a vertebrate model. Our results 

indicate that exposure to some of these chemicals during early development can result 

in both increased mortality and developmental effects. TDBPP and TDCPP in particular 

were found to elicit both overt and neurodevelopmental toxicity in early life stage 

zebrafish at concentrations similar to or below that of CPF, a widely recognized 

developmental neurotoxicant (Eaton et al. 2008). Hydrophobicity was found to be a 

good predictor of tissue accumulation and OPFR overt toxicity thresholds. Figure 15A 

shows the relationship between tissue concentrations at 1 dpf (solid black line), 

demonstrating that tissue concentrations increase with increasing log Kow. Overt 

toxicity thresholds determined for TDCPP, TDBPP, and CPF (solid blue line) and 96 hr 

fish LC50 values for all test chemicals obtained from EPA’s EPI Suite ECOSAR program 

(dashed blue line) observed overt toxicity thresholds for TDBPP and TDCPP follow the 

negative relationship with log Kow shown with the predicted LC50 values. CPF did not 

follow this trend; although it has the highest log Kow of the test chemicals, the overt 

toxicity threshold in this study was higher than TDBPP and equivalent to TDCPP.  
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Early life stages were found to readily metabolize TDCPP and TDBPP (Figure 

15B). Although on 1 dpf only 10% of chemical in TDCPP-treated fish was detected as the 

bis metabolite, this increased to 96% by 5 dpf. TDBPP showed even more rapid  

 

Figure 15. (A) 1 dpf parent tissue concentrations (black line) vs predicted LC50 values 

(dashed blue line) and observed overt toxicity thresholds (solid blue line). (B) Total 

tissue concentrations (pmol/fish; n = 3) of both parent and metabolite for TDCPP-, 

TDBPP-, and CPF-exposed fish at 1 and 5 dpf. 
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metabolism than TDCPP, with 52% and 98% of the tissue burden in the form of the bis 

metabolite at 1 and 5 dpf, respectively. BCPP was below the detection limit in all tissue 

extracts; however, this was likely a reflection of the low tissue concentrations of the 

parent chemical rather than an inability of early life stage zebrafish to metabolize TCPP. 

OPFR metabolism in developing zebrafish may be mediated by esterases or CYP 

isoforms distinct from those responsible for CPF metabolism. Several esterase isoforms, 

including carboxylesterases, arylesterases, and cholinesterases, are active during 

embryonic development in zebrafish (Küster 2005). 

The latency of mortality varied significantly between TDCPP, TDBPP, and CPF 

(p < 0.0001), suggesting the timing of sensitivity during early development differs 

among these test chemicals. TDCPP-exposed fish exhibited high sensitivity during the 

earliest stages of embryogenesis; mortalities occurred very rapidly with only one fish 

exposed to ≥ 33 µM surviving past 1 dpf. TDBPP- and CPF-induced mortality occurred 

much later in development, during the larval stage. Fish exposed to ≥ 10 µM TDBPP 

survived until 4 dpf, whereas mortality in the 3.3 µM exposure group was delayed 

slightly, with deaths occurring on 5 dpf. CPF-exposed larvae showed the longest 

survival, with all deaths in ≥ 33 µM exposures occurring on 5 or 6 dpf.  

Notably, the developmental stage at which TDCPP exposure begins has 

previously been found to impact toxicity. McGee et al. (2012) reported that initiation of a 
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3 µM TDCPP exposure at the 2 cell stage (0.75 hpf) significantly increased mortality and 

malformations in zebrafish at 96 hpf when compared with the same exposure beginning 

at 50% epiboly (5.25 hpf). Furthermore, similar effects were found when embryos were 

exposed only from the 2–64 cell stage (0.75–2 hpf). Together, these findings indicate that 

earliest stages of vertebrate embryogenesis are highly sensitive to TDCPP exposure and 

that the parent chemical is the primary driver of toxicity. 

Although CPF showed the highest accumulation, the observed overt toxicity 

threshold was higher than that of TDBPP and equivalent to that of TDCPP. This 

disparity may be due to limited activity of certain xenobiotic metabolizing enzymes 

during the earliest stages of zebrafish development. CPF is an organothiophosphate that 

undergoes CYP-mediated bioactivation to form an oxon metabolite. The resultant CPF-

oxon is a much more potent cholinesterase inhibitor than the parent chemical and is the 

primary driver of acute CPF toxicity (Eaton et al. 2008). Zebrafish are known to express 

the enzymes involved in bioactivation of CPF (Goldstone et al. 2010); however, previous 

studies found that CPF exposure did not elicit significant AChE inhibition until 3 dpf 

(Yen et al. 2011). Although CPF-oxon was only detected at very low concentrations at 

both the 1 and 5 dpf time points it is possible that the majority was bound to proteins 

and, thus, was unable to be extracted for analysis.  
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Normal development of the vertebrate nervous system requires precise 

spatiotemporal coordination of numerous cellular processes, including replication, 

migration, differentiation, and synaptogenesis. All of these processes can be affected by 

exposure to xenobiotics, resulting in persistent neurological deficits (Bondy and 

Campbell 2005). For all test chemicals, behavioral effects were observed in larvae at 

exposure levels that did not result in significant death or malformations that would 

affect swimming ability (e.g. stunted fin growth or spinal deformities). It is possible that 

the observed behavioral decrements were the result of subtle effects on cardiac or 

muscle developments that were not detected during the malformation screens. 

However, based on previous studies with the same suite of chemicals showing effects on 

several important neurodevelopmental mechanisms, including cell replication and 

altered phenotypic fate (Dishaw et al. 2011), we suggest that altered swimming activity 

could be elicited by neurotoxicant effects of developmental OPFR exposure. 

Thus, OPFRs may have effects similar to organophosphate pesticides on 

neurotransmitter-mediated morphogenesis that are driving the behavioral changes 

observed in the present study. Classical neurotransmitter systems are known to have 

numerous morphogenic functions, including regulating cell migration, replication, 

growth, and differentiation during development (Behra et al. 2002, 2004; Lauder and 
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Schambra 1999), and OP pesticides are known to target genes that regulate neurotrophic 

factors during development (Slotkin and Seidler 2007; Slotkin et al. 2008). 

Studies in rats have found that pre- and perinatal exposure to low levels of 

organophosphate pesticides, including CPF and parathion, produces deficits in learning, 

memory, and increases risk taking behaviors in adulthood (Eaton et al. 2008). Similarly, 

adult zebrafish exposed to CPF from 0 to 5 dpf showed deficits in behavioral tasks 

designed to evaluate learning, stress, and startle responses (Eddins et al. 2010; Sledge et 

al. 2011). Importantly, in both models these behavioral changes were associated with 

altered neurotransmitter levels. 

TDCPP, TCPP, and TCEP have also been detected in numerous environmental 

matrices, including air, dust, water, and sediments, indicating that human and wildlife 

exposures to these chemicals are likely widespread. In this study we demonstrated that 

OPFRs readily pass through the chorion, accumulating in early life stage fish tissues, 

and it is possible accumulation may also occur in other aquatic species. The OPFR 

concentrations that elicited toxicity in this study (0.39–32 ppm in the larval swimming 

assay) are high relative to environmental water samples (highest reported for TDCPP, 

TCEP, and TCPP: 0.005–0.38 ppm); however, they are detected at much higher 

concentrations in sediments (highest reported levels for TDCPP, TCEP, and TCPP range 

from 5500 to 24000 ppm) (van der Veen and de Boer 2012), suggesting that pore water 
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could have even higher concentrations of these OPFRs and lead to aquatic exposures 

similar to those tested in this study 

Furthermore, FR measurements are often high in indoor air and dust particles 

(highest levels reported for TDCPP, TCEP, and TCPP range from 5.46 to 67 ppm in dust, 

and 0.15–730 ppm in air), suggesting that human populations may be at greater risk for 

health consequences (van der Veen and de Boer 2012). Importantly, infants and young 

children are believed to have a higher exposure to FRs when compared with adults 

because they spend more time indoors, in close proximity to contaminant sources, and 

engage in frequent hand-to-mouth contact (US EPA 2008). A recent study found that 

toddlers had significantly higher exposure levels to TDCPP compared with their 

mothers (Butt et al. 2014). The higher levels in toddlers and the results presented here 

suggest that future research may be warranted to determine if exposure during early 

development is associated with adverse health outcomes in children. 

It is unclear whether TDCPP or its metabolite, BDCPP, are able to cross through 

the placenta, however the OPFR tri-o-cresyl phosphate was detected in fetal rat tissues 

after a single maternal exposure (Ahmed et al. 1993). Furthermore, oral administration 

of TDCPP during gestational days 7–15 increased resorption and decreased viability of 

fetal rats (European Union 2008), indicating that this chemical can affect mammalian 

embryogenesis. Importantly, gestation in mammals occurs over a much longer period 
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(weeks to months) when compared with zebrafish embryogenesis (days), increasing the 

exposure duration during key windows of sensitivity. 

This work represents an advancement in the current knowledge of OPFR toxicity 

during vertebrate development, indicating that these chemicals affect the developing 

nervous system at exposure levels that are not overtly toxic. Importantly, OPFRs have 

been detected in household dust at concentrations similar to or greater than that of 

PBDEs indicating that exposure to these chemicals is likely widespread (Stapleton et al. 

2009). It should be noted that TDCPP, the most potent current use OPFR in the present 

study, was recently added to California Proposition 65, a list of chemicals determined by 

the California Environmental Protection Agency to be human carcinogens or cause 

reproductive harm. Proposition 65 requires businesses to notify consumers if significant 

amounts of listed chemicals are present in their products. Although this may result in 

the reduction in use or phase out of TDCPP in the United States, environmental release 

of this persistent chemical from products already in homes and landfills will continue. 

Accordingly, as exposure to TDCPP and other OPFRs is expected to continue, more 

work is needed to further characterize mechanisms underlying their developmental 

toxicity and identify specific molecular targets of these chemicals. 
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4 DNA Damage and Endocrine-related Effects during a 
Dietary Exposure to the Organophosphate Flame 
Retardant, Tris (1,3-dichloropropyl) Phosphate 
(TDCPP), in Juvenile Zebrafish 

4.1 Introduction 

Since the phase out of PBDEs a number of alternative FRs, including OPFRs, 

have been used increasingly to comply with existing flammability standards. Like 

PBDEs, OPFRs are additive flame retardants and, thus, are more likely to migrate from 

treated materials into the surrounding environment throughout the lifecycle of the 

product. Analytical studies indicate that OPFRs are nearly ubiquitous in numerous 

environmental samples, including indoor dust and air, sewage treatment plant effluent, 

and surface waters, often at concentrations similar to if not higher than that of PBDEs 

(Kanazawa et al. 2010; Marklund et al. 2005a, 2005b; Saito et al. 2007; Stapleton et al. 

2009; van der Veen and de Boer 2012). Although environmental levels are typically 

highest in urban areas (Andresen et al. 2007; Regnery and Püttmann 2010a; Shoeib et al. 

2014). they have also been detected in remote areas, including the polar regions 

(Bollmann et al. 2012; Möller et al. 2011; Salamova et al. 2014), are persistent in the 

environment (Marklund et al. 2005b; Reemtsma et al. 2008), and accumulate in human 

and wildlife tissues (Barceló et al. 1990; Hoffman et al. 2014a; Hudec et al. 1981; Kim et 

al. 2011; LeBel and Williams 1983; Meeker et al. 2013; Sundkvist et al. 2010).  
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In humans, exposure to contaminated dust is believed to be one of the primary 

routes of FR exposure. Several studies have found correlations between FR levels in 

residential and office dust, hand wipes, and body burdens (Carignan et al. 2013; Dodson 

et al. 2014; Hoffman et al. 2014b; Stapleton et al. 2014). Importantly, models indicate that 

flame retardant exposures vary widely with age. Infants and young children, who 

engage in frequent hand-to-mouth contact, are predicted to have the highest exposure. 

Indeed, several recent studies have found consistently higher concentrations of FRs or 

their metabolites in children vs adults (Butt et al. 2014; Cequier et al. 2015; Rose et al. 

2010).  

Although many OPFRs are currently used, TDCPP is the predominant FR 

identified in sofas and baby products containing flexible PUF applications following the 

phase out of the PentaBDE commercial mixture (Stapleton et al. 2011, 2012). Although a 

handful of early studies indicated that it might be carcinogenic or mutagenic (Blum and 

Ames 1977; Freudenthal and Henrich 2000; Gold et al. 1978), until recently few studies 

have evaluated non-cancer endpoints. Previous work in our lab compared a suite of four 

structurally similar OPFRs, including TDCPP, with the organophosphate pesticide CPF, 

a known developmental neurotoxicant. TDCPP was found to have effects similar to CPF 

in PC12 cells, increasing oxidative stress and altering growth and phenotypic 

differentiation (Dishaw et al. 2011). In early life stage zebrafish, TDCPP and CPF also 
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elicited overt toxicity and neurobehavioral deficits at similar concentrations (Dishaw et 

al. 2014).  

In addition to neurotoxicity, several studies now indicate that TDCPP may act as 

an endocrine disruptor. High concentrations of TDCPP in house dust were associated 

with decreased T4 and increased prolactin levels in men. Semen quality parameters 

were also negatively correlated with levels of TDCPP in dust (Meeker and Stapleton 

2010). Furthermore, aqueous exposures in zebrafish have found multiple effects on the 

HPT and HPG axes. Similar to the findings in humans, TDCPP altered thyroid hormone 

levels in early life stage zebrafish, decreasing T4 and increasing the active thyroid 

hormone, T3 (Wang et al. 2013). Adult zebrafish showed decreased fecundity, altered 

plasma hormone levels (e.g., T, E2, VTG), and shifts in expression of HPG axis related 

genes (Liu et al. 2013). 

Given the previous studies, there is a need to assess accumulation potential and 

effects of TDCPP exposure on development. The goals of the present study were to 

evaluate the effects of a high and low dose of TDCPP over the course of a 28 day dietary 

exposure in juvenile zebrafish. An assessment of the potential for recovery from 

treatment related effects during a seven day depuration period was also included. 

Accumulation of CPF, TDCPP, and the primary TDCPP metabolite, BDCPP, was 

evaluated in whole tissues. Brain and viscera were collected and evaluated for DNA 
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damage. Effects on pituitary, thyroid, and gonad morphology were assessed in 

hematoxylin and eosin (H&E) stained sections. Importantly, effects at this stage of 

development have not been investigated previously. As juvenile zebrafish are 

undergoing rapid development, particularly with regard to the gonad maturation, they 

may be more sensitive to endocrine disruptive effects.  

4.2 Materials and Methods 

4.2.1 Animals 

Adult zebrafish were maintained on a zebrafish colony system (Aquatic Habitats, 

Apopka, FL) at 28°C with a 14:10 hr light:dark cycle. The evening before embryo 

collection, adults were placed in 1-L breeding tanks. The water in breeding tanks was 

renewed shortly after light onset the following morning. Collected embryos were 

washed twice using the following procedure: 5 min rinse in 10% HBSS (13.7 mM NaCl, 

0.54 mM KCl, 25 mM Na2HPO4, 44 mM KH2PO4, 130 mM CaCl2, 100 mM MgSO4, and 

420 mM NaHCO3) containing 0.06% bleach followed by a 3x rinse in 10% HBSS. After 

washing, embryos were transferred to 100 mm petri dishes (Genesee Scientific, Cat #26-

275; ~ 100 embryos/dish) and housed in an incubator maintained at 27.5°C with a 14:10 

hr light:dark cycle. Once larvae were freely swimming, they were transferred to the 

adult system and fed larval diet or artemia 2-3x daily. On 38-48 dpf, fish were 

transferred to the exposure tanks. The exposure setup consisted of 12 5-gallon aquaria 
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(90 fish/tank, 3 replicate tanks/treatment) equipped with individual heating and 

filtration units. Fish were allowed to acclimate for one week before starting the 

exposure.  

4.2.2 Exposures 

Juvenile zebrafish (45-55 dpf) were exposed for 28 days followed by a 7 day 

depuration period where all treatments received clean food. Sampling occurred on Days 

0, 7, 14, 21, 28, 30, and 35. Fish were fed decapsulated freeze dried brine shrimp embryos 

(Brine Shrimp Direct, Cat# DCP16Z) that had been spiked with TDCPP (Low TDCPP = 1 

µg TDCPP/g food; High TDCPP = 40 µg TDCPP/g food) or CPF (1 µg/g food) suspended 

in cod liver oil (Twinlab Norwegian Cod Liver Oil). Control food was spiked with clean 

cod liver oil. To aid with the homogenous distribution of the test chemicals throughout 

the food, the brine shrimp embryos were partially rehydrated by mixing 1:1 (w/w) with 

MilliQ water. The prepared food was and stored at ≤ -20°C wrapped in aluminum foil. 

4.2.3 Extractions 

4.2.3.1 Treated Food 

Nominal concentrations of CPF and TDCPP in the dosed food were confirmed 

both before and after the exposure. Briefly, 100 mg food samples (n = 3 

samples/treatment) were extracted overnight using a Soxhlet extractor with 1:1 

dichloromethane:hexane solvent spiked with 100 µL of a deuterated surrogate standard 
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(d10-CPF or d15-TDCPP). Prior to analysis, extracts were cleaned up using a previously 

described method summarized in Figure 16A (Van Den Eede et al. 2012). Briefly, Soxhlet 

extracts were concentrated to approximately 1 mL in an automated nitrogen evaporation 

system (TurboVap II, Zymark Inc) and applied to a Florisil SPE column (Supelco ENVI-

Florisil 500 mg, 6 mL). The column was conditioned first with 5 mL methanol followed 

by 3 mL hexane. The extract was applied to the column and CPF was eluted in fraction 1 

(F1) with 4 mL Hexane. TDCPP was eluted in fraction 2 (F2) with 10 mL ethyl acetate. 

The F1 extract was concentrated to ~0.5 mL whereas the F2 was evaporated to near 

dryness and reconstituted in 100 µL ethyl acetate and 0.5 mL hexane. Immediately prior 

to analysis, sample vials were spiked with recovery standards (d10-diazinon and d12-

TCEP for the F1 and F2, respectively). 

4.2.3.2 Whole Body Zebrafish Tissues 

Whole tissues (n = 5 fish/treatment/time point) were thawed and then 

homogenized with pre-cleaned sodium sulfate using a mortar and pestle. Similar to the 

food analyses, the homogenates were extracted overnight in a Soxhlet extractor however 

a more polar extraction solvent of 9:1 dichloromethane:methanol was used to aid 

recovery of the more hydrophilic BDCPP. Prior to extraction, samples were spiked with 

surrogate standards (d10-CPF, d15-TDCPP, and d10-BDCPP). Extracts were concentrated 

to approximately 1 mL in an automated nitrogen evaporation system. Concentrated 
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extracts were cleaned prior to instrumental analysis using acid-conditioned Florisil SPE 

(Supelco ENVI-Florisil 500 mg, 6 mL; Figure 16B). The SPE columns were conditioned 

with 10 mL 0.1N HCl and 4 mL Hexane. Concentrated extracts were applied to the 

columns and CPF and TDCPP were eluted with 6 mL DCM (F1). BDCPP was then 

eluted with 10 mL 1:1 dichloromethane:methanol (F2). Both eluates were evaporated to 

near dryness and reconstituted in 0.5 mL hexane (F1) or 1:1 methanol:water (F2).  Prior 

to analysis samples were spiked with surrogate standards: d10-diazinon and d12-TCEP 

for the F1 and d10-BDCPP for F2. 

4.2.3.3 Sample Analyses 

CPF was analyzed on an Agilent 6890N GC connected to a 5975 MS equipped 

with a chemical ionization source in the negative mode monitoring m/z 313/315. The 

parent chemicals were quantified using gas chromatography-mass spectrometry 

(GC/MS).  TDCPP was analyzed on an Agilent 7890 GC coupled with a 5975C MS 

equipped with an electron ionization source monitoring m/z 381/383 (Van den Eede, 

2012). BDCPP was quantified using previously published methods (McGee et al. 2012). 

Briefly, the F2 from the tissue extracts were analyzed using LC/MS-MS on an Agilent 

1200 series LC connected to an Agilent 6410B triple quadrupole MS detector equipped 

with an electrospray negative ionization source. Analytes were separated 

chromatographically on a Kinetex XB- C18 column (100 x 2.1 mm, 2.6 µm; Phenomenex) 
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using a methanol-water gradient. Multiple reaction monitoring was used to detect 

BDCPP, d10-BDCPP, and d10-DPP (recovery standard). 

 

Figure 16. Overview of SPE methods used to clean up and analyze Soxhlet extracts 

from (A) treated food and (B) whole juvenile zebrafish tissues 

4.2.3.4 Quality Assurance/Quality Control 

The method detection limits (MDLs) were defined as 3 times the standard 

deviation of the signal in laboratory blanks. The MDLs were 0.72 ng, 9.3 ng, and 0.98 ng 

for CPF, TDCPP, and BDCPP, respectively. TDCPP blank contamination was 11.07 ± 0.93 

ng, therefore the reported values for this analyte are blank corrected. For the remaining 

analytes, blank levels were below the IDLs (0.52 ng and 0.60 ng for CPF and BDCPP, 

respectively); therefore, blank correction was not required. Recovery of internal 
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standards varied: d10-TDCPP and d10-BDCPP showed similar recoveries at 64 ± 1.4% and 

74 ± 2.0%, respectively, whereas d10-CPF had the highest recovery at 117 ± 1.9%. 

4.2.4 DNA Damage 

4.2.4.1 Sample Preparation 

Total brain and viscera (n = 9/tissue/treatment/time point) were collected in 

separate tubes and weighed. Immediately after weighing, tissues were flash frozen in 

liquid nitrogen and stored at -80°C until extraction. DNA was extracted and purified 

using Genomic-Tip G/20 anion exchange columns (Qiagen Cat #10223, Valencia, CA) 

using a previously published method (Furda et al. 2014). Briefly, tissues were 

homogenized using a pellet pestle and then digested with Proteinase K (Amresco 

Cat#E195, Solon, OH) and RNase A (Qiagen Cat #19101) for 2 hr in a 50°C water bath. 

The digested homogenate was gently vortexed then applied to the equilibrated anion 

exchange resin. The columns were washed and eluted in two 1 mL fractions. Total DNA 

was precipitated with isopropanol and then samples were placed at -80°C overnight. 

The following day the DNA was pelleted by centrifugation (12,000g @ 4°C for 40 min) 

and washed with 70% ethanol. The DNA was once again pelleted and dried briefly to 

remove ethanol. Finally the DNA pellet was resuspended in 100 µL of 1x Tris-EDTA 

(TE) buffer (10 mM Tris HCl, 1 mM EDTA, pH = 8.0). Samples were incubated at 55°C 

for 2 hr to promote dissolution of the DNA pellet. To ensure that DNA template quality 
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was sufficient for long-amplicon qPCR analysis, a subset of samples were run through 

gel electrophoresis (0.7% agarose, 25 V, 6 hr) to check for size against a ladder 

(Invitrogen Cat#:10511-012, 1 kb DNA Extension Ladder). All samples showed a clear 

band at approximately 40 kb in size. 

4.2.4.2 Quantitative PCR 

Due to the small amount of tissue available, the resuspended DNA template was 

initially diluted 1:5 in 1x TE buffer (20 µL DNA in 80 µL buffer) and then quantified 

using the PicoGreen assay (Invitrogen Cat# P7589, Quant-iT™ PicoGreen® dsDNA 

Assay Kit). Assays were run in 96 well plates (Corning Costar Cat# 3991) according to 

manufacturer instructions. Assay conditions were as follows: 5 µL DNA template, 95 µL 

diluted PicoGreen reagent, 100 µL 1x TE Buffer. Standards (0-20 ng DNA/µL) were run 

concurrently on each plate. All samples and standards were run in duplicate. After 

adding the PicoGreen reagent, plates were protected from light and incubated for 10 

minutes at room temperature. Plates were read on an OPTIMA FluoStar plate reader 

(Excitation: 485 nm; Emission: 528 nm). Based on the results of the initial quantitation, 

the 1:5 DNA dilution was further diluted in 1x TE to 3 ng/µL. The secondary dilutions 

were again quantified to confirm the target concentrations prior to running PCR. The 

PCR reaction mix and thermocycler conditions are described in Table 4. Primers were 

purchased from Integrated DNA Technologies (Coralville, IA). Duplicate PCR runs were 
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performed for each sample. Amplification products were quantified using the PicoGreen 

assay as described previously (Furda et al. 2014).  Data are presented as mean ± SEM. 

Table 4. PCR reaction mix and conditions for the long amplicon qPCR assay 

 

*repeat x 29 for total of 30 cycles 

4.2.5 Histology 

4.2.5.1 Sample Preparation 

Whole fish (n = 6 fish/treatment/time point) were submerged in 4% 

paraformaldehyde and stored at 4°C. To aid fixative penetration, the abdominal cavity 
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was opened along the ventral midline (pectoral to anal fin). Tissue processing, including 

decalcification, embedding, sectioning, and staining were performed at the College of 

Veterinary Medicine Histopathology Laboratory at North Carolina State University. 

After decalcification fish were embedded in paraffin, positioned in lateral recumbency. 

A Leica 2065 Supercut Microtome (Leica Microsystems Inc., Bannockburn, IL) with a 

knife holder for triangular glass knives was used for sectioning. Sagittal sections (5 µM 

thickness) were collected at 50 µM intervals, starting at the medial portion of one eye 

through the medial portion the contralateral eye. Sections were stained with H&E and 

mounted on glass slides with coverslips.  

4.2.5.2 Morphometry 

Digital images were captured using a Nikon Eclipse E600 light microscope 

equipped with a Nikon DXM1200 camera and NIS‐Elements 3.1 (Nikon, Melville, NY). 

To achieve the best quality images and reduce day-to-day variations in bright field 

illumination, a posteriori background correction was performed according to previously 

described methods (Landini 2014). All morphometric analyses were performed with 

ImageJ (NIH, available online at http://rsbweb.nih.gov/ij/download.html). Prior to 

performing any measurements, file names were converted to a randomly generated 

number so that the scorer was blinded to the treatment and time point. 

http://rsbweb.nih.gov/ij/download.html
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4.2.5.2.1 Pituitary 

In the vertebrate brain, the pituitary is located along the ventral midline of the 

hypothalamus. It is generally subdivided into two major regions: the neurohypophysis 

(NH) and adenohypophysis (AH) (Figure 17A). The NH, also known as the posterior 

pituitary or pars nervosa, is primarily comprised of axonal projections from 

magnocellular neurosecretory cells originating in the hypothalamus. This region is 

responsible for storage and secretion of isotocin and vasotocin (teleost homologs of 

oxytocin and vasopressin, respectively).  

 

Figure 17. Overview of the anatomy of the pituitary and methods used for 

quantifying the areas of the neurohypophysis (NH) and adenohypophysis (AH). (A) A 

line drawing of a midline sagittal section of the zebrafish pituitary showing the 

different regions occupied by the NH and AH. Adapted from Schmidt and 

Braunbeck, 2011. (B) An image (200X) of H&E stained pituitary tissue. Prior to 

analysis, all images were (C) converted to greyscale and (D) non-pituitary tissues were 

removed. Thresholding was used to measure the areas of the (E) AH and (F) NH based 

on staining intensity. 
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The AH, or anterior pituitary is comprised of two major subregions, the pars distalis and 

pars intermedia and contains a number of different endocrine cell types responsible for 

secretion of a wide array of hormones, including prolactin, TSH, corticotropins, and 

gonadotropins (Pogoda and Hammerschmidt 2009; Schmidt and Braunbeck 2011). The 

NH and AH can be readily distinguished via routine H&E staining (Figure 17B); the 

axonal fibers of the NH exhibit light eosinophilic (pink) staining, while the various 

endocrine cells types within AH are characterized by staining that ranges from dark 

eosinophilic to basophilic (blue-purple) (Menke et al. 2011).   

To evaluate whether dietary exposure to TDCPP or CPF affects pituitary tissue 

morphology, the total pituitary area as well as the NH and AH regions were measured. 

The thresholding function within ImageJ was used to measure the two pituitary sub-

regions based on staining intensity. In preparation for threshold measurements, images 

(200x magnification) of all sections containing pituitary tissue were converted to 

greyscale and non-pituitary tissues were removed (Figure 17B-D). Threshold ranges that 

captured NH and AH tissues were identified using a test set of 10 images and then 

applied to all images without further adjustment. Areas were measured using two 

threshold ranges: 10-140 for the AH (i.e. basophilic to dark eosinophilic staining; Figure 

17E) and 140-225 for the NH (i.e., light eosinophilic staining; Figure 17F).  
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4.2.5.2.2 Thyroid 

In teleosts, the thyroid follicles are widely dispersed throughout the 

subpharyngeal region, however they frequently are most densely clustered near the 

midline, along the ventral aorta (Figure 18A). The follicles are lined by a single layer of 

epithelial cells that are typically squamous to cuboidal in shape when quiescent. When 

activated, however, these cells may undergo hypertrophy, becoming cuboidal or 

columnar in shape. The follicle lumen is filled with intensely staining eosinophilic 

colloid and is the site of T4 synthesis in fish. Colloid vacuolization is associated with 

follicle activation. These vacuoles are sites of colloid uptake and are characterized by 

small circular to ovoid regions along the periphery of the lumen exhibiting reduced or 

absent staining (Figure 18B) (Eales and Brown 1993).  

Images (100x magnification) were obtained for all follicles within a single medial 

plane of section, using the ventral aorta as a point of reference. Follicle number, size 

(area), epithelial cell height, and colloid vacuolization frequency (number of fish 

showing vacuolization) and severity (number of vacuoles per fish) were evaluated. For 

size measurements, the perimeter of each follicle was traced in ImageJ and the average 

follicle size was calculated for each fish. The epithelial cell height of each follicle was 

measured at four different locations and the average cell height was calculated. The cell 

counter plugin for ImageJ was used to track both the number of follicles (e.g., cell type) 

and colloid vacuoles/follicle (e.g., number of cells/type). For analysis, vacuolization 



 

108 

frequency was categorized as being low (1-75 vacuoles/fish), medium (76 – 150 

vacuoles/fish) or high ( 151 vacuoles/fish). 

 

Figure 18. Juvenile Zebrafish Thyroid Follicles. Both images are taken from H&E 

stained sections. (A) Day 14 Control fish, eosinophilic colloid fills the lumen (L). The 

ventral aorta (VA), used as a point of reference for selection of a medially location 

section, is visible. (B) Day 14 Low TDCPP, follicles pictured show moderate to heavy 

colloid vacuolization (arrows). 

4.2.5.2.3 Gonads  

Ovarian development was assessed by staging ovarian follicles using previously 

described criteria (Selman et al. 1993). Detailed descriptions of the staging criteria and 

examples of ovary follicles at different stages are provided in Figure 19. Stage I (primary 

growth) follicles are smallest and have strongly basophilic cytoplasm and with a large 

central nucleus; stage II (cortical alveolar) follicles are larger and exhibit cortical alveoli 

(CA) around the germinal vesicle. In late stage II, the eosinophilic vitelline envelope 
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(VE) may be visible around the periphery, but is very thin. Stage III (vitellogenic) 

follicles are much larger than stage I and II, the ooplasm contains numerous, large CA, 

and the VE is clearly visible. In stage IV (mature) follicles the VE has begun to thin, there 

are fewer CA located primarily along the periphery, and yolk is visible. Finally, Stage V 

(atretic) follicles are undergoing degradation. Atresia can occur in follicles at any 

developmental stage. The cell counter plugin within ImageJ was used to track the 

number of follicles at different stages. Counts were performed on images (200x 

magnification) obtained from four sections of tissue. The % maturing follicles (Stages II-

IV) was calculated for each fish and the data are presented as the average ± SEM for each 

treatment/time point. 
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Figure 19. Descriptions of staging criteria and examples of zebrafish ovarian follicles 

at various stages of development 

Testicular development was also evaluated. Stages of spermatogenesis as 

described by Weber et al (2003) were measured. Stage I (spermatogonia), the least 

developed of the three stages, are the largest in size and characterized by relatively light 

basophilic staining. Stage II (spermatocytes) are intermediate in size, often irregular in 

shape, and show dark basophilic staining. Finally Stage III (mature sperm) are round, 

smallest in size, and show very intense basophilic staining. Mature testes exhibit all 

three of these stages (Figure 20A). 
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Images (1000x magnification, oil immersion) were obtained from four different 

sections of tissue. Although counts were used to evaluate maturity in the ovary, due to 

their very different structure (i.e., small, densely packed cells that are often overlapping) 

area measurements were chosen to evaluate testis maturation.  Area measurements have 

been used previously to evaluate histomorphometrical changes in the zebrafish testis 

(van der Ven et al. 2003). Similar to the pituitary measurements, a training set of images 

was used to define thresholds for the different tissue types.  These thresholds were then 

applied to all images without further adjustment. The threshold for the total area was set 

at 10-170. Areas containing less intensely basophilic Stage I cells (threshold: 70-170) were 

then separated from the darkly basophilic Stage II and III cells (threshold: 10-70). 

Regions of interest (ROIs) were drawn around areas containing Stage III cysts. Stage II 

areas were determined by subtracting Stage III areas (corresponding to the ROIs) from 

the total 10-70 threshold area. The % area of mature sperm (Stage III) was calculated and 

the data are presented as the average ± SEM for each treatment/time point. 
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Figure 20. Methods used to evaluate Gonad Maturation. (A) Mature zebrafish testis 

exhibiting all three stages (I-III) of spermatogenesis: I, spermatogonia; II, 

spermatocytes; III, mature sperm. (B) Areas containing stage III sperm were traced. 

Images were converted to black and white and thresholding was used to separate (C) 

Stage II/III sperm from (D) Stage I spermatogonia based on staining intensity. 

4.2.6 Data Analysis 

Statistical analyses were performed using JMP Pro 11 (SAS Analytics). Kaplan-

Meier survival curves were generated for each treatment group and compared using a 

Mantel-Cox test to evaluate effects on survival. For DNA damage and histology analyses 
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of pituitary and gonad tissues, comparisons between treatments were carried out by 

ANOVA followed by a post hoc Fisher's protected least significant difference. Since 

brain and viscera tissues were collected from the same animals, a three factor ANOVA 

for time, treatment, and tissue was run for DNA damage results, where tissue was run 

as a repeated measure. With the exception of follicle activation, histology endpoints 

were evaluated by three factor ANOVA (treatment x time x sex). When sex was found to 

be a significant factor, data for males and females were shown separately. Significance 

was defined as p < 0.05. For thyroid follicle activation (frequency and severity), a 

Fisher’s Exact test was used to evaluate the effect of treatment on thyroid follicle 

activation and severity within a time point. Where a significant treatment was observed 

(p < 0.05), pairwise comparisons were made vs Control. Significance for the pairwise 

comparisons was defined as p < 0.02 based on a Bonferroni correction for multiple 

comparisons. 

4.3 Results 

4.3.1 Nominal vs Actual Concentrations in Food 

Figure 21 shows the actual concentration of chemical in the exposure food 

measured both before (initial) and after (final) the experiment. Nominal concentrations 

in the treated food were 1 µg/g food for CPF and Low TDCPP and 40 µg/g for High 

TDCPP (dotted lines). The initial concentrations for CPF and Low TDCPP food were 
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very close to the target at 1.01 ± 0.01 µg/g food and 1.10 ± 0.04 µg/g food, respectively. 

The initial concentration in the High TDCPP food was slightly lower than the target at 

34.6 ± 1.1 µg/g food. Although food was stored at ≤ -20°C outside of brief periods at 

room temperature for daily feedings, there was an observed decrease in the 

concentration of the chemicals in the food for treatment groups during the course of the 

experiment. Over the course of two months, the concentrations dropped to 0.77 ± 0.02 

µg/g food, 0.97 ± 0.15 µg/g food, and 21.1 ± 0.4 µg/g food for CPF, Low TDCPP and High 

TDCPP, respectively.  

 

Figure 21. Nominal vs Actual concentrations (µg chemical/g food) of exposure 

chemicals in food. Extractions were performed both before starting the exposure 

(initial) and after the end of the experiment (final). Data are presented as mean ± 

SEM, n = 3 samples/treatment/time point. 
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4.3.2 Disease and Survival 

Approximately two weeks into the study, the experimental fish population 

began to show clear signs of disease. The illness showed a very rapid progression with 

asymptomatic fish developing severe lesions and dying in a matter of hours. The disease 

was widespread; Mortalities were seen across all treatments and replicate tanks, with no 

significant effect of treatment (Figure 22). The most common presentation in diseased 

fish was severe hemorrhaging, typically in the head or abdomen. Exopthalmia (bulging 

of the eyes) and dropsy (raised scales) were often seen in conjunction with severe 

intracranial and abdominal hemorrhaging, respectively. All tanks were treated with 

tetracycline as per Department of Laboratory Animal Resources veterinary 

recommendations, however treatment did not improve outcomes. 
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Figure 22. Percent survival by treatment throughout the 35 day experimental period. 

The dashed line indicates the beginning of the 7 day depuration period. 

To better characterize the disease, Dr. Mac Law at NC State University College of 

Veterinary Medicine performed histopathology on a subset of animals that succumbed 

to the disease. Tissues showed severe infection by filamentous rod bacteria and 

inflammatory host responses. To minimize the potential impact of disease on the results 

of the study, subsequent analyses were restricted to the three sampling points (0, 7 and 
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14 days) that occurred prior to the appearance of overt symptoms of illness and 

antibiotic treatments.  

4.3.3 Tissue Levels 

CPF, TDCPP, and BDCPP were measured in homogenized whole zebrafish 

tissues. Figure 23 shows individual tissue measurements (pmol/fish). Measurements that 

fell below the MDL are plotted as 0 pmol/fish. In tissues where the measurement was 

above the MDL, the concentration tended to increase with duration and dose; within an 

exposure group body burdens tended to be higher on Day 14 when compared to Day 7, 

and the High TDCPP group had higher levels of TDCPP and BDCPP when compared to 

the Low TDCPP group. Importantly, there was very large inter-individual variability, 

with the chemical concentrations in many fish falling below the MDLs. 



 

118 

 

Figure 23. Whole body tissue measurements (pmol/fish) for (A) CPF, (B) TDCPP, and 

(C) BDCPP over the course of a 14 day dietary exposure in juvenile zebrafish. 

Individual data points are shown. n = 4-5 fish/ treatment/time point. Measurements 

below the MDL are plotted as 0 pmol/fish. Note: overlapping points have been offset. 

4.3.4 DNA Damage 

Figure 24 displays the data collected from DNA damage assessment in both 

brain (solid bars) and viscera (hatched bars) tissues on Days 7 and 14. Although there 

was no significant increase in DNA damage among the CPF and High TDCPP exposed 

groups, Low TDCPP elicited a significant treatment effect (ANOVA: treatment x time, p 
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< 0.01). DNA damage in the Low TDCPP group was elevated on Day 7 (brain, p < 0.003; 

viscera, p < 0.001), but returned to control levels by Day 14. Additionally, the extent of 

damage was similar across tissue types, but there was a significant main effect of tissue 

within subjects.  A repeated measure ANOVA showed significantly higher DNA 

damage in viscera when compared to brain (repeated measure ANOVA: Tissue, p < 

0.02). 

 

Figure 24. DNA Damage in brain and viscera collected from juvenile zebrafish 

following a 7 or 14 day dietary exposure to CPF or TDCPP. Data are expressed as the 

mean ± SEM, n = 9/tissue/treatment/time point. * indicates p < 0.05.  RM indicates that 

Tissue was analyzed as a repeated measure 
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4.3.5 Histology 

Whole body sagittal step-sections were collected throughout the medial portion 

of the fish allowing examination of all target tissues (pituitary, thyroid, and gonad) 

within a single fish. All sections were examined for signs of disease that may not have 

been outwardly visible at the time of sample collection. One fish (Day 14 Control, Male) 

showed clear hemorrhaging in the brain and was excluded from all analyses. 

4.3.5.1 Pituitary 

There was no effect of sex, therefore data from males and females were combined 

for analysis. The pituitary showed growth over the course of the experiment (Figure 

25A; ANOVA: time, p < 0.0001), however the variability was sufficiently high that we 

were unable to distinguish whether treatment affected the rate of growth (ANOVA: 

treatment x time, NS). When the different tissue subtypes (NH and AH) within the 

pituitary were evaluated, transient, treatment related changes were observed (Figure 

25B). The neurohypophyseal to adenohypophyseal area (NH/AH) ratio has been found 

to be a very sensitive measure of morphological changes in the pituitary that can be 

evaluated with routine H&E staining (Menke et al. 2011; Schmidt and Braunbeck 2011; 

Schmidt et al. 2012). The NH/AH ratio remained steady among control fish. While 

treated fish displayed a ratio similar to controls on Day 0, all treatments showed > 45% 

increase in the NH/AH when compared to Day 7 controls. The elevated NH/AH was the 
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result of a concurrent increases and decreases in the NH and AH areas, respectively 

(data not shown).  

 

Figure 25. Effect of treatment over the course of a 14 day dietary exposure on (A) total 

pituitary size and (B) the NH/AH ratio. Data are expressed as the mean ± SEM, n = 5-6 

fish/treatment/time point. 
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Despite the magnitude of the change in the NH/AH ratio among treated groups, the 

effect was not statistically significant (ANOVA: Treatment x Time; Treatment, p = 0.06; 

Interaction, p < 0.2). Similar to the DNA damage results, the NH/AH returned to control 

measurements by Day 14.  

4.3.5.2 Thyroid Follicle Activation 

Thyroid follicles within a single medial plane of section were examined and 

follicle number, area, activation (colloid vacuolization frequency and severity) and 

epithelial cell height were measured. There was no effect on the number of thyroid 

follicles (data not shown). The ANOVA results indicated a significant treatment x time 

point x sex interaction (p < 0.04) for thyroid follicle size, therefore data were analyzed 

separately by sex. There was no significant effect in males (Figure 26A), while females 

showed a significant increase in size during the course of the study (Figure 26B; 

ANOVA: time, p < 0.01). Within the females, thyroid follicle size remained fairly steady 

among controls however there was a trend towards increased mean thyroid follicle size 

among treated fish; CPF-, High TDCPP- and Low TDCPP-exposed females showed a 38-

121% increase in mean area vs controls; however due to the high variability in thyroid 

follicle size these changes were not statistically significant (ANOVA: treatment x time, p 

= 0.18). 
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Figure 26C and D show the activation frequency and activation severity, 

respectively. Activation frequency is defined as the percentage of fish/treatment/time 

point that exhibit any vacuolization of the thyroid follicle colloid. Follicle activation 

severity, however, is determined by the total number of colloid vacuoles/fish.  Due to 

the high inter-individual variability in the number of colloid vacuoles, activation 

severity was categorized as being low (1-75 colloid vacuoles/fish), medium (76-150 

colloid vacuoles/fish), or high (≥151 vacuoles/fish) for analyses. Over the course of the 

exposure Control fish showed a decrease in activation frequency. On Day 0, 33% (2/6) of 

Control fish showed low activation on Day 0 but by Day 14 this had dropped to 0% (0/5) 

among the thyroid follicles examined (Figure 26C). On the other hand, all of the treated 

groups showed increases in the activation frequency and severity with 60%-100% 

(Range: 3/5 – 6/6) of fish showing vacuolization at varying degrees of severity. There 

was a significant main effect of treatment for follicle activation as measured by colloid 

vacuolization on Day 14 (Fisher’s Exact test: Frequency, p < 0.008; Severity, p < 0.007).  

Pairwise comparisons for Day 14 data showed that only CPF-treated fish showed 

significantly increased thyroid follicle activation when compared to the controls 

(Fisher’s Exact test vs Controls for Frequency and Severity, respectively: CPF, p < 0.003 

and 0.003; Low TDCPP, p = 0.06 and 0.1; High TDCPP, p = 0.08 and 0.17 ).  Epithelial cell 

height, another indicator of follicle activation, was not affected (data not shown). 
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Figure 26. Thyroid Follicle Size and activation data. Average Male (A) and Female (B) 

thyroid follicle sizes by treatment and time. (C) Number of fish showing any colloid 

depletion (Activation Frequency) and (D) distribution of fish showing different levels 

of colloid depletion (Activation Severity) as measured by the number of colloid 

vacuolizations per fish. Panel A: # indicates for Interaction, p = 0.0501. Panel D: N/A 

indicates no colloid vacuoles observed; * indicates p < 0.02 vs control (Fisher’s Exact 

Test) 
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4.3.5.3 Gonad Maturation 

Gonad maturation was evaluated by determining the number (female) or relative 

area (male) of gonadocytes at different stages of development. Zebrafish are 

hermaphroditic during the early portion of juvenile development. Although both 

genetic and environmental factors (e.g., population density and availability of food) can 

affect the timing of maturation, gonadal tissue typically begins differentiating between 

21 and 35 dpf. At this point, follicles begin to mature in females, while in males they 

undergo apoptosis and are replaced by testis tissue (Orban et al. 2009). On Day 0, 2 fish 

exhibited juvenile gonads (one each in the Low TDCPP and High TDCPP groups; Figure 

27A). Since follicle counts were based off of a portion of the ovary and maturing oocytes 

may have been present in sections of tissue that were not evaluated, these fish were 

presumed to be genetic females. One male fish (Day 0 High TDCPP) had not yet 

completed the transformation from juvenile ovary to testis and a few remaining stage I 

oocytes undergoing degradation were visible (Figure 27B).  
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Figure 27. Representative images of immature gonad tissues observed in the present 

study. (A) Day 0 fish exhibiting juvenile ovaries. (B) Day 0 High TDCPP male.  This 

fish is still undergoing the transition from the juvenile ovary to the testis. While the 

majority of the testis shows normal morphology (all stages present), some stage I 

follicles (*) remain but are undergoing degradation. 

The distribution of ovary follicles stages (Figure 28A) and the percentage of 

maturing follicles (∑Stage II-IV; Figure 28B) are shown.  At the beginning of the study, 

female fish were still in the very early stages of differentiation with > 90% of follicles 

classified as Stage I. All groups showed development during the course of the 14 day 

exposure; however, fish in the High TDCPP exposure showed significantly higher 

proportion of Stage II-IV follicles, with twice as many maturing follicles when compared 

to Day 14 controls (High TDCPP = 35 ± 9%; Control = 15 ± 4%).  

Male gonad development was more variable. The distribution of sperm cell 

stages (Figure 29A) and the percentage of mature sperm (Stage III; Figure 29B) are 

shown.  There were no significant treatment effects identified. However, in general there 
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was a trend towards more mature testes as measured by the area containing mature 

sperm (ANOVA: treatment x time, p = 0.36).  Across all treatments, Stage III sperm 

comprised a 13 ± 2% of the total testis area on Day 0, increasing to 22 ± 2% by Day 14. 

Within the High TDCPP group however, 3 of 4 males sampled on Day 7 had severely 

underdeveloped testes, with < 0.2% of the examined area containing mature Stage III 

sperm. The fourth male within the Day 7 High TDCPP group was appeared to have 

normal gonad development, with 13.2% of the examined testis area containing Stage III 

sperm. 
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Figure 28. Ovary Maturation (A) Average distribution of developmental stages. (B) 

Percentage of imaged ovary follicles that were mature or undergoing maturation 

(Stages II-IV) over the course of a 14 day dietary exposure. Data are expressed as the 

mean ± SEM. Sample sizes are shown in panel A.* indicates p < 0.05. 

 

Figure 29. Testis Maturation (A) Average distribution of developmental stages. Data 

are expressed as the mean area. The sample sizes are shown. (B) Percent area 

containing mature sperm (Stage III) over the course of a 14 day dietary exposure. Data 

are expressed as the mean ± SEM. Sample sizes are shown in panel A. 
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4.4 Discussion 

The purpose of the present study was to evaluate the potential effects of TDCPP 

on DNA damage and endocrine related tissue morphology in juvenile zebrafish 

following a dietary exposure, one of the primary routes of exposure in humans. The 

results suggest that a once daily dietary exposure to TDCPP can elicit DNA damage and 

alter tissues important to HPT and HPG axis function. Importantly, effects were 

observed within a relatively brief 14 day exposure period.  

We attempted to measure whole body uptake and metabolism of the test 

chemicals. Several studies have reported accumulation of CPF, TDCPP and BDCPP in 

adult tissues (e.g., brain and gonad) and whole body early life stage zebrafish following 

aquatic exposures in a concentration and time dependent manner (Dishaw et al. 2014; 

Liu et al. 2013; McGee et al. 2012; Wang et al. 2013, 2014; Yang et al. 2011). Here the 

measured analyte concentrations were low, with many tissue levels falling below the 

MDLs. There are a few possible explanations for the unexpectedly low body burdens 

that were observed.  

Fugacity (the potential of a chemical to “escape” or move from one compartment 

to another) has been used to describe the dietary accumulation potential of chemicals.  

The chemical fugacity of food within the gastrointestinal tract must exceed that within 

the organism for accumulation to occur.  For highly hydrophobic chemicals (Log Kow > 
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6) the process of digestion was found to increase the fugacity within the gastrointestinal 

tract, thereby increasing the dietary accumulation potential (Gobas et al. 1993).  Based on 

these data, CPF and TDCPP, which have an estimated log Kow of 5.1 and 3.6, 

respectively, are likely to have a low dietary accumulation potential.  Additionally, the 

rate of absorption must exceed both the rate of growth and elimination via metabolic 

transformation and excretion. The fish were undergoing very rapid growth and the 

average body mass of fish nearly doubled between Days 0 and 14.  Also, we previously 

found that zebrafish are capable of rapidly and extensively metabolizing TDCPP during 

an aqueous exposure. As early as 1 dpf, 10% of chemical in TDCPP exposed embryos 

was present as the metabolite, BDCPP. By 5 dpf, BDCPP constituted > 95% of chemical 

in larval tissues (Dishaw et al. 2014). Here we used juvenile zebrafish that possess fully 

functional liver and, thus, are likely to have a higher rate of xenobiotic metabolism and 

elimination when compared to early life stages. Also, treated food was administered 

once daily, allowing approximately 24 hr for absorbed chemical to be metabolized and 

eliminated before the next exposure.  

In addition to tissue accumulation, we evaluated DNA damage in brain and 

viscera tissues. Previously, CPF and TDCPP were found to increase lipid peroxidation in 

PC12 cells. Furthermore, several studies indicate that organophosphates, including both 

OPFRs and pesticides, may act as genotoxicants (Blum and Ames 1977; Blum et al. 1978; 
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Deb and Das 2013; European Union 2008, 2009; Gold et al. 1978; Mehta et al. 2008; 

National Toxicology Program 2011b; Ojha et al. 2011). Based on these data, we expected 

to find treatment related DNA damage, with a dose-dependent effect for TDCPP. 

Interestingly, damage was seen only in tissues collected from the Low TDCPP group, 

with no effect in the High TDCPP or CPF group. By Day 14, the effect in the Low TDCPP 

group had disappeared.  

Although this initially seems counterintuitive, similar results have been reported 

previously. Green-lipped mussels exposed to 0.3 and 3 µg/L benzo[a]pyrene showed an 

initial spike in DNA damage that then steadily decreased, returning to control levels on 

the 12th day of exposure. Mussels exposed to 30 µg/L, however, did not show any 

elevation in DNA damage until day 18 (Ching et al. 2001). More recently, Mohanty et al 

(2011) evaluated DNA damage in fingerling carp (Labeo rohita) over the course of a 96 hr 

exposure aqueous to the OP pesticide, phorate. Samples were collected at 24 hour 

intervals. Initially, damage among fish exposed to the high concentration (0.01 ppm 

phorate) rapidly increased, peaking at 72 hours and then sharply declining to below the 

initial damage levels by the end of the experiment. Exposure to a low concentration 

(0.002 ppm phorate), however, resulted in a less dramatic, but steady increase 

throughout the entirety of the 96 hr exposure.  
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In both papers, authors hypothesized that these results were due to threshold-

dependent DNA repair, such that exposure to higher concentrations of a chemical 

stressor caused induction of DNA repair sufficient to prevent or mitigate DNA damage 

while lower concentrations required a longer exposure duration or were insufficient to 

reach the threshold needed to induce an adaptive response (Ching et al. 2001; Mohanty 

et al. 2011). Importantly, although adaptive responses can be effective short-term, they 

can be overwhelmed as the duration of exposure increases (Dogan et al. 2011; Li et al. 

2010). Based on these data, it seems possible that DNA damage measurements taken at 

later time points would have shown an increase in DNA lesions. 

Histological analyses revealed several effects in HPT- and HPG- axis related 

tissues. The pituitary is a central regulatory structure for numerous hormone-mediated 

biological functions and endocrine disrupting chemicals have been shown to elicit 

morphological changes in the zebrafish pituitary.  While the NH is comprised primarily 

of neurosecretory axons, the AH contains seven distinct hormone secreting cells.  These 

include thyrotropes which secrete TSH and gonadotropes that release follicle 

stimulating hormone (FSH) and luteinizing hormone (LH) (Löhr and Hammerschmidt 

2011).  Importantly, the NH/AH ratio is a sensitive measure of histomophometrical 

changes in the pituitary that are associated with changes in the function of the endocrine 

system. Previously, aqueous exposure (0 - 35 dpf) to known anti-thyroidal chemicals, 
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propylthiouracil (PTU) and potassium perchlorate, decreased the NH/AH in zebrafish 

by > 40% vs controls and induced epithelial cell hypertrophy and colloid depletion in 

thyroid follicles.  Immunostaining of pituitary sections from PTU and perchlorate 

exposed fish showed proliferation of TSH secreting cells in the AH (Schmidt and 

Braunbeck 2011; Schmidt et al. 2012). Here CPF and TDCPP treated fish showed an 

increase (>45% vs controls) in the NH/AH ratio at the Day 7 time point which could have 

been caused by apoptosis or reduced proliferation in the AH.   

Downstream from the pituitary, TDCPP- and CPF-exposure increased both the 

frequency and severity of colloid vacuolization in thyroid follicles.  When stimulated by 

TSH from the pituitary, the epithelial cells of the thyroid follicle actively take up T4 in 

the colloid via pinocytosis for transport across the cell and release into the blood stream. 

Typically, small amounts of colloid are absorbed (i.e., micropinocytosis), however under 

strong TSH stimulation epithelial cells respond by engulfing much larger amounts of the 

colloid (i.e., macropinocytosis), resulting in formation of visible colloid vacuoles along 

the periphery of the lumen (Eales and Brown 1993). Previous studies have demonstrated 

effects of OPs on the HPT axis.  Embryonic exposure to TDCPP was found to increase T3 

levels (zebrafish only) and decrease T4 levels (zebrafish and chickens) (Farhat et al. 2013; 

Wang et al. 2013). Similar perturbations in the T4:T3 ratio have been reported following 

organophosphate pesticide exposure in teleost fishes (Brown et al. 2004).  Importantly, 
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TDCPP-mediated effects on thyroid hormones in zebrafish were associated with 

increased mRNA expression of thyroid stimulating hormone beta (tshβ) and deiodinase 

type I (dio1), which is involved in the conversion of T4 into the bioactive thyroid 

hormone, T3 (Wang et al. 2013).  Decreased T4 levels have been shown to stimulate TSH 

secretion in teleosts. Thus, in the present study, it is possible that increased dio1 

expression decreased the T4:T3 ratio, which in turn increased TSH secretion, resulting in 

colloid vacuolization. 

Finally, we evaluated gonad maturation.  Zebrafish do not appear to have a sex 

chromosome; rather other, other genetic factors are believed to mediate sex 

determination. Undifferentiated protogynic gonads develop around 2 weeks post 

fertilization. At this stage, the gonads of both males and females appear female, often 

referred to as juvenile ovaries. Gonad differentiation in zebrafish begins between 3-6 

weeks post fertilization and sexual maturity is achieved at approximately 3 months 

(Clelland and Peng 2009; Maack and Segner 2003; Orban et al. 2009). At the onset of 

puberty, sex steroids initiate differentiation into mature ovaries in females or 

transformation of the juvenile ovary into testes in males. In females, FSH released from 

the pituitary stimulates production of E2 in the ovary, which, then induces synthesis of 

VTG in the liver.  Ovary follicle maturation from stage II to stage III is driven by 

accumulation of VTG. The transition from Stage III to IV, however, is initiated by LH, 
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which is also released from the pituitary (Clelland and Peng 2009). The mechanisms 

underlying gonad differentiation in male teleosts are less well understood, however, in 

general increased levels of testosterone levels initiate the transformation of the juvenile 

ovary intro the testis (Orban et al. 2009).  

Here the High TDCPP exposure was associated with changes in gonad 

maturation. On Day 14, females showed a statistically significant increase in the 

proportion of maturing (Stages II-IV) ovary follicles when compared to controls.  This 

effect was primarily driven by increases in the number of Stage III (vitellogenic) and IV 

(mature) oocytes.  We also observed severely underdeveloped testes in three of four 

male fish in the High TDCPP group on Day 7, however these changes were not 

statistically significant (ANOVA: Treatment x Time, p = 0.36).  Some studies suggest that 

OPs, including CPF and TDCPP, are estrogenic or anti-androgenic (Andersen et al. 2002; 

Kang et al. 2004; Kojima et al. 2013; Zhang et al. 2014), which could explain the observed 

sex-dependent effects on gonad maturation.   

Importantly, vertebrate endocrine systems are highly complex and the effects of 

a chemical on one endocrine system could indirectly impact others.  Thyroid hormones 

are known to mediate gonad maturation and steroid hormone synthesis in fish. 

Elevations in serum T3 were found to increase synthesis and release of E2 in female 

teleosts.  The effect of thyroid hormones on the HPG axis in males appears to be more 
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variable, however, some studies suggest that disruptions in thyroid hormone levels 

during the transition from juvenile ovary to testis may inhibit maturation (Cyr and Eales 

1996; Duarte-Guterman et al. 2014). Similarly, E2 has been shown to stimulate TSH 

secretion from the pituitary (Miller et al. 1977; Sekulic 2003).  

The present study has several limitations that must be taken into consideration. 

First, the disease that afflicted the experimental colony is a serious confounder. Since all 

tanks were affected it is difficult to clearly differentiate between disease- and treatment-

related effects. In an effort to mitigate disease-related changes, analyses were restricted 

to the first two weeks of the study, prior to the presentation of illness or treatment with 

antibiotics; however it is possible that the animals may have been affected prior to 

disease becoming apparent. Furthermore, disease may have contributed to an 

unintentional sampling bias that may have affected the study outcomes. On the morning 

of sampling fish were collected on an opportunistic basis, meaning that first fish to be 

caught were the ones sampled that day. Ill fish, regardless of whether or not they were 

exhibiting external symptoms, may have been more lethargic and thus easier to catch. 

Diseased fish may also have had a suppressed appetite or may not have been able to 

effectively compete with healthier fish for food during daily feedings.  

Second, statistical power was severely limited by the small sample sizes.  Here 

we saw large changes in pituitary, thyroid, and testis tissue morphology that may have 
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been biologically relevant; however, due to small samples sizes and large inter-

individual variability we were not able to detect a statistically significant change from 

control.  A retrospective power analysis indicated that, given the same variability 

observed in the present study, doubling the sample size (i.e., n = 10-12 

fish/treatment/time point) would have yielded a statistically significant effect for the 

observed increases in the NH/AH ratio, thyroid follicle size, thyroid follicle activation 

(severity and frequency), and decreased testis maturation. 

Third, concentrations used are high relative to the estimated daily exposure to 

TDCPP among the general population.  Here we saw effects within the context of a 

relatively short time frame (14 days) following a single daily exposure. Environmental 

exposures, however, are expected to be chronic, occurring repeatedly throughout the 

day and over the course of an entire lifetime. Similarly, infants and young children are 

expected to have the highest exposure to TDCPP and other environmental 

contaminants. These subpopulations are undergoing rapid development and thus are 

more susceptible to the effects of exogenous chemicals, particularly when challenged 

with neurotoxicants and endocrine disruptors. 

The present results suggest that dietary exposure to TDCPP has the potential to 

elicit adverse effects in developing organisms, altering endocrine function and causing 

extensive DNA damage in vivo.  Additional studies are needed to isolate the effect of the 
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chemical exposures from potential disease-related changes and elucidate the 

mechanisms underlying the endocrine related effects. Also, we only evaluated damage 

to nuclear DNA. The mitochondrial genome is frequently more sensitive to the effects of 

genotoxicants and may take longer to be repaired (Meyer, 2010). It would be valuable to 

more thoroughly characterize the time course of TDCPP induced DNA damage and 

repair in both nuclear and mitochondrial DNA by collecting tissues at much narrower 

intervals (e.g., hours vs days).  
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5 Discussion 

OPFRs are widespread environmental contaminants, and exposure is typically 

highest in infants and young children; however relatively little is known about their 

potential for eliciting adverse effects in developing organisms. Here we evaluated the 

toxicity of OPFR exposure during vertebrate development using a combination of in 

vitro and in vivo models. The results indicate that exposure to these chemicals can 

adversely affect neurodevelopment and perturb endocrine function. Due to their 

structural similarities and a relative wealth of toxicity data, the effects of the 

organophosphate pesticide CPF were used as a point of comparison for OPFRs. CPF and 

OPFRs, particularly TDCPP, generally elicited similar effects. As a result, existing data 

on CPF can provide important insights into the possible mechanisms of action for 

OPFRs  

5.1 Overt Toxicity and Tissue Accumulation during Early 
Development 

In Aim 2 only TDCPP, TDBPP and CPF were found to be overtly toxic, causing 

significant malformations and/or death at the higher end of the concentration range 

tested.  Interestingly, the survival time varied significantly, suggesting the timing of 

developmental sensitivity differs among these chemicals. The majority of TDCPP related 

mortalities occurred within the first 24 hr of exposure indicating this chemical can 
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rapidly elicit embryo-lethality. Although TDBPP had the lowest overt toxicity threshold 

(3.3 µM vs 10 µM for TDCPP and CPF), the average survival time was much higher than 

for TDCPP-treated fish (4 - 5 dpf). Survival time among CPF-exposed fish was the 

longest, with most deaths occurring on 6 dpf, after the exposure had ended. This 

disparity may be due to differences in parent vs metabolite toxicity. The CPF-oxon 

metabolite is a much more potent cholinesterase inhibitor vs the parent chemical and is 

the primary driver of acute CPF toxicity (Eaton et al. 2008). Zebrafish express the 

enzymes that mediate CPF-oxon formation (Goldstone et al. 2010), however some 

studies suggest that they are not active until approximately 3 dpf (Yen et al. 2011).  

TDCPP was found to be the most potent current use OPFR in Aim 2 and 

exposure to this chemical is expected to be widespread. The potential for risk among the 

human population as a result of in utero exposure to TDCPP remains unclear; however, 

many lipophilic chemicals, including OPs, have been found to cross the placental barrier 

and accumulate in fetal tissues (Ahmed et al. 1993; Barr et al. 2007). Once exposed, the 

developing fetus is more sensitive than adults to the effects of contaminants and is less 

adequately equipped to metabolize and excrete them (Barr et al. 2007; Myllynen et al. 

2005). Furthermore, while embryogenesis is very rapid in zebrafish, human gestation 

lasts 40 weeks, increasing the potential for exposure and accumulation during key 

windows of sensitivity. 
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5.2 Neurodevelopmental Outcomes 

Development of the vertebrate nervous system is a tightly controlled process 

involving coordination of a series of developmental mechanisms, including rapid 

proliferation of progenitor cells, migration of newly formed cells to the correct location 

within the brain, differentiation into the appropriate cell type, and formation of an 

intricate network of connections with neighboring cells. Using a PC12 cell model we 

found adverse effects of OPFRs in both undifferentiated and differentiating cells, 

inhibiting cell replication, decreasing cell number, and altering phenotypic 

differentiation.  

Although in vitro models are valuable tools for high-throughput screening and 

elucidation of potential mechanisms of toxicity, they do not replicate the complexity of a 

whole animal model. Following the PC12 cell studies, experiments in early-life stage 

zebrafish found that developmental exposure to OPFRs affected neurobehavioral 

responses to light-dark transitions in the absence of obvious malformations, indicating 

that neurodevelopmental mechanisms similar to those observed in PC12 cells may also 

be affected in vivo. Since both in vitro and in vivo outcomes were similar to that of CPF 

(e.g., decreased cell replication, number, and growth, and altered phenotypic 

differentiation in PC12 cells; decreased swimming activity in zebrafish larvae), OPFRs 

may be eliciting developmental neurotoxicity in a manner similar to OP pesticides. 
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Importantly, much more is known about the mechanisms underlying the neurotoxicant 

effects of OP pesticides. 

An elegant series of experiments by Crumpton et al. (2000) evaluated the effects 

of CPF exposure on binding of nuclear transcription factors that are important 

regulators of cell proliferation and differentiation using a combination of in vitro (HeLa 

nuclear protein extracts and PC12 cells) and in vivo (Sprague-Dawley rats, postnatal 

exposure) models. Sp1 is important for mitotic division and early phenotypic 

differentiation, while AP-1 is a key regulator of later stages of cellular differentiation. 

CPF was found to interfere with nuclear binding of one or both transcription factors in 

each system, however both showed developmental stage-related differences. In PC12 

cells, Sp1 was decreased in both undifferentiated and differentiating cells whereas AP-1 

was decreased only in differentiating cells. Pre-weanling rats showed spatial differences 

in Sp1 and AP-1 binding, with effects seen in the forebrain and cerebellum depending 

on the timing of exposure window in relation to the relative maturity of the brain region. 

CPF was also found to interfere with Sp1 binding in a glial cell line (Garcia et al. 2001, 

2005). These results indicate that myelination, a process that extends into adolescence in 

humans, is also a target of OPs.   

Neurotrophic factors have also been implicated in OP pesticide mediated effects 

on neurogenesis. These include targeted activation and suppression of the fibroblast 
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growth factor (Fgf) family and wingless (Wnt), (Slotkin et al. 2007b, 2008). Fgf and Wnt 

are signaling proteins with numerous functions during early embryogenesis. They 

independently promote cell replication and regulate migration and differentiation of 

cells, however, they also interact to control axial patterning (Dorey and Amaya, 2010).   

Additionally, neurotransmitters mediate morphogenesis in the nervous system and may 

be a potential target via direct or indirect mechanisms (Behra et al. 2002, 2004; Lauder 

and Schambra 1999). In rodents, pre- and perinatal exposure to OP pesticides at levels 

that are insufficient to cause cholinergic intoxication altered neurotransmitter levels in 

the brain. Changes in neurotransmitters coincided with persistent deficits in neural 

function, including learning, memory, and altered behaviors (reviewed in Eaton et al., 

2008). Similarly, adult zebrafish exposed to CPF during early development (0 to 5 dpf) 

showed deficits in dopamine, serotonin, and norepinephrine levels, as well as tests 

designed to evaluate learning, stress responses, and startle habituation (Eddins et al. 

2010; Sledge et al. 2011).  

Since the studies described in Aim 1 were performed, another research group 

evaluated effects of TDCPP and TCEP on expression of several proteins involved in cell 

survival and growth in PC12 cells. Both OPFRs altered protein expression of GAP43, 

NF-H and tubulins (Ta et al. 2014). GAP43 regulates axonal growth while NF-H and 

Tubulins are important for maintaining the cytoskeletal architecture, particularly during 
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neurite growth (Holmgren et al. 2012).  CPF has also been found to have effects similar 

to that of TDCPP and TCEP on GAP43 and tubulins in neural cell cultures undergoing 

differentiation (Sachana et al. 2005).  Furthermore, TCEP and TCPP were found to alter 

protein expression of CAMKII (Ta et al. 2014). CAMKII is very highly expressed in 

neuronal cells and mediates apoptosis, neurite formation, and synapse formation 

(Hamdani et al. 2013; Matsuzaki et al. 2004; Mockett et al. 2011; Redondo et al. 2010). As 

CAMKII expression is regulated by calcium-calmodulin signaling, these data suggest 

that OPFRs may alter calcium homeostasis. Indeed, there is increasing evidence 

indicating that xenobiotics, including CPF and PBDEs, alter calcium homeostasis 

through inhibition of voltage-gated calcium channels that allow influx of calcium into 

the cell (Meijer et al. 2014; Westerink 2014). Calcium is a critical regulator of numerous 

cellular processes in the nervous system, including apoptosis, neurodevelopment, 

neurotransmission, and long term potentiation (reviewed in Westerink 2014). 

While the exact molecular mechanisms may vary, these studies can serve as a 

launching point for future investigations into the mechanisms underlying 

neurodevelopmental toxicity of TDCPP and other OPFRs.  Importantly, these chemicals 

have been shown to disrupt multiple critical stages of neurodevelopment, which could 

lead to miswiring of neuronal circuitry and persistent effects on cognitive and 

behavioral functioning.  
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5.3 Endocrine Disruption 

The endocrine system acts as communication portal, affecting all the major 

organs of the body with the hypothalamus and the pituitary forming a regulatory center. 

Within the HPT axis, secretion of TRH from the hypothalamus stimulates thyrotropes 

located in the AH of the pituitary. Thyrotropes are responsible for synthesis and 

secretion of TSH, which initiates active transport of T4 across the epithelium of the 

thyroid follicle for release into the blood stream. T4 undergoes deiodination within 

target tissues to the active form, T3, which regulates a wide variety of functions 

including development, growth, metabolism, and reproduction (Eales and Brown 1993; 

Löhr and Hammerschmidt 2011).  

In Aim 3, thyroid follicles in CPF- and TDCPP-treated fish showed increasing 

frequency and severity of colloid vacuolization (i.e., macropinocytosis) which is known 

to occur under strong TSH stimulation. Previously, TDCPP exposure in embryonic 

zebrafish was found to decrease whole body T4 while increasing T3. mRNA expression 

of tshβ and dio1 were also significantly elevated (Wang et al. 2013). Similar effects on 

thyroid hormone levels have been reported following organophosphate pesticide 

exposure in other teleost fish species. Importantly, T4 serves as the primary feedback 

signal for the HPT axis in teleosts; decreases in serum T4, but not T3, promote TSH 

secretion from the pituitary.  OP exposure related changes in the T4/T3 ratio are thought 
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to be mediated by increased T4 to T3 deiodination (Brown et al. 2004). Although dio1 

catalyzes both inner-ring and outer-ring deiodination, it is the primary enzyme 

responsible for conversion of T4 to T3.  Dio1 expression is largely regulated by T3, 

where increased T3 is associated with increased dio1 activity (Toyoda et al. 1992).   

Based on these data, it is possible that treatment-mediated shift in the T4/T3 ratio caused 

by increased dio1 expression, initiated TSH release from the pituitary which led to the  

increased colloid vacuolization observed in Aim 3.  It should also be noted that there is 

some evidence indicating that dio1 can be induced by the pregnane X-receptor (PXR) 

and constitutive androstane receptor (CAR), which bind to a wide variety of xenobiotics 

including OPFRs and OP pesticides (Hernandez et al. 2009; Kojima et al. 2009). CAR and 

PXR regulate expression of numerous metabolic enzymes, including dio1 (Hernandez et 

al. 2009; Tien et al. 2007). Thus, CAR/PXR-mediated increases in dio1 may also 

contribute to the T4/T3 imbalance observed in early life stage zebrafish.  

We also saw effects on gonad maturation in Aim 3, suggesting that the HPG axis 

may also be affected. High TDCPP exposed females showed advanced maturation on 

Day 14, with a significantly greater proportion maturing follicles present. In males, 

however, the majority (3 of 4) of Day 7 specimens exhibited immature testes, with few to 

no mature sperm present. Within the HPG axis, gonadotropin releasing hormone 

(GnRH) from the hypothalamus causes release FSH and LH from gonadotropes in the 
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pituitary. FSH and LH initiate synthesis of sex steroids, including E2 and T, in the 

gonad. High levels of E2 stimulate VTG production in the liver, which is then taken up 

by maturing ovary follicles during vitellogenesis (Stage III follicles). E2, T and VTG are 

important regulators of gonad differentiation, maturation, and reproductive success. E2 

and T serve as a negative feedback signals, and serum levels increase they inhibit release 

of gonadotropins from the hypothalamus and pituitary (Löhr and Hammerschmidt 

2011).  

Aqueous exposure to TDCPP was previously found to increase E2 and VTG 

while decreasing T increased in adult zebrafish mating pairs. Altered serum hormone 

levels were associated with increased mRNA expression of FSH and several enzymes 

involved in steroid hormone synthesis in the gonad (Figure 30) (Liu et al. 2013).  

Additionally, some studies have reported that OPFRs and OP pesticides can act as 

estrogens and anti-androgens (Andersen et al. 2002; Kang et al. 2004; Kojima et al. 2013; 

Zhang et al. 2014). In general estrogenic and anti-androgenic chemicals have a 

feminizing effect (Duarte-Guterman et al. 2014) which could explain maturation was 

enhanced in females but diminished in some males. 
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Figure 30. Endocrine regulation of ovary follicle maturation in zebrafish. Red text 

indicates TDCPP treatment related effects on HPT axis regulation in female zebrafish 

(i.e., altered serum hormone levels or mRNA expression) described in Liu et al 2013.  

Very similar effects were observed in male zebrafish. 

In addition to direct action on the HPG and HPT axes, TDCPP could elicit 

changes in endocrine function indirectly (Figure 31). In female teleosts, elevated thyroid 

hormones are known to enhance the effect of the gonadotropins, FSH and LH. A four-

fold increase in plasma T3 doubled E2 release from trout ovaries and similar results 

have been reported for medaka (Cyr and Eales 1996). In the ovary, synthesis of E2 first 

requires gonadotropin-mediated production of T in theca cells that is followed by 

aromatization by Cyp19a to E2 in granulosa cells (Clelland and Peng 2009). In vitro co-

exposure of thecal cells to T3 and gonadotropins increased T synthesis, while T3 alone 
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increased T to E2 aromatization in granulosa cells (Cyr and Eales 1996). The effects of 

thyroid hormones on testis development are less clearly defined; however, a similar 

increase in T to E2 aromatization in males could inhibit gonad maturation. Studies 

suggest that there is a limited window of sensitivity, where perturbations of the HPT 

axis only have significant effects in males that are still undergoing maturation (Cyr and 

Eales 1996; Duarte-Guterman et al. 2014).  

Similarly, sex hormones have been shown to affect the HPT axis (Figure 31). E2 

promotes TSH secretion and thyrotrope proliferation (Miller et al. 1977; Sekulic 2003), 

while elevated thyroid hormone levels can inhibit proliferation or even induce apoptosis 

in thyrotropes (Tonyushkina et al. 2014; Woodmansee et al. 2006).  Here we observed a 

transient effect on the pituitary NH/AH ratio among treated groups; on Day 7 CPF and 

TDCPP exposed fish showed a >45% increase in the NH/AH, but returned to control 

levels by Day 14.  Thus, initially, increased release of T4 may have initially inhibited 

thyrotrope proliferation in the AH (resulting in an increase in the NH/AH ratio), 

however as the T3/T4 ratio became unbalanced via increased Dio1 activity, the high 

levels of T3 increased E2 which, in turn, stimulated thyrotrope proliferation. 
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Figure 31. Overview of the HPT and HPG axes and the potential effects of TDCPP 

exposure in teleosts.  Potential sites of interaction between axes are shown (dashed 

arrows).  TDCPP-mediated effects (↓ and ↑ in circulating hormone levels or mRNA 

expression) as reported in Liu et al 2013 and Wang et al 2013 are shown. 

5.4 Oxidative stress: A Common Initiating Mechanism for 
Diverse Toxicological Outcomes? 

There is increasing evidence indicating that xenobiotic-induced oxidative stress 

may serve as common initiating mechanism by which numerous toxicants can elicit 

diverse adverse outcomes. In Aim 1, TDCPP exposure was found to increase lipid 
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peroxidation and promote differentiation into both cholinergic and dopaminergic 

phenotypes in PC12 cells. In the absence of NGF, elevated levels of oxidative stress that 

are insufficient to induce apoptosis are known to initiate neurodifferentiation in PC12 

cells, likely through interaction with physiologic reactive oxygen species (ROS) signaling 

mechanisms (Katoh et al. 1997); Based on these data we hypothesized that low levels of 

OPFR-induced oxidative stressors may interact with cellular signaling cascades to 

initiate neurodifferentiation in PC12 cells. 

In addition to direct involvement in cell signaling mechanisms, OPFR induced 

oxidative stress may affect mitochondrial function. OP pesticides have been shown to 

affect the electron transport chain (ETC), resulting in elevated oxidative damage and 

DNA lesions (Karami-Mohajeri and Abdollahi 2013). We observed increased nuclear 

DNA damage in juvenile zebrafish brain and viscera tissues in Aim 3. While we only 

examined nuclear DNA damage, it is possible that exposure to TDCPP also affects 

mitochondrial DNA (mtDNA). As the powerhouse of the cell, the mitochondria 

synthesize ATP required for maintenance of basic cellular functions via the ETC. The 

ETC involves the production of reactive oxygen species (ROS). Although these are 

normally deactivated by antioxidants, prolonged increases in ROS levels can deplete 

antioxidant reserves, resulting in oxidative damage to DNA, RNA, proteins, and lipids. 

In vivo, co-exposure with antioxidants has been shown to ameliorate deleterious effects 
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of CPF, including oxidative damage, antioxidant depletion, and tissue histopathology 

(Mansour and Mossa 2010; Verma et al. 2007). Thus antioxidant supplements may prove 

to be a useful strategy for mitigating toxic effects, particularly among susceptible 

subpopulations. 

Mitochondria possess multiple genome copies (10-15 in human cells) to 

compensate for the relatively high background levels of ROS caused by the ETC, 

however accumulation of high levels of DNA damage initiates apoptotic cell signaling 

cascades (reviewed in Van Houten, Woshner, & Santos, 2006). Importantly, 

mitochondria lack the ability to perform nucleotide excision repair, which is critical for 

removal of DNA adducts. Although they are able repair oxidative damage via base 

excision repair, recovery times are slow following extensive damage.  Comparative 

studies of peroxide-induced oxidative nuclear and mtDNA damage found that 

prolonged exposure resulted in persistent lesions only in mtDNA (Yakes and Van 

Houten 1997).   

Importantly, the timing of exposure to oxidative stressors during development is 

likely to affect the type of outcome. While oxidative damage prior to the formation of the 

vertebrate “bauplan” (i.e., embryonic stage) typically results in embryo lethality or 

teratogenesis, later exposures during growth and further development of the major 

organ systems (i.e., fetal stage) is likely to elicit functional deficits that can persist into 
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adulthood (Wells et al. 2009). A growing number of studies report elevated biomarkers 

of oxidative stress in patients with neurological disorders. When compared to matched 

controls, autistic children were found to have decreased serum levels of antioxidant 

enzymes and increased lipid peroxidation (Meguid et al. 2011). Similar, results have 

been reported in children diagnosed with attention deficit hyperactivity disorder (Ross 

et al. 2003). Increased oxidative stress may also have a causative role in the development 

of neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease, and 

amyotrophic lateral sclerosis; increased oxidative damage to lipids, DNA, and proteins 

in the nervous system and other tissues, often driven by mitochondrial dysfunction, is 

characteristic among patients with these disorders (Mancuso et al. 2006; Migliore and 

Coppedè 2009).  Importantly, although it is unlikely that oxidative stress is the sole 

mechanism of OPFR toxicity, it may serve as an important common mechanism for 

multiple toxic endpoints and warrants further study. 

5.5 Limitations and Future Directions 

The present studies have several limitations that must be taken into 

consideration when interpreting the results. Most importantly, the experimental fish 

colony used in Aim 3 suffered from a disease. Although the analyses were limited to 

samples collected prior to the illness becoming apparent, it is possible that fish may have 

been infected before becoming symptomatic. Therefore the histological analyses 
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performed here should be repeated with a healthy colony of fish and a larger sample 

size (n= 10-12 fish/treatment/time point; see Section 4.4) to confirm that the observed 

changes were caused by the chemical exposures and increase the statistical power of the 

histomorphometrical analyses. This would also help to address whether longer 

exposures will increase toxicity and if animals are able to recover after exposure ceases. 

Furthermore, additional sections should be collected to further elucidate treatment 

induced effects in the pituitary; immunostaining techniques similar to those described 

by Schmidt et al (2011; 2012) could be applied to quantify changes in thyrotrope and 

gonadotrope cell populations within the AH.  

It should also be noted that the concentrations used throughout the present body 

of work are high relative to environmental levels. The OPFR concentrations that elicited 

neurobehavioral effects in Aim 2 were 0.39–32 ppm. The highest reported concentrations 

of TDCPP, TCEP, and TCPP in water are 0.005–0.38 ppm, however these rise starkly to 

5500 - 24000 ppm in sediments (van der Veen and de Boer 2012). Thus organisms that 

spend all or part of their life cycle in close proximity to sediments may be exposed to 

concentrations similar to or greater than those found to be toxic in Aim 2.  

When considering human exposures, indoor concentrations are typically much 

higher than observed outdoors due to the high density of contaminant sources within a 

fairly closed environment.  In Aim 3, fish in the Low TDCPP group were administered 
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approximately 100 µg/kg bw/day (based on a 10% bw daily administration of 1 µg 

TDCPP/g food).  This dose is several orders of magnitude higher than what might be 

expected for children. Based on 2730 ng TDCPP/g dust (geometric mean as reported in 

Stapleton et al. 2014) and ingestion of 50 mg dust/day (Stapleton et al. 2009) a 15 kg 

toddler is expected to ingest approximately 10 ng TDCPP/kg bw/day.   

Importantly, whereas here we observed effects within a relatively short exposure 

period (14 days), exposures among the human population are expected to be chronic, 

occurring repeatedly throughout the day and over the course of an entire lifetime. 

Furthermore, the highest exposures are expected to occur in populations that are highly 

sensitive to the effects neurotoxicants and endocrine disruptors (i.e., infants and 

toddlers). Notably, when performing a human health risk assessment these issues (e.g., 

exposure duration, susceptible subpopulations) are accounted for as uncertainty factors 

(UFs) when estimating the reference dose (RfD), or maximum daily exposure level that 

is thought to be safe for the human population.  RfDs are calculated using the following 

equation (US EPA, see http://www.epa.gov/ncea/risk/dose-response.htm): 
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where the numerator contains an experimentally determined effect level (e.g., no-

observed adverse effect level (NOAEL), lowest-observed adverse effect level (LOAEL), 

or benchmark dose lower-confidence limit (BMDL)) and the denominator contains the 

product of the UFs (generally defined as being 10 fold). 

Taking into account the aforementioned UFs for exposure duration and 

susceptible subpopulations, as well as interspecies variability when extrapolating from 

zebrafish to humans, and the use of a LOAEL (vs NOAEL) observed in Aim 3 of 100 

µg/kg bw/day the RfD for TDCPP can be calculated as shown below:  

 

 

 

Based on these calculations, young children living in the average US household are 

exposed to concentrations that are equal to the RfD.  Importantly, contaminant 

concentrations in dust are known to vary widely and levels as high as 56,090 ng 

TDCPP/g dust has been reported (Stapleton et al. 2009); thus, children living in 
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households with higher than average concentrations of TDCPP will likely be exposed to 

levels that exceed the RfD calculated here. 

With regard to the DNA damage assessments, it would be valuable to more 

thoroughly characterize the time-course of TDCPP-induced DNA damage and repair. It 

is possible that CPF and High TDCPP caused rapid and extensive DNA damage 

resulting in upregulation of DNA repair and anti-oxidant responses prior to Day 7, 

whereas the Low TDCPP exposure caused a more gradual accumulation that did not 

induce these adaptive responses until after Day 7. A follow up study should be 

performed in which tissues are collected at narrow intervals starting shortly after 

feeding. Expression or activity of antioxidant enzymes (e.g., glutathione peroxidase, 

superoxide dismutase, catalase, etc.) should also be evaluated. Furthermore, a similar 

examination of mitochondrial DNA damage would be instructive as the mitochondrial 

genome is frequently more sensitive to the effects of genotoxicants (Meyer, 2010). 

Mitochondrial damage could have implications for cell survival, particularly in tissues 

with high energy requirements such as the nervous system. 

Furthermore, in light of increasing evidence suggesting that TDCPP and other 

OPFRs alter thyroid function, the potential role of HPT dysregulation in the 

neurobehavioral effects described in Aim 2 needs to be evaluated. In Aim 3 we observed 

evidence of increased T4 release (i.e., increased colloid vacuolization) and other studies 
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have shown that elevated thyroid hormones reduce thyrotrope populations in early life 

stage zebrafish. Although thyrotrope numbers slowly returned to control levels thyroid 

hormone levels return to normal (Tonyushkina et al. 2014), altered HPT function during 

the recovery period could have lasting consequences on the developing nervous system. 

Thyroid hormones are critical regulators of neurodevelopment and even modest 

perturbations in utero are associated with decreased IQ scores and increased incidence 

of other developmental and behavioral deficits in humans (Gilbert et al. 2012). 

5.6 Conclusions 

The present work represents an advancement in the current knowledge of OPFR 

toxicity during vertebrate development. Although more research is needed to elucidate 

the mechanisms underlying these effects, the studies described here indicate that OPFRs 

affect endocrine regulation and disturb key neurodevelopmental processes. Regardless 

of the mechanism of action, minor changes that may not be detrimental when 

considering a single individual have the potential for a large impact when the same 

change is viewed in terms of an entire population (Stein et al. 2002). Increased incidence 

of cognitive and behavioral disorders in children and neurodegenerative diseases in 

adults from toxicant exposure has the potential to place enormous strain on the 

education and healthcare systems (Landrigan et al. 2005; Stein et al. 2002). Furthermore, 

endocrine disruptors are increasingly recognized to alter the epigenome, resulting in 
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trans-generational effects (Anway and Skinner 2015; Manikkam et al. 2013; Uzumcu and 

Zachow 2007). The recent addition of TDCPP to California Proposition 65 may result in 

its phase out in the United States, however environmental release from products in 

homes and landfills will continue. Thus OPFRs, and particularly TDCPP, are likely to be 

ubiquitous environmental contaminants for several decades. 
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