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ABSTRACT 

 

Both perchlorate and arsenic are environmental contaminants, and their co-

occurrence has been found in contaminated water. Perchlorate is a definitive thyroid 

disruptor by inhibiting the iodide uptake into thyroid, resulting in reduced thyroid 

hormone levels. Thyroid hormones upregulate gene expression of a variety of proteins by 

activating transcription factors in nucleus. Among these proteins are antioxidant 

scavengers and enzymes. Therefore, the disruption of thyroid hormone homeostasis by 

perchlorate exposure may ultimately alter the defense capability of animals in response to 

exposure to pro-oxidants or oxidants, which act as toxicants via production of oxidative 

stress. Arsenate is a pro-oxidant since it can be reduced to arsenite in animals and then 

causes production of reactive oxygen species, leading to oxidative stress. Arsenic was 

hypothesized to affect thyroid hormone status through various mechanisms. Therefore, 

both perchlorate and arsenate disrupt thyroid homeostasis theoretically. Due to the 

oxidative stress production by arsenate and indirect disruption of antioxidants by 

perchlorate, oxidative damage to macromolecules by either perchlorate or arsenate is 

expected. Oxidative damage to nucleic acids would cause DNA damage, and to lipids 

would cause lipid peroxidation. In addition, arsenate causes genotoxicity through other 

pathways. Arsenate can replace phosphate in the DNA backbone. It reduces ATP 

production, and DNA repair requires ATP. Modes of action of these two chemicals 

indicate that there may be additive joint actions between them in causing toxicity.  

In the current project, the toxicity of sodium perchlorate (SP) and sodium arsenate 

(SA) while administered individually or in mixture were probed by employing 

mechanistic endpoints in different exposure regimes, including acute, sub-chronic, and 

chronic toxicity tests. We hypothesized that two chemicals would affect endpoints of 

interest and would display additive joint action in terms of these endpoints. Zebrafish 

Danio rerio was used as the model species.  

To evaluate the acute toxicity of these two chemicals and their joint action, 6-day-

post-fertilization (dpf) zebrafish were exposed to two chemicals individually and in 

combination. The 96 h LC50s of SA and SP were 272 and 1,365 mg/L, respectively, and 
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two chemicals displayed an additive joint action. The 96 h LC50s of SA and SP to 37-dpf 

zebrafish juveniles were 74 and 3,118 mg/L, respectively. Perchlorate pre-exposure 

enhanced the sensitivity of the juveniles to arsenate. The acute chemical exposure did not 

cause significant thyroid histopathology. After cessation of SP exposure, there was 

recovery of thyroid histopathology in terms of epithelial cell height, but not colloid area. 

To evaluate the toxicity of both chemicals and their mixture to zebrafish 

mechanistically, endpoints in evaluating antioxidant (glutathione, GSH), thyrotoxicity 

(thyroid histopathology), and DNA damage (strand breaks, oxidative bases, and apoptosis) 

were selected. In addition, the toxicokinetics (uptake, accumulation, and depuration) of 

both chemicals and their mixture was examined. A chronic experiment was set up. 

Zebrafish Danio rerio were exposed to sodium perchlorate (10 and 100 mg/L), sodium 

arsenate (1 and 10 mg/L), and the mixture-sodium perchlorate + sodium arsenate (10+1 

and 100 +10 mg/L) for up to 90 days. At day 10, 30, 60, and 90, fish were sampled and 

processed for endpoint assay. 

In the thyroid histopathology assay, the endpoints included epithelial cell height, 

follicle size, colloid size, colloid depletion, hyperplasia, and angiogenesis. Both 

chemicals caused hypertrophy and hyperplasia with variable patterns. Prolonged 

perchlorate exposure induced significant angiogenesis. SA was less effective than SP in 

thyrotoxicity. The significant additive interaction was observed between these two 

chemicals at the lower levels, but not at their high levels. In general, the sensitivity of the 

following histopathological indicators for indicating thyroid perturbations by these two 

chemicals is, in descending order: epithelial cell height>percent of colloid area/follicle 

area>colloid area/follicular cell height >hyperplasia>angiogenesis>colloid area>follicle 

area=fish growth.  

Depuration was examined at intervals of day 1, 3, and 5 after cessation of the 

chemical exposure by transferring fish to chemical-free water. The uptake of either 

chemical was concentration-dependent. Nonlinear elimination models, including power 

elimination, exponential elimination models, and their linearized models, were applied to 

fit the depuration data. The best models were selected based on Akaike’s information 

criterion (AIC) values and what was most biologically plausible. A first-order 
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bioconcentration model was applied to characterize uptake constants. Two chemicals 

showed different uptake and depuration characteristics. Both chemicals reduced the 

uptake but enhanced the depuration of the other chemical from the zebrafish in mixture.  

GSH status was altered in response to chemical exposure. Total GSH was 

significantly altered only by high concentrations of SA, SP, or their mixture at 10 and 30 

day. A similar pattern was observed in terms of reduced GSH and the GSH status index 

(i.e., the ratio of reduced to oxidized GSH). The additive interaction occurred between 

two chemicals at their low levels at day 10 and 30 with respect to reduced GSH and the 

GSH status index. Oxidized GSH was not as sensitive as total GSH and reduced GSH.   

Damage to lipid and DNA was not as sensitive as expected. No significant effect 

occurred in terms of TBARS and free-MDA levels. Similarly, DNA strand breaks 

(double strand breaks and single strand breaks) and apoptosis indicated by DNA 

fragmentation were not significantly altered in response to chemical exposure. Two 

chemicals displayed a significant additive and antagonistic interaction at day 30 and 90, 

respectively, at their high concentrations.  

In summary, this dissertation project explored the mechanism of these two chemicals 

and their interactions. The contribution of this dissertation project was (1) to provide 

toxicological information for these two chemicals, (2) to clarify their joint action at 

different levels mechanistically, and (3) to produce questions for further study to 

elucidate the toxicity of these two chemicals at the molecular levels. In particular, the 

employment of toxicogenomics techniques (e.g., microarray assay) would definitely give 

further clues about their roles in toxicity. 
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CHAPTER I 

INTRODUCTION AND BACKGROUND 

 

1.1 Perchlorate and Arsenate: Physicochemical  

Properties and their Contamination 

1.1.1 Perchlorate 

Perchloric acid and percrate salts have been widely and historically used in 

industry, defense, science, medicine, and space exploration (Urbansky et al., 1999). In 

addition, they are used as addities in lubricating oils, finished leather, tanning, dyes, 

electroplating, and even in cattle feed (Motzer, 2001). It is also used medicinally to 

successfully control amiodarone-induced thyroid dysfunction (Yu et al., 2002). 

Because it is very useful, even indispensable, in solid rocket propellants, as 

components of fireworks, matches, munitions, and even in the chemical analytical 

industry (Yu et al., 2002), “they are too valuable to give up” (Urbansky et al., 1999). 

Perchlorate salts, especially ammonium perchlorate, is being produced in great 

amounts owing to the demand of the increasing aerospace activities in many countries 

including France, Brazil, China, Egypt, Japan, and the United States (Soldin et al., 

2001). Thus, a rational approach is to study, clarify, and find safe ways to exploit 

them.  

Currently, there are at least 16 perchlorate compounds being produced in US. 

Among these, 90% is the ammonium salt in high demand by military and aerospace 

industries (Motzer, 2001). The perchlorate anion consists of a central chlorine (VII) 

surrounded by four oxygen atoms with a tetrahedral orientation (Urbansky et al., 

1999). Although it bears the highest valence of the chlorine atoms, and theoretically is 

a very strong oxidizing agent, it was found that most reducing agents do not react with 

it because the chlorine-oxygen bonds are very strong and not easily broken (Schilt, 

1979). This stabilizes perchlorate anion (Urbansky, 1998). As a result, perchlorate 

may exist in the soil, surface water, and groundwater for years to many decades 

(USEPA, 2000b). Therefore, perchlorate anions are stable and persistent in the 

environment and difficult to remove. Currently some methods, such as biological 

reduction, electrochemical reduction, anion exchange, and membrane filtration, have 

been developed to remove perchlorate anions (Urbansky et al, 1999).   
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Due to wide application of perchlorate salts in a variety of fields, particularly in 

military activities and space programs, and no ideal replacement agents are available, 

dealing with their effects to components of ecosystems at different levels is critical. 

Due to their persistence and high solubility in the environment plus their health 

effects on animals and human, their contamination in environment has sparked 

concerns from scientists, regulatory bodies, and the public. With development and 

advancement of analytical techniques, more sites than expected have been found to be 

contaminated with perchlorate.  

Water contamination by perchlorate has been a big concern for years. Perchlorate 

acid and salts are soluble in water (Motzer, 2001). As mentioned above, the spatial 

structure of perchlorate anion contributes to its stability. In addition, due to their high 

densities relative to water, highly concentrated spill of some perchlorate salts and its 

acid may be formed and transported to groundwater. All these factors contribute to the 

perchlorate contamination and their toxicity in water. Water contamination by 

perchlorate has been widely reported in many states, such as Arizona, California, 

Utah, Colorodo, Texas, and Nevada (Strawson, 2004). Perchlorate contamination 

occurred in rivers, lakes, ponds, municipal waters, and wells (Urbansky et al., 1998; 

Smith et al., 2001; Soldin et al., 2001). Perchlorate concentrations in contaminated 

water have high variability.  Perchlorate contamination in drinking water is a big 

concern due to its health risk posed to human. Perchlorate concentrations were 4-24 

µg/L in contaminated drinking water in Nevada (Xiao et al., 2001) and 4 to 820 µg/L 

in number of drinking water wells in California (DHS, 2004). Lower perchlorate 

contamination was reported in a survey of perchlorate concentrations in 425 drinking 

water supply wells in 16 states by the American Water Service Company, with a 

range of 4 to 6.4 µg/L in 7 out of 425 wells investigated (Motzer, 2001). Perchlorate 

manufacturers and military activities are mainly responsible for the perchlorate 

contamination. High concentrations of perchlorate were detected in bodies of water 

near two perchlorate-manufacturing plants. Concentrations of 30-31 mg/L perchlorate 

were detected in the Longhorn Army Ammunition Plant, TX (Smith et al., 2001). In 

McGregor, Texas, in ground water collected from monitoring wells in the area around 

Texas Naval Weapons Industrial Reserve Plant site, perchlorate concentrations had a 

range of 4.0 to 97,000 µg/L. Perchlorate concentrations in streams on this site fell 
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with distance downstream, and 56 µg/L perchlorate was detected at the site 3.0 miles 

away from the plant (Cowan, 2000). Even higher perchlorate contamination was 

reported in the Las Vegas, Nevada area. Perchlorate levels ranging from 630 to 3,700 

mg/L were found in the contaminated groundwater, 1.7 mg/L perchlorate in the inlet 

of nearby Lake Mead, and 4 to 16 µg/L in Lake Mead and Colorado River waters, 

respectively (USEPA, 2000b). Although perchlorate mainly caused local 

contamination, it could extend to other areas mainly through groundwater system 

(Soldin et al, 2001). Due to its wide contamination in water system and health risk to 

human, USEPA has included perchlorate on its drinking water Contaminant 

Candidate List (CCL) (USEPA, 1998). Although there is currently no primary 

drinking water maximum contaminant level (MCL) for perchlorate, some states have 

set up protective drinking water action levels for perchlorate ranging from 14 to 22 

µg/L (ADEQ, 1998, 2000). 

Plant uptake and accumulation of perchlorate has also been reported. In 

laboratory studies, perchlorate was taken up by cucumber Cucumis sativus, lettuce 

Lactuca sativa, and soybean Glycine mas crops (Yu et al., 2004). Other plants also 

took up perchlorate upon exposure. Perchlorate was found to accumulate in soybean, 

wheat, tomato, cucumber, cantalo, and alfalfa with high bioconcentration factor 

(BCF) up to 38,089 (Jackson et al., 2005). This was also observed in plants grown at 

perchlorate-contaminated sites. Plants, including smartweed Polygonum spp., 

watercress Nasturtium spp., ash Frainus greggii, chinaberry Melia azedarach, elm 

Ulmus parvifolia, willow Salix nigra, mulberry Broussonetia papyrifera, and 

hackberry Celtis laevigata Willd., which were growing on a perchlorate-contaminated 

site, took up perchlorate from water as high as approximately 100-time of that in the 

bulk water (Tan et al., 2004). Another study found that perchlorate contents in plants 

near a perchlorate contaminated holding pond were 840 to 7,620 µg/kg (dry-weight 

basis) (Smith et al., 2001). Accumulation of perchlorate in vegetation seemed 

common in perchlorate-contaminated sites (Smith et al., 2004). 

In addition to exposure routes such as drinking water contamination and 

consumption of perchlorate-accumulated edible vegetation, humans could be exposed 

to perchlorate via other routes. In one study, perchlorate, was detected in eight brands 

of supermarket milk samples in Texas, though it was not detected in a powdered milk, 
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with a range of 1.12 to 6.30 µg/L (Kirk et al., 2003). A following larger-scale study 

showed that dairy milk samples from 11 US states contained perchlorate with an 

average of 2.0 µg/L (Kirk et al., 2005). This result sparked the concern not only from 

scientists and regulators but also the public because supermarket milk is major food 

item consumed by Americans. Indeed, evidence suggested that humans could be 

exposed to perchlorate. Perchlorate was detected in 36 human milk samples from 18 

US states, with an average of 10.5 µg/L and a maximum of 92.0 µg/L (Kirk et al., 

2005). Contamination of food items provide direct route whereby perchlorate causes 

health risk to humans.  

The physicochemical properties yield perchlorate stability and persistence in 

environment, and render difficulty in removing it from the contaminated environment. 

Also, these properties result in the wide and permanent contamination of perchlorate 

in compartments of environment in which human beings are living and from which 

human beings take items for consumption.  

 

1.1.2 Arsenic 

Arsenic is a metalloid and commonly regarded as a heavy metal like mercury and 

cadmium (ATSDR, 2000). It occurs naturally in rock, soil, water, and air. 

Anthropogenic activities, such as mining, smelting, refining of metals, and 

agricultural application release arsenic into environment (ATSDR, 2000; Farag et al., 

1998). Arsenic has been used in a wide variety of industries, especially in agricultural 

activity, wood preservation, and glass production (ATSDR, 2000). It is also used in 

clinical treatment for some diseases, such as trypanosomiasis and acute promyelocytic 

leukemia (ATSDR, 2000). It has been estimated that around 30,000 tons of arsenic 

were produced and released into the environment each year (Phillips, 1990). Arsenic 

was found as a micronutrient in animals, including chicks, hamsters, rats, and goats 

(Levine et al., 1988), and is involved both in the conversion of methionine to its 

metabolites taurine, and possibly the polyamines and in the efficient utilization of zinc 

(Nielsen, 1991).  

Unlike other heavy metals, arsenic is complex in terms of its chemistry and 

metabolism. It has two common valences: pentavalent (+5) and trivalent (+3). For 

either valence, there are different methylated species, one to four methyl group 
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(Aposhian et al., 2004). In addition, methylated arsenic species can be further 

transformed into chemicals called arsenolipids (Dembitsky et al., 2004). Depending 

on which organism involved, arsenic metabolism/biotransformation may be different. 

Differential arsenic metabolism in organisms is displayed in Figure 1. Arsenic 

metabolism and fate in different organisms are different and therefore their toxicity is 

differential. Some representative systems with available information about arsenic 

fate are displayed and summarized to compare the difference in terms of arsenic fate.  

In mammalian system, arsenate is reduced to arsenite, and this is catalyzed by 

reductase. This reductase was thought as purine nucleoside phosphorylase in rodents, 

with consumption of GSH and/or inosine lipoic acid. After reduction, an oxidative 

methylation transformed arsenite to MMAV, with SAM as a methyl group donor. 

Then an additional reduction occurs, with GSH as an electronic donor, transforming 

MMAV to MMAIII. An oxidative methylation transformed MMAIII to DMAV, which is 

further reduced to DMAIII. The information about the methylation of DMA is not 

available in mammals. In bacteria, methylation of DMA is observed. DMAV is 

methylated to trimethylarsine oxide followed by reduction to trimethylarsine. In 

addition, DMAV can be reduced to dimethylarsine. Many bacteria species possess 

capability to reduce arsenic from pantevalent to trivalent species (as showed in the 

figure), making arsenic more toxic. Note that the transformation from MMAV to 

DMAV is a reductive methylation relative to the oxidative methylation in the 

mammalian system. The reductase to reduce arsenate in bacteria is ArsC in E. Coli 

and purine nucleoside phophorylase in mammalian system.  

More complicated arsenic metabolites are observed in some algae and fish 

species, with the formation of a great amount of arsenolipids and their intermediates. 

In marine algaes, DMAV is transformed to a nucleoside-type intermediate (note the 

adenine base in the nucleoside) of arsenosugar, and followed by glycosidation 

forming an arsenosugar-dimethylarsioylribosides. This intermediate is transformed to 

trimethylarsonioribosides, another arsenosugar. These chemicals are also arsenolipids 

because R groups on the chemicals can be various lipid chains. DMAV can also be 

transformed to arsenolipid through another pathway. Firstly, it is transformed to 

intermediates that react with taurine forming N-[4-(dimethylarsinoyl) butanoyl]-

taurine. Arsenolipids have been a big concern in arsenic toxicology field because they 
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are thought to be end products of arsenate detoxification processes. In this 

detoxification process, various chemical reactions, such as reduction, oxidative and 

reductive methylation, adenosylation, and glycosidation, are involved. Arsenolipids 

are found in fungi, plants, lichens, microorganisms, marine mollusks, sponges, and 

fish. Application of arsenolipids in clinical activities has been practiced and found 

effective in curing some diseases.  

Among these organisms, one noticeable phenomenon in mammalian organims is 

that trivalent arsenic is oxidized to pentavlent arsenic at all metabolic step realized by 

hydrogen peroxide (H2O2). This adds interest and complexity to the study of oxidative 

stress mechanism whereby arsenic cause toxicity because H2O2 function causes both 

toxification and detoxification of arsenic (in most of organisms, arsenic [+3] is much 

more toxic than arsenic [+5]). 

Arsenic is an environmental contaminant. In particular, arsenic contamination in 

water has become a significant concern. It was reported that there are 20 countries 

worldwide encountering arsenic contamination in ground water (Huang et al., 2004). 

Especially in Asia, including China (Inner Mongolia and Taiwan), Bangladesh, and 

India, arsenic contamination in drinking water causes significantt toxicity and 

suffering for millions of people (Huang et al., 2004). Arsenic contamination in water 

is widespread and has been reported in the marine environments (Kubota et al., 2002), 

freshwater (Hamilton et al. 1997a), and groundwater (Alam et al., 2000). Arsenic in 

the U.S. is a contaminant as well. USEPA listed arsenic as a “contaminant of 

concern” at 30% of 1,191 Superfund sites (Welch et al., 2000). Arsenic concentrations 

up to 276 mg/L and 48 mg/L were reported in contaminated surface water and ground 

water, respectively (ATSDR, 2000). Arsenical pesticides are major arsenic 

contamination sources. In Massachusetts, a maximum 11.3 mg/L arsenic in ground 

water was detected and has been tracked to the disposal of arsenical pesticides (Davis 

et al., 1992). A detailed document of arsenic occurrence in public drinking water 

supplies was released by USEPA in 2000 (USEPA, 2000b). Arsenic contamination in 

animals has been widely reported. Marine animals, such as cetaceans, pinipeds, and 

sea turtles, were contaminated by arsenic, with arsenobetaine as the primary species in 

most cases (Kubota et al., 2002a). Arsenic was found in additional marine mammal 

samples from various countries and areas (Kubota et al., 2001). The same group of 
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scientists also detected arsenic in birds (Kubota et al., 2003), and about 10% maternal 

arsenic was transferred into eggs in black-tailed gulls (Kubota et al., 2002b). 

Accumulation of arsenic is also found in plants and earthworms (Langdon et al., 

2003). Arsenic accumulation in teleost fish will be introduced in the “Toxicokinetics” 

section of this chapter.  

Bacteria are able to oxidize arsenite to arsenate efficiently in arsenic-

contaminated water (Weeger et al., 1999). In groundwater, arsenite was oxidized to 

arsenate by ozone, oxygen, and air with various efficiencies (Kim et al., 2000). 

Therefore, arsenate (HnAsO4
n-3) predominates in aerobic waters, whereas arsenite 

(HnAsO3
n-3) is the primary form in sulfidic and methanic waters (Weeger et al., 1999).  
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Figure 1. A simplified scheme for arsenic metabolism and biotransformation in 

different classes of organisms. AsV: arsenate, AsIII: arsenite, MMAV: 

monomethylarsonic acid, MMAIII: mono-methylarsonous acid, DMAV: 

dimethylarsinic acid, DMAIII: dimethylarsinous acid, DMABT: N-[4-

(dimethylarsinoyl)butanoyl]-taurine, DMAS: dimethylarsine, DMASORB: 

dimethylarsioyl-ribosides, GSH: glutathione, ILA: inosine lipoic acid, SAM: S-

adenosylmethionine, SAHC=S-adenosylhomocysteine, TMASIRB: trimethylarsonio-

ribosides, TMAO: trimethylarsine oxide, TMAS: tri-methylarsine. This figure is 

adapted and summarized mainly from Aposian et al., 2004; Dembitsky et al., 2004; 

Rosen, 2002; Kitchin, 2001; Thomas et al., 2001; and Bernstam et al., 2000 
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1.2 Perchlorate and Arsenate: Modes of Action and  

their Mechanistic Interconnection  

1.2.1 Perchlorate 

With regards to perchlorate toxicity and mode of action, introduction on thyroid 

hormone is necessary because thyroid disruption by perchlorate is the mode of action of 

perchlorate to cause toxicity. There is abundant knowledge about teleost thyroids, and 

very informative literature is available (Eales et al., 1993; Grau, 1988; Brown et al., 

2004). The purpose of the following discussion is to include a basic introduction and an 

explicit summary for teleost fish thyroid in order to provide a background of perchlorate-

induced thyrotoxicity.  

In teleost fish, thyroid tissue structure and function resemble those in other 

vertebrates in some aspects. Thyroid tissue consists of follicles containing colloid 

material in the lumen. Thyroid hormones, including triiodothyronine (T3) and thyroixine 

(T4), are synthesized and secreted from thyroid tissue. However, teleost fish are different 

from other vertebrates because thyroid follicles are scattered and among the afferent 

branchial arterioles of the throat region rather than being organized into a discrete gland 

(Eales et al., 1993). Thyroid hormone homeostasis is controlled by the hypothalamus-

pituitary-thyroid axis. The regulation and cascade of events are summarized in Figure 2.   

The hypothalamus-pituitary-thyroid axis regulates synthesis and secretion of thyroid 

hormone (TH). The first step during this cascade is the secretion of hormones and/or 

peptides from the hypothalamus. However, the hypothalamus in teleost fish mainly plays 

an inhibitory function in TSH release, in opposition to its function in other vertebrates. 

Although the identities of the hypothalamic substances regulating the teleost thyrotropes 

are unknown, some researches indicated that thyrotropin release hormone (TRH), 

somatostatin, and catecholamines may be candidates for this function, and their function, 

inhibitory or excitatory, depends on the fish species. In many other vertebrates, hormone 

regulation between the hypothalamus and pituitary is realized by a vascular portal system 

to transport hypothalamic substances to the pituitary. In contrast, fish thyrotropes are 

located in the adenohypophysis and innervated directly by hypothalamic neurons. Upon 
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action of hypothalamic substances on thyrotropes, thyrotropin (TSH) is released to act on 

the thyroid, which releases TH, exclusively T4 in fish.  

T4 exerts an inhibitory action on hypothalamus and pituitary through a negative 

feedback loop, maintaining TH homeostasis. Peripheral T4 exists as two forms. About 

99% of T4 is noncovalently and reversibly bound to several plasma proteins, and the rest 

is freely dissolved in plasma, and enters into tissues where it is transformed to T3, 

catalyzed by outer-ring deiodinase (5’-deiodinase). Note that in teleosts the plasma T3 

level may exceed T4 level, as opposed to mammals, where the ratio of T4 to T3 may be 

50-100:1. A portion of T3 enters blood where it binds to some proteins in a bound form. 

As the effective TH, T3 acts on receptors in tissues, and target genes are activated and 

expressed, resulting in the involvement of TH in many physiological processes in 

organisms, such as development, metabolism, thermodynamics, reproduction, and growth. 

Also, TH was reported to regulate antioxidant (scavengers and enzymes) levels in 

animals (Chen et al., 1997), and thus is involved in antioxidant defense mechanism 

against oxidative stress.  

TH synthesis is a complicated and multi-step event. It is described in detail in the 

literature. TH synthesis begins with iodide (I-) uptake. Uptake of iodide by fish across the 

extensive gill surface area from ambient water governs its availability for fish, although it 

can also be taken up from diet via the gastrointestinal tract. In addition, certain fish 

species have the capacity to bind iodide to pre-albumin in the plasma compartment, 

preventing its loss from filtration at material exchange sites such as gill, renal, 

integument or gut. These characteristics distinguish fish from mammals in maintaining a 

high iodide pool in their body, and less chance to suffer from iodide deficiency. Iodide 

uptake is through the sodium iodide symporter (NIS). Once in an epithelial cell, iodide is 

transported across the apical side of the follicular cell (the interface between the follicular 

cell and the colloid-containing lumen), where it is oxidized to iodine by thyroperoxidase 

(TPO), being available for the iodination of thyroglobulin (TG). For TG synthesis, 

glucose is first transported into the epithelial cell. TG gene is activated and expressed to 

synthesize TG. Then TG is secreted into the colloid, where its iodination occurs to form 
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TH as iodinated TG (iTG) form, which is stored as colloid. When needed, TSH 

stimulates micropinocytosis or macropinocytosis, and colloid is ingested. The colloid 

taken up into vesicles fuses with lysosomes, and the iTG is digested by peptidase activity. 

Mainly T4 and possibly small amounts of T3 and their precursors, MIT and DIT, are 

liberated. MIT and DIT are further deiodinated to release iodide, which is recycled and 

reused for TH synthese. T4 is secreted into blood. 

Perchlorate and iodide have about the same ionic radius and the same ionic charge, 

and therefore, perchlorate is taken up by NIS just like iodide. As showed in Figure 2, 

iodide is necessary in synthesis of TH. Perchlorate competes with iodide uptake by 

thyroid epithelial cells. Thyroid slices were found to concentrate perchlorate more 

potently than iodide, and perchlorate enhanced efflux of internal thyroid iodide. This 

indicates that perchlorate exposure will significantly reduce uptake of iodide. As a result, 

less iodide is available for TH synthesis, and TH levels are reduced. This not only 

reduces the amount of stored TH, because less TH is synthesized and more stored TH is 

released than needed, but this also ultimately reduces TH levels in plasma. Accordingly, 

the negative feedback by TH on the hypothalamus and pituitary is reduced, thus 

enhancing TSH levels in blood. TSH assumes a variety of function in acting on epithelial 

cells, stimulating expression of NIS, enhancing size and number of epithelial cells, 

stimulating angiogenesis, inducing TPO expression, and promoting release of stored TH 

(Hadley, 2000; Eales, 1995; Grau 1988). Therefore, perchlorate exposure causes 

hypothyroidism, which is manifested in many symptoms. For example, the 

endocrinological symptoms are reduction of TH levels and increase of TSH levels. 

Pathologically, the symptoms are hyperplasia, hypertrophy, reduced and depleted colloid, 

and angiogenesis. Regarding animal fitness, the growth, development, metabolism, and 

reproduction are affected. Perchlorate may also affect antioxidant levels since TH was 

reported to be involved in antioxidant regulation (Chen et al., 1995). Therefore, 

perchlorate may affect the antioxidant status through disrupting TH status.  

TH disruption by perchlorate could also affect functions of other hormones. TH has 

diverse and widespread permissive actions on other hormones to function, such as growth 
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hormone and prolactin (Hadley, 2000). Therefore, the perchlorate as a goitrogen may 

alter the function of a variety of hormones and may affect many physiological processes 

regulated by these hormones.  

 

1.2.2 Arsenate 

Arsenic is a complex metalloid in terms of metabolism (as mentioned in 1.1.2) and 

modes of action. There is abundant information about arsenic toxicology. Although 

modes of action for arsenic are various, it can be explicitly summarized as the following: 

(1) disruption of energy production, (2) damage to macromolecules, (3) production of 

reactive oxygen/nitrogen species (ROS/RNS), and (4) disruption of signal transduction 

(Aposhian et al., 2004; Tseng, 2004; Kumagai et al., 2004; Miller et al., 2002). More 

specific information is summarized in Figure 3.  

Arsenate enters into a cell through phosphate transporter. Once in the cell, because 

arsenate is a configuration analogue of phosphate, it competes and replaces phosphate in 

various intracellular molecules, such as glucose-6-phosphate forming G-6-arsenate, and 

ATP forming ADP-arsenate. Other key enzymes in citric acid cycle may be disrupted by 

arsenic. This will inhibit energy production and cause a deficient energy budget in 

organisms. Also arsenate may replace phosphate in DNA backbone, and thus causing 

damage to DNA. Arsenate is reduced to arsenite and further methylated to organic 

arsenicals. Arsenic metabolism in organisms is summarized in Fig 1. Arsenic is a redox 

cycle metal, and therefore it could uncouple oxidative phosphorylation in respiratory 

chain in mitochondrial inner membrane, causing leaking of electrons, that are accepted by 

oxygen species to form ROS. This is another way for arsenic to disrupt energy production. 

One additional way is that arsenite disrupts glucose uptake through interaction with 

disulfide bridges in the insulin molecule and the insulin receptor, endowing arsenic with 

properties both as an energy disruptor and as an endocrine disruptor.  
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Figure 2. A general thyroid system in teleost fish, including hypothalamus-pituitary-

thyroid axis regulation of thyroid biosynthesis and biotranformation, circulation, and 

thyroid hormone functions. � iodoperoxidase,� peptidase, and �deiodinase. This figure 

is mainly adapted and summarized from Eales et al., 1993; Peter et al., 1983; Bromage et 

al., 1976; Peter et al., 1975; Grau, 1988; Brown et al., 2004. TH: thyroid hormones, T4: 

iodine-containing L-thyroxine, T3: 3,5,3’-triiodo-L-thyroinine, TG: thyroglobulin, MIT: 

monoiodotyrosine, DIT: diiodotyrosine, TSH: thyroid stimulating hormone, and TRH: 

thyrotropin-releasing hormone. 
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Arsenite is taken up through a transporter, aquaglyceroporin (AQP). Arsenite is 

much more toxic than arsenate in most organisms. Arsenite is reactive and interacts with 

various proteins (thiol- and selenium-containing enzymes), causing dysfunction of these 

proteins. For the thiol-containing proteins, arsenite binds to thiol, preferably disulfide 

dithiol forming adducts. Many antioxidant enzymes and other important proteins contain 

thiol groups as a function moiety. Therefore, arsenic exposure causes dysfunction of 

many proteins. Many proteins use metals as their cofactors in function. For example, 

glutathione peroxidase (GPx) uses selenium as a cofactor for its function. Because 

selenium is similar to arsenic in property, arsenic can replace selenium moiety in GPx,. 

Deiodinase is also a selenoprotein and is responsible for transformation of T4 to T3, as 

showed in Figure 2.  

One of major mechanisms whereby arsenicals cause toxicity is production of 

ROS/RNS. It has been documented that arsenic can cause all major ROS production in 

vivo or in vitro, including superoxide radical (O2
.-), hydroxyl radical (.OH), and hydrogen 

peroxide (H2O2). The hydroxyl radical is the most potent ROS to cause toxicity by 

reacting with macromolecules directly. The former two can be further transformed to 

H2O2 through action of antioxidant enzymes, including superoxide dismutase, catalase, 

glutathione peroxidase, and glutathione reductase. Arsenic was reported to inhibit 

endothelial nitric oxide (NO) synthase, which catalyzes the formation of NO from L-

arginine, ultimately causing production of peroxynitrite species (ONOO-). In other 

situations, NO production is enhanced. NO plays necessary roles in cellular processes, 

such as neurotransmission, vasodilation, and immune response. It is also a pro-oxidant 

and causes oxidative stress.  

Production of free radicals by arsenic exposure results in oxidative stress. Free 

radicals can react with macromolecules, including nucleic acids, proteins, and lipids. Free 

radicals attack DNA, causing oxidative DNA damage. For example, DNA bases are 

oxidized. Upon DNA damage, DNA repair mechanisms are activated to repair the 

damage, possibly causing strand breaks. A lipid chain reaction can be initiated by free 

radicals, especially in cell membranes that contain a big portion of polyunsaturated fatty 
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acids, therefore disrupting integrity of cell membrane. As mentioned above, it also causes 

damage to proteins. Signal transduction is crucial in maintaining normal structure and 

function of cells. It is widely documented that ROS/RNS caused by arsenic disrupt a 

variety of signaling pathways in cells. Many important factors, such as MAPKs, NF-κB, 

and p53, and processes, such as tyrosine phosphorylation, are targets for free radical 

attack and effects. Disruption of signal transduction is responsible for carcinogenesis of 

arsenic in human. Through these various pathways, arsenic can cause many health 

problems. The toxicity symptoms can be apoptosis, necrosis, atrophy, tumors, mutations, 

cancer, diabetes mellitus, and so on.  

Arsenic excretion is realized by some transporters, such as multidrug resistant 

protein 1 and 2, ACR, and Ars. Organic or inorganic As(V) was found to be first reduced 

to their corresponding As(III), and then formed complexes with GSH before excretion. 

No information is available for what transporters are responsible for excretion of 

methylated arsenic-GSH complex. 

 

1.2.3 Mechanistic Interconnection between Perchlorate and Arsenate 

Based on modes of action of arsenate and perchlorate described above, we can find 

the hypothetical interconnection between these two anions. The interconnection is shown 

in Figure 4.  

As showed in Figure 2, perchlorate competitively inhibits iodide transportation into 

the epithelial cell, and blocks TH synthesis. Perchlorate is a thyroid disruptor, as has been 

definitively demonstrated in literature. Thyroid disruption by arsenate is less well 

documented. Arsenate, after being reduced to arsenite, inhibits glucose uptake through 

disrupting insulin, insulin receptors, or glucose transporters. It may replace phosphate 

moiety on G-6-P molecules, forming G-6-arsenate, and therefore halt its function in 

pentose phosphate pathway. The pentose phosphate pathway synthesize NADPH, an 

important and necessary electron donor in biochemical processes in organisms and is 

necessary for TPO function. As showed in Figure 2, TPO is an indispensable enzyme in 

oxidizing iodide to iodine and iodination of thyroglobulin to form TH. As showed in 
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Figure 3, arsenate may reduce energy production, which is needed in TH synthesis and 

iodide uptake. Therefore, theoretically, arsenate may disrupt TH synthesis. Also as 

indicated in Figure 3, arsenite interacts with and disrupts selenoprotein, including 

deiodinase, which catalyzes the transformation of T4 to T3. T3 is the effective TH in 

acting on target tissues except for the negative feedback in teleost fish. The hypothesized 

inhibition of deiodinase by arsenic would reduce T3 levels. Accordingly, arsenate may be 

a thyroid disruptor. Therefore, both chemicals might interact to disrupt thyroid 

homeostasis.  

As showed in Figure 2, TH regulates antioxidant expression, and thus is involved in 

protection of cells against oxidative stress. Arsenate is a pro-oxidant and causes oxidative 

stress. Hence, exposure to either chemical may cause oxidative stress, resulting in 

damage to macromolecles, such as DNA, lipids, and proteins. A crosspoint for these two 

chemicals at mechanistic level is thyroid disruption. Perchlorate exposure may enhance 

the toxicity of arsenate in causing oxidative stress; arsenate exposure may severe 

perchlorate thyrotoxicity. Theoretically, these two anions may exert an additive joint 

action in causing toxicity, such as thyroid disruption and oxidative stress. 
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Figure 3. A simplified schematic presentation for arsenic toxicity in a cell: modes of 

action perspective. See text for description. AsV: arsenate, AsIII: arsenite, MetAs: 

methylated arsenic, (GS)3As: GSH conjugate of arsenite; PT: phosphate transporter, AQP: 

aquaglyceroporin, Ars: arsenic excretion pump, ACR: arsenic compounds resistance 

pump, mrp1,2: multidrug resistance protein 1,2, G-6-P: glucose-6-phosphate, ATP: 

adenosine triphosphate, PPP: pentose phosphate pathway, ROS: reactive oxygen species, 

RNS: reactive nitrogen species. This figure is mainly adapted and summarized from 

Aposhian et al., 2004; Bobrowicz et al., 2002; Kala et al., 2000; Kumagai et al., 2004; 

Liu et al., 2002; Lorico et al., 2002, Miller et al., 2002; Nies et al., 1995; Rosen, 1990; 

Tseng, 2004; Zaman et al., 1996; Scott et al., 1993.  
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Figure 4. A schematic model for theoretical mechanistic interconnection between 

arsenate and perchlorate.  See text for description. PPP: pentaose phosphate pathway, G-

6-P: glucose-6-phosphate; NADPH: nicotinamide adenine dinucleotide phosphate, TPO: 

thyroid peroxidase, DI: 5’-deiodinase. The figure is adapted, hypothesized, and 

summarized from those literature mentioned in Figure 2 and Figure3.  
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1.3 Perchlorate and Arsenate: Mixture  

Toxicity Theory and Exposure 

Aquatic ecosystems may be polluted with a variety of contaminants from many 

industrial, agricultural, or domestic activities plus naturally occurring processes that 

release contaminants. “There is no such thing as a single chemical exposure” (Yang et al, 

1998). In the field, contaminants are present as mixtures instead of as individual 

chemicals. This becomes a challenge to researchers and regulatory bodies for several 

reasons. Firstly, traditional toxicology is mainly focused on individual chemicals. The 

information from these studies is necessary for elucidating their modes of actions, 

understanding, and mitigating the health risk and damage caused by these chemicals. 

Secondly, behavior of chemicals in mixtures may be different from that as an individual 

chemical. Interactions among components in the mixture can cause complicated and 

significant alterations of individual components in causing toxicity. Depending on 

physicochemical properties and modes of action of chemicals, a mixture may have 

different joint actions. There are several types of joint actions: (1) concentration addition, 

if the joint effects from constituents in the mixture are equal to the sum of effects from 

individual chemicals, (2) synergism, if the joint effects are greater than the additive 

effects of individual components, (3) antagonism, if the joint effects are less than the 

additive effects of individual components, (4) potentiation, if a non-toxic dose of one 

chemical enhances toxicity of another chemical, and (5) independence, if no interaction 

occurs (Klaassen, 2001). Evaluating mixture toxicity needs to consider the interaction 

among constituents. Finally, the mixture toxicity evaluation requires specific theories, 

experimental designs, and data interpretation techniques. Fortunately, mixture toxicology 

has attracted researchers’ interest, and there has been corresponding work conducted. 

Accordingly, some techniques have been developed in this field (Altenburger et al., 

2003). 

As a result of many years of research, it was found that the interaction among 

mixture constituents depends on the modes of action of the constituents (Altenburger et 

al., 2003; Greco et al., 1995). It was observed in many studies that chemicals with similar 
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modes of actions usually caused concentration addition, and those with dissimilar modes 

of actions caused less than concentration addition (i.e., antagonism) (Faust et al., 2001; 

Moreau et al., 1999). There are two reference models available and working as basic 

principle for mixture toxicity: concentration addition models for mixtures of similarly 

acting compounds and independent action (IA) for mixtures of dissimilarly acting 

compounds (Altenburger et al., 2003). These two models were originally developed in 

pharmacological study and applied widely in mixture toxicity tests in ecotoxicological 

study later (Altenburger et al., 2003; Banks et al., 2003). Two chemicals, which have 

compensative or overlapping modes of action would probably exert concentration 

addition in their mixture.  

Determination of mixture toxicity requires careful experiment design. Currently, 

there are three experimental design methods available (Altenburger et al., 2003): (1) the 

n•n design, in which the concentration of one constituent is fixed, and the concentrations 

of another constituent are varied. This method is used for interpretation in terms of 

independent action; (2) Ray design, in which the ratio between constituents is fixed, and 

the concentrations of all constituents is proportionally altered, which allows the 

evaluation of concentration addition; and (3) composite design, in which the n•n design 

and Ray design are combined, and therefore the design becomes complex. This method 

makes the evaluation of any possible interactions practicable. The selection for optimal 

mixture compositions could be realized by using factorial design strategies (Ren et al., 

2004). One point in Ray design and composite design should be appreciated. The mixture 

ratio should be selected to reflect contributions of all constituents in the mixture toxicity. 

If the ratio is inappropriate, one constituent action in the mixture may be masked by 

another constituent, and an incorrect joint action between constituents may be concluded. 

Therefore, preliminary studies need to be carried out to find appropriate ratio in the 

definitive mixture toxicity test.  

Data analysis and interpretation in the mixture toxicity is a complex issue. An 

important concept, toxic unit (TU), must be introduced first. The TU concept was 

introduced in 1913 (Altenburger et al., 2003). It is derived from the following formula: 
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TUi=Ci/EC50i,, where Ci is the concentration of component i in the mixture, and EC50i is 

the effective concentration at 50% level of the component i. The TU concept has been 

widely used as an indispensable concept in mixture toxicity evaluation. In contrast to 

individual chemical toxicity tests, interaction between mixture constituents may shift the 

dose-response curve of individual chemical and results in different joint actions. 

Currently, there are two ways to evaluate the mixture toxicity. The first one is mixture 

toxicity indices. A variety of indices have been developed, such as the sum of toxic units 

(M=ΣTU), the similarity parameter (λ), the mixture toxicity index (MTI), and additivity 

index (AI) (Altenburger et al., 2003). This quantitative expression for mixture toxicity 

evaluation has been widely applied. However, it has some disadvantages. One is that 

these indices provide only point-wise assessments (Banks et al., 2003). The second 

method, the graphical method, solves this problem very well. Four graphical methods 

have been used to evaluate the mixture toxicity. The Frei method has been used in the 

early stage of mixture toxicity analysis to evaluate the concentration addition, synergism 

and antagonism (Altenburger et al., 2003). Later, a two-dimensional isobologram method 

was developed by Lowewe (1926) (Altenburger et al., 2003). Although the latter can 

evaluate mixture joint action at any level of chemicals, it is applicable for only binary 

mixtures (Kortenkamp et al., 1998). A more complicated way is by using response 

surface model in a statistical sense to provide a canonical way of evaluating the joint 

actions (Greco et al., 1995). Another way is to compare the dose-response relationship 

between the individual chemical and the mixture. By comparing their characteristics and 

the shifts of the mixture relationship from the individual relationship, the joint action type 

can be determined (Kortenkamp et al., 1999). Although the graphic methods have 

advantage over the index methods, when the toxicity of a mixture consisted of multiple 

chemicals (more than two) is evaluated, the former will be more practical and applicable.  

There are a variety of models available to evaluate mixture toxicity. Among them, 

two models are widely used by researchers and regulatory bodies: QSAR (quantitative 

structure-activity relationship) model and BLM (biotic ligand model). The QSAR model 

is used for organics, particularly those lipophilic organics (Altenburger et al., 2003). For 
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this model, physicochemical properties of mixture constituents are input into the model, 

the mixture toxicity is evaluated using TU concept (e.g., MTI) (Könemann, 1981). The 

most commonly used property parameter is the 1-octanol/water partition coefficient 

because this parameter was found correlated to effective concentration, routinely a 

desired toxicity endpoint (Könemann, 1981). This model has been proved successful in 

mixture toxicity predictions for certain classes of contaminants, including PAHs, benzene 

derivatives, or phthalates (Altenburger et al., 2003). The application of this model in 

evaluation of organic mixture toxicity contributes to predicting mixture toxicity of 

organics with similar or dissimilar modes of actions.  

The BLM model is mainly used in prediction of metal toxicity, individually or in 

mixture (Playle, 2004). It has been adopted by USEPA in the establishment of water 

quality criteria of copper (http://www.epa.gov/waterscience/standards; USEPA, 2000a). 

BLM versions for other metals including silver, cadmium, zinc, lead and nickel are under 

development. Because metal toxicity depends on water characteristics, such as hardness, 

pH, TOC, and temperature, these parameters are input into the model to predict the 

toxicity of metals. The BLM has different modes, such as metal speciation mode and 

metal toxicity mode. Therefore, BLM can provide abundant information for metal 

toxicity evaluation. One of major advantages of this model is that no laboratory toxicity 

test is needed for the purpose of determination of toxicity and water quality criteria 

establishment of metals (USEPA, 2000a). However, the prediction of chronic toxicity of 

metals by this model is still under development (USEPA, 2000a). The application of 

BLM in prediction of toxicity of metal mixtures in field situations is limited (USEPA, 

2000a; Playle, 2004) but is thought promising.    

As mentioned in 1.1, both perchlorate and arsenate are environmental contaminants. 

Their co-occurrence has been reported (Pitten et al, 1999). So, their interactions can occur. 

Although contaminants usually occur at low levels in aquatic systems, they may still 

result in significant effects on aquatic animals exposed to them if there is concentration 

addition or synergism between them. As presented and indicated in Figure 2, 3, and 4, 

these two anions have theoretical mechanistic interactions, which may be a concentration 

http://www.epa.gov/waterscience/standards
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addition, with thyroid tissue a cross-target action site. Therefore, they may exert 

significant damage to aquatic animals even though they exist at low levels.  

   

1.4 Thyroid Development in Zebrafish Danio rerio 

There are several models used in research, including in vitro (cell lines and tissue 

culture) and whole animal models (Law, 2003). Among them, fish models have gained 

more and more attention and have been widely used in laboratory-based testing due to 

their fecundity and economical maintenance and use (Law, 2003). In addition, all 

vertebrates including fish and humans share a very high level of conservation of gene 

sequence, which control basic physiological processes (Spitsbergen et al., 2003). 

Application of fish models in toxicology research can help elucidate human diseases and 

find clues in curing these diseases. Indeed, many recent studies have applied small fish 

models in health risks of many environmental contaminants and carcinogens (Kazianis et 

al., 2002).   

Among fish models, zebrafish has been widely used in research because this species 

has many advantages over other models. They are oviparous species, which have external 

fertilization and development, favoring the observation and manipulation of developing 

embryos. Zebrafish are easily and continuously bred throughout the year in the laboratory, 

and they are highly fecund with a single pair of adults generating 100-200 offspring per 

breeding. Zebrafish have a short life cycle, with 3-5 months to attain reproductive 

capability, supporting rapid multigenerational studies. Embryonic development in 

zebrafish is very short and the embryos are optically clear, yielding easy manipulation of 

developmental events and the corresponding genetic control. Due to the small size of 

zebrafish adult, conducting experiment is cost-effective, and the experiment is easily 

maintained. There is abundant information on zebrafish development biology and 

toxicology. In particular zebrafish genome has been largely sequenced, and many probes 

are available (http://www.zfin.org; http://trace.ensemble.org). This facilitates the 

bioinformatics of zebrafish genes and further can be applied in study of mechanisms 

responsible for diseases. Transgenic/knockout zebrafish can be easily made for study of 

http://www.zfin.org/
http://trace.ensemble.org/
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gene function. Thousands of mutant lines are available and can be used for 

developmental toxicology studies. Because of a variety of advantages, zebrafish has been 

used in various fields, such as the study of human disease, pharmacology, and human 

development and hazard evaluation (Goldsmith, 2004). Zebrafish have been particularly 

useful in study of ophthalmology behavioral disorders and cancer (Goldsmith et al., 

2004).  

The regulation of thyroid development from aspects of genetic and molecular 

mechanisms was not clear yet in animals, and zebrafish was found to be a good model to 

study time line of thyroid development and related events (Wendl et al., 2002; Elsalini et 

al., 2003; Rohr et al., 2000). Based on information available, thyroid development in 

zebrafish is summarized in Figure 5. It was found that TH is necessary for embryonic to 

larval transition and larval to juvenile transition (Liu and Chan, 2002; Brown, 1997). 

These authors found that the physiological and structural alterations in these two 

transitions are regulated by thyroid hormones. Hence, if the thyroid disruption occurs 

during either transition, growth retardation may occur. These studies demonstrated the 

necessity of thyroid hormones during zebrafish development for morphological, 

structural alteration, and general growth (Brown, 1997; Liu and Chan, 2002).   

In Figure 5(A), two critical transition stages, including embryonic to larval transition 

and larval to juvenile transition. At these two transition stages, many events occur to 

change morphology and structure of zebrafish. These events were found to be regulated 

and controlled by TH. It is not certain when these two transitions end, but probably 6 dpf 

and 35 dpf, respectively. (B) The temporal critical developmental stages based on 

morphology and functional characteristics. This is also an accepted way to categorize the 

development stages in fish species. (C) The thyroid hormone source and production. 

There are three stages in terms of TH status in zebrafish. From eggs until the end of 

hatching (around 3dpf), maternal TH (MTH) deposited in yolk sac is on duty in playing 

its role. Beginning from 3dpf, yolk sac larvae can produce their own TH (i.e., 

endogenous TH, ETH), and at this stage, both MTH and ETH hormones take 

responsibility until around 6dpf when MTH is used up, and ETH takes full responsibility. 
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(D) The temporal expression of certain genes, including cas, bon and gata5, which are 

mainly functional in endoderm specification and upregulated by nodal signaling, and 

hhex, nk2.1a, pax2.1, and pax8, which regulate thyroid maintenance, development, 

differentiation and growth. Probably other genes are involved for TH development at the 

intermittent stage (question mark) of these two groups of genes. Currently, no 

information is available with respect to when these genes would be turned off, but at least 

they are kept functional after the larvae to juvenile transition. (E) Pattern of thyroid 

receptors during early developmental stage. The size of TRα1, TRβ1, TRα, and TRβ are 

approximately scaled to account for the amount of the receptor expressed. This indicates 

necessity of TH at the early developmental stage. No similar information is available for 

other stages. (F) Certain critical time points during zebrafish development, thyroid gland 

development, and thyroid hormone production. (G) Representative events occurring 

during thyroid gland formation and development. 
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                                                                           Embyronic to larval transition                                            Larval to juvenile transition  
                                                                            • Protrusion of mouth                                                         • Resorption of finfolds       
                                                                            • Development of intestine                                                 • Development of unpaired fins       
                                                                            • Inflation of swim bladder                                                 • Differentiation of pectoral and pelvic fins 

                • Resorption of yolk sac                                                      • Starting scale development 
                • using up maternal thyroid hormone                                  • Starting pigmentation 

                                                                                                                                                                                                                       
                                                                        
Embryonic development           Hatching       Yolk sac larva                 Free-swimming larva                  Fin-formed larva              Juvenile                Adult    
                               
                   MTH                          MTH             MTH+ETH           MTH+ETH               ETH                           ETH                           ETH                    ETH 

   3                 22   24    28     40             60hpf                                                                   7dpf 
                                  

Cas, bon     ?        hhex, nk21a          
                                                                                                                                                                                                                                   ? 

 Gata5                        pax2.1  
                                                                                                                                                                                                                                   ?                  
                                    
                              pax8                                                                                                                                                                                               
                                                                                                                                                                                                                                   ?              

                                                                               Endogenous to exogenous  feeding                                                       Active locomotory                                                                                        

TRα1                TRα  ●                     ●               ●                          ●                      ● ● 

TRβ1                   TRβ   ●                        ●             ●                  ●             ●   ●                                      
 0dpf                        1dpf      40hpf  2dpf   60hpf  3dpf                     5dpf                   6dpf    7dpf              21dpf                           35dpf                         3-4mpf 

 
 
 
                                                                           
                                                                                                      Thyroid growth continuing                                                                          
                                                                                                                                                                  ? 
                                                                                                                
 
 
 

Thyroid production, development, differentiation, growth and maturation 
                                                                                                                                                                                                   ? 
Regulated by nodal signaling and development genes, including hhex, nk 2.1a and pax2.1, and probably other genes 
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Figure 5. A temporal schematic illustration for molecular regulation of thyroid gland 

formation, development, differentiation, growth, and thyroid hormone production in 

zebrafish at different developmental stages. For the purpose of displaying whole process, 

the time scale is not proportionally distributed. Question mark denotes it is not certain 

that where a process exactly is finished based on current literature. hpf: hour post-

fertilization, dpf: day post-fertilization, mpf: month post-fertilization, MTH: maternal 

thyroid hormone in yolk sac, ETH: endogenous thyroid hormone produced in larvae, TR: 

thyroid hormone receptor. See text for description. This figure is adapted and 

summarized mainly from Kimmel et al., 1996; Elsalini et al., 2003; Liu et al., 2000 and 

2002; Rohr et al, 2000; Marchand et al., 2004; Liao et al., 2000; Wendl et al., 2002; 

Brown, 1997; Essner et al., 1997. 
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1.5 Perchlorate and Arsenate: Acute Toxicity Information 

1.5.1 Perchlorate  

Although perchlorate has been intensively studied in recent years, most research 

focused on the mechanistic aspects of chronic exposure and field monitoring. The 

information about acute toxicity of perchlorate in fish is limited. The available 

information for acute toxicity of perchlorate to aquatic animals is tabulated in Table 1. As 

seen in the table, perchlorate LC50 for fish spanning different stages from embryo to 

larvae to adult is within a range of 404 — 2,010 mg/L. High LC50 indicates that 

perchlorate is not a highly toxic anion for fish. Frogs are very tolerant to perchlorate 

exposure, with 96 h LC50 5,100 mg/L for the green frog. However, the larvae/tadpole is 

much more sensitive, with a 120 h LC50 510 mg/L in the African clawed frog although 

there may be species difference between green frog and clawed frog. This also agrees 

with a routine observation that adults are more tolerant to toxic chemicals than larvae 

(Davis et al., 1992). Relative to fish species, the sensitivity of invertebrates to perchlorate 

shows a significantly different pattern. Among them, the midge is the most tolerant 

species to perchlorate exposure, with a LC50 as high as 8,100 mg/L. In contrast, the 

LC50 for Ceriodaphnia dubia is very low (66 mg/L). Different perchlorate salts are used 

in toxicity tests. Application of ammonium salt may confound effects since ammonium 

itself is toxic to fish, and the LC50 could be as low as µg/L order (Espey, 2001). To 

establish water quality criteria of perchlorate in freshwater, Dean et al. conducted a series 

of studies to obtain information about perchlorate acute and chronic toxicity and 

bioconcentration capability in a variety of representative aquatic animals from different 

families and classes (Dean et al., 2004). They used sodium perchlorate and set up sodium 

ion exposure as a positive control to evaluate the sodium contribution to the toxicity 

tested in the studies. They found that sodium as high as 10,000 mg/L did not cause 

toxicity. However, many toxicological studies which used ammonium perchlorate with 

concentrations up to 5,000 mg/L did not evaluate the ammonium contribution to the 

toxicity (McNabb et al., 2004a, b; Patiño et al., 2003; Mukhi et al., 2005). This may add 

uncertainty to the real perchlorate contribution to the toxicity evaluated. The ammonium 
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salt is about 90% of the total perchlorate salts manufactured. In the field conditions, it is 

rapidly converted to the sodium salt. Therefore, the sodium or other salts of perchlorate 

should be used in study of perchlorate, especially in those studies for human risk 

assessment of perchlorate.   

 

1.5.2 Arsenate  

Relative to perchlorate, information about arsenic acute toxicity information is 

abundant. As mentioned in 1.1.2, arsenic is a metalloid with its complicated speciation. 

There is much more information about arsenite acute toxicity than arsenate. Because in 

the current study arsenate is the species studied, only the acute information of arsenate in 

aquatic animals is summarized in Table 2. Data are available for acute toxicity of 

arsenate in 8 fish species. Because different stages of fish were used in literature in 

evaluating LC50, the species comparison for acute toxicity is difficult. Fish tolerance to 

chemical exposure is increasing with developmental stage. Therefore, the comparison of 

acute toxicity among species could be conducted. Sensitivity of fish to arsenate is 

variable in terms of 96 h LC50, with a range of 10.8 to 105 mg/L. Colorado squawfish 

Ptychocheilus lucius was the most tolerant fish to arsenate exposure, with 96 h LC50 of 

105 mg/L arsenate at their larval stage (Hamilton et al., 1997b).  Rainbow trout Salmo 

gairdnerl is the most sensitive species to arsenate exposure, and the LC50 is 10.8 mg/L 

(USEPA, 1985). However, another species of rainbow trout Oncorhynchhus mykiss was 

not so sensitive since the 144 h LC50 is 58 mg/L arsenate (the longer the exposure, the 

lower the LC50) (McGeachy et al., 1989). Other fish species are intermediate in their 

sensitivity to arsenate exposure (Table 2).  
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Table 1. Acute toxicity of perchlorate as LC50 to various aquatic animals* 

Age/stage/ Perchlorate LC50  
Species Scientic name Category-Family 

average wt. 
Chemical Exposure 

condition 
(95% CI/S.D.) mg/L 

Source 

Zebrafish Danio rerio Fish-cyprinidae Embryo-larvae AP 96h static 529 Patiño et al., 2003 

Mosquitofish Gambusia holbrooki Fish-Poeciliidae 7-d-old larvae SP 120h static 
renewal 404 Park et al., 2005 

Bluegill Lepomis 
macrochirus Fish-centrarchidae Juvenile 

(0.355g) SP 96h flow-through 1470 (1270-1710) Dean et al., 2004 

Fathead 
minnow 

Pimephales 
promelas Fish-cyprinidae N/A SP 96-h static 1655 (1507-1817) EA Engineering, 

2000 

Rainbow trout Oncorhynchus 
mykiss Fish-salmonidae fry (0.104g) SP 96h static 

renewal 2010 (1810-2220 Dean et al., 2004 

Green frog Rana clamitans Frog-Ranidae tabpole (7-8m) SP 96h flow-through 5100 (3480-5990) Dean et al., 2004 

Clawed frog Xenopus laevis Frog-Piidae larvae/tadpoles AP 120h static 
renewal 510±36 Goleman et al., 

2002a 

   (starting from 
eggs) AP 70d static 

renewal 223±13 Goleman et al., 
2002a 

Oligochaee Lumbriculus 
variegatus 

Invertebrate-
Lumibriculidae adult SP 96h flow-through 3710 (350-3880) Dean et al., 2004 

Asiatic clam Corbicula fluminea Invertebrate-
Corbiculadae adult SP 96h flow-through 6680 (5300-8400) Dean et al., 2004 

Midge Chironomus 
tentans 

Invertebrate-
Chironomidae 11d posthatch SP 96h flow-through 8140 (6600-10000) Dean et al., 2004 

Cladoceran 
crustacean Ceriodaphnia dubia Invertebrate-

Daphniidae adult SP 48h static 66 (40-144) EA Enginerring, 
1998 

    AP 48h static 77.8 (not given) Block Environmental 
Services, 1998 

Cladoceran 
crustacean Daphnia magna Invertebrate-

Daphniidae adult SP 48h-static 490 (406-591) EA Engineering, 
1998 

Amphipod Hyalella azteca Invertebrate-
Hyalellidae adult SP 96h-static >1000 EA Engineering, 

2000 
*AP: ammonium perchlorate, SP: sodium perchlorate, h: hour, d: day, m: month. The acute toxicity tests were conducted following ASTM standards for acute 
toxicity testing. The experiment temperature ranged from 17-26ºC. 
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Interestingly, arsenate acute toxicity showed a pattern that acute toxicity does not 

change or changes in a very narrow range over 96 h exposure period. The sensitivity of 

flannelmouth sucker Catostomus latipinnis to arsenate did not change at either intervals 

of 24, 48, 72, and 96 h exposure with a consistent LC50-33.1 mg/L (Halmilton et al., 

1997a). A similar pattern was observed in two other species—Colorado squawfish 

Ptychocheilus lucius and Razorback sucker Xyrauchen texanus (Hamilton et al., 1997a, 

and 1997b).  

In contrast to fish species, invertebrate species are very sensitive to arsenate. The 

LC50s of arsenate to six invertebrate species ranged from 0.85 to 27.5 mg/L (Table 2). 

Therefore, the arsenate toxicity to animals depends on species and the test conditions.  
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Table 2. Acute toxicity of arsenate (potassium or sodium salts) as LC50 to various aquatic animals 

Age/stage/ Arsenate LC50/EC50 
Species Scientic name Category-Family 

average wt. 
Exposure 
condition (95% CI) mg/L 

Source 

Rainbow trout Salmo gairdnerl Fish-Salmonidae 2-m flow-through 10.8 USEPA 1985 
Fathead minnow Pimephales promelas Fish-cyprinidae Juvenile flow-through 25.6 USEPA 1985 
Mosquitofish Gambusia affinis Fish-Poeciliidae NA 48h Static  57 (51-64) USEPA 1985 
   NA 96h Static   49 (44-54) USEPA 1985 
Flannelmouth sucker Catostomus latipinnis Fish-catostomidae Larvae (12-13d) 24,48,72,96h Static 33.1 (27.1-42.4) Hamilton et al., 1997a 
Northern squawfish Ptychocheilus oregonensis Fish-cyprinidae NA 96h 54.8-73.4 Hamilton et a., 1997a 
Rainbow trout Oncorhynchhus mykiss Fish-Salmonidae Larvae (3.5g) 144h, 5°C, Static 114.1 (106.7-121.9) McGeachy et al., 1989 
    144h, 15°C, Static 58 (50.6-66.4) McGeachy et al., 1989 
Colorado squawfish Ptychocheilus lucius Fish-cyprinidae Larvae (32-40d) 24h, Static 133 (107-217) Hamilton et al., 1997b 
    48h, Static 125 (95-263) Hamilton et al., 1997b 
    72h, Static 110 (84-165) Hamilton et al., 1997b 
    96h, Static 105 (74-164) Hamilton et al., 1997b 
Razorback sucker Xyrauchen texanus Fish-catostomidae Larvae (13-23d) 24h, Static 19.2 (13.0-36.0) Hamilton et al., 1997b 
    48h, Static 17.8 (13.7-21.3) Hamilton et al., 1997b 
    72h, Static 17.8 (13.7-21.3) Hamilton et al., 1997b 
    96h, Static 17.8 (13.7-21.3) Hamilton et al., 1997b 
Green sunfish Lepomis cyanellus Fish-sunfish NA 12h, Static 1000 Sorensen, 1976a 
    18h, Static 350 Sorensen, 1976a 
    24h, Static 175 Sorensen, 1976a 
    48h, Static 150 Sorensen, 1976a 
Cladoceran crustacean Daphania magna Invertebrate-Daphniidae NA Static <8.1 USEPA 1985 
Cladoceran crustacean Daphania magna Invertebrate-Daphniidae 12±12h 48h, Static 7.4 USEPA 1985 
Cladoceran crustacean Daphania pulex Invertebrate-Daphniidae NA 24h Static  10.3 (6.6-14.0) USEPA 1985 
   NA 48h Static  3.6 (3.3-3.9) USEPA 1985 
Cladoceran crustacean Daphania pulex Invertebrate-Daphniidae NA Static 49.6 USEPA 1985 
Cladoceran crustacean Bosmina longirostris Invertebrate-Bosminidae NA Static 0.85 USEPA 1985 
Amphipod Ampelisca abdita Invertebrate-Ampeliscidae NA Flow-through 5.11 USEPA 1985 
 Ampelisca abdita Invertebrate-Ampeliscidae NA Flow-through 4.16 USEPA 1985 
Mysid Mysidopsis bahia Invertebrate-Mysidae NA Flow-through 2.31 USEPA 1985 
Copepod Tigriopus brevicornis Invertebrate-Harpacticidae Nauplis 96h Static  10.9 (8.9-12.9) Forget et al., 1998 
   Copepodid 96h Static  19.8 (17.8-21.8) Forget et al., 1998 
   Ovigerous female 96h Static 27.5 (25.4-29.6) Forget et al., 1998 
Crustacean Nitocra spinipes Invertebrate-Ameiridae Ovigerous female 96h Flow-through 3.0 (2.1-4.2) Bengtsson et al., 1987 

*: The acute toxicity tests were conducted following ASTM standards. The experiment temperature generally ranged from 17-26ºC except for specifically showed. 
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1.6 Thyroid Disruption by Environmental  

Contaminants and the Assay 

As mentioned in 1.2.1, the mode of action of perchlorate is to inhibit synthesis of 

thyroid hormones by multiple pathways, including inhibiting iodide uptake and 

enhancing efflux of external iodide. As mentioned in 1.2.2, the mode of action of arsenate 

at TH aspect is to disrupt TH homeostasis through pathways that include energy 

disruption, and inhibition of key enzymes (TPO and 5’-DI) for TH synthesis. Both 

chemicals are thyroid disruptors, altering the profile of TH, which are implicated in 

growth, development, thermogenesis, and mediation of other hormone functions (Hadley, 

2000). Thus, loss of thyroid hormone homeostasis would affect animal fitness. Although 

genetic factors contribute to thyroid dysfunction and diseases, environmental causes have 

been an increasing concern for some time. Indeed, a variety of chemicals other than 

perchlorate, including pesticides, metals, and inorganic anions, have been found to be 

thyroid disruptors (Brown et al., 2004).  

As showed in 1.2.1 (Figure 2), the TH synthesis is a multiple-step event. In this event, 

various processes and materials are integrated and coordinated in a complex mechanism 

in order to maintain appropriate synthesis and release of TH. Disruption of any step will 

alter TH homeostasis, and cause thyroid disruption if beyond the adaptation and 

compensating capability of organisms. Accordingly, various techniques are available and 

could be applied in evaluation of thyroid disruption and diseases. A complete review 

about these techniques is beyond the scope of this dissertation. In the literature, several 

types of endpoints are most commonly used in the evaluation of environmental chemicals 

as thyroid disruptors. These include levels of thyroid-related hormones (mainly TH and 

TSH) in plasma or tissues, or in whole-body samples, thyroid histopathological 

symptoms, and quantification of stored TH amount in thyroid gland. Depending on the 

animals used in test, propensity of authors, and available facilities, different techniques 

were used by researchers. In addition, information availability is different for different 

chemicals with respect to thyrotoxicity. There is a huge body of information for 

perchlorate thyrotoxicity, but little information for arsenic thyrotoxicity. The following 
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literature review will be mainly focused on perchlorate. Please refer to the cited reviews 

for more detailed coverage (Brown et al., 2004; Strawson et al., 2004). 

Among techniques for thyrotoxicity assays, quantification of thyroid hormones in the 

plasma or whole-body animals is probably most commonly used. A variety of animal 

models were applied to examine effects of various environmental contaminants on TH 

levels. In the rat model, it was found ammonium perchlorate exposure (0-10.0 mg/kg/day) 

reduced both T3 and T4 levels in serum, although different patterns were observed after 

exposure for 14 and 90 days in males and females (Siglin et al., 2000). It seemed males 

were more sensitive than females in terms of decreased serum T3 levels, whereas they 

were similar with respect to T4 alteration. As expected, TSH levels were increased when 

rats were exposed to ammonium perchlorate in this study. This was also found in other 

rat and mice model studies (Caldwell et al., 1996; Strawson et al., 2004). However, the 

exposure of breeding deer mice to ammonium perchlorate up to 1mM did not alter 

plasma T3 level, whereas the total plasma T4 was increased up to the 1µM perchlorate 

exposure level (Thuett et al., 2002). This may be because the sensitivity of rodents in 

different physiological status is different. Response to ammonium perchlorate exposure is 

also species-dependent. A study using the prairie vole as a model found that plasma T4 

level was not significantly altered at ammonium perchlorate level up to 10.0 mg/kg for 51 

d exposure (Isanhart et al., 2005). Recovery of thyroid hormone and TSH was found 30 

days after cessation of the exposure (Siglin et al., 2000). There is little information 

available about thyroid disruption effects in humans. In a study on perchlorate effects in 

humans, short-term exposure to 10 mg ClO4/day for 14 days did not change free 

thyroxine index and total serum TH or TSH significantly. A very interesting biphasic 

pattern of plasma T4 was observed when bobwhite quail chicks were exposed to 

ammonium perchlorate up to 4,000 mg/L (McNabb et al., 2004a, 2004b). Two weeks 

exposure of the birds resulted first in significant increases in the range of 0-25 mg/L and 

then decreases in the range of 50-4,000 mg/L, and the increase peaked at only 0.03 mg/L 

when the exposure was extended to 8 weeks. This indicated that the birds compensated 

for the perchlorate exposure through the release of more T4 into the circulation, resulting 
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in increased plasma T4. TH profile in response to perchlorate exposure was also studied 

in several fish species. No significant decrease in T4 level was observed in whole-body 

zebrafish exposed to ammonium perchlorate up to 10 mg/L for 12 weeks (Mukhi et al., 

2005). In contrast, non-consistent decrease of T4 was observed in mosquitofish exposed 

to sodium perchlorate up to 1000 mg/L for up to 30d (Bradford et al., 2005). The 

response of fish at their early stage showed a different pattern when exposed to 

perchlorate. When fathead minnows were exposed to ammonium perchlorate for 28 days 

beginning from embryos of <24-h post-fertilization, T4 levels were significantly raised 

whereas T3 levels were not changed by the 100 mg/L treatment (Crane et al., 2005). 

These fish species have small size, resulting in difficulty to measure circulating TH. This 

may cause uncertainty in applicability of these data in human risk assessment. In contrast 

to fish species, amphibian showed the expected TH alteration when exposed to 

perchlorate. Developing Xenopus laevis showed a significant decrease in serum T4 level 

when exposed up to 14.14 mg/L ammonium perchlorate for 70 days, which is in 

agreement with other studies using sea lampreys as a model. In these studies, both serum 

T4 and T3 were significantly reduced when the sea lampreys were exposed to either 88 

mg/L potassium perchlorate for up to 24 weeks or 439 mg/L for up to 16 weeks. In 

general, it seems that TH levels are reduced in response to perchlorate exposure only if 

the exposure exceeds their compensating threshold in prolonged or at high concentration 

exposures, or both. Particularly, this is true for animals at early stages where either 

metamorphosis or stage transitions occur, because TH are implicated and indispensable in 

these processes.  

The second type of endpoints for thyrotoxicity assay is thyroid histopathology. 

Compared to the measurement of TH in animals, thyroid histopathology is very time-

consuming and labor-intensive. However, it has an advantage over thyroid hormone 

measurement that the events in thyroid gland where TH are synthesized and released can 

be visualized, and the pathological symptoms can be quantified by using certain criteria. 

A variety of thyroid histopathology endpoints appear in the literature, including follicle 

size, epithelial cell vacuolization, colloid size, epithelial cell height, colloid depletion, 
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hypertrophy, hyperplasia, active follicle number per unit of area, and nuclear vesiculation. 

Among them, the most commonly used endpoints are those describing epithelial cell 

morphology and amount of stored TH as colloid. Epithelial cell hypertrophy is probably 

most commonly observed and used in antithyroid chemical toxicity studies. When female 

and male Sprague-Dawley rats were exposed to ammonium perchlorate at 10 mg/kg/day 

in drinking water for 14 and 90 days, the main histopathological symptom was epithelial 

cell hypertrophy, with microfollicle formation and colloid depletion, whereas this was not 

observed at the concentrations of 0.01 to 1.0 mg/kg/day (Siglin et al., 2000), which was 

in accordance with other studies which used male Fischer 344 rats or female Wistar rats 

as models (Kanno et al., 1992; Gerber et al., 1994). In mosquitofish, sodium perchlorate 

at concentrations of 0.1—1,000 mg/L caused significant hypertrophy of epithelial cells at 

exposure day 30 (Bradford et al., 2005). In these studies, % occurrence of epithelial cells 

with hypertrophy was used as indicator of hypertrophy. Another way to indicate 

hypertrophy is direct measurement of epithelial cell height in thyroid follicles. By using 

this method, Crane et al. (2005) reported that ammonium perchlorate at concentrations of 

1, 10, and 100 mg/L significantly induced epithelial cell height in larval fathead minnow. 

Increased epithelial cell height was also observed in zebrafish exposed to 1 mg/L and/or 

10 mg/L ammonium perchlorate beginning from exposure week 4 (Mukhi et al., 2005). 

This endpoint was also found useful in amphibian models. Significant increase of 

epithelial cell height was observed in Xenopus laevis tadpoles exposed to 14.14 mg/L 

ammonium perchlorate for 70 d but not for 42 d (Goleman et al., 2002b). This endpoint 

was also used in thyrotoxicity assay of other antithyroid chemicals, such as sodium 

chlorate and thiocyanate (Hooth et al., 2001; Lanno et al., 1994). In a rare case, size of 

nucleus in epithelial cell height was also proved to be a good indicator for perchlorate 

exposure (Patino et al., 2003). Reduction of TH levels caused by antithyroid chemicals 

results in increased TSH levels. TSH stimulates not only hypertrophy but hyperplasia. 

Hyperplasia was also used as an endpoint for antithyroid chemical exposure. Significant 

induction of hyperplasia was reported in mosquitofish exposed to sodium perchlorate 

(Bradford et al., 2005) and in zebrafish exposed to ammonium perchlorate (Patino et al., 
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2003). In addition, this endpoint was used in other species for thyrotoxicity assay (Hooth 

et al., 2001). Another widely used thyroid histopathological endpoint is depleted colloid 

and was found to be a good indicator for thyrotoxicity in rats (Siglin et al., 2000; Kanno 

et al., 1992; Bradford et al., 2005; Mukhi et al., 2005; Patino et al., 2003; Thuett et all, 

2002). In addition, some other endpoints, such as active thyroid follicle number (Thuett et 

al., 2002), histopathology score (Bradford et al., 2005), and follicle volume (Goleman et 

al., 2002b), were also used. Angiogenesis in thyroid follicle is traditionally used as a 

marker in evaluation for thyroid tumor occurrence (Rzeszutko et al., 2004). Angiogenesis 

is a multi-stage process, and refers to the formation of new blood vessels originating from 

the existing structure through branching off of capillary vessels and budding of new 

vascular limbs (Mitchell, 2005). TSH was found to induce angiogenesis and thyroid 

hyperplasia (Mitchell, 2005). Therefore, angiogenesis could be a good indicator for 

thyrotoxicity of ammonium perchlorate in zebrafish (Mukhi et al. 2005).  Recovery of 

thyroid histopathology was documented. After a 90-day exposure to ammonium 

perchlorate at 10 mg/kg/day, both female and male Sprague-Dawley rats showed 

significant increase in epithelial cell height with microfollicle formation and colloid 

depletion; a 30-d nontreatment recovery period after the exposure resulted in a normal 

thyroid without evident morphological alteration (Siglin et al., 2000). In another study, a 

70-d exposure of Xenopus laevis  to 0.059 and 14.14 mg/L ammonium perchlorate caused 

significant increase of epithelial cell height, but with a 28-d recovery period, the 

epithelial cell height were not different from that in the control group (Goleman et al. 

2002b). These studies indicated that thyroid has capabilities to compensate and recover to 

normal status in response to perchlorate exposure.  

The third type of technique used in thyrotoxicity assays is quantification of stored 

TH amount in thyroid gland. This method has a very limited application up to date. Only 

two species were used to evaluate the thyrotoxicity by applying this endpoint. In two 

studies, McNabb et al. (2004a, b) found that thyroidal T4 was significantly reduced at 

ammonium perchlorate concentration as low as 0.5 mg/L in bobwhite quail chicks for a 

2-week exposure. At high concentrations of ammonium perchlorate (250-4,000 mg/L), 
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one week exposure was enough to reduce thyroidal T4 level (<50% of the control). The 

time-dependent and concentration-dependent patterns were observed for thyroidal T4 

reduction in response to perchlorate exposure in this species. A very good adaptive 

pattern of thyroid was observed with respect to thyroidal T4 level. This species can adapt 

and compensate thyroid function after 8 weeks if perchlorate concentrations are lower 

than 5.0 mg/L; if the concentrations are between 50 and 250 mg/L, little compensation 

occurred after 8 weeks; and exposure to higher than 500 mg/L ammonium perchlorate 

abolish the compensation capability at least within the 8-week exposure period. In 

another species, prairie voles exposed to perchlorate up to 10 mg/kg/d via drinking water 

for 51 days showed that perchlorate exposure significantly reduced thyroidal T4 level 

(Isanhart et al., 2005). All these studies claimed that thyroidal T4 level is the most 

sensitive indicator for thyrotoxicity assay of perchlorate compared with other endpoints, 

including growth, thyroid gland weight, and plasma T4 level. However, this method can 

not be applied for some species like fish, which have dispersed thyroid glands, making 

the assay method impractical.  

In addition to the techniques mentioned above, there are also other markers were 

used in evaluation of thyrotoxicity of chemicals, such as immunohistochemical detection 

of T4 intensity along thyroid follicles (Raine et al., 2001; Mukhi et al., 2005) and outer-

ring deiodinase activity (Manzon et al., 1998). Sensitivity of these markers may vary 

depending on model animals tested. Therefore, a reasonable selection of thyrotoxicity 

markers is important in order to evaluate thyrotoxicity of xenobiotics.  

There is little information available about arsenic thyroid disruption. To date, arsenic 

has not been unambiguously established as a thyroid disruptor, although both plasma T3 

and T4 were reported to be negatively correlated with blood arsenic in humans consuming 

fish with a high arsenic content (Meltzer et al., 2002). Another study also found that 

sodium arsenate inhibited deiodinase (a selenoenzyme) activity to some extent in male 

CD rats (Eybl et al., 1996). The probable mechanism for arsenic thyrotoxicity is its 

binding to the thiol group on the selenoenzyme or replacing elemental selenium in the 

protein. Since arsenic pollution, especially in drinking water, is a world-wide problem, 
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millions of people are exposed to arsenic, and arsenate is the dominant arsenic species in 

aerobic water, the study on thyroid disruption by arsenate is necessary and will be 

beneficial to human risk assessment.  

 

1.7 GSH and Lipid Peroxidation for Estimating Oxidative Stress 

Oxidative stress refers to alteration of the delicate balance between oxidants and 

antioxidants in favor of oxidants, resulting in oxidative damage and diseases. The 

production of oxidative stress is caused by a variety of free radicals in organisms. Free 

radicals are molecules with unpaired electrons, thereby acting as electrophiles. Free 

radicals have been research topics for years and were found involved in many processes, 

such as electron transport in mitochondria, cell signal transduction, gene expression, and 

oxidative damage at molecular, cellular and tissue levels. Although they play 

physiological roles, in many situations free radicals are involved in toxicity of physical 

and chemical agents and diseases. Depending on free radical levels in cells, oxidative 

stress to different extent could result. At normal level of free radicals, where they play 

necessary functions, the oxidative stress is at low level, and it occurs in the organism 

continuously. At an intermediate level of free radicals, adaptation processes are initiated 

to enhance the antioxidant defense mechanisms to compensate the oxidative stress. At 

this level, cells survive and maintain their necessary functions. At high levels of oxidative 

stress, cells are not capable of coping with the severe oxidative stress, and go on to 

apoptosis or necrosis, and the latter results in diseases.  

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are among the 

mostly studied free radicals and are mainly responsible for initiation of damage causing 

oxidative stress (Boelsterli UA, 2003, 2004; Bobrowicz et al., 2002; Noreault et al., 

2005). ROS originate from molecular oxygen, which is a biradical itself but nonreactive, 

and RNS from L-arginine. The production of ROS and RNS is depicted in Figure 6 and 

Figure 7, respectively. Both ROS and RNS are produced constitutively in cells to play 

roles in some physiological processes. Therefore, cells use these free radicals in 

maintaining their normal life.  
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Figure 6. Production of ROS from molecular oxygen. 
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Figure 7. Mechanism of RNS production. NOS: nitric oxide synthetase. 

 

Excessive production of these free radicals can cause oxidative damage to cells. An 

antioxidant defense system exists in cells to quench and scavenger free radicals to 

maintain a delicate balance between free radicals and antioxidant. This antioxidant 

defense system consists of two categories of agents, including antioxidant enzymes and 

antioxidant scavengers. A great number of agents have been found and documented to 

function as antioxidants. Antioxidant scavengers include glutathione (GSH), thioredoxin, 

metallothionein, lipoic acid, vitamin C, vitamin E, polyphenols, flavonoids, carotenoids, 

and metal chelators, some of which are intracellularly or extracellularly produced in 

organisms, and others are food-derived. Among antioxidant enzymes, mostly encountered 

are superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), 

glutathione reductase (GR), and glutathione S-transferase (GST). A comprehensive 

summary of this is beyond the scope of this introduction, but a simplified presentation is 

provided in Figure 8 to display the function and processes how these antioxidants 

function to quench free radicals.  
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Figure 8. A schematic presentation for metabolism of ROS catalyzed by a variety of 

antioxidant enzymes. GSSG: oxidized GSH; G-6-PD: glucose-6-phophate dehydrogenase; 

PPP: pentose-phosphate pathway 

 

There are many physical (e.g., UV) and chemical agents which execute their toxicity 

to organisms through production of free radicals. Free radicals acting as electrophiles 

attack macromolecules, such as nucleic acids, protein, and lipids, as well as small 

biomolecules such as biogenic amines and ascorbic acid. However, due to the existence 

of the antioxidant defense mechanisms in organisms, oxidative stress will be manifested 

only when it is excessive. Therefore, when free radicals are produced in response to 

environmental stress, the organisms will compensate effects by free radicals through 

enhancing antioxidant defense capability. When the levels of free radicals exceed the 

capability of antioxidants to cope with such stress, the consequences would be damage to 

macromolecules and disruption on cellular signal transduction, causing oxidative damage 

and diseases. GSH is the primary preventative antioxidant scavenger in response to 

oxidative stress, and therefore, its alteration is widely used in toxicology studies of 

oxidants or prooxidants. Because fatty acids, especially polyunsaturated-fatty acids 
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abundant in cell membrane, are one of major targets of free radicals, oxidative stress may 

cause cytotoxicity. As information-carrying material in life, DNA damage by oxidative 

stress is a big concern and has been widely assayed in chemical-screening program for 

carcinogenicity and mutation. Oxidative stress caused by arsenic has been widely 

documented, and a variety of components in antioxidant defense system have been 

reported to be affected (Shi et al., 2004; Aposhian et al., 2004; Miller et al., 2002). In the 

current project, GSH status, lipid peroxidation and DNA damage are employed to 

evaluate oxidative stress by these two chemicals. Background introduction in these 

regards is provided in the following sections.  

 

1.7.1 GSH 

GSH is a ubiquitous tripeptide, consisting of glutamate, cystein, and glycine. The 

structure of this molecule is depicted in Figure 9. The thiol group on the cysteine moiety 

endows GSH with antioxidant capacity. Due to its special structure (glutamyl moiety is 

connected to cysteine via its γ-carboxyl group instead of a peptide bond at the α-carbon), 

GSH is not degraded by proteases. GSH exists in organisms with two forms including 

reduced and oxidized GSH (GSSG). Usually, reduced GSH is the dominant cytoplasmic 

form and maintains a reduced microenvironment and, therefore, keep cells healthy. 

  

 
        Glutamate               Cysteine           Glycine 

Figure 9. Chemical structure of glutathione. 

 

GSH is widely used as a biomarker in evaluation of oxidative stress caused by 

physical and chemical agents (De Zwart et al., 1999; Boelsterli UA, 2003; Shimizu et al., 
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1998; Brambila et al., 2002). Depending on literature, reduced, oxidized GSH, or ratio of 

GSH/GSSG (GSH redox index) was used as an estimate of GSH status (Shimizu et al., 

1998; Brambila et al., 2002). There are various methods available for quantification of 

GSH in in vitro or in vivo models. The most commonly encountered methods include 

spectrophotometric (Sedlak et al., 1968), spectrofluorimetric (Hissin et al., 1976; White et 

al., 2003), and HPLC determination (Asensi et al., 1999). In addition, commercial kits are 

available from various vendors (OXisResearch, OR, USA; Cayman Chemical Companny, 

MI, USA; Dojindo Molecular Technologies, Inc., MD, USA).  

There are many physical and chemical agents which were found to alter GSH status. 

Among metals, arsenic has been documented to alter GSH profiles in in vivo and in vitro 

models. GSH is widely involved in arsenic fate in cells and can be consumed by arsenic 

via various pathways: 1) GSH acts as an electron donor in reduction of organic and 

inorganic As(V) to their As(III) form, and oxidative methylation of MMAIII to MMAV; 2) 

Arsenite binds to GSH; 3) As(III) is excreted outside cells as GSH conjugators; (4) GSH 

is necessary for DMAV to induce apoptosis; (5) Arsenic may displace selenium moiety in 

selenium-dependent antioxidant enzyme (i.e., GPx); and (6) Arsenate may reduce 

production of NADPH, which is a cofactor for GSSG reduction to GSH by GR and 

hydrogen peroxide removal by CAT, through disrupting pentose phosphate pathway (see 

Figure 1 and the literature in Figure 1; Brambila et al., 2002; Boelsterli, 2003; Scott et al., 

1993).  

In the literature, information on alteration of GSH status by arsenite is abundant. It 

has been found that intracellular cell GSH levels were inversely correlated with arsenic 

cytotoxicity. In an in vitro study, Brambila et al observed that a human prostate epithelial 

cell line exhibited high level of GSH (4.9-fold) when exposed to 0.54 mg/L arsenite, 

resulting in high tolerance of this cell line to arsenite (Brambila et al., 2002). This was 

also reported in numerous rodent cell lines, which displayed high tolerance to arsenite 

exposure (Romach et al., 2000; Wang et al., 1993). However, GSH levels in hepatocytes 

from Fisher 334 rats exposed to 0.54 mg/L arsenite were not changed (Noreault et al., 

2005). This indicated that different cell lines had differential sensitivity to arsenic 
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exposure in terms of GSH. When Rat L6 myoblasts were exposed to both arsenate and 

arsenite without GSH depletion or with GSH depletion by L-buthionine sulfoximine 

pretreatment, GSH depletion apparently enhanced the cytotoxicity of these two chemicals 

(Shimizu et al., 1998). In adult male Wistar rats exposed to arsenate (10 mg As/kg/day) 

for two days, glutathione levels in both liver (1.3-fold) and plasma (7.8-fold) was 

significantly enhanced (Schinell et al., 1996). This was also observed in heart tissue when 

rats were exposed to a single dose of arsenate at the same level (Yañez et al., 1991). This 

indicated that GSH response in different tissues in response to arsenate exposure is 

different, and therefore appropriate tissues should be chosen for GSH evaluation as a 

marker for oxidative stress. Alteration of GSH levels in response to arsenic exposure 

depends on exposure duration. When mice were exposed to water-borne arsenic (3.2 

mg/L) for 2 months, hepatic GSH levels were enhanced whereas 4- and 6-month 

exposure reduced GSH levels (Mazumder et al., 1993). The induction of GSH in response 

to arsenic exposure was attributable to increase of the transportation of cysteine, which is 

an effective moiety component of GSH as shown in Figure 9 (Deneke et al., 1992). The 

GSH role in arsenic toxicity has not been well documented in aquatic organisms. In a 

study using the green algae as a model, both arsenate and arsenite (100 µM arsenic in 

water) reduced GSH levels, and pH in water affected the reduction (Pawlik-Skowrońska 

et al., 2004). Channel catfish did not showed significant alteration in GSH levels in 

response to exposure to arsenite, arsenate, and monosodium methyl arsenate up to 

1.0mg/L for up to 7 days (Schlenk et al., 1997). Arsenic effect on GSH status is 

determined by many factors such as exposure route, duration, dose, and species or cell 

lines tested. Arsenic is widely regarded as a disruptor of GSH status in many 

experimental models. Relative to abundant information on arsenic effect on GSH status, 

no information is available for perchlorate in this regard.  

 

1.7.2 Lipid Peroxidation 

Free radicals such as ROS and RNS attack macromolecules, including lipids. Lipids 

play key roles in diverse physiological functions and processes in organisms. The lipids 
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containing more double bonds are more susceptible to free radical attack, resulting in 

lipid peroxidation (LPO). In physiological conditions, LPO is a natural metabolic process. 

LPO can be a non-enzymatic or an enzymatic process. Free radicals play a key role in the 

non-enzymatic LPO. LPO formation is a three-stage chain reaction, including initiation, 

propagation and termination (De Zwart et al., 1999). The chain reaction is displayed in 

Figure 10. The LPO chain reaction can be initiated by free radical attack as showed in the 

Figure. Antioxidants not only sequester free radicals but also terminate the initiated or 

propagated LPO, as is particularly important for protection of cell membrane. Cell 

membrane is rich in phospholipids, which is necessary for cell survival and functions by 

maintaining cell fluidity and structure. Among these phospholipids, polyunsaturated fatty 

acids are particularly vulnerable to free radical attack since more double bonds render 

easier oxidation and attack by radicals (De Zwart et al., 1999). It is fortunate that 

antioxidants including α-tocopherol, ascorbic acid and antioxidant enzyme system 

endogenously repair and terminate LPO (Buettner, 1993). When lipid peroxide is 

degraded, a variety of intermediates and endproducts are produced, as is depicted in 

Figure 11.    
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Figure 10. Schematic presentation for a chain reaction of lipid peroxidation (adpapted 

from the Klaassen, 2002). 
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Figure 11. Schematic display for products lipid peroxides. MDA: malondialdehyde. 
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Measurement of lipid peroxidation is extensively applied for evaluation of oxidative 

stress caused by environmental agents and in elucidation of disease mechanisms. Various 

methods are available for estimation of LPO examining loss of lipids, primary products 

(lipid hydroperoxides and conjugated dienes), and degradates (alkanes, MDA, Aldehydes, 

and F2-isoprostanes). Different instruments may be used, including GC, HPLC, 

spectrophotometric reader, spectrofluorometric reader, GC-MS, or ELISA (De Zwart et 

al., 1999; Janero, 1990). Among these methods, MDA may be the most extensively used 

marker for LPO assay (Rio et al., 2005; Janero, 1990). MDA measurement has been used 

for decades as an indicator for LPO, and a variety of methods have been developed for 

MDA measurement (Rio et al., 2005; Janero, 1990). Although direct measurement could 

be conducted, more methods use certain chemicals to form chemophores or fluorophores, 

which are then measured by modern instruments, such as HPLC, spectrophotometric 

reader, fluorometric reader, GC, GC-MS, or combination of some of these instruments 

(Rio et al., 2005; Janero, 1990). Measurement of thiobarbituric acid reactive substances 

(TBARS) is probably most often used in the literature for MDA measurement, although it 

has some shortcomings. This method is not specific because thiobarbituric acid (TBA) 

reacts not only with MDA but also with other aldehydes, carbohydrates, amino acids and 

bile pigments (Janero, 1990). In addition, the reaction conditions (low pH and heat) may 

contribute to MDA amounts in the samples by producing MDA artifacts (Esterbauer et al., 

1990; Janero, 1990). Many improvements have been made in applying this method. For 

example, butylated hydroxytoluene (BHT) is added in the reaction mixture to prevent 

formation of MDA artifact during acidic heating incubation, and EDTA for 

homogenization to chelate and remove metal effects on the measurement. Probably the 

most sensitive and reliable method is separation of MDA-TBA adducts in HPLC, and 

then the adducts are detected with fluorometry detector (Rio et al., 2005). Many variants 

of TBARs assays have been developed. The most commonly used TBARs assay using 

UV/Vis spectrophotometry includes those by Esterbauer et al (1990), Aust (1985), and 

Ohkawa et al (1979). There are commercial kits for LPO assay from some vendors, such 
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as ZeptoMetrix Corporation (NY, USA) and Northwest Life Science Specialties, LLC 

(WA, USA).  

LPO has been widely used as a marker for lipid damage by free radicals. Metals are 

among the chemicals to cause LPO (Li et al., 2006; Schlenk et al., 1997). Arsenic is a 

pro-oxidant and causes oxidative stress by producing ROS/RNS (Figure 3). However, it 

seemed that effects of arsenic in organisms are not consistent. In channel catfish exposed 

to arsenate, arsenite and monosodium methyl arsonate up to 1.0mg/L for 7 days, hepatic 

LPO levels as TBARS were not significantly changed (Schlenk et al., 1997). Similarly, 

LPO levels in plasma were not significantly affected in lake whitefish exposed to up to 

100 µg As/g food (as sodium arsenate) for 10, 30, and 64 days, although there was a 

general decrease in exposed fish (Pedlar et al., 2002a). In contrast, in Wistar female rats 

exposed to sodium arsenite at 14.8 and 18.2 mg/Kg, LPO values were significantly 

increased, with a dose-dependent pattern in liver, kidney and heart after 1 and 4 h 

intraperitoneal (ip) single dose (Ramos et al., 1995). Arsenic at 10 mg/Kg with a single ip 

exposure caused significant increase in heart LPO level in rats (Yáñez, 1991). A 

prolonged ip exposure of male CD rats to both sodium arsenate and sodium arsenite at 

level of 0.01 mmol/kg (5 times a week) for 6 weeks resulted in increased LPO by 22.4% 

and 16.1%, respectively (Eybl et al., 1998). It seemed that LPO status in response to 

arsenic exposure was dependent on exposure duration. In a study in which freshwater 

invertebrates, Dreissena polymorpha and Asellus aquaticus were exposed to 80 µg/L 

arsenic for 7 days, whole body TBARS level was not altered, whereas it was significantly 

induced at day 3 (Bouskill et al., in press). In climbing perch Anabas testudineus exposed 

to arsenic at the 1.5 mg/L level, LPO was significantly induced at day 2, but the induction 

at day 30 at the 0.75 mg/L arsenic level was not significant (Das et al., 1998). Arsenic 

effect on LPO was also dependent on exposure route and was species-specific. Wistar 

male rats showed no change in liver LPO levels when exposed to 10 mg/kg/day orally for 

2 days (Schinell et al., 1996). In mallards, the hepatic LPO was not changed at week 4, 

but it was reduced at week 10 when they were exposed to arsenic in food (Camardese et 

al., 1990; Hoffman et al., 1992). Therefore, based on the literature the arsenic effect on 
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LPO status is affected by many factors, such as model species, exposure route and 

duration, and the tissues tested. 

  

1.8 DNA Damage Assessed in Genotoxicity Assays 

Toxicogenomics has been developed rapidly in recent years with development of 

advanced technologies and more availability of genomics information in experimental 

models and human (Snape et al., 2004). The modern toxicogenomics has been attracting 

more toxicologists to elucidate modes of actions of environmental agents, but traditional 

genotoxicity studies are still necessary and compensatory to the modern toxicogenomics 

in finding clues for human disease occurrence and their cures. Genotoxicity studies are 

important because DNA, as an information-carrying vehicle across generations, is often 

targeted and damaged by environmental agents. A variety of damages to genetic material 

have been studied in evaluating chemical toxicity. These include mutation, DNA strand 

breaks, DNA-protein crosslinks, DNA adducts, apoptosis, micronuclei, clastogenesis 

(chromosomal aberrations, sister chromatic-exchange, chromosomal loss), among others 

(Klaassen, 2001). These damages naturally occur in organisms and are repaired by DNA 

repair mechanisms (Calderón et al., 2003). However, under stress conditions caused by 

exposure to environmental agents, organisms may have excessive genotoxicity that 

exceeds the capability of DNA repair mechanisms. In this case, toxicological 

consequences such as carcinogenesis, teratogenesis, and embryotoxicity will ensue. 

Humans have been reported to be at risk to genotoxicity caused by environmental 

pollutants. Children at different stages are among populations at high risk to these 

pollutants. In children across ages chromatin aberrations, micronuclei, DNA adducts have 

been consistently increasing based on data over a 25-year period (1980-2004). This 

genotoxicity was linked to exposure to environmental pollutants through direct or 

maternal exposure (Neri et al., 2005). Various techniques and assays have been 

developed to examine genotoxicity in organisms in response to agent exposures, such as 

mutagenic assays, DNA damage assays, cytogenetic assays, and carcinogenic assays 

(Theodorakis et al., 2002).  



 53

DNA damage occurs spontaneously in organisms and more than 104 DNA damages 

were estimated to occur in each mammalian cell each day (Slupphaug et al., 2003). 

However, an excessive DNA damage is harmful, and has been linked to a variety of 

diseases. In particular, many carcinogens have been documented to cause DNA damage 

that results in carcinogenesis. DNA damage appears in a variety of forms, such as 

mismatches, base damage (e.g., oxidative bases, loss of bases, pyrimidine dimmers, and 

chemical structure alteration), strand breaks, DNA fragmentation, crosslinks between 

DNA and other macromolecules and chemicals, just to name a few. Therefore, damage to 

any components (bases, sugar, and phosphate moiety) may cause toxicological 

consequences. In addition, DNA damage can be caused by other pathways. Repair of 

damaged DNA is an energy-dependent process. DNA repair mechanisms consist of 

certain proteins and cofactors, and some proteins, especially key enzymes, were disrupted 

by metals and PAHs (Miller et al., 2002; Xue et al., 2005). Therefore, disruption of 

energy production and DNA repair also results in DNA damage.  

DNA damage has been recognized as an etiological factor in human diseases, and a 

great amount of techniques have been developed to assay DNA damage. Some 

techniques evaluate general DNA damage, such as the comet assay, and some are specific, 

such as 8-oxoG measurements (Theodorakis et al., 2002). In recent years, with 

development of toxicogenomics (e.g., microarray technique), DNA damage/genotoxicity 

assays have entered a new era.   

A variety of chemicals have been found to be genotoxins such as heavy metals, PAH, 

pesticides, among others (Neri et al., 2005; Xue et al., 2005). Different chemicals may 

have different targets on DNA and differential genotoxicity mechanisms. It was 

documented that chemicals may cause DNA damage acting as alkylating agents 

(attacking on nucleophilic centers in DNA bases), cross-linking agents (between DNA 

and other macromolecules), and electrophile-producing chemicals (Theodorakis et al., 

2002; Xue et al., 2005). ROS/RNS in nature are electrophiles, and thus the chemicals that 

cause production of these species damage DNA. Specifically these chemicals can oxidize 
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DNA and other later events, such as DNA strand breaks, oxidative bases, and apoptosis 

may ensue.  

Arsenic has been documented to cause a variety of DNA damage, such as DNA 

strand breaks, disrupting DNA repair, DNA-protein crosslink, oxidative DNA adducts, 

apoptosis, micronuclei (Calderó et al., 2003), mutation, clastogen (chromosal aberrations, 

sister chromatid-exchanges, in human and rodent cells), mutagen (Liu et al., 2001), 

perturbation of DNA methylation patterns, and DNA repair disruption (Liu et al., 2001). 

Production of oxidative stress was found to be mainly responsible for genotoxicity and 

claimed to be one of major mechanisms for arsenic to be a human carcinogen (Miller et 

al., 2002; Calderón et al., 2003; Shi et al., 2004). Oxidation of DNA by ROS/RNS 

resulting from arsenic leads to DNA strand breaks, oxidative bases on DNA, and even 

DNA fragmentation (Sluphaug et al., 2003).  

Organisms have defense mechanisms to prevent oxidative DNA damage by arsenic 

from happening. The first line of defense is to sequester ROS/RNS through antioxidant 

defense systems. The second line of defense is to remove or repair the oxidized bases due 

to bases being the major target for these radicals. The third line to initiate DNA repair 

systems to repair damaged DNA. If these defense lines do not work, the cells will be 

directed to apoptosis, a non-harmful cell death process, or to necrosis, a harmful cell 

death process, which may cause tumorogenesis or carcinogenesis. Therefore, the 

occurrence of DNA damage and the defense in organisms are very complicated biological 

process. In the current project, DNA damage were assayed employing DNA strand breaks, 

oxidative bases, and DNA fragmentation to evaluate oxidative damage to DNA by 

arsenic.  

Base damage upon oxidative stress has been widely studied, and over 20 different 

types of base damage have been found (Slupphaug et al., 2003). The most commonly 

used markers for oxidative DNA damage are 8-oxoguanine (8-oxoG) and thymine glycol 

(Tg) in the literature. Different mechanisms for base repair are documented, and base 

excision repair plays the major role (Huffman et al., 2005; Slupphaug et al., 2003). 

Assays for oxidative bases can be conducted by a variety of ways. Direct detection of 



 55

oxidative bases was reported in the literature (Piao et al., 2005; Yamanaka et al., 2004). 

Another way is to release damaged base from DNA, employing some glycosylases, 

resulting in strand breaks, and then detect the strand breaks with and without enzyme 

treatment. The difference between the two treatments is the damage originating from 

oxidized bases (Sutherland et al., 2002). By using different enzymes, specific types of 

oxidized bases could be detected. However, it is not as specific as measuring oxidized 

bases directly.  

Methods are available to detect both double DNA strand breaks (DSB) and single 

DNA strand breaks (SSB), and these methods have been widely used in the literature 

(Freeman et al., 1986; Sutherland et al., 2001; Theodorakis et al., 1994; Costa et al., 

2002). SSB occur when excision repair is not completed in response to insult by 

electrophiles such as ROS/RNS on DNA single strands. SSB may develop into DSB upon 

replication. DSB may be lethal unless repaired (Slupphaug et al., 2003).  

Various arsenic species were found to break DNA strands in different in vitro models. 

Methylated trivalent arsenic was generally the most potent inducer of DNA strand breaks 

compared with arsenite, arsenate, and methylated arsenate in in vitro studies (Calderón et 

al., 2003; Mass et al., 2001). Thus, methylated trivalent arsenic was hypothesized to 

attack DNA directly instead of the initial production of oxidative stress by other arsenic 

species. Many studies also indicated DMA(V) was an inducer of DNA strand breaks. A 

mouse lung cell line (Escherichia coli B tester strains) was exposed to 1,500 mg/L 

DMA(V) for 3 h, significant DNA strand breaks occurred (Yamanaka et al., 1989). This 

arsenic species was also documented to cause DNA strand breaks in mice and rat lung 

cells (Yamanaka et al., 1991), and mouse and human cells (Yamanaka et al., 1993). 

DMA(V) also caused SSB production. When human alveolar cells were incubated with 

DMA(V) at levels of 5, 7.5 and 10 mM up to 12 h, significant SSB were induced (Kato et 

al., 1994), in agreement with other studies using this model (Yamanaka et al., 1995 and 

1997). Arsenite was also found to cause DNA strand breaks in in vitro models. When 

human vascular smooth muscle cells were treated with arsenite at a concentration over 1 

µM for 4 h, significant DNA strand breaks occurred (Lynn et al., 2000). This effect by 
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arsenite was also observed in mammalian bovine aortic endothelial cells (Liu et al., 2000), 

rat lung cells (Brown et al., 1996), and Chinese hamster ovary cell line (Lynn et al., 

1998). In vivo models have not been studied in this regard. Although arsenate has been 

reported to be a genotoxin and induced DNA damage-inducible genes and DNA excision 

repair gene expression (Ramos-morales et al., 1995; Liu et al., 2001), its genotoxicity as 

DNA strand breaks has not been studied in cell models. Even when arsenate up to 1 M 

was incubated with pure DNA for 2 h, no DNA strand breaks were observed (Mass et al., 

2001). This indicated that arsenate alone is probably not potent in causing DNA strand 

breaks.  

Apoptosis is a form of programmed cell death to remove abnormal cells. It can also 

be initiated by chemical exposure. This process is tightly regulated by a series of 

enzymes and signaling factors (Boelsterli et al., 2003). Apoptosis is a multi-step event, 

and thus a variety of methods are available for apoptosis assay, such as enzyme assay, 

expression of signaling factors, and morphological alteration in cells (Miller et al., 2002). 

DNA fragmentation occurs during apoptosis when caspases activate endonucleases that 

cleave DNA into fragments. These DNA fragments are multitudes of 200 base pairs and 

appear as a “DNA ladder” on agarose gels. Because DNA fragmentation is a hallmark for 

apoptosis, it has been widely used as a marker for apoptosis (Wang et al., 2004; Miller et 

al., 2002). 

Arsenic causes apoptosis through different mechanisms. Production of ROS/RNS is 

routinely accepted as the mechanism of arsenic-induced apoptosis. In addition, arsenic 

upregulates p53 and induced key regulators of cell cycle to promote apoptosis (Calderón 

et al., 2003). Trivalent arsenic has been documented widely in causing apoptosis. 

Because various markers for apoptosis assay were used in arsenic studies, DNA 

fragmentation would be assumed to happen if apoptosis occurred in test models exposed 

to arsenic. Different cell lines may have different sensitivity to arsenite exposure. In two 

fish cell lines, including JF (fin cells of Therapon jarbua) and TO-2 cells (ovary cells of 

Tilapia), differential DNA fragmentation response were observed. In the former cell line, 

a dose-dependent DNA laddering occurred at an arsenite range of 20-160 µM for 26 h 
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and of 1.25-10.0 µM for 48 h. However, the laddering pattern was not observed in the 

latter cell line (Wang et al., 2004). The biotransformation/metabolism systems in these 

two cell lines may be different and contribute to their differential sensitivity. Arsenite-

caused apoptosis was reported in different models such as rat and human neural cells 

(Chattopadhyay et al., 2002), a human colon cancer cell line (Nakagawa et al., 2002). 

Arsenic trioxide was very toxic and induced apoptosis in many in vitro models such as 

adult T-cell leukemia cells, neuroblastoma cell lines, myeloid leukemia cell lines, and 

NB4 cells (Miller et al., 2002). Arsenic was also observed to block apoptosis and, thus, to 

promote cell proliferation in in vivo model. Pentavalent arsenic exposure may initiate 

apoptosis with less potency than trivalent arsenic. When adult male 129/Sv mice were 

exposed to As(V) at 300 µmol/kg or As(III) at 100 µmol/kg with sc injection for 3 h, 

levels of both AP-1 and Gadd45 in liver, which are blocker and promoter of cell 

proliferation, respectively, were increased apparently supporting that arsenite was more 

potent than arsenate (Liu et al., 2001).  

Relative to the abundant information about arsenic in genotoxicity studies, there is 

little information about perchlorate genotoxicity. Based on its mode of action that 

perchlorate is a thyroid disruptor and had no affinity for nucleic acids perchlorate is 

probably not genotoxic. In a study conducted by ManTech Environmental Technology, 

Inc., three types of genotoxicity assays were executed to evaluate ammonium perchlorate 

genotoxicity. It was found that ammonium perchlorate was not genotoxic in 

Salmonella/Microsome Mutagenesis Assay up to 5 mg/plate, in Mouse Lymphoma Cell 

Mutagenesis Assay at 2.5 mg/ml, and in in vivo Mouse Bone Marrow Micronucleus Test 

up to 1,000 mg/kg in both male and female mice (Sharma et al, 1998). 

 

1.9 Perchlorate and Arsenate: Toxicokinetics 

1.9.1 Perchlorate 

There are some laboratory studies and field investigations that investigated 

perchlorate uptake and bio-residue in aquatic animals (mainly fish). This information is 

summarized in Table 3. As seen in the Table, perchlorate is not accumulated in aquatic 
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animals, as was indicated by the low bioconcentration factors (BCFs). In fish, BCF is 

usually lower than one, and it is relatively high in a clam species- Corbicula fluminea 

with a BCF of 1.85. This was also observed in a field investigation. In a variety of fish 

species, aquatic insects and amphibian species, the perchlorate residue in aquatic animals 

had a range from the below-the-detection limit to 44.3 mg/Kg dry weight, and the 

corresponding perchlorate concentrations in water ranged from the below-the-detection 

limit to as high as 31 mg/L. This is due to its property as a hydrophilic chemical, which is 

not bioaccumulated in animals. 

There is only limited literature that documented the elimination of perchlorate from 

fish. When mosquitofish were exposed to sodium perchlorate at 100 mg/L level for two 

days and then transferred to chemical-free water, it was found that after a 5-day 

elimination (day 3 and day 4 were not studied), the perchlorate residue in fish was below 

the detection limit (25 ng/g dry wt.). In the same study, this also occurred in tissue levels, 

such as in liver, head, fillet, GI tract, and gill in channel catfish (Park, 2003). This 

indicated that perchlorate is not easily accumulated, and that it is eliminated from 

organisms rapidly. The rapid elimination is one of the major mechanisms by which fish 

reduce perchlorate toxicity.   

The characteristics of perchlorate uptake and elimination were reported from a study 

conducted by Park and his colleagues (Park, 2003). The uptake rate in mosquitofish was 

0.10 day-1 during a 2-day exposure to 100 mg/L sodium perchlorate. The uptake rates 

were tissue-dependent. Head was found to be the most rapid uptake tissue, with an uptake 

rate of 0.26 day-1, and fillet the slowest uptake tissue, with an uptake rate of 0.07 day-1, 

with GI tract, gill, and liver having intermediate rates. It seemed that mosquitofish 

eliminated perchlorate with a higher rate (0.76 day-1) than the uptake rate (0.10 day-1). At 

tissue level, perchlorate elimination in fillet is the highest and the lowest in liver. The 

biological half life of perchlorate in mosquitofish (0.91 day) is short, corresponding to the 

rapid elimination. The half-life of perchlorate in gill and liver are the longest in fish, 

which indicated that these two tissues may be major tissues to eliminate perchlorate.  
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Table 3. Perchlorate residue in aquatic animals in laboratory and field exposure scenarios. 
Species Exposure Test Perchlorate residue BCFa Site of maximum 

Test species 
information concentration (mg/L) duration (days) 

Exposure 

condition (mg/kg dry wt.) (L/kg) Concentration in organisms 
Source 

0.1, 1 2, 10, 30 UDb  

2 wbc, 2.61±1.11   

10 wb,  0.75±0.46   10 

30 wb,  1.25±0.28  

2 wb, 16.03±2.86  

10 wb, 10.09±0.57  100 

30 wb, 9.72±0.47  

2 wb, 77.38±12.64   

10 wb, 69.94±9.41  

Mosquitofish 

(Gambusia holbrooki) 

  

Adult, female 

 

1000 

  30 

Static renewal 

22°C 

  

wb, 85.40±9.05 0.15 

  

Bradford et al.,  

(in press) 

  

Headc, 25.42±1.86  0.21e 

SKc, 11.05±0.84 0.14e 

FLc, 7.26±0.32 0.06e 

MUc, 2.15±0.20 0.03e 

GIc, 1.32±0.12 <0.01e 

KYc, 0.95±0.22 <0.01e 

GLc, 0.48±0.07 <0.01e 

LVc, 0.13±0.09 <0.01e 

Catfish 

(Ictalurus punctatus) 

  

Adult, both 

sex 

 

100 

  

 

5 

 

 

Static renewal 

22°C 

  

GDc, UD   

  

Bradford et al.,  

(in press) 

  

Fathead minnow 

(Pimephales promelas) 
1.3±0.32g 1000 2 

Static renewal  

18.7-20.8 °C  
wb, 27.7-67.5   Park et al., 2005 

1 
 

wb, 2.61±1.11 

10 wb, 2.61±1.11 

 

Large mouth bass 

(Micropterus salmoides) 

 

19.0±5.2g 

 

3.52±0.75mg SP/Kg 

fish/dayd   
30 

 

Static renewal 

18.7-20.8 °C 
wb, 2.61±1.11 

    
 

Park et al., 2005 
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Table 3. Continued.       

Species Exposure Test Perchlorate residue BCFa Site of maximum  

 information concentration (mg/L) duration (days) 

Exposure 

condition (mg/kg dry wt.) (L/kg) Concentration in organisms 
Source 

1-14 UD  

21 1.1  1.5 

28 1.5  

1 2.5  

2 2.6  

3 3.4  

7 5.1  

14 5.1  

21 6.1  

Bluegill fish 

(Lepomis macrochirus) 

Juvenile 

(62±7.7mm) 

15 

28 

Flow through  

22.5-23.7°C 

  

6.8 0.7   

Dean et al., 2005 

  

1 8.4  

2 10  

3 4  

7 3.7  

14 3.4  

21 18  

6.5 

28 <2.8  

1 37  

2 37  

3 33  

7 34  

14 43  

21 52  

Asiatic clam 

(Corbicula fluminea) 

  

Adult (2cm) 

15 

  

28 

Flow through  

22.4-23.8°C 

  

68 1.85 

  
Dean et al., 2005 

  

Fish Various 10.5 (130)f   Field study wb, 16.4 (44.3)f  Lake Mead area (NV, USA) Parsons, 2001 

Amphibian Various 10.5 (130)f  Field study wb, 1.1 (1.7)f  LAAPg Parsons, 2001 

        



 61

Species Exposure Perchlorate residue BCFa Site of maximum  

 

Test species 
information concentration (mg/L) 

Exposure 

condition (mg/kg dry wt.) (L/kg) 
Concentration in 

organisms 

Source 

Aquatic insect Various 10.5 (130)f Field study wb, 0.74 (1.0)  LAAPg Parsons, 2001 

Fish Various 30-31, <0.085 Field study wb, UD - 0.207  LAAPg Smith et al., 2001 

Aquatic insect Various 30-31, <0.085 Field study wb, 0.811-2.038  LAAPg Smith et al., 2001 

Frogs Various 30-31, <0.085 Field study wb, UD-0.58  LAAPg Smith et al., 2003 

Fish Various UD-3.44h Field study wb, UD-0.69h  Station creek ST1h Theodorakis et al., 2006 

Fish Various UD-0.029j Field study wb, UD-0.33j  Station creek ST2h Theodorakis et al., 2006 

Fish Various UD-0.024k Field study wb, UDk   Theodorakis et al., 2006 

Fish Various UD-0.014l Field study wb, UD-0.67l   Wasp Creekh Theodorakis et al., 2006 

a: If BCF is available in the literature, it will be provided. If BCF is not available and the steady-state is reached, the BCF is calculated and expressed as the 

geomic mean of BCFs at different levels according to EPA method (Stephan et al., 1985). If BCF is not available and the steady-state information is not 

available in the literature, the tissue residue is presented.  

b: UD: under detection limit  

c: wb: whole body; KY: kidney; LV: liver; GL: gill; GD: gonad; GI: gastrointestinal tract; HD: head; FL: fillet; LJ: lower jaw; US: upper skull; MU: muscle; SK: 

skin; OP: operculum  

d: The large mouth bass were fed with fathead minnow, which were exposed to 1,000 mg/L sodium perchlorate for 2 d.  

e: No information is available about the steady-state, resulting in an approximate estimate of the BCFs here 

f: The maximum perchlorate concentration found;  

g: LAAP: Longhorn Army Ammunition Plant (TX, USA);  

h: The samples were obtained in August and September, 2001 

i: NWIRP: the Naval Weapons Industrial Reserve Plant;  

j: The samples were obtained in October, 2001;  

k: The samples were obtained in March, 2002;  

l: The samples were obtained in August, 2002

Table 3. Continued
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1.9.1 Arsenate 

Relative to perchlorate, there is abundant information about arsenic accumulation in 

aquatic animals in laboratory studies and field aquatic ecosystems that are contaminated 

by arsenic. Since arsenate is the dominant arsenic species in aerobic water and the arsenic 

was studied in the current project, the arsenic residue information from laboratory studies 

that tested the accumulation when fish were exposed to sodium arsenate was summarized 

and tabulated in Table 4.  

As seen in Table 4, there were six species tested for arsenic accumulation, with 

arsenate as the arsenic chemical tested. The comparison among these species regarding 

arsenic accumulation is not practical since different exposure conditions, animal stages 

and presentation methods for arsenic residue were used in these studies. However, some 

information could be extracted from these reports. Rainbow trout Oncorhynchus mykisis 

were used in a series of studies at their different developmental stages (1.5, 2.0, 3.6, 5.7, 

7.6, 13.8, and 48g). Different exposure routes were tested, including food and water.  In 

both exposure routes, it was found that arsenic accumulation was dose-dependent. The 

effect of exposure temperature on arsenic residue levels was organ-specific and depended 

on arsenate concentrations in water. The arsenic levels in whole body rainbow trout 

exposed to 120 mg/L sodium arsenate at 5 ºC was similar to that at 15ºC. In contrast, in 

liver and intestine, arsenic residue was enhanced with temperature (10, 20, and 30ºC), 

when rainbow trout were exposed to 30 mg/L sodium arsenate. However, when sodium 

arsenate level increased from 30 mg/L to 60 mg/L, arsenic residue levels were reduced 

over the temperature range (10, 20, and 30ºC). There are a variety of tissues studied for 

their capability to accumulate arsenic in laboratory studies. Generally gallbladder plus 

bile and liver accumulated high concentrations of arsenic, whereas gonad, brain, and 

bone were among those tissues that did not accumulate arsenic. In general, inorganic 

arsenic is not an easily accumulated metal.  

Not much information is available for arsenic depuration characteristics. Fish 

depurate arsenic rapidly. It was found that 90% of arsenic residue was eliminated from 

tilapia Oreochromis mossambica and Japanese medaka Oryzias latipes 1 day after they 
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were transferred from 1 mg/L sodium arsenite (exposure period: 7 days) to As-free water 

(Suhendrayatna et al., 2001a, 2002).  
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Table 4. Arsenic residue in fish exposed to sodium arsenate in laboratory studies. 
Species Dura- Route/ Exposure  Arsenic residue in tissues (µg/kg wet wt.) 

Test species 
Stages tion 

(d) Dose condition WBb STb PAb INb LVb KDb GBb BLb SK/SCb MUb GNb SP/EYEb GLb BNb 

3.5 y  20 Fb, 0 FLb    0.09/0.03 0.65/0.80 UD/UD 0.15/0.20 0.15/UD 0.12/0.07 0.23/0.42             
(240g)  F, 10c 11±0.02°C  0.10/0.08 1.55/1.50 0.12/0.20 1.05/1.60 0.30/0.71 0.09/0.68 0.60/1.70       

Lake 
whitefisha 
(Coregonus  
clupeafourmis)   F, 

100c   0.21/0.35 1.82/1.25 0.45/0.28 1.45/1.00 0.80/0.75 0.51/1.49 UD/0.35       
4.0 y  10 F, 0 FL   0.05 0.7 0.4 0.2 0.18 0.5   0.26/0.05 0.48d 0.18d 0.39d/ 0.11d 0.08d 

(334g)  F, 1c  
10±0.02°C  0.05 0.4 0.1 0.18 0.2 0.5  0.1/0.04      

  F, 10c   0.06 0.6 0.1 0.2 0.15 0.5  0.13/0.05      

   
F, 

100c     0.3 1.4 0.9 1.6 0.7 8.4   0.3/0.3 0.46 0.28 0.5/ 0.26 0.3 

 30 F, 0     0.05 0.5 0.1 0.18 0.16 0.5   0.14/0.04           
  F, 1c   0.05 0.6 0.08 0.2 0.17 0.4  0.15/0.03      
  F, 10c   0.06 0.7 0.1 0.25 0.18 0.5  0.16/0.09      

   F, 
100c     0.8 5.1 4 4.5 0.9 4.5   0.4/0.6 0.56 0.45 0.76/ 0.64 0.57 

 64 F, 0   0.05 0.5 0.07 0.18 0.17 0.4  0.07/0.04      
  F, 1c   0.05 0.4 0.05 0.18 0.15 1  0.11/0.03      
  F, 10c   0.05 0.6 0.06 0.24 0.18 0.6  0.17/0.10      

Lake 
whitefish2 
(Coregonus  
clupeafourmis) 

  F, 
100c   0.2 1.2 0.8 0.6 0.9 0.6  0.3/0.4 0.38 0.23 0.45/ 0.19 0.52 

2.0 y    F, 0 FL   0.15/0.10 0.55/0.45 0.08/0.15 0.26/0.30 0.03/0.05 0.31/0.22 1.05/1.03             
(289g)  F, 10c 11±0.02°C  0.56/0.34 1.82/1.35 0.85/0.52 1.80/1.00 1.13/0.73 0.79/0.72 2.20/2.98       

Lake trout1 
(Salvelinus  
namaycush) 

    F, 
100c     0.25/0.16 1.15/1.10 0.30/0.21 0.73/0.61 0.45/0.23 0.25/0.12 4.30/3.60             

Finglerling  7 Wb , 
60 FL, 15°C 8.1±0.6                           

(1.5g)  W, 
120 

FL, 5, 
15°C 8.6±0.3              

Rainbow trout3 
(Oncorhynchus 
mykisis) 

    W, 
240 FL, 5°C 13.5±0.7                           

Fry 56 F, 120 FL, 15°C 6.9±0.6                           
(3.6g)  F, 240  9.1±0.7              

  F, 480  11.2±2.3              

Rainbow trout4 
(Oncorhynchus 
mykisis) 
  

    F, 960   14.5±2.4                           
Juvenile 56 F, 1 FL, 15°C     0.38±0.02  0.50±0.02 0.25±0.11       Rainbow trout5 

(O. mykisis) (13.8g)   F, 55           15.01±1.05   39.14±1.87 43.11±10.17             
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Species Dura- Route/ Exposure  Arsenic residue in tissues (µg/kg wet wt.)  
Test species 

Stages tion 
(d) Dose condition WBb STb PAb INb LVb KDb GBb BLb SK/SCb GNb SP/EYEb GLb BNb CC/BRb 

Juvenile  84 F, 1 FL, 15°C         0.20±0.01 0.40±0.02               0.14±0.03/ 
(48g)  F, 49      20.46±0.75 6.86±1.08        1.79±0.22/ 

    F, 182           50.01±8.56 13.90±2.46               3.84±0.09/ 
Juvenile   F, 1 FL, 15°C     0.05±0.02 0.11±0.02        0.09±0.00/ 
(7.6g) 112 F, 8      0.67±0.06 1.06±0.04        0.25±0.03/ 

  F, 44      3.78±0.10 7.61±0.11        1.12±0.08/ 
  F, 92      9.15±1.31 21.03±1.95        2.43±0.30/ 
  F, 104      16.25±0.58 28.55±1.35        4.33±0.07/ 
    F, 174           34.39±4.28 31.88±3.73               5.69±0.27/ 

Juvenile 84 F, 0 FL, 15°C     0.38±0.00          
(2.0g)  F, 3      1.04±0.07          

  F, 6      1.26±0.14          
  F, 12      2.34±0.10          
  F, 33      7.87±0.37          
   F, 65           17.68±0.39                 0.40±0.05/ 
 168 F, 0 FL, 15°C     0.18±0.04          
  F, 3      0.33±0.03          
  F, 6      0.54±0.03          
  F, 12      1.47±0.22          
  F, 33      7.58±1.16          

Rainbow trout5 
(O. mykisis) 

    F, 65           12.89±0.28                   
Fingerling 77 W, 18 FL, 5°C 1.0±e                           

(5.7g)  W, 18 FL, 15°C 2-3.4f              
  W, 36 FL, 5°C 2.0±g              
  W, 36 FL, 5°C 3.0±h              

 
Rainbow trout7 
(Oncorhynchus 
mykisis) 
  

    W, 36 FL, 5°C 5.4±i                           

NA 5 W, 
100 STb 33.4j              

 1 W, 
500 ST 541.2j              

 
Green sunfish8 
(Lepomis 
cyanellus)   1 W, 

1000 ST 581.6j                           
36g 2 W, 60 ST     23.8±2.8 8.1±2.4 35.1±4.1l  3.5±1.3/2.1±1.4m 10.1±1.8 6.8±2.3   

 4 W, 60 ST     42.3±13.9 7.2±2.9 77.7±32.0l  6.2±3.1/3.7±0.4m 23.4±13.3 2.7±1.7   
Green sunfish9 
(Lepomis 
cyanellus) 

  6 W, 60 ST         47.7±6.0 14.2±1.8 158.7±78.2l   8.5±5.8/2.3±1.5m 18.9±8.8 3.8±2.1     
                   

Table 4. Continued.
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Species Dura- Route/ Exposure  Arsenic residue in tissues (µg/kg wet wt.)  
Test species 

Stages tion 
(d) Dose condition WBb STb PAb INb LVb KDb GBb BLb MUb GNb SP/EYEb GLb BNb CC/BRb 

14.2g 35 W, 30 RNb, 10°C    155.5n,o 235n    44n      
 35 W, 30 RN, 20°C    233.5n,o 430n    30n      

 35 W, 30 RN, 30°C    240n,o 1455n    40n      
 35 W, 60 RN, 20°C    249.5n,o 1059n    54n      

 
Green 
sunfish10 
(Lepomis 
cyanellus) 

  35 W, 60 RN, 30°C       126.5n,o 370n     30n           

5-8cm 7 
W, 

0.25 ST, 21°C 3.4n              

  
W, 

1.24 ST, 21°C 7.6n              

    
W, 

2.48 ST, 21°C 11.2n                           

5-8cm 7 W, 10 ST, 21°C    15.5±1.6n 2.5±1.5n    6.0±0.9n 13.5±1.5n,p /7.1±0.5n 4.8±0.3n 3.0±0.3n /61.8±5.1n 

    F, 1.93 ST, 21°C                 0.46±0.8n           

5-8cm 7 W, 0.1 ST, 21°C 3.4n             
  W, 5 ST, 21°C 7.6n              

 
Tilapia11 
(Oreochromis 
mossambicus) 

    W, 10 ST, 21°C 11.2n                           

 

a: the chemical used in these study was sodium arsnenate, although different names used depending on literature. The residue levels were measured in surviving fish in the 

experiment unless specified. Some data were extracted from figures in the literature. Unit for food exposure is µg As/g and for water exposure mg/L. 

b: F: food; W: water; WB: whole body; ST: stomach; PA: pyloric area; INT: intestine; LV: liver; KD: kidney; GB: gallbladder; BL: bile; SK: skin; SC: scale; MU: muscle; 

GN: gonads; SP: spleen; GL: gill; BN: bone; PL: plasma; CC/BR: carcass (whole body without liver and kidney)/brain; FL: flow through method; ST: static method; RN: 

renewal method. 

c: Fish were fed two types of food, one without added shrimp (NS), and another with added shrimp (S). The arsenic residue level ××/×× refers to the arsenic in fish fed NS 

food/in fish fed S food. 

d: Arsenic residue in tissues of lake whitefish fed a control diet for 10 days as refrence. 

e,f: Survival and growth were not affected. 

g: Residue in surval fish with no intoxication symptom 

h: Resdue at LC50 level or growth was reduced.  

i: Residue in dead fish;  

j: Based on dry weight and in dead fish. No information available for experiment temperature. 

Table 4. Continued.
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k: No information available for experimental temperature.  

l: The redisue in gallbladder combined with bile. 

m: The residue in ovary/testes 

n: The residue based on dry weight 

o: The residue in gut 

p: The residue in ovary 

1. Pedlar et al., 2002b; 2. Pedler et al., 2002c; 3. McGeachy et al., 1992; 4. cockell et al.,  1988; 5. Cockell et al., 1992; 6. Cockell et al., 1991; 7. McGeachy et al., 1990; 

8. Soreson, 1976b; 9. Soreson, 1979; 10.Forenson, 1976b 11. Suhendrayatna., 2002; 12. Suhendrayatna et al., 2001a; 13. Suhendrayatna et al., 2001b 
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CHAPTER II 

RESEARCH OBJECTIVES AND HYPOTHESES 

 

2.1 Research objectives 

The overall objective of this project is to evaluate the toxicity of sodium perchlorate 

and sodium arsenate and their joint action at different exposure levels using the zebrafish 

Danio rerio as a model. Perchlorate is a model thyroid disruptor and arsenate is a pro-

oxidant. Certain parameters were chosen to evaluate their toxicity and interaction based 

on their modes of action and their disposition mechanisms in animals. These endpoints 

include thyroid disruption—thyroid histopathology, oxidative stress—GSH and lipid 

peroxidation, DNA damage—DNA strand breaks, oxidative bases, and apoptosis, and 

toxicokinetics—uptake, accumulation, and elimination. In addition, the general endpoint 

LC50 was used to evaluate their acute toxicity at different stages. In employing these 

endpoints, the following specific aims are developed in zebrafish exposed to sodium 

arsenate and sodium perchlorate, alone and in combination: 

(1) To characterize the acute toxicity of these two chemicals at different growth stages of 

zebrafish and to compare their toxicity, 

(2) To evaluate the thyroidal effect of chemical exposure during acute toxicity exposure 

scenarios, 

(3) To examine antioxidant responses following chemical exposure by measuring 

glutathione status (GSH: oxidized, reduced, and the status index), 

(4) To evaluate the occurrence of oxidative damage to macromolecules by employing 

lipid peroxidation (TBARS and free MDA), DNA strand breaks, oxidative bases, and 

apoptosis assessment, 

(5) To explore the thyroid disruption capability of these chemicals by thyroid 

histopathological techniques and endpoints, including follicle area, colloid area, 

epithelial cell height, hyperplasia, and angiogenesis, 

(6) To obtain toxicokinetic characteristics of these two chemicals (uptake, biological 

residue, and elimination), 
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(7) To probe the correlation among endpoints and evaluate the joint action between these 

two chemicals at different levels.  

 

2.2 Research Hypotheses 

The project was based on the modes of actions of both arsenic and perchlorate. As 

mentioned in the “modes of action” section in Chapter one, thyroid disruption is a 

common mechanism of their modes of action. Following this cross point, two chemicals 

may exert additive interaction on oxidative stress and result in oxidative damage to 

macromolecules. In addition, because two anions—perchlorate and arsenate—are 

translocated into cells through different transporters in the cell membranes, there should 

be no interaction between them in disposition. Fish increase their tolerance to chemical 

toxicity over development after hatching. In accordance with this, the following 

hypotheses were developed and explored in the current project: 

(1) Both chemicals are less toxic to zebrafish over their development after hatching, 

(2) Both chemicals are thyroid disruptors, manifested as thyroid histopathology such as 

hypertrophy, hyperplasia, angiogenesis, and colloid-depleted follicles, 

(3) Both chemicals disrupt GSH status, demonstrated as altered oxidized, reduced GSH, 

or GSH redox index, 

(4) Oxidative stress caused by exposure to either chemical or their mixture results in 

damage to macromolecules, including lipid and DNA. Damage to DNA may be 

represented as strand breaks, oxidative bases, or apoptosis indicated by DNA 

fragmentation, and damage to lipid as lipid peroxidation, 

(5) Both chemicals are hydrophilic and therefore not bioaccumulated in zebrafish. No 

interruption occurred from another chemical when zebrafish are co-exposed to both 

chemicals in terms of uptake, 

(6) Concentration addition will occur between these two chemicals in terms of acute 

toxicity, thyroid histopathology, antioxidant alteration, oxidative damage to 

macromolecules, such as lipid and DNA. 
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CHAPTER III 

MATERIALS AND METHODS 

 

3.1 Experimental Design 

The outline for the whole project is demonstrated in Figure 12. The logic is that we 

first evaluated if there were significant effects on zebrafish exposed to two chemicals 

individually or in mixture in a preliminary study. If significant effects were found, acute 

toxicity tests were conducted to find acute toxicity information because, routinely, 

concentrations chosen for a chronic toxicity test are based on acute toxicity information. 

After obtaining LC50 information for these two chemicals, a definitive chronic toxicity 

test was set up to evaluate the chronic toxicity of two chemicals to zebrafish.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. A schematic outline for the project. 

Pilot Study (1 month)  
Evaluate sub-chronic toxicity of two chemicals: small scale test 

Yes 

Acute test 
LC50s, thyroid role in growth and chemical effect to thyroid in 

acute toxicity tests  

No   Stop 

Chronic test (3 months) 
Chose two concentrations of either chemical based on acute 

toxicity tests 

Endpoint assay 
 Evaluate their toxicity and joint action 

Test the hypotheses 

Endpoint assay 
 Examine if toxicity occurs for certain endpoints 
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 3.2 Pilot Sub-chronic Toxicity test 

3.2.1 Experimental Design 

The experiment design is displayed in Figure 13.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. A schematic display for experimental design in the pilot study. 

 

The experiment was conducted in 20-gallon indoor rectangular glass aquaria filled 

with 60 L test solutions. Seventy zebrafish were randomly assigned to each aquarium. 

Four treatments, including control, 100 mg/L sodium perchlorate, 2.56 mg/L sodium 

arsenate, and 100 mg/L sodium perchlorate + 2.56 mg/L sodium arsenate were set up. 

Test solutions consisted of 60 mg/L Instant Ocean® sea salts with desired amount of 

stock solution of either chemical added to the test aquaria. The exposure lasted for 30 

days. At day 0, 5, 10, and 30, fish were sampled from each aquarium for chemical 

analyses. For each treatment, 5 fish were analyzed for thyroid histopathology, 5 for DNA 

damage assay, 2 for GSH, and 3 and 5 for residue analysis of arsenic and perchlorate, 

One replicate 

Sample fish 
(n=2, 3, or 5) 

Control 

0 mg/L 

SP+SA 

100+2.56 mg/L 

NaH2AsO4 (SA) 

2.56 mg/L 

0, 5, 10, and 30 days 

Thyroid histology: hypertrophy, hyperplasia, follicular cell height 

Oxidative stress: GSH 

DNA damage: strand breaks (double and single) 

Toxicokinetics: biological residue 

NaClO4 (SP) 

100 mg/L 



 72

respectively. Due to the small size of zebrafish, the 5 fish from each replicate aquarium at 

each interval were pooled to get enough tissue for perchlorate analysis, whereas arsenic 

analysis was conducted in individual fish. At the time of sampling, fish were removed 

from the aquaria, rinsed with deionized water, euthanized in MS-222 (0.5 g/L), and 

weighed. Fish samples for arsenic analysis were placed in plastic bottles and stored at -

80ºC until analysis. Fish samples for perchlorate analysis were desiccated in fume hood 

until a constant weight was reached, and they were then processed for chemical analysis. 

The DNA damage analysis was conducted using genomic DNA extracted from liver. 

When sampling fish, livers were removed from fish and kept in liquid nitrogen and then 

stored at -80ºC until analysis.  

During the exposure, 1/3 of the test solutions were changed three times per week, 

aquaria were refilled with reconstituted water, and the desired chemical stock solutions 

were added to maintain constant chemical concentrations. Water samples were taken 

from the center of each tank before water changes. Water samples for perchlorate 

analysis were stored at 4ºC and analyzed within 2 weeks. The sampling, storage, and 

analysis for arsenic in water samples were conducted following the EPA method 200.9. 

(1994). Briefly, a 10-ml water sample was acidified with 30 µl 35% nitric acid to reach a 

final pH of less than 2, and then stored at 4ºC until analysis. Water temperature in the 

aquaria was maintained around 24ºC using submerged heaters. During the experiment, 

the photoperiod was set at 14-h light: 10-h dark. The water level was checked routinely, 

and water was added as needed to maintain a constant water level.  

 

3.2.2 Experimental Chemicals and Animals 

Dibasic sodium arsenate hepta-hydrate (99.0% purity) was purchased from J.T. 

Baker (Phillipsburg, NJ, USA) and anhydrous sodium perchlorate (99% purity) from EM 

Science (Gibbstwon, NJ, USA). Stock solutions were prepared by adding appropriate 

amounts of chemicals to 18.3-MΩ Milli-Q water. The sodium perchlorate concentration 

was reported as NaClO4, and that of sodium arsenate as Na2HAsO4.   
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Adult zebrafish Danio rerio were used and were supplied commercially by Ekkwill 

Waterlife Resources (Gibsonton, Florida). Fish were treated with antibiotics upon arrival 

to the lab for 5 days and then maintained to the reconstituted water (60mg.l-1 Instant 

Ocean® sea salts in reverse osmosis water) free from antibiotics. Fish were allowed to 

acclimate to laboratory for two weeks before initiation of the exposure. Fish were fed 

goldfish flake food twice per day ad libitum. Those fish free of any deformities, disease, 

or lesions were used in the experiment.  Fish weight used in the experiment averaged 

were 0.76± 0.03g (wet weight ± SD).  

 

3.2.3 Water Quality 

Water quality parameters tested included dissolved oxygen (D.O.), special 

conductivity, pH, temperature, salinity, and unionized ammonia. The D.O., salinity, 

conductivity, and temperature were measured with an YSI Model 85 meter (Yellow 

Springs Instrument Co., Yellow Springs, OH, USA). The pH was measured using an 

Oakton® pH meter (Gresham, OR, USA). Total ammonia ion was meausured with a 

Hach® spectrophotometer model DR/2000 (Loveland, CO, USA), and unionized 

ammonia was calculated.  

 

3.2.4 Chemical Analysis in Water and Fish 

A Perkin Elmer AAnalyst 600 atomic absorption spectrometer equipped with a 

graphite furnace atomizer (Norwalk, CT, USA) was used for arsenic analysis. Fish 

samples were first digested following EPA method 200.3. (1991). In brief, the sample 

was digested at 95° C with concentrated nitric acid (69%, tracemetal grade) followed by 

further oxidation with hydrogen peroxide (30%). The volume of the digestate was 

adjusted to 5 ml. Acidified water samples (pH<2) and fish digestates were analyzed 

following the EPA method 200.9. (1994). In addition to running laboratory reagent blank 

(LRB), laboratory fortified blank (LFB), and laboratory fortified matrix (LFM), an 

additional analytical quality control for fish samples was achieved by digesting and 

analyzing standard reference material (Dog fish muscle, DORM-2, NRC-CNRC, Canada). 
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Based on results from the LFM for fish samples, there were components in fish digestate 

which markedly depressed arsenic signal, thus seriously underestimating arsenic residue 

in fish. Therefore, the standard addition technique was applied for arsenic analysis in fish 

digestate (EPA, 1994). Namely, a standard calibration curve was prepared by using 

digestate of non-exposed fish instead of water.  

Desiccated fish samples were extracted for perchlorate with a Dionex 200 

Accelerated Solvent Extractor (ASE). The extracts were collected and a portion was 

cleaned using silica and C18 solid-phase extraction (SPE) cartridges followed by 

filtration (0.45 µm). Water samples were filtered (0.45 µm) prior to analysis. All samples 

were analyzed following a method similar to EPA method 314.0 (Hautman et al., 1999) 

by using a Dionex DX-500 Ion Chromatography System equipped with a GP50 gradient 

pump, and a CD20 conductivity detector (Dionex Corp., Sunnyvale, CA, USA). A 

Dionex IonPac AS16 (250-mm×4.0-mm) analytical column was used for ion separation. 

The quality controls used included blanks, matrix spikes, and check standards. Percent 

recoveries and detection limits were determined using spiked water samples, fish tissues, 

and aqueous fish extracts. 

 

3.2.5 Thyroid Histopathology Process 

Fish heads were cut off and fixed in Bouin’s fixative fluid for about 24 h and then 

decalcified using 5% trichloroacetic acid. After rinsing for 24h in flowing DI water, the 

samples were soaked in 70% ethanol. Every other day, the ethanol was changed, and after 

three changes the samples were stored until further processing. Tissue samples were 

processed with the Tissue-Tek V.I.P. 2000 processor (Miles Laboratories, Elkhart, IN) 

followed by embedding in paraffin. Serial 5µm sections were prepared and mounted on 

slides. After hematoxylin-eosin staining and drying, about 10 follicles per fish were 

chosen for the assays as follows: follicles were chosen and counted on the 2nd and the 4th 

ribbon on each slide (5 ribbons on each slide) from the beginning to the end of sections 

until around 10 follicles were found. Care was taken to avoid one follicle from being 

counted repeatedly.  
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All histopathological endpoints were assayed using the same follicles. The thyroid 

histopathological endpoints used included epithelial cell height in follicles, nuclear height 

in epithelial cells in follicles, number of follicles with hypertrophy, hyperplasia, and 

depleted colloid. The reason to choose these endpoints are given as follows. Hyperplasia 

depicts the situation of increased number of epithelial cells. Hypertrophy indicates the 

increased size of epithelial cell height. Colloid area indicates severity of colloid depletion. 

Epithelial cell height and nuclear height of epithelial cell height indicates the activity of 

epithelial cells. In order to quantify epithelial cell height and nuclear height in epithelial 

cells, a microruler was set in a microscope to measure the height at the largest follicle 

diameter (determined by observing serial sections). For determination of follicular cell 

height and nucleus height in epithelial cell height in each thyroid follicle, five 

measurements and 10 measurements along the follicle perimeter were made at regular 

intervals, respectively. Occurrence of hyperplasia, hypertrophy, and depleted colloid 

were counted through the serial section, and care was taken to avoid re-counting the same 

follicles. 

Because preliminary inspections indicated that hyperplasia was primarily focal 

hyperplasia (i.e., stratification of follicular cells), and severity of the hyperplasia was 

similar across all treatments, a grading system was not applied for the hyperplasia 

evaluation. Instead, the number of hyperplastic follicles  was counted. Diffuse 

hyperplasia was observed in few fish. We found that, for the first and last few sections of 

a follicle, multiple layers of follicular cells were observed, due to cutting tangential 

sections along the follicle wall. Thus, all sections of the selected follicles were observed 

to evaluate hyperplasia except where it was evident that the follicle was sliced 

tangentially along the follicle wall. 

 

3.2.6 DNA Damage Assay 

Genomic DNA was isolated from zebrafish liver according to the traditional protocol 

(Phenol:chloroform:isoamyl alcohol (25:24:1)) and purified DNA pellets were suspended 

and stored in TE (10M Tris(Hydroxymethyl)Aminomethane, 1 mM EDTA). During 
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isolation of genomic DNA, 0.2% B-mercaptoethanol and 0.1% ascorbic acid sodium 

were added to prevent oxidative damage from happening during isolation. Fish genomic 

DNA was quantified with a Bio Rad Versa Fluor fluorometer (Bio Rad laboratories, 

Hercules, CA, USA).   

DNA damage was visualized by agarose gel electrophoresis. A total strand break 

(TSB: sum of single and double strand breaks) assay was conducted by alkaline gel 

electrophoresis (pH 12) and double strand break (DSB) assay by neutral gel 

electrophoresis (pH 8). The gel electrophoresis followed procedure described by 

Theodorakis et al. (1994) and Costa et al. (2002). Briefly, for DSB assay, 100ng genomic 

DNA was applied in wells on 0.8% agarose gel which was soaked in neutral running 

buffer. Three sets of molecular size standards including coliphage T2 (164,000bp), Hind 

III digests of λDNA (125-23,130bp), and 8-48kb (<8.6-48.500kb) were loaded at the 

beginning, in the middle, and at the end of a gel. DNA samples were applied such that an 

empty well was left among each pair of DNA samples to account for gel background 

brightness difference among gels when densitometric analysis was conducted. To 

maximize resolution of DNA fragments, a field inversion gel electrophoresis (FIGE) was 

applied with a PC500 SwithchBackTM Pulse Controller (Amersham Biosciences, CA, 

USA). The electrophoresis was conducted at 120 V for 16 h with longer forward 

followed by a shorter backward running. The running buffer was maintained cool. The 

gel was then stained in ethidium bromide for 30 min followed by destaining for 30 min in 

DI water. For TSB assay, 200ng genomic DNA was applied in the assay. The DNA 

samples were incubated with NaOH for 15 min, and then placed in well on 0.8% agarose 

gel, which has been soaked in alkaline running buffer for 30 min. Samples were loaded 

on gels such that one empty well was left between the untreated and treated DNA of the 

same sample for the same reason mentioned above. Three sets of molecular size 

standards, including coliphage T2 (164,000bp), Hind III digests of λDNA (125-23,130bp), 

and 100bp ladder (100-2,072bp) were loaded at the beginning, in the middle, and at the 

end of a gel. The electrophoresis was conducted at 85 V for 4.5 h with cooling system 

running simultaneously to keep the buffer cool. The gel was first neutralized in 100 mM 
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Tris for 30 min and then stained in ethidium bromide for 30 min followed by destaining 

for 30 min in DI water. Gel images were taken under UV light using ChemicalImageTM 

4400 Low Light Imaging System controlled by AlphaEaseTM software (V.5.5, Alpha 

Innotech Corporation, CA, USA).     

Gel images were analyzed using ONE-Dscan 1-D Gel Analysis Software 

(Scanalytics, Inc., Fairfax, VA, USA) to define lane widths and lengths, and to create 

Microsoft Excel data files that corresponded to the pixel intensities within the lanes of the 

gels. The pixel intensities after background lane normalization were then used to 

calculate the average molecular length (Ln) of each lane using basic programs developed 

by Dr. Chris Theodorakis. The relative number of DSB (RNDSB), TSB (RNTSB), SSB 

(RNSSB) and oxidative base-associated strand breaks (RNOBASB) per 105 nucleotides 

was calculated as follows. 

RNTSB=1/Ln×100           Eq. (1) 

RNSSB=1/Ln×100             Eq. (2) 

RNSSB=RNTSB-(2×RNDSB)           Eq. (3) 

 

3.2.7 GSH Damage Assay 

Glutathione assay in pilot study was not successful because the method was not 

correctly optimized and the sample number was small (1 or 2 fish). Therefore, the data 

were not reported and used here though some data were available.  

 

3.3 Acute Toxicity Test 

3.3.1 Experimental Design 

Figure 15 shows an outline for the design in acute toxicity tests. We conducted four 

types of tests, and control groups were set up in all tests. In the first test, 6-day post-

fertilization (dpf) larvae were exposed to individual chemicals, or their mixture to obtain 

LC50s and evaluate their joint action. In the second test, 37 dpf juveniles were exposed to 

individual chemicals to obtain LC50s. In the third test, 6 dpf larvae were exposed to 

148.5 mg/L sodium perchlorate (1/10 of 96-h LC50 of sodium perchlorate to 6 dpf larvae) 
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for 31 d, and then exposed to sodium arsenate to obtain LC50. This test was used to 

evaluate effect of sodium perchlorate to acute toxicity of sodium arsenate. In the fourth 

test, 6 dpf larvae were exposed to the same concentration of sodium perchlorate (147.5 

mg/L) for 31 days, and then the exposure was continued or discontinued for 15 days (i.e., 

52 dpf juveniles). All fish surviving at the end of the 3rd and 4th tests were sacrificed for 

thyroid histopathology assay.  

  

3.3.2 Experimental Chemicals and Animals 

ACS grade sodium perchlorate anhydrous was purchase from EM Science (CAS 

7790-89), and ACS grade sodium arsenate (dibasic 7-hydrate) from J.T. Baker (CAS 

7778-43-0). Stock solutions were prepared by adding appropriate amount of chemicals 

into18.3-MΩ Milli-Q water to ensure concentrations of stock solution below the 

solubility of the chemicals. Test solutions were obtained by pipeting the desired amount 

of stock solution into the reconstituted water in experimental containers. The stock 

solutions that were not used immediately were stored at 4ºC for the later use. The 

nominal concentration of perchlorate was reported as NaClO4, and that of arsenate as 

Na2HAsO4.   

Adult Zebrafish Danio rerio were obtained from Fish2U Company (Gibsonton, FL, 

USA). Upon arrival to the lab, they were medicated by antibiotics (SuperSulfa®) for 5 

days as instructed by the manufacturer. Fish were reared in reconstituted water, which 

consisted of reverse osmosis water containing 60 mg Instant Ocean® sea salts (Aquarium 

Systems; Mentor, OH, USA). During routine husbandry, 1/3 water was changed every 

other day with the reconstituted water. Every day, fish were fed the goldfish flake food 

and frozen brine shrimp ad libitum.  
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                                           Exposed to 148.5 mg/L SP* 

                                       31d 

 

 

                                                                                                       15d            15d 

                                                                                                                        

96h         96h            96h                  96h            96h            96h                         

 

 

 

 

 
 
 

*: Sodium perchlorate concentration: 1/10 of 96h LC50 to 6dpf larvae  

*: Dashed line denotes the pre-exposure test, in which 6dpf larvae were exposed to sodium perchlorate at 

concentration of 1/10 of 96h LC50 of perchlorate to 6dpf larvae and then elimination test was conducted.  

Figure 14. A schematic outline for the acute toxicity test. 

 

3.3.3 Fish Breeding Procedure 

One month after acclimation to laboratory conditions, fish were sorted and grouped 

based on gender, and kept in fully aerated 20 L glass tanks with a temperature maintained 

at approximately 25ºC using 200-W glass submerged heaters. The fish spawning was 

conducted in floating chamber, which was made of a silicon-coated plastic container and 

placed in reconstituted water-containing 20L glass tank. The evening before spawning, 

eight females and four males were placed in the floating chamber, and then the 

Zebrafish breeding 

6dpf 37dpf 

SP SA SP SA SA 

No SP* SP* 

52dpf 

  LC50 Thyroid histopath   LC50    Joint action 
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temperature was increased gradually from 25 to 28ºC. Some artificial green plants were 

placed in the floating chamber to simulate the natural breeding scenario in aquatic 

ecosystem. The water temperature was maintained at 28ºC, and the photoperiod was set 

at 14:10-h light:dark (lights on at 0800, CST). Fish were removed from the floating 

chamber 3 to 4 h after the light was on in the following morning. Eggs were collected and 

washed using reconstituted water (at same temperature). Viable eggs were selected and 

kept in an incubator thereafter, in which temperature at 28ºC and a photoperiod of 14:10 

light: dark were set up. Larvae were fed with Hikari® 1st Bite (Hayward, CA, USA) at 

early stage and later artemia cysts (Grantsville, UT, USA) and Bio-pure® brine shrimp 

(Hayward, CA, USA).  

Various batches of fish were used for breeding, and fish were spawned once per 

week. If a batch of breeding fish has not been used for two weeks, the eggs from the first 

spawning would not be used because it was found that these eggs had low survival rate. 

This would affect the quality of the acute toxicity tests.  

  

3.3.4. Water Quality and Actual Chemical Concentrations in Water 

The water quality of the reconstituted water or test solutions-including dissolved 

oxygen, pH, salinity, total alkalinity, and hardness-were measured. The dissolved oxygen 

and salinity was measured using YSI® model 85 meter (Yellow Springs, OH, USA). The 

pH was measured using Oakton® pH meter (Gresham, OR, USA). The hardness and total 

alkalinity were measured using Mardel® 5 in 1™ Water Quality Test Kit (Virbac AH, 

Inc, Fort Worth, TX). 

In the acute toxicity test, water samples were taken at 24 h and at the end of the 

experiment, refrigerated, and analyzed within two weeks for actual chemical 

concentrations. In the chronic experiment (pre-exposure to perchlorate for 31 d and 

exposure to perchlorate for 46 d), water samples were taken twice per week for 

perchlorate analysis. For actual perchlorate concentration analysis, samples were diluted 

to desired concentration of perchlorate and filtered through a 0.45 µm filter followed by 

analysis using Dionex DX-500 Ion Chromatography System (Dionex 500, Dionex Co. 



 81

Ltd). For actual total arsenic concentration analysis, samples were diluted to desired 

arsenic concentrations and analyzed by Atomic Absorption Spectrophotometer (Perkin 

Elmer AAnalyst 600) equipped with graphite furnace (Norwalk, CT, USA) after 

acidification with 20 µl 68% nitric acid.  

  

3.3.5 Larvae (6 dpf) acute toxicity test (mixture and individual chemicals) 

The toxicity test followed the procedures described by the American Society for 

Testing and Materials (ASTM) (2002). Static-renewal method was applied, and 

individual glass Petri dishes (60mm×15mm) were used as experimental units. Tests for 

sodium arsenate, sodium perchlorate, or the mixtures consisted of a geometric series of 

five concentrations plus one control group. Ten fish in each replicate Petri dish and five 

replicates for each treatment were used. Appropriate stock solution was added to the Petri 

dish and diluted with reconsitituted water to the desired concentrations. Active and 

apparently healthy larvae were randomly chosen and placed in Petri dish containing 15 

ml test solutions (treatments) or reconstituted water alone (controls), and incubated. 

Exposures were conducted in a photoperiod and temperature-controlled incubator with 

the temperature at 28ºC and a photoperiod of 14:10 light: dark, which is the same as the 

setting in breeding mentioned above. Each day, 2/3 (i.e., 10 ml) test solution was changed 

while the Petri dish were kept at a constant temperature of 28ºC. Mortality was monitored 

twice every day and dead fish were removed.  

Two individual toxicity tests were first conducted to determine 96 h LC50s of 

individual chemicals (arsenate and perchlorate). Based on 96h LC50s of individual 

chemicals, the joint toxicity test was conducted. The design of joint toxicity test followed 

Berenbaum (1981). Briefly, five concentrations of these two chemicals were used in a 

fixed ratio (6.7:1 in terms of concentration) of each chemical at 1/8, 1/4, 1/2, 1, and 2 

times their respective 96h LC50s. Ratios were based on the fact that the ratio of sodium 

perchlorate LC50: sodium arsenate LC50 was 6.7:1 (see Results, below).  A control 

(water only) was also used in the analysis.  For example, if the LC50 of the mixture were 
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1,000 mg/L, this would represent 149.25 mg/L arsenate (1,000/6.7) and 850.75 mg/L 

perchlorate (1,000 – 149.25). 

Mortality data were processed according to the procedures described by Van der 

Geest et al. (2000). To obtain concentration-response curves of individual chemicals and 

the mixture, the following logistic response model was used (Van de Geest et al., 2000):  

Y=c/(1+eb(X-a))    Eq. (4) 

where Y=survival (%), c=survival in control (set to 100%), a=logLC50 (mg/L), b=slope, 

and X=log concentration (mg/L). Namely, in the individual and joint toxicity test, 

survival was expressed as a percentage of the corresponding controls and plotted against 

the nominal toxicant concentrations (log scale) in each test. Equation (1) was used to 

determine the values of the slope parameters (b) and to calculate the shape of the dose-

response curve. The Probit Procedure in SAS statistical software (SAS®, version 8.02, 

Cary, NC, USA) was used to calculate the actual LC50s and their 95% confidence limit.   

The toxic unit (TU) concept was used to evaluate the joint action between sodium 

arsenate and sodium perchlorate in the mixture. All concentrations of chemicals were 

converted to TUs by dividing by the respective LC50.  

TUx=Cx/LC50x        Eq. (5) 

TUmix  = TUSA + TUSP     Eq. (6) 

where Cx=concentration of component x (x = arsenate or perchlorate), LC50x= LC50 of 

component x determined in the individual toxicity test.  That is, the concentrations in the 

individual toxicity tests and the mixture test were converted to TUs based on the LC50 of 

the individual chemicals derived in the individual toxicity tests. For example, if the 

LC50s of arsenate and perchlorate were 272.7 and 1485.9 mg/L, respectively, and the 

concentrations of arsenate and perchlorate in the mixture were 136.3 and 743, 

respectively, then 0.5 TUs of each compound exists in this mixture, and the total number 

of toxic unites (TUmix) = 0.5 +0.5 = 1.0. TUs for each chemical and mixture were 

calculated based on their respective LC50s, and then survival rate was plotted against 

TUs to obtain TU-based concentration-survival curves. The LC50mix (computed above) 

was compared to the number of TUmix’s present at this concentration. The following 



 83

criterion was used to evaluate the type of joint action of arsenate and perchlorate: 

concentration additive (LC50mix=1 TUmix), greater than additive (LC50mix<1 TUmix), or 

less than additive (LC50mix>1 TUmix) (Van de Geest et al., 2000). 

 SAS statistical software (SAS®, version 8.02, Cary, NC, USA) was applied to 

conduct statistical analysis. First, the slope parameters were calculated for each replicate 

concentration series (n = 5 slope parameters for each chemical). These data were then 

used in a one-way ANOVA analysis followed by Duncan’s multiple comparison, in order 

to compare the slopes of concentration-response curves of arsenate, perchlorate, and the 

mixture. ANOVA was also used for comparing the difference of LC50s among exposure 

durations, among chemicals, and for joint actions among effect concentrations.   

To evaluate the nature of the joint toxicity between these two chemicals at different 

exposure concentrations, the following modified logistic equation was derived from Eq 

(5):  

 

where a and b are the log LC50 (mg/L) and the slope parameter, respectively (as 

described above); i is the percent mortality, and LCi is the concentration that causes i % 

mortality (Van de Geest et al., 2000). The estimated effect concentrations included LCi’s 

from LC10-LC90, with an interval of 10%. For each LCi, the corresponding 95% 

confident limit was calculated. Toxic units were then calculated for each LCi level, 

according to Eqs. (5) and (6), by dividing the concentration of arsenate and perchlorate 

by their respective LCi’s, and substituting into Eq. (6). Toxic units were plotted against 

effect levels (LCi’s) to evaluate the nature of joint action (additive, greater than additive, 

or less than additive) of these two chemicals at different effect levels. For example, the 

TU20mix was calculated using the LC20s, the TU70mix was calculated from the LC70s of 

the individual compounds, etc., according to Eqs (5) and (6).  Now suppose, for instance, 

that the LC20mix < 1.0 TU20mix, LC50mix = 1.0 TU50mix, and LC70mix > 1.0 TU70mix.  

 

a
b

iLCi + 
− 

− = 
) 1)

100
100ln[(

log      Eq. (7) 
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This would indicate strictly additive toxicity at the LC50, greater than additive toxicity at 

LC20, and less than additive toxicity at LC70, respectively. 

  

3.3.6 Juvenile (35 and 50 dpf) Acute Toxicity Test and Chronic Thyroid Evaluation 

Acute toxicity tests for 96 h were conducted following the standard procedure 

(ASTM, 2002). Thirty-seven dpf juveniles were used in the test. A series of five 

geometric concentrations plus one control group were used, with triplicate for each 

treatment (i.e., 30 fish for each treatment). The exposure was conducted in an incubator, 

with temperature set at 28ºC and photoperiod at 14:10-h light/dark. A static-renewal 

method was applied for the test. Every day, half of the test solution (250 ml) was changed. 

The mortality was checked twice and the dead fish were removed. The toxicity was 

determined by converting mortality data to toxic units, as described above.  

In addition to the test for either chemical, a third test was designed to evaluate the 

effect of pre-exposure to perchlorate on arsenate acute toxicity to zebrafish juveniles. 

Beginning from 6dpf, larvae were exposed to perchlorate at concentration of 148.5 ppm 

(0.1 times of 96 h LC50 of sodium perhlorate to 6 dpf zebrafish larvae) until 37 dpf. 

After 37 dpf, juveniles were subjected to an arsenate acute toxicity test. This was done in 

an attempt to decrease thyroid hormone levels before arsenate exposure, in order to 

determine if a hypothyroid condition enhances arsenate toxicity. At the end of exposure, 

the surviving fish from all tests were sacrificed for thyroid histopathology.  

Larvae (6 dpf) were exposed to 148.5 mg/L perchlorate until the juvenile stage 

(37dpf), and then the exposure was continued or discontinued until 52 dpf stage. Control 

groups were conducted as well. All surviving juveniles at the end of the exposure were 

sacrificed for thyroid histopathology.  

Thyroid processing for histopathological assay was similar to that described above. 

About 10 follicles were chosen following procedure described above (3.2.5). All 

histopathological endpoints were assayed using these follicles. Because an accurate 

estimation of follicle volume is hard to conduct, the follicle area was used as a substitute 

for follicle size. In order to quantify follicle area, colloid area, and follicular cell height, a 
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photograph of each follicle was taken at the largest follicle diameter (determined by 

observing serial sections) with an Olympus digital camera (BX51; Tokyo, Japan) 

connected to a microscope. Follicle area, colloid area, and follicular cell height on the 

pictures were quantified using SimplePCI software (version 4.01.1605, Compix Inc., 

Imaging system, 1996-2001). For determination of follicular cell height in each thyroid 

follicle, five measurements along the follicle perimeter were made at regular intervals 

(i.e., 40-80 follicular cell heights for each fish and 360-720 for each treatment). Colloid 

area indicated severity of colloid depletion, and hypertrophy was evaluated by follicular 

cell height. 

SAS software was used in data analysis unless otherwise noted (SAS®, version 8.02, 

Cary, NC, USA). LC50s were determined using the Probit Unit procedure. To obtain 

concentration-response curves, a logistic model was used as described above.  

The difference among slopes of concentration-response curves and among treatments 

with respect to thyroid histopathology was analyzed using one-way ANOVA analysis 

followed by DUNCAN’s multiple comparison. The difference was considered significant 

at p≤0.05. The data were expressed as mean (±S.D.) unless specifically stated. 

  

3.4 Chronic Toxicity Test 

3.4.1 Experimental Design 

The experimental design is displayed in Figure 15. Four aspects of endpoints were 

evaluated, including thyroid histopathology, antioxidant response, oxidative damage to 

macromolecules, and toxicokinetics.  

The experiment was conducted in 20-gallon indoor rectangular glass aquaria filled 

with 60 L test solutions. Zebrafish were randomly assigned to each aquarium with 

triplicates of  7 concentrations, including control, 10 and 100 mg/L sodium perchlorate, 1 

and 10 mg/L sodium arsenate, 10 mg/L sodium perchlorate + 1 mg/L sodium arsenate, 

and 100 mg/L sodium perchlorate + 10 mg/L sodium arsenate. Test solutions consisted of 

60 mg/L Instant Ocean® sea salts with desired amount of stock solution of either 

chemical added to the test aquaria. The exposure lasted for 90 days. At day 10, 30, 60, 



 86

and 90, fish were sampled from each aquarium for chemical analysis. There were three 

replicate aquaria sampled per concentration at each sampling time point. At each 

sampling time point, three fish from each replicate of either treatment were removed for 

assay of either endpoint displayed in Figure 15. Within each replicate, three fish were 

analyzed for arsenic residue and perchlorate residue analysis, respectively. Fish were 

removed from the aquaria, rinsed with deionized water, euthanized in MS-222 (0.5 g/L), 

and weighed. For DNA damage assay, liver tissues were removed from fish and kept in 

liquid nitrogen. For thyroid histopathology assays, fish heads were removed and then 

processed as the procedure described in 3.2.5 and 3.3.6. For other endpoint assays (GSH, 

lipid peroxidation, perchlorate and arsenic residue), fish were kept in liquid nitrogen. All 

samples in liquid nitrogen were transferred and stored at -80ºC until analysis. Due to the 

small size of zebrafish, perchlorate residue analysis was conducted by using a pool of 3 

fish from each replicate. Arsenic residue analysis, GSH and lipid peroxidation assay were 

conducted using whole-body of zebrafish.   

In the depuration test, following the uptake test, the remaining fish were rinsed 4 

times in deionized water and then transferred to reconstituted water free from chemicals. 

At day 1, 3, and 5 after the transfer, three fish were sampled from each replicate 

aquarium for chemical analysis. At the time of sampling, fish were removed from the 

aquaria, rinsed with deionized water, euthanized in MS-222 (0.5 g/L), and weighed. The 

fish samples for arsenic analysis were placed in plastic bottles and stored at -80ºC until 

analysis. The fish samples for perchlorate analysis were desiccated in fume hood until a 

constant weight was reached, and they were then processed for chemical analysis.  

During the exposure, 1/3 of the test solution was changed twice per week, and the 

aquaria were refilled with the reconstituted water, and the desired chemical stock 

solutions were added to maintain constant chemical concentrations. Water samples were 

taken from the center of each tank before water changes. Water samples for perchlorate 

analysis were stored at 4ºC and analyzed within 2 weeks. The sampling, storage, and 

analysis for arsenic in water samples were conducted following the EPA method 200.9. 

(1994). Briefly, a 10-ml water sample was acidified with 30 µl 35% nitric acid to reach a 
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final pH of less than 2, and then stored at 4ºC until analysis. The water temperature in the 

aquaria was maintained around 24ºC using submerged heaters. During the experiment, 

the photoperiod was set at 14-h light: 10-h dark. The water level was checked routinely, 

and water was added as needed to maintain a constant water level.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. A schematic outline for experimental design in the chronic toxicity test. 

Triplicate 

SP+SA 
10+1, 100+10 mg/L 

NaH2AsO4 (SA) 
1, 10 mg/L 

NaClO4 (SP) 
10, 100 mg/L 

Control 
0 mg/L 

10, 30, 60, 90d 

Sample fish 

Thyroid histology: hypertrophy, hyperplasia, follicular cell 
                height, angiogenesis, colloid area, follicle area 
Antioxidant response: total, reduced, and oxidized GSH 
Damage on DNA and lipid: strand breaks (double and single), 

oxidative bases, apoptosis, lipid peroxidation (TBARS 
and free MDA) 

Toxicokinetics: uptake, accumulation, and elimination 

Study toxicological effects and mechanisms of arsenate and perchlorate when 
applied individually and in mixture 

Evaluate their temporal and concentration pattern for their toxicity  
Examine correlation among endpoints and find clues on mode of actions of these 

two chemicals 
Obtain sensitive biomarkers for monitoring environmental pollution of these two 

chemicals 
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3.4.2 Experimental Chemicals and Animals 

Anhydrous sodium perchlorate was purchased from EM Science (Gibbstwon, NJ, 

USA), and sodium arsenate (dibasic 7-hydrate) from J.T. Baker (Phillipsburg, NJ, USA). 

Stock solutions (sodium arsenate: 50 g/L; sodium perchlorate: 100 g/L) were prepared by 

adding appropriate amount of chemicals to 18.3-MΩ Milli-Q water to ensure 

concentrations of stock solution below the solubility of the chemicals. The concentration 

of perchlorate was reported as NaClO4, and that of arsenate as Na2HASO4. 

Male zebrafish Danio rerio were used and were supplied commercially by Ekkwill 

Waterlife Resources (Gibsonton, Florida). Fish were treated with antibiotics upon arrival 

to the lab for 5 days and then maintained to the reconstituted water (60mg.l-1 Instant 

Ocean® sea salts in reverse osmosis water) free from antibiotics. Fish were allowed to 

acclimate to laboratory condition for two weeks before initiation of the exposure. Fish 

were fed goldfish flake food twice per day ad libitum. Those fish free of any deformities, 

disease, or lesions were used in the experiment.  Fish weight used in the experiment 

averaged 0.28±0.03g (wet weight ± SD).  

 

3.4.3 Water Quality and Actual Chemical Concentrations in Water 

Water quality parameters tested included dissolved oxygen (D.O.), conductivity, pH, 

temperature, salinity, and unionized ammonia. The D.O., salinity, conductivity, and 

temperature were measured with an YSI Model 85 meter (Yellow Springs Instrument Co., 

Yellow Springs, OH, USA). The pH was measured using an Oakton® pH meter 

(Gresham, OR, USA). Total ammonia ammonia ion was measured with a Hach® 

spectrophotometer model DR/2000 (Loveland, CO, USA), and unionized ammonia was 

calculated.  

A Thermo Model M series atomic absorption spectrometer (Thermo electron 

corporation, Cambridge, United Kingdom) equipped with a GF95 graphite furnace 

atomizer was used for arsenic analysis. Arsenic analysis and perchlorate analysis in water 

and fish samples were conducted following the same procedure mentioned above (3.2.4).  
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3.4.4 Thyroid Histopathology Process 

The histopathological process for fish thyroid was similar to that mentioned in 3.2.5. 

The selection of follicles and the quantification of endpoints, including follicle area, 

colloid area, and hyperplasia, followed the method mentioned in 3.3.6 and 3.2.5. One 

more endpoint was used in thyroid histopathology assay—angiogenesis. Angiogenesis 

was evaluated by the following procedure. The blood vessels within the follicle basement 

membrane and between follicular cells were counted. Due to different size of blood 

vessels (indicating differential extent of angiogenesis), a grading system was applied for 

the blood vessel evaluation (size is determined by how many red blood cells the blood 

vessel can approximately accommodate): small size blood vessels were assigned grade 1 

(1-3), medium size (4-7) grade 2, large size (8-15) grade 3, and very large size (>15) 

grade 4. Because larger blood vessels were observed in both control and chemical 

exposure groups, and they seemed the branches of the aorta, the size of these blood 

vessels were not counted for angiogenesis assay. The sum of the blood vessels number 

multiplied by the corresponding grade in all thyroid follicles followed by normalization 

to ten follicles from a fish were added to evaluate angiogenesis in a fish.  

 

3.4.5 GSH and Lipid Peroxidation Assay 

Due to the small size of zebrafish, GSH and lipid peroxidation was determined in 

whole-body zebrafish. Because the fish could not be analyzed upon sampling, whole-

body zebrafish were homogenized in 4 volumes of 5% 5-sulfosalicylic acid and stored at 

-80ºC for several months as suggested in literature (Roberts et al., 1993). The GSH 

contents were determined by a spectrofluorimetric method (White et al., 2003) with slight 

modification based on optimization results. Briefly, fish homogenate were centrifuged for 

10 min at 3,000g at 4ºC, and then supernatant was used for assay. A pH value from 7.0-

8.0 was created by adding of the mixture of 0.2 M N-ethylmorpholine/0.02 M KOH to 

fish homogenate, and 0.286% triscarrboxyethyl phosphine (TCEP) was added to reduce 

oxidized GSH (i.e., GSSG) to reduced GSH for total GSH assay. After the pH value was 

further increased, 0.184% naphthalene-2,3-dicarrboxaldehyde (NDA) was loaded into the 
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reaction mixture to form a fluorophore adduct between reduced GSH and NDA during an 

incubation in darkness for later detection at excitation length 472 nm and an emission 

length 528 nm. Based on characterization results, a dilution factor of 30 was applied for 

GSH assay, and an incubation period of 10 min were chosen to reach the highest 

fluorescence peak. Reduced GSH was determined when TCEP was not added. The ratio 

of reduced GSH to oxidized GSH (GSH status index) was also used an index to indicate 

the GSH status.  

Lipid peroxidation was expressed by MDA levels, and MDA levels were 

determinbed by thiobarbituric acid reactive substances (TBARS) and free MDA assay. 

MDA assay used A spectrophotometric methods. Various pretreatment methods for 

MDA assay were applied in literature, as may contribute to the differential sensitivity 

MDA as an indicator of lipid peroxidation. In the current study, three methods were 

applied, including Ohkawa et al. (1979), Aust (1985), and Esterbauer et al., 1990). 

Ohkawa method measures TBARS levels, and Esterbauer method free MDA levels. Two 

latter methods gave close values, and thus only Esterbauer method was used for free 

MDA assay. MDA standard was prepared as described by Csallany et al. (1984). EDTA 

and BHT were added during assay to prevent the metal disruption and MDA artifact 

production during acidic heat incubation, respectively. An optimization was done for the 

Ohkawa method but not for the Esterbauer method. Based on the optimization, a dilution 

factor of 5 was chosen for sample, and an acidic heating period of 80min selected.  

  

3.4.6 DNA Damage Assay 

DNA strand break assay was conducted following the procedure as described in 

3.2.6. The oxidative base assay was conducted with TSB simultaneously, and 200ng 

genomic DNA was applied in the assay. For the oxidized base assay, a 200ng genomic 

DNA was incubated with a combination of E. coli Formamidopyrimidine DNA-

Glycosylase (fpg) plus endonuclease III (endoIII) (Trevigen, Gathersburg, MD, USA) for 

one hour at 37° C (treated DNA sample). Both treated and untreated samples were 

incubated with NaOH for 15min, and then loaded in well on 0.8% agarose gel, which has 
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been soaked in alkaline running buffer for 30 min. The treatment after this was same as 

that described in 3.2.6. The oxidative base-associated strand breaks were determined 

using the following equation.  

RNOBASB=(1/Ln(treated) – 1/Ln(untreated)) ×100     Eq.(8) 

DNA fragmentation was used as an indicator for apoptosis in the present study. For 

the DNA fragmentation assay, the electrophoresis was carried out on a 1.5% agarose gel 

in TAE buffer (Tris-Acetic acid-EDTA) at 150 V for 2 h by using 300ng genomic DNA. 

Three sets of molecular size (100bp ladder and Hind III digests of λDNA) were run at the 

beginning, in the middle, and at the end of a gel, and two sets of mass ladder (100bp mass 

ladder: 5-100ng: Bio-Rad Laboratories, CA, USA) were run at the beginning and the end 

of a gel. The mass ladder was used to establish a standard curve between DNA amount 

and the light intensity of the bands. Because the last two bands (about 200bp and 400bp) 

were not separated well, both of them were accounted for the apoptosis. The ratio of 

DNA amount in the last two bands to the total DNA amount applied (300ng) was 

employed as the indicator of apoptosis. The post-running treatment for the gel was 

similar to that for DSB assay. The image analysis was conducted using the software: 

ONE-Dscan 1-D Gel Analysis Software (Scanalytics, Inc., Fairfax, VA, USA).  

 

3.4.7 Characterization of Uptake, Accumulation, and Depuration of Perchlorate and 

Arsenate 

Depuration data were fitted to a single-exponential elimination model, a power 

elimination model, and their linearized transformed models. The single-exponential 

model and its linearized form are as follows.  

 

tk
t

eeCC
−

= 0     Eq.(9) 

lnCt=lnC0-ket      Eq.(10) 

The following is the power elimination model and its linearized transformation.                            
p

t tCC −= 0      Eq.(11) 
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lnCt=lnC0-plnt     Eq.(12) 

Where Ct is the concentration of a chemical in whole fish (ng/g wet weight) at time t 

(hour), C0 the concentration of chemical in whole fish (ng/g wet weight) at t=0, and ke the 

elimination rate constant (h-1), and p a constant (h-1).  

The biological half-life (t1/2) and the mean lifetime (τ) of chemicals in the zebrafish 

were calculated according to the following equations.  

t1/2=
ek
2ln        Eq.(13) 

Where t1/2 is the biological half-life (h), and ke the elimination rate constant (h-1).  

τ=
ek

1      Eq.(14) 

Where τ is the mean lifetime (h), and the ke the elimination rate constant (h-1). 

The model selection is based on Akaike’s information criterion (AIC) along with 

consideration of biological plausibility. The models chosen had the lowest AIC value and 

were the most biologically plausible. In toxicology, nonlinear models are routinely used 

to depict chemical depuration. In the current study, if a linearized model best fit the data, 

it was backtransformed to the corresponding nonlinear model with a provision of a back 

transformation factor (Newman, 1995).  

Results indicated that no significant difference of whole body chemical residue 

among exposure intervals in most cases, regardless of exposure scenarios. This suggested 

that the steady-state of accumulation may be reached at day 10 of exposure for either 

chemical alone or in the mixture. Uptake constants at day 10, 30, 60, and 90 were 

determined by the following first-order bioconcentration model (EPA, 1996).  
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k

CC −−××=    Eq.(15) 

Where Ct and Cw are the concentrations of a chemical in whole fish (µg/g wet weight) 

and in test solution (mg.l-1), respectively, at time t (day), ku (day-1) and ke (day-1) the 

uptake constants and elimination rate constant, respectively, at time t.  
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3.4.8 Statistical Analyses 

All statistical analyses were performed using SAS software (SAS®, version 9.1, 

Cary, NC, USA). Normality within groups was tested using Shapiro-Wilk test and 

homogeneity of variance across groups using Levene’s test. If the data passed normality 

and homogeneity tests, analysis was conducted using a parametric method. If the data did 

not pass normality or homogeneity tests, a log transformation was executed first. If the 

log-transformed data did not pass the homogeneity and normality test, a Kruskal-Wallis 

nonparametric test was conducted. For the parametric analysis, if a significant difference 

was detected, a Duncan’s multiple comparison test was conducted to test the source of 

the difference. For the nonparametric analysis, a Tukey’s type nonparametric multiple 

comparison was conducted to test the difference based on the sum of the rank in each 

treatment.  A Nested ANOVA was first conducted and suggested that replicate tanks 

within a treatment were not an effect factor. One-way ANOVA analyses followed by 

multiple comparison tests were used to test: 1) mean or rank sum comparisons of 

endpoints among treatments for each exposure interval or 2) mean or rank sum 

comparisons among exposure intervals for the same treatment and chemical 

concentration. For thyroid histopathological endpoints, if there was a significant 

difference for an endpoint over the course of exposure, and there was an increasing or 

decreasing trend, a linear regression analysis was conducted to evaluate the temporal 

change of the endpoint.  

To examine the correlation among different types of endpoints, Pearson correlation 

analyses were conducted. Multiple regression analyses were executed to evaluate the 

relationship among endpoints in the chronic toxicity test. 

Probabilities of p≤0.05 were considered indicative of statistically significance 

differences. The data were expressed as mean ± standard error (S.E.) or mean ± standard 

deviation (S.D.). For clarity, the statistical analyses for the difference among exposure 

intervals at the same treatment were not displayed. Instead, these differences will be 

reported in the text. In the following text, when there was a significant difference based 

on a statistical test, it will be stated as statistically significant instead of providing the p 
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value and the statistical test method in order to be more succinct. In figures, if there was 

significant difference among treatments, the difference will be labeled in figures. 

Otherwise, no significant difference existed.  
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CHAPTER IV 

RESULTS 

 

4.1 Pilot Sub-chronic Toxicity test 

4.1.1 Water Quality, Actual Chemical Concentrations in Water and Experimental 

Animals 

Water quality was monitored during the exposure (Table 5). Sodium arsenate 

contribution to special conductivity was negligible due to its low concentration.  Average 

actual concentration of perchlorate during exposure was about 93% of the nominal 

concentrations and of arsenate, about 92% (Table 6).  

During the exposure, no mortality occurred in either treatment. The fish behavior 

showed no difference between treatment and control. Statistical analysis indicated there 

was no significant difference among treatment at either sampling time point in terms of 

fish wet weight, fish full length, and fish standard length (Table 7a, b, and c).  

 

Table 5. Water quality in the test solutions during exposure (mean±S.D). 

Treatment 
Concentration 

(mg/L) 

Temp. 

(ºC) 
pH D.O. (%) 

Special 

conductivity 

(μS/cm) 

Salinity 

(mg/L) 

Non-ionized 

NH3   

(mg/L) 

Control  0 25.4±1.4 6.0±0.3 77.1±16.2 132.6±8.7 0.1 0.13±0.07 

SP 100 25.9±1.1 6.4±0.2 76.5±16.0 226.5±11.0 0.1 0.15±0.09 

SA 2.56 25.8±1.0 6.1±0.4 76.7±15.4 134.0±6.9 0.1 0.11±0.04 

SP+SA 100+2.56 25.7±0.9 6.3±0.2 76.9±15.5 225.0±10.8 0.1 0.11±0.04 

 

Table 6. Chemical concentrations in test solutions during exposure (mean±S.D). 
Concentration NaClO4 (mg/L) Na2HAsO4 (mg/L) 

Treatment 
(mg/L) Nominal Actual Nominal Actual 

Control 0 ND ND ND ND 

SP 100 100 93.65±8.54 ND ND 

SA 2.56 0 ND 2.56 2.35±0.62 

SP+SA 100+2.56 100 92.33±3.72 2.56 2.38±0.40 
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Table 7A. Fish wet weight at the sampling intervals (mean±S.D). 
Concentration Fish wet weight (g) 

Treatment 
(mg/L) 0 d 5 d 10 d 30 d 

Control 0 0.80±0.21 0.71±0.17 0.77±0.16 0.79±0.18 

SP 100 0.74±0.12 0.75±0.11 0.72±0.15 0.80±0.11 

SA 2.56 0.78±0.13 0.75±0.15 0.74±0.14 0.74±0.16 

SP+SA 100+2.56 0.73±0.09 0.72±0.14 0.78±0.14 0.82±0.13 

 

Table 7B. Standard fish length at the sampling intervals (mean±S.D)*. 
Concentration Standard fish length (cm) 

Treatment 
(mg/L) 0d 5d 10d 30d 

Control 0.000 3.30±0.21 3.16±0.37 3.28±0.22 3.27±0.24 

SP 100 3.26±0.22 3.27±0.14 3.28±0.20 3.29±0.20 

SA 2.560 3.28±0.25 3.25±0.17 3.25±0.25 3.32±0.25 

SP+SA 100+2.56 3.26±0.14 3.30±0.28 3.35±0.18 3.30±0.23 

     *: Standard length was measured as a distance from the front of the upper lip to the posterior end  

of the vertebral column of fish 

 

Table 7C. Full fish length of fish at the sampling intervals (mean±S.D)*. 
Concentration Full fish length (cm) 

Treatment 
(mg/L) 0 d 5 d 10 d 30 d 

Control 0.000 4.00±0.17 3.91±0.31 4.04±0.16 4.00±0.16 

Perchlorate 100 4.01±0.16 4.06±0.15 4.01±0.17 4.08±0.16 

Arsenate 2.560 4.10±0.24 4.06±0.16 4.02±0.21 4.04±0.20 

Pe+Ar 100+2.56 4.05±0.11 4.04±0.21 4.09±0.16 4.09±0.20 

     *: Full length was measured as the length of whole fish from mouth tip to the end of the tail fin 

 

4.1.2 Residue Levels of Perchlorate and Arsenate 

Thyroid histopathology and DNA damage assay were main endpoints in the pilot 

study, and the chemical concentrations in fish were only evaluated at certain time points. 

The results were demonstrated in Table 8A and B. As seen in the Table 8A, the 

perchlorate residue levels at day 5 and 10 were close but increased two folds at day 30. 

The arsenic residue background in control fish was detectable, and arsenic residue level 
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was the highest at day 10. However, due to the small sample number for chemical residue 

analysis, the data presented here gave no determinate information about the 

toxicokinetics of these two chemicals in zebrafish. This was addressed in the definitive 

chronic toxicity test.  

 

Table 8A. Perchlorate concentrations in fish (µg/g wet body weight). 
Exposure duration (day) 

Treatment 
0 5 10 30 

Control ND* ND ND ND 

SP100 ND 13.79 11.53 25.75 

SA2.56 NC** NC NC NC 

SA+SP NC NC NC NC 

*ND: not detected; **NC: not conducted.  

Table 8B. Arsenic residue levels in fish (µg/g wet body weight). 
Exposure duration (day) 

Treatment 
0 5 10 30 

Control NC NC NC 0.041±0.012 

SP100 NC NC NC NC 

SA2.56 0.05 0.088±0.024 0.145±0.028 0.095±0.003 

SA+SP NC NC NC NC 

 

4.1.3 Thyroid Histopathology 

In the fish exposed to either individual chemicals or their mixture, increased number 

of abnormal follicles was observed. Exposure to sodium perchlorate at 100 mg/L and the 

mixture enhanced the number of hyperplasic follicles at day 10 and 30 (Table 9). 

However, only prolonged exposure to sodium arsenate at 2.56 mg/L enhanced the 

occurrence of hyperplasia. In contrast, the hypertrophy was increased at day 30 at either 

exposure, and the additive joint action was observed between them (Table 9). Significant 

additive joint action was observed at day 10 between two chemicals in terms of depleted 

colloid occurrence. A general increase trend was observed at day 30 with respect to 

depleted colloid occurrence in response to either individual chemical or the mixture 
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exposure. However, due to the small sample number and zero occurrences of some 

endpoints, statistical analysis showed that no significant effect in terms of these endpoints 

for most cases. Thus, it is necessary to increase sample number to employ these endpoints 

effectively.  

Two quantitative endpoints, including epithelial cell height in thyroid follicles and 

nucleus height in epithelial cells, were employed to evaluate the thyrotoxicity of these 

two chemicals. No significant effect was observed at day 5 in terms of nucleus height of 

epithelial cells. However, 100 mg/L sodium perchlorate exposure resulted in significant 

increase of the nucleus height, and this also occurred in the mixture exposure (Figure 16). 

At day 30, all chemical treatments significantly enhanced the nucleus height. This 

indicated that only prolonged exposure (30 days) to sodium arsenate at 2.56 mg/L level 

was effective to alter this endpoint significantly. For epithelial cell height, no significant 

alteration was caused by exposure to either chemical or their mixture at day 5 and 10. 

The significant hypertrophy (i.e., increased epithelial cell height) was observed at 100 

mg/L and the mixture exposure at 30 d (Figure 17). Although sodium arsenate at 2.5 

mg/L did not cause significant hypertrophy, the increasing trend was found compared 

with the control. There was no significant joint action between these two chemicals at 

their levels in the current study in terms of these two endpoints. A comparison of 

thyrotoxicity potency for these two chemicals could not be determined, because different 

levels of chemicals were applied in the current study. It seemed that the nucleus height in 

epithelial cells was a more sensitive than epithelial cell height as an indicator for 

thyrotoxicity of these two chemicals since the response was observed starting from day 

10 for the former but day 30 for the latter (Figure 16, 17). The significant increase in 

nucleus height in epithelial cells and epithelial cell height indicated that these two 

chemicals were thyroid disruptors, and that further studies were needed to get more clues 

for their function as thyroid disruptors.  
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Table 9. Occurrence of abnormal thyroid follicles in zebrafish in response to chemical   

exposure*. 
Exposure Concentration Number of abnormal follicles per 10 follicles  

duration (day) 
Treatment 

(mg/L) Hyperplasia Hypertrophy Depleted colloid 

Control 0 NF** NF** NF** 

SP 100 NF** NF** 0.54±1.22 

SA 2.56 NF** NF** 0.18±0.40 
0 

SP+SA 100+2.56 NF** NF** NF** 

Control 0 NF** NF** NF** 

SP 100 NF** NF** 0.28±0.64 

SA 2.56 0.11±0.25 NF** NF** 
5 

SP+SA 100+2.56 NF** NF** NF** 

Control 0 0.38±0.52 NF** 0.20±0.44b 

SP 100 0.98±0.80 NF** NF** 

SA 2.56 0.18±0.40 NF** NF** 
10 

SP+SA 100+2.56 1.00±1.36 NF** 2.10±1.48a 

Control 0 0.90±0.62 NF** 0.16±0.37 

SP 100 1.99±1.66 2.61±2.76 0.70±0.72 

SA 2.56 1.39±1.61 0.55±0.79 1.78±1.69 
30 

SP+SA 100+2.56 1.61±0.64 3.22±0.64 1.78±2.31 

 *: Values baring different letters indicated a statisticaly significant difference at 0.05 level. 

 **: NF: not found 
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Figure 16. Nucleus height in thyroid epithelial cells in zebrafish exposed to sodium 

arsenate (SA, 2.56 mg/L), sodium perchlorate (SP, 100 mg/L), or the mixture (SP+SA, 

100+2.56 mg/L) at various time intervals. Values are mean ± S.D., n=5. Bars with 

different letters denote statistically significant differences (p<0.05) among treatments 

within the same time interval.   
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Figure 17. Thyroid follicular cell height in zebrafish exposed to sodium arsenate (SA, 

2.56 mg/L), sodium perchlorate (SP, 100 mg/L), or the mixture (SP+SA, 100+2.56 mg/L) 

at various time intervals. Values are mean ± S.D., n=5. Bars with different letters denote 

statistically significant differences (p<0.05) among treatments within the same time 

interval.   
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4.1.4 DNA Damage 

In the current pilot study, DNA damage was evaluated by employing DNA strand 

break as an indicator. As seen in the figure (Figure 18), the DNA strand breaks occur 

normally and naturally in zebrafish liver DNA. No significant alteration in total DNA 

strand breaks was observed in response to exposure to either individual chemicals or their 

mixture. Probably, big variability among individuals partly contributed to the non-

significant alteration. For example, at day 30, total strand breaks in the 2.56 mg/L were 

much higher than in other treatments and in the mixture much lower than in other 

treatments, but no significant statistical differences were found. Therefore, a larger 

sample size is needed for this endpoint as an indicator for genotoxicity in the similar 

study.   
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Figure 18. Total strand breaks of hepatic DNA in zebrafish exposed to sodium arsenate 

(SA, 2.56mg/L), sodium perchlorate (SP, 100mg/L), or the mixture (SP+SA, 

100+2.56mg/L) at various time intervals. Values are mean ± S.D., n=5.   

 

As with the total strand break assay, chemical exposure did not significantly alter the 

double strand breaks (Figure 19). It seemed that the high variability of total strand break 

was mainly attributable to single strand breaks (Figure 20). Therefore, a larger sample 

size and multiple experimental units are necessary to reduce individual variability and to 
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employ these endpoints in studies. The single strand breaks were not significantly altered 

in response to chemical exposure (Figure 20).  
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Figure 19. Double strand breaks of hepatic DNA in zebrafish exposed to sodium arsenate 

(SA, 2.56 mg/L), sodium perchlorate (SP, 100 mg/L), or the mixture (SP+SA, 100+2.56 

mg/L) at various time intervals. Values are mean ± S.D., n=5.   
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Figure 20. Single strand breaks of hepatic DNA in zebrafish exposed to sodium arsenate 

(SA, 2.56 mg/L), sodium perchlorate (SP, 100 mg/L), or the mixture (SP+SA, 100+2.56 

mg/L) at various time intervals. Values are mean ± S.D., n=5.   
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4.1.5 Summary of the Pilot Study 

The pilot study provided some useful information for the definitive study. (1) Both 

sodium arsenate and sodium perchlorate were thyroid disruptors, (2) Both chemicals were 

not highly bio-accumulated in zebrafish due to their hydrophilicity, and (3) Multiple 

experimental units and large sample number were necessary to increase statistical power 

and reduce individual variability in applying DNA strand break endpoint for genotoxicity 

assay.  

 

4.2 Acute Toxicity Test 

4.2.1 Acute Toxicity and Joint Action at Larval Stage of Zebrafish 

The survival rate in the control group was greater than 95%, which satisfies the 

ASTM standard (2000).  The water characteristics in the reconstituted water were as 

follows: dissolved oxygen, 6.68±0.5 mg/L; pH, 6.38±0.10; salinity, 100 to 1,100 mg/L.  

The average actual perchlorate concentrations were 94.3% (±7.4%) of the nominal 

concentrations (Table 10). The measured concentrations of total arsenic were 94.9% 

(±4.9%) of the nominal concentrations (Table 10).   

The acute toxicities (LC50) as a function of time are listed in Table 11. Significant 

differences were observed between the 72 h and 96 h LC50s of perchlorate.  There was 

almost no mortality at 24 and 48h, even at the highest concentration, but at 96 h there was 

a sharp increase in mortality (Figure 20). However, a different pattern was observed for 

LC50s of arsenate as a function of time.  A significant decrease of LC50 occurred at 48 h, 

but at 72 and 96 h, there was little change of LC50 over time. No significant differences 

occurred between 48h and 72h or between 72h and 96h (Table 11).  The LC50s for the 

mixture decreased over time as well (Table 11, Figure 20).  

Using TU concept, the concentration-response curves of perchlorate, arsenate and 

their mixture were obtained (Figure 21). The concentration-response curves of arsenate 

and perchlorate had similar shapes. There were no statistically significant differences 

between the slope coefficients (p>0.05; ANOVA). No significant differences were 

observed between individual chemicals and their mixture in terms of shape of 
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concentration-response curves (Figure 21A; p>0.05; ANOVA). If two chemicals have 

concentration additive action at LC50 level, the LC50 of the mixture (expressed in TU’s) 

should be equal to 1.0. This was observed in the current study (Figure 21A). Therefore, 

sodium arsenate and sodium perchlorate showed concentration additivity at a 

concentration equal to the LC50.  The joint actions at different effects levels of these two 

chemicals are shown in Fig 21B. As seen in the figure, at the effect level of LC50, the 

test chemicals displayed the concentration additive effect with toxic unit equal to 1. 

Above the LC50 it took more than one TU of combined chemical contribution to obtain 

the observed effect level. Therefore, the response in this area is slightly less than 

concentration addition. Below the LC50 it took less than one TU of the combined 

chemical contribution to obtain the observed effect. Thus, the response in this area is 

slightly more than concentration additive. However, the confidence intervals included the 

expected combined TU of 1.0, indicating no significant deviations from additivity over 

the entire range of effect levels (LC10-LC90). Therefore, overall strict concentration 

addition exists between sodium salts of arsenate and perchlorate.   
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Table 10. Actual chemical concentrations (mg/L) in the test solutions. 
Actual Concentration 

Chemical Nominal Conc. 
Range Mean (± SD) 

800 800-820 813±12 

992 957-998 984±23 

1230 1192-1507 1203±175 

1525 1535-1784 1599±124 

SP 

  

1891 1783-2088 1803±171 

139 127-131 129±3 

195 134-185 165±27 

273 227-251 241±13 

382 287-306 295±9 

SA 

  

534 401-419 408±10 

187.5/28 182-184/23-25 183±0.9/24±1 

375/56 319-330/38-39 325±5/39±1 

750/112 644-664/103-115 655±10/107±6 

1500/224 1236-1299/212-213 1270±31/217±7 

SP+SA* 

  

3000/448 2495-2552/430-477 2532±31/461±27 

                   *: Concentration of perchlorate/arsenate 

 

Table 11. Acute toxicity as LC50 (mg/L) of chemicals to 6 dpf zebrafish larvae*. 

LC50 (95% confidence interval) 
 Chemical  

24 h 48 h 72 h 96 h 

N/A* N/A 2084 a
u 1365 b

u SP 
    (1664-2566) (1219-1531) 

384 a
u 307b

u 275bc
w 272c

w 
SA 

(338-442) (265-354) (251-303) (248-296) 

1639 a
v 1475\a

v 1032 b
v 879b

v 
SP+SA 

(1535-1744) (1227-1722) (837-1228) (767-990) 

*: Superscript letters denote difference among exposure period, and subscript letters among chemicals. 

N/A: not enough mortality to calculate LC50 at these intervals based on designed series of perchlorate 

concentrations. Values bearing same letters denote no significant difference at 0.05 level; otherwise 

significant difference exists. LC50 for mixture was determined based on geometric series of 

concentration of mixture with toxic unit ratio of sodium arsenate to sodium perchlorate 4:5 (i.e., 

percent of perchlorate and arsenate in the mixture are 87% and 13%, respectively, in terms of 

concentration composition. 



 106

0

20

40

60

80

100

24 48 72 96
Exposure time (h)

M
or

ta
lit

y 
(%

)

0

800

992

1230.1

1525.3

1891.4

0

20

40

60

80

100

24 48 72 96

Expsorue time(h)

M
or

ta
lit

y(
%

) 0
139
195
272
381
534

0

20

40

60

80

100

24 48 72 96
Exposure time (h)

M
or

ta
lit

y 
(%

)

0
187.5/28
375/56
750/112
1500/224
3000/447

 

Figure 20. Mortality of zebrafish larvae exposed to sodium perchlorate (A), sodium 

arsenate (B), or their mixture (C) (perchlorate/arsenate; unit of concentration: mg/L). 

Mean ± S.D., n=3. Values presented are nominal concentrations, with actual 

concentrations in parentheses. 
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Figure 21A. Concentration-response curves for sodium perchlorate (A), sodium 

arsenate (B), or their mixture (C) for zebrafish larvae. TUs of mixture=TUs of sodium 

perchlorate + TUs of sodium arsenate in the mixture. Data are plotted as a percent 

survival as a function of toxic units based on experimentally derived 96 h LC50. X-

axis is based on the log scale. The dashed straight line in (C) indicates the toxic unit 

corresponding to the survival of 50% on the Y-axis, showing the concentration 

additive effect between these two chemicals. 
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Figure 21B. The joint action between sodium arsenate and sodium perchlorate at different 

effect levels (LCii: the concentration that causes i-% mortality) for 4 dpf zebrafish larva 

exposed to a mixture of sodium arsenate and sodium perchlorate. Toxic units in mixture 

were plotted against the effect levels on which the toxic units in the mixture were 

calculated. Dashed lines indicate the corresponding 95% confidence interval. 
 

4.2.2 Acute Toxicity at Juvenile Stage of Zebrafish 

The average fish weight for all treatments in the acute toxicity was 0.029±0.005g (41 

dpf) and 0.015±0.003g for the juveniles (41 dpf) pre-exposed to 148.5 mg/L perchlorate 

for 35d. There was no significant difference among treatments in terms of fish wet weight. 

In the recovery test, the fish weight (52dpf) in the control was 0.047±0.017g, and in the 

elimination groups (exposed to perchlorate until 37dpf, and allowed to depurate until 

52dpf) 0.028±0.014g, and in the perchlorate groups (exposed to perchlorate until 52dpf) 

0.027±0.016g. No mortality occurred in the control groups during experiment. Water 

characteristics in the test solutions are displayed in Table 12, 13, and 14.  
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Table 12. Water quality during an acute exposure of juvenile zebrafish to sodium arsenate. 
SA Concentration Special conductivity Salinity Non-ionized NH3   

(mg/L) 

Temp 

(ºC) 
pH 

D.O. 

(%) (μS/cm) (mg/L) (mg/L) 

0 26.9±0.4 6.2±0.03 5.5±0.3 114.7±9.6 100 0.05±0.001 

77 27.2±0.2 6.9±0.06 5.4±0.3 162.5±14.2 100 0.07±0.01 

95 27.3±0.2 7.0±0.06 5.1±0.1 174.2±14.8 100 0.07±0.01 

117 26.9±0.6 7.0±0.05 5.2±0.2 184.8±20.5 100 0.08±0.005 

146 27.2±0.2 7.2±0.1 5.6±0.3 204.7±19.2 100 0.08±0.002 

181 27.2±0.1 7.3±0.2 7.3±0.2 229.4±15.9 100 0.09±0.02 

 

Table 13. Water quality during an acute exposure of juvenile zebrafish to sodium 

perchlorate. 

SP Concentration Special conductivity Salinity Non-ionized NH3   

(mg/L) 

Temp 

(ºC) 
pH D.O. (%) 

(μS/cm) (mg/L) (mg/L) 

0 27.1±0.1 6.6±0.4 5.9±0.2 150.4±6.7 100 0.05±0.001 

2500 27.2±0.2 6.5±0.2 5.8±0.2 2381.6±45.1 118±1.9 0.07±0.01 

3100 27.1±0.1 6.5±0.1 5.6±0.2 2983.4±45.3 150±6.7 0.07±0.01 

3844 27.0±0.2 6.3±0.1 5.7±0.1 3573.2±71.4 193±18.6 0.08±0.005 

4766 27.2±0.2 6.2±0.1 5.4±0.4 4373.1±207.7 224±15 0.08±0.002 

5910 27.1±0.2 6.3±0.1 5.5±0.6 5395.0±360.6 270±14 0.09±0.02 

 

Table 14. Water quality during an acute exposure of juvenile zebrafish to sodium arsenate 

with a pre-exposure to sodium perchlorate. 

SP Concentration Special conductivity Salinity Non-ionized NH3  

(mg/L) 

Temp 

(ºC) 
pH D.O. (%) 

(μS/cm) (mg/L) NH3 (mg/L) 

0 27.1±0.1 6.6±0.4 5.9±0.2 150.4±6.7 100 0.05±0.001 

Preexp* 27.1±0.1 6.6±0.4 5.9±0.2 150.4±6.7 100 0.05±0.001 

49.8 27.0±0.1 6.5±0.2 5.8±0.2 2381.6±45.1 118±1.9 0.07±0.01 

61.8 27.1±0.1 6.5±0.1 5.6±0.2 2983.4±45.3 150±6.7 0.07±0.01 

76.6 27.0±0.2 6.3±0.1 5.7±0.1 3573.2±71.4 193±18.6 0.08±0.005 

95 27.2±0.2 6.2±0.1 5.4±0.4 4373.1±207.7 224±15 0.08±0.002 

117.8 27.1±0.2 6.3±0.1 5.5±0.6 5395.0±360.6 270±14 0.09±0.02 

146.1 27.1±0.3 6.3±0.2 5.5±0.7 5395.0±360.7 270±15 0.09±0.03 

*: The juvenile in this group were pre-exposed to 148.5 mg/L perchlorate for 31 d, and then conducted the 

acute sodium arsenate toxicity test.  
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LC50s of sodium perchlorate, sodium arsenate with or without pre-exposure to 

sodium perchlorate over time in juvenile zebrafish are listed in Table 15. The 96 h LC50 

of sodium perchlorate to zebrafish at 6 dpf was 1,365 mg/L, and 3,118 mg/L at 37 dpf 

stage, which indicated that zebrafish were more tolerant to sodium perchlorate with 

growth. However, this was reversed for sodium arsenate exposure. Sodium arsenate had a 

96 h LC50 of 272 mg/L to 6dpf zebrafish larvae but 74 mg/L to 37 dpf stage.  

 

Table 15. Acute toxicity as LC50 (mg/L) of sodium perchlorate and sodium arsenate to 

37 dpf zebrafish. 
LC50 (mg/L, 95% Confidence limit)   

Chemicals  24h 48h 72h 96h 

3467a 3316ab 3251ab 3118b 

SP 
(3192-3743) (3053-3579) (3121-3381) (2953-3283) 

84a
u 81a

u 78a
u 74a

u 
SA 

(60-108) (60-101) (72-83) (59-89) 

89a
u 64b

v 62bc
v 57c

v 
SA* 

(71-106) (59-70) (55-70) (56-57) 

* With pre-exposure to sodium perchlorate (148.5 mg/L). Superscript letters denote statistically significant 

differences among exposure period, and subscript letters among exposure; values bearing same letters 

denote no significant difference at 0.05 level, otherwise significant difference exists.  

 

As seen from the table 15, sodium arsenate was much more toxic than sodium 

perchlorate. Except for 24 h, there was significant difference between with and without 

pre-exposure to perchlorate regarding the LC50 of sodium arsenate to zebrafish. Pre-

exposure to perchlorate caused a statistically significant increase in juvenile sensitivity to 

sodium arsenate (i.e., no overlap of the 95% confidence intervals). This was also 

observed in terms of concentration-response curves (Figure 22). As with acute toxicity at 

6dpf stage, no significant difference was observed between the concentration-response 

curves of two chemicals (Figure 22). However, with a pre-exposure to perchlorate at 

148.5 mg/L for 35 days, the concentration-dose response curve of sodium arsenate 
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significantly deviated from that without pre-exposure (Figure 22B). This indicates that 

perchlorate pre-exposure contributes to and aggravates arsenate toxicity.  
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Figure 22. Concentration-response curves for (A) sodium perchlorate, (B) sodium 

arsenate with or without pre-exposure to 148.5 mg/L perchlorate for 37 dpf zebrafish. 

Data are plotted as a percent survival as a function of toxic units based on experimentally 

derived 96 h LC50. X-axis is based on the log scale.  
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4.2.3 Thyrotoxicity in Acute, Sub-chronic Exposure Regimes,  

and Thyroid Recovery Capability 

Some representative pictures of thyroid follicles in zebrafish are displayed in Figure 

23. Exposure of zebrafish larvae to 148.5 mg/L sodium perchlorate through juvenile 

caused significant hypertrophy of the epithelial cells, and altered the epithelial cells from 

squamous in control to columnar shape in perchlorate treatment (Figure 23). Over 

exposure time, the hypertrophy was severed (Figure 23C and E). The elimination for 15 

days following the perchlorate exposure for 37 d reduced the hypertrophy, changing the 

epithelial cells from columbular to cuboidal shape (Figure 23E and F). The colloid in 

thyroid follicle was reduced significantly after a 46-day exposure (from 6 dpf to 52 dpf) 

of zebrafish to perchlorate (Figure 23E), whereas the reduction was not apparent after a 

31-day exposure (from 6dpf to 37 dpf) (Figure 23C). This indicated that at early 

developmental stages of zebrafish, a prolonged exposure to perchlorate was necessary to 

reduce stored thyroid hormones. This was demonstrated by the quantification of colloid 

area (see below).  

Effect of acute sodium perchlorate and sodium arsenate exposure on thyroid 

histopathology is indicated in Figure 24 and Figure 25. Three endpoints, including 

follicle area, colloid area, and epithelial cell height, were used to characterize thyroid 

histopathology. As seen from the Fig 24 and Fig 25, no significant difference was found 

between treatment and controls for any endpoint, regardless of the chemicals. Thus, the 

short time (96 h) acute exposure of juveniles to either chemical did not affect thyroid in 

terms of histopathology, as indicated that the histological change in thyroid tissue is a 

slow process and needs a prolonged period of time to be manifested.  

The thyroid histopathology in the arsenate acute exposure with pre-exposure to 

perchlorate is illustrated in Figure 26. Epithelial cell height in the arsenate-exposed fish 

was significantly lower than that in the perchlorate-exposed fish (41 dpf juveniles) but 

significantly higher than that in the control. Arsenate exposure allowed recovery (i.e., 

decrease in epithelial cell height) of thyroid caused by perchlorate exposure, and a 4-day 

exposure was not enough for a complete recovery. In all acute toxicity tests, no 
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significant effect on the thyroid was observed in terms of follicle area and colloid area. 

Therefore, the epithelial cell height is the most sensitive marker for perchlorate exposure 

among the thyroid histopathological endpoints in the current study.  

                                                                                               

                                              

 
Figure 23. Histological structure of thyroid follicles in zebrafish exposed to sodium 

perchlorate (148.5 mg/L) from 6dpf through 37 dpf (A-C) or 52 dpf (D-F). A: the 

sagital section of fish head area around the ventral aorta, B and D: thyroid follicles in 

control group, C and E: thyroid follicles in fish exposed to sodium perchlorate, and F: 

thyroid follicles in zebrafish exposed to sodium perchlorate followed by elimination for 

15 days. Compare the squamaous epithelial cells in B and D with the columnar 

epithelial cells in C and E (more pronounced hypertrophy).  va=ventral aorta, f=thyroid 

follicle, c=colloid, g=gill, and e=thyroid follicle epithelial cell.  
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Fig 24. Thyroid histopathology in 37 dpf zebrafish exposed to sodium perchlorate (mg/L) 

for 4 days. Mean ± S.E., n=16-24.  
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Fig 25. Thyroid histopathology in 37 dpf zebrafish juveniles exposed to sodium arsenate 

(mg/L) for 4 days. Mean ± S.E., n=9-30. 
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Fig 26. Thyroid histopathology in 37 dpf zebrafish exposed for 4 days to sodium arsenate 

(mg/L) with pre-exposure to sodium perchlorate (148.5 mg/L) for 31 days. The group ‘0’ 

refers to the control group, which had no arsenate exposure and no pre-exposure to 

perchlorate, and the ‘perchlorate’ group denotes the continued exposure to perchlorate 

(148.5 mg/L) until the end of the acute toxicity test. Bars bearing different letters denote 

statistically significant difference. Mean ± S.E., n=11-24. 

 

The thyroid histopathology in the depuration test was illustrated in Figure 27. 

Epithelial cell height after a 15-d depuration was significantly reduced and showed no 

significant difference from that in the control. However, the increase of colloid area after 

the depuration was not significant, showing no significance difference from that in the 

sodium perchlorate exposure. Therefore, the thyroid recovery occurred in terms of 

epithelial cell height, but not colloid area. This depuration period did not significantly 

alter follicle area compared with that in the continued perchlorate exposure.   
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Fig 27. Thyroid histopathology in 52 dpf zebrafish. The sodium perchlorate exposure 

(148.5 mg/L) was initiated from 6 dpf and finished at 52 dpf. In the depuration scenario, 

the exposure was finished at 37 dpf, and then juveniles were transferred to clean water 

until 52dpf. Mean ± S.E., n=20. 

  

 4.3 Chronic Toxicity Test 

4.3.1 Water Quality and Actual Chemical Concentrations in Water and Experimental 

Animals. 

Water quality during exposure is listed in Table 16. The temperature over the 

exposure course was 23.4±0.8 ºC. Actual concentrations for sodium perchlorate and 

sodium arsenate were 103.4±11.7% and 104.0±11.6% of the nominal concentrations, 

respectively (Table 17). 

A few fish from SP, SA and the mixture treatment showed intoxication symptom 

indicated by the partially lost balance and thus no feeding behavior for certain time. 

However, these fish finally recovered to normal behavior over time. Mortality occurred in 

10+1 mg/L treatment and 0 mg/L treatment, and in either treatment one fish died. The 

growth indicated by wet weight is displayed in Table 18. Statistical analysis showed that 

there was no significant difference among treatment at either sampling time point (p>0.05; 

one-way ANOVA test). 
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Table 16. Water quality in different treatments during exposure (mean ± S.E.). 

Chemical 
Concentration 

(mg/L) 
pH 

Special 

conductivity 

(mS/cm) 

D.O. 

(mg/L) 

Salinity 

(mg/L) 

Non-ionized 

NH3 

(µg/L) 

Control 0 6.8±0.4 122.3±11.7 7.1±0.2 60.0±4.0 3.9±1.1 

SP 10 6.7±0.2 137.7±10.1 7.2±0.2 67.8±5.1 3.4±0.2 

SP 100 6.7±0.1 218.3±10.8 7.2±0.2 105.2±5.8 3.8±0.9 

SA 1 6.7±0.1 130.9±10.7 7.3±0.2 62.9±4.6 3.4±0.9 

SA 10 6.8±0.1 137.1±10.7 7.2±0.2 66.6±5.5 4.3±1.0 

SP+SA 10+1 6.8±0.1 140.2±10.1 7.2±0.3 68.5±4.5 4.3±1.1 

SP+SA 100+10 6.8±0.1 224.7±13.1 7.1±0.3 110.7±4.7 4.8±1.1 

 

Table 17. Chemical concentrations (mg/L) in test solutions during exposure (mean ± 

S.E.). 
NaClO4 (mg/L) Na2 HAsO4 (mg/L) 

Chemical 
Treatments 

(mg/L) Nominal Actual Nominal Actual 

Control 0 0 ND* 0 ND 

SP 10 10 9.28±0.56 0 ND 

SP 100 100 113.99±10.70 0 ND 

SA 1 0 ND 1 0.92±0.13 

SA 10 0 ND 10 9.63±1.45 

SP+SA 10+1 10 9.35±0.61 1 0.93±0.12 

SP+SA 100+10 100 114.58±11.15 10 9.57±1.24 

*ND: not detected. 

 

Table 18. Fish wet weight during exposure (N=9, mean± S.E.). 
Exposure concentration and fish wet weight (g; mean±S.E.) Exposure 

period 

(day) 
0 SP10 SP100 SA1 SA10 10+1 100+10 

10 0.32±0.01 0.28±0.01 0.32±0.01 0.29±0.01 0.32±0.01 0.31±0.01 0.28±0.01 

30 0.32±0.01 0.34±0.01 0.35±0.35 0.34±0.01 0.33±0.01 0.34±0.01 0.32±0.01 

60 0.36±0.01 0.39±0.01 0.4±0.01 0.40±0.01 0.38±0.01 0.36±0.01 0.37±0.01 

90 0.42±0.01 0.42±0.01 0.41±0.01 0.47±0.02 0.39±0.02 0.43±0.01 0.39±0.01 
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A correction factor, 0.2, for conversion from wet weight to dry weight of fish was 

widely cited in literature (Jarvinen and Ankley, 1999; Pedlar and Klaverkamp, 2002). In 

the current study, when zebrafish were desiccated to a constant dry weight, the factor was 

found to be 0.33±0.04. The conversion factor is probably size-dependent among different 

fish species. This factor was applied in the current study when the comparison of 

chemical residue in fish body was conducted between the current study and the literature.  

 

4.3.2 Thyroid Histopathology 

The representative histopathological abnormalities were illustrated in Figure 28, 

including increased  follicular cell (Figure 28B, C, E, and F), angiogenesis (Figure 28B, 

C, D, E, and F), focal hyperplasia (Figure 28E), and diffuse hyperplasia (Figure 28C). 

Only focal hyperplasia was observed in control fish. Colloid depletion was observed in 

the SP treatment (Figure 28C). A reticularized colloid in the lumen was also noted, which 

has not yet been reported in the literature (Figure 28F).  
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Figure 28. Representative photomicrographs of structure of thyroid follicles. (A) Control 

fish follicle with squamous to cuboidal follicular epithelium; (B) Significant hypertrophy 

with little colloid in the lumen. Angiogenesis was apparent (compare A and B); (C) Diffuse 

hyperplasia with hypertrophy. The enlarged epithelial cells projected into the lumen of the 

follicles accompanying significant angiogenesis. (D) Focal hyperplasia with increased 

number of epithelial cells; (E) Colloid depletion indicated by the scalloped appearance at 

the edges of the colloid and reduced colloid area; (F) Reticularized colloid (compare F to 

the other pictures). c=colloid, bv=blood vessel, and e=thyroid follicle epithelial cell.  
 

There was no statistically significant difference in thyroid follicle area among 

treatments at any exposure interval (Figure 29). There was significant increase of follicle 

area with exposure time in all treatments except for 100+10 mg/L treatment, as was 

verified by linear regression analyses (Table 19).  
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Figure 29. Thyroid follicle area in zebrafish exposed to sodium arsenate (SA, mg/L), 

sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are mean ± S.E., 

n=8-9 fish/treatment.   

 

Colloid area was not significantly different among treatments at exposure day 10 and 

30 (Figure 30A). At day 60, a non-significant decrease in colloid area occurred in both 

SP and the mixture treatment, regardless of the concentrations.  At day 90, this decrease 

was statistically significant in the 100 mg/L SP and 10+1 mg/L treatments, whereas this 

was not observed in either 10 mg/L SP or 1 mg/L SA. This indicated that SP and SA had 

a joint action to reduce colloid area at low concentrations (Figure 30A). SA did not 

reduce the colloid area significantly, but at their high concentration (10 mg/L), it showed 

a non-significant antagonistic action on 100 mg/L SP in reducing the colloid area (day 60 

and 90; Figure 30A). The linear regression analysis indicated that colloid area increased 

over time in the control fish, but the rate of increase was lowered by 10 mg/L sodium 

arsenate, and was completely abolished by all sodium perchlorate treatments (Table 19).  

Epithelial cell height was a sensitive indicator of both SA and SP exposure (Figure 

31B). The increase of epithelial cell height was observed at day 10 at low concentrations 

(SP10, SA1 and 10+1) but not at high concentrations (SP100, SA10 and 100+10). At day 

30, all treatments showed significant increase (p<0.05, ANOVA). A concentration-



 121

dependent increase in epithelial cell height was observed in most SP treatments but not in 

the mixture treatments. For the perchlorate treatments, epithelial cell height increased 

over time, with greatest responses being seen at day 60 and day 90 (Figure 31B).  For the 

arsenate treatments, epithelial cell heights initially increased but then returned to control 

levels.  The 1 mg/L SA treatment seemed to be more effective at inducing epithelial 

hypertrophy than 10 mg/L SA. Arsenate seemed to have an antagonistic effect on 

perchlorate-induced hypertrophy at 10 mg/L at day 90 (Figure 31B).  The SP exposure 

caused a more rapid increase over time in hypertrophy compared to SA exposure or 

control (indicated by the difference in slope, Table 19). SP is more potent than SA in 

inducing epithelial cell hypertrophy.  

The ratio of colloid area to total follicle area (CA/FA; i.e., how much of the follicle 

was occupied by the colloid) is displayed in Figure 32. Sodium arsenate at 1 mg/L 

significantly decreased this ratio at day 10 and 30, but 10 mg/L SA did not have an effect 

(Figure 32).  Both SP and the mixtures significantly reduced the CA/FA ratio at days 30-

90, and this raito decreased with time (Table 19). The CA/FA ratio in control and SA 

exposure did not significantly change over time, but this ratio decreased over time for the 

SP and the mixture treatments (indicated by the negative slopes in Table 19).  
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Table 19. Linear regression analysis of histopathological endpointsa over an exposure 

course from day 10 to day 90. 

Endpoint Treatment 
Concentration 

(mg/L) 
Slope (95% CI) R2 

NaClO4 10 0.50 (0.13 — 0.87) 0.16*** 
NaClO4 100 0.69 (0.33 — -1.05) 0.29**** 
NaAsO4 1 -0.23 (-0.34 — -0.11) 0.30**** 

NaClO4+ Na2HAsO4 10+1 0.75 (0.31 — 1.18) 0.25*** 
Angiogenesis 

NaClO4+Na2HAsO4 100+10 0.52 (0.26 — 0.78) 0.34**** 
control 0 10.10 (2.13 — 17.86) 0.16** 

Na2HAsO4 1 10.52 (3.97 — 17.07) 0.22*** Colloid Area (C.A) 
Na2HAsO4 10 6.19 (1.14 — 11.23) 0.13** 

control 0 13.70 (4.82 — 22.58) 0.24*** 
NaClO4 10 9.10 (2.51 — 15.69) 0.16*** 
NaClO4 100 9.01  (1.02 — 16.99) 0.11** 

Na2HAsO4 1 13.16 (5.68 — 20.67) 0.25**** 
Na2HAsO4 10 9.34 (3.24 — 15.43) 0.20*** 

Follicle Area 

NaClO4+Na2HAsO4 10+1 13.79 (7.09 — 20.48) 0.33**** 
control 0 0.007 (0.004 — 0.009) 0.34***** 
NaClO4 10 0.035 (0.019 — 0.051) 0.34***** 
NaClO4 100 0.067 (0.041 — 0.089) 0.46***** 

Na2HAsO4 
1 

0.004 (-0.00018 — 
0.0087) 0.07* 

NaAsO4 10 0.007 (0.0027 — 0.011) 0.22*** 
NaClO4+Na2HAsO4 10+1 0.05 (0.031 — 0.069) 0.44***** 

Epithelial Cell Height 
(E.C.H.) 

NaClO4+Na2HAsO4 100+10 0.038 (0.026 — 0.049) 0.56***** 
NaClO4 10 -2.15 (-4.43 — 0.13) 0.07* 
NaClO4 100 -4.13 (-5.85 — -2.41) 0.41***** 
NaAsO4 1 2.73 (0.34 — 5.12) 0.11** 

NaClO4+ NaAsO4 10+1 -3.12 (-5.14 — -1.09) 0.23*** 
C.A./E.C.H. 

NaClO4+ NaAsO4 100+10 -4.65 (-7.04 — -2.08) 0.30**** 
NaAsO4 1 0.01 (0.011 — 0.018) 0.23*** Hyperplasia 

NaClO4+ NaAsO4 10+1 0.016 (0.0047 — 0.027) 0.18** 
 
a: F.A.=follicle area (µm2); C.A.=colloid area (µm2); Height=follicular cell height (µm). Only those data 

which showed statistically significant difference (p<0.05 except for the p value, 0.0641 for C.A./Height in 

10mg/L sodium perchlorate treatment) and had apparent increasing or decreasing trend over time were 

listed here. * ≤ 0.10, **≤0.05, ***≤0.01, ****≤0.001, *****≤0.0001 
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Figure 30. Thyroid colloid area in zebrafish exposed to sodium arsenate (SA, mg/L), 

sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are mean ± S.E., 

n=8-9 fish/treatment. Bars with different letters denote statistically significant differences 

(p<0.05) among treatments within the same time interval.   
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Figure 31. Thyroid Epithelial cell height in zebrafish exposed to sodium arsenate (SA, 

mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are mean 

± S.E., n=8-9 fish/treatment. Bars with different letters denote statistically significant 

differences (p<0.05) among treatments within the same time interval.   
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Figure 32. Percent of colloid area to follicle area in zebrafish exposed to sodium arsenate 

(SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are 

mean ± S.E., n=8-9 fish/treatment. Bars with different letters denote statistically 

significant differences (p<0.05) among treatments within the same time interval.   

 

An additional index was also calculated as colloid area/epithelial cell height 

(CA/ECH), because an increase in epithelial cell height can either indicate 1) increased 

epithelial TH synthetic activity synthesis or 2) decreased plasma thyroid hormone 

concentrations, followed by increased TSH production, and overstimulation of the 

thyroidal epithelia by TSH. An increased epithelial TH synthetic acitity should be 

reflected by increased, not decreased, colloid area.  Thus, the CA/ECH index should be 

able to distinguish between possibilities 1) and 2), above: a lower index should result 

from decreased plasma thyroid hormone levels.   The index was illustrated in Figure 33.  

No significant difference was observed at day 10, whereas at day 30, the index was 

significantly reduced in the SP 100 mg/L and 10+1 mg/L (SP + SA) treatments. However, 

this was not observed in either 10 mg/L SP or 1 mg/L SA, indicating an additive effect on 

CA/ECH at their lower concentrations of both chemicals (Figure 33). At day 30 and 60, 
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the index was significantly reduced in SP and the mixture treatments. At day 90 a 

statistically nonsignificant antagonistic interaction was exerted by 10 mg/L SA on 100 

mg/L SP (Figure 33). Although the linear regression analyses showed no change for this 

index in the control fish over all time points (Table 19), there was an apparent increase 

from day 30 to 90. Likewise, this occurred with SA 1 mg/L (Figure 33). Significant 

reductions in CA/ECH over time were observed in both SP and the mixture treatments 

(Table 19).  
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Figure 33. Ratio of colloid area to follicular cell height in zebrafish exposed to sodium 

arsenate (SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). 

Values are mean ± S.E., n=8-9 fish/treatment. Bars with different letters denote 

statistically significant differences (p<0.05) among treatments within the same time 

interval 

 

No significant angiogenic effect was observed at day 10 (Figure 34). Only the 100 

mg/L SP exposure caused a statistically significant increase in terms of the angiogenesis 

score at day 30. The significant increase in the angiogenesis score was also observed in 

SP but not the mixture treatments at day 60. Both SP and the mixture treatments showed 
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significant increases at day 90, but there was no effect of sodium arsenate on 

angiogenesis score (Figure 34). There was no significant difference existing in the 

controls among the exposure interval. However, 1 mg/L SA showed a significant 

decrease over time in terms of angiogenesis (Figure 34). This was in accordance with a 

linear regression analysis (negative slope, Table 19). In contrast, angiogenesis in all SP 

and mixture treatments showed a significant increase over time (Table 19).  Addition of 

SA seemed to mitigate the dose-dependant tendency for SP-induced angiogenesis (Figure 

34), particularly in 10 mg/L SA at day 90.  
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Figure 34. Angiogenesis score in zebrafish exposed to sodium arsenate (SA, mg/L), 

sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are mean ± S.E., 

n=8-9 fish/treatment. Bars with different letters denote statistically significant differences 

(p<0.05) among treatments within the same time interval.  

 

An increased level of hyperplasia (compared to controls) was observed at day 30 in 

the 100 mg/L SP and 100+10 mg/L SP+SA, and at day 60 in the 10 mg/L SA. A 90–day 

exposure induced the hyperplasia in the 100 mg/L SP treatment and the 10+1 mg/L 
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mixture treatment (Figure 35).  This did not occur in either the 10 mg/L SP treatment or 

the 1 mg/L SA treatment, which indicates an additive interaction between SA and SP in 

inducing hyperplasia at this time point (Figure 35). The time-dependent increase was 

most notable in SA 1 mg/L and 10+1 mg/L treatments (Table 19).  
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Figure35. Number of hyperplastic follicular cells in zebrafish exposed to sodium arsenate 

(SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are 

mean ± S.E., n=8-9 fish/treatment. Bars with different letters denote statistically 

significant differences (p<0.05) among treatments within the same time interval.   

 

In the current study, various endpoints were used to evaluate the effect of either 

chemical while applied alone or in mixture on thyroid histopathology. Different 

endpoints showed different sensitivity as markers (Table 20).  
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Table 20. Sensitivity of different endpoints as markers for thyrotoxicity assay of sodium 

perchlorate or sodium arsenate in zebrafish*. 
Exposure duration (days) 

  Endpoints  
10 30 60 90 

F.A     

C.A    SP, SP+SA 

C.A./F.A SA1 SA1, SP, SA+SP SP, SP+SA SP, SP+SA 

Height SA1, SP10, and 10+1 SA, SP, SA+SP SP, SP+SA SP, SP+SA 

C.A./Height  SP100, 10+1 SP, SP+SA SP, SP+SA 

Angiogenesis  SP100 SP SP, SP+SA 

Hyperplasia   SP100, 100+10 SA10, 100+10 SP100, 10+1 

*: SA includes both 1 and 10 mg/L sodium arsenate except for specifically mentioned (e.g., SA1=1 mg/L 

sodium arsenate); SP include both 10 and 100 mg/L sodium perchlorate except for specifically mentioned 

(e.g., SP100=100 mg/L sodium perchlorate); SP+SA include 10+1 and 100+10 mg/L sodium 

perchlorate+sodium perchlorate except for specifically mentioned (e.g., 10+1=10 mg/L SP+1 mg/L SA). 

Only those data showing significant difference from the control was summarized in the table (p<0.05, 

ANOVA+Duncan’s test). F.A.=follicle area (µm2); C.A.=colloid area (µm2); Height=follicular cell height 

(µm). 

 

4.3.3 GSH and Lipid Peroxidation 

The GSH assay method was characterized specifically for whole-body zebrafish 

samples. Two characteristics were estimated and the optimum conditions were 

determined. As mentioned in Methods and Material, after adding of NDA, a fluorephore 

between NDA and reduced GSH was formed. However, the fluorephore levels and the 

stability may be different in different biological matrixes. Therefore, these characteristics 

were evaluated. The kinetic characteristics were demonstrated in Figure 36. A 9-11min 

optimum reading window frame was applied in the definitive GSH assay. In addition, due 

to the nonlinear correlation between dilution factor and biological marker, the optimum 

dilution factor (30×) was determined based on Figure 37. The assay stability and 

consistency of different forms of GSH were evaluated in consecutive five days. It was 

found the relative standard deviations were generally below 10%, which indicated the 

reliability of this method.  
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Figure 36. Kinetic characteristics of the fluorephore between NDA and reduced GSH. 
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     Figure 37. Whole-body GSH concentrations as a function of dilution factor for fish 

homogenate. 
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Table 21. Consistency of GSH assay in consecutive five days (CV%)*. 
  Total GSH Reduced GSH Oxidized GSH 

Fish 1 9.70 7.45 8.73 

Fish 2 7.04 10.52 6.75 

Fish 3 7.40 10.62 8.63 

* CV%: relative standard deviation (standard deviation/mean×100) 

 

Exposure to 10 mg/L sodium arsenate and 100+10 mg/L mixture resulted in 

significant increase of total GSH at day 10 and 30 (Figure 38). Perchlorate induced 

significant total GSH only at high concentration (100 mg/L) and short exposure period 

(10 d). Although there was a general increase at day 10 and 30, all other exposure 

scenarios did not significantly induce total GSH. Similar pattern was observed for 

reduced GSH alteration. Both 10 mg/L sodium arsenate and 100+10 mg/L mixture 

treatments significantly enhanced reduced GSH at day 10 and 30 (Figure39).  
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Figure 38. Total GSH concentratons in whole body zebrafish exposed to sodium arsenate 

(SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are 

mean ± S.E., n=9/treatment. Bars with different letters denote statistically significant 

differences (p<0.05) among treatments within the same time interval.    
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Reduced GSH was also significantly induced by 100 mg/L exposure at day 10. The 

mixture treatment at level of 10+1 mg/L caused significant increase of reduced GSH, 

whereas the individual chemicals at their low concentrations did not cause similar effect, 

as indicated an additive joint action between two chemicals in relatively short exposure 

(10 and 30 day). At day 60, sodium perchlorate exposure at 10 mg/L had significantly 

high reduced GSH concentrations than 100 mg/L as well as 100+10 mg/L exposure 

significantly enhanced reduced GSH concentrations compared with 10+1 mg/L exposure.  
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Figure 39. Reduced GSH concentrations in whole body zebrafish exposed to sodium 

arsenate (SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). 

Values are mean ± S.E., n=9/treatment. Bars with different letters denote statistically 

significant differences (p<0.05) among treatments within the same time interval.    

 

Sodium perchlorate at 100 mg/L and sodium arsenate at 10 mg/L significantly 

enhanced oxidized GSH levels at day 10 and 90, respectively (Figure38). A prolonged 

exposure to 10 mg/L sodium perchlorate caused significant induction of oxidized GSH. 
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Although 10 mg/L sodium arsenate exposure did not significantly reduce the oxidized 

GSH concentrations compared with 0 mg/L exposure, it did compare with 1 mg/L sodium 

arsenate. In addition, the significant reduction of oxidized GSH occurred in 10+1 mg/L 

treatment, whereas either chemical at their low levels enhanced oxidized GSH levels 

though it was not significant (Figure 40).  
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Figure 40. Oxidized GSH levels in whole body zebrafish exposed to sodium arsenate (SA, 

mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are mean 

± S.E., n=9/treatment. Bars with different letters denote statistically significant 

differences (p<0.05) among treatments within the same time interval.    

 

Both sodium arsenate at 10 mg/L and 10+1 mg/L treatment enhanced the GSH status 

index (i.e., ratio of reduced GSH to oxidized GSH) at day 10 and 30 (Figure 41). The 

only increase of this index by sodium perchlorate exposure occurred at 100 mg/L level at 

day 30. At day 60, sodium perchlorate at 10 mg/L caused significant increase of this 

index relative to the non-significant decrease by 100 mg/L sodium perchlorate exposure 

(Figure 41). Sodium arsenate at 1 mg/L level was effective to enhance this index only at a 

prolonged exposure (day 90). In general, the GSH status index was greater than unity. 
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Figure 41. GSH status index (reduced/oxidized GSH) in whole body zebrafish exposed to 

sodium arsenate (SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, 

mg/L). Values are mean ± S.E., n=9/treatment. Bars with different letters denote 

statistically significant differences (p<0.05) among treatments within the same time 

interval.    

 

Different GSH assay endpoints displayed differential sensitivity in response to 

chemical exposure. The sensitivity of these GSH assay endpoints were listed in Table 22. 

The Ohkawa method for TBARS assay was optimized specifically for whole-boday 

zebrafish samples. The maximum absorbance wavelength was found at around 532 nm 

(Figure 42), similar to that in other biological medium. The adduct between TBARS and 

thiobarbituric acid was formed during acidic heating incubation. Different biological 

mediums have different characteristics, and thus the optimum incubation period may be 

different. To obtain the optimum incubation period and corresponding dilution factor, a 

series work was done (Figure 43). Dilution factor may be involved in the optimum 

incubation period. Several dilution factors were evaluated, and 5× dilution factor was the 

optimum one (Figure 44). Based on Figure 43, a dilution factor 5× and an 80min acidic 

heating incubation time period was chosen for the definitive TBARS assay. The stability 
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and consistency of this method were evaluated, and CV%s were found below 13% (Table 

23). Different methods for MDA assay were compared. It was found that Aust method 

and Esterbauer method gave close values and both had much lower values than Ohkawa 

method (Table 24).  

 

Table 22. The sensitivity of different endpoints as marker for GSH response to sodium 

perchlorate and sodium arsenate as single chemical or mixtures in zebrafish* 

Exposure duration (days) 
Endpoints 

10 30 60 90 

TGSH SP100, SA10, 100+10 SA10, 100+10   

RGSH SP100, SA10, SP+SA SA10, SP+SA   

OGSH SP100,  SA10 SP10 

INDEX SA10, 10+1 SP100, SA10, 10+1   SA1 

*: SA includes both 1 and 10 mg/L sodium arsenate except for specifically mentioned (e.g., SA1=1 mg/L 

sodium arsenate); SP include both 10 and 100 mg/L sodium perchlorate except for specifically mentioned 

(e.g., SP100=100 mg/L sodium perchlorate); SP+SA include 10+1 and 100+10 mg/L sodium 

perchlorate+sodium perchlorate except for specifically mentioned (e.g., 10+1=10 mg/L SP+1 mg/L SA). 

Only those data showing significant difference from the control was summarized in the table (p<0.05, 

ANOVA+Duncan’s test). TGSH: total GSH, RGSH: reduced GSH, INDEX: ratio of reduced to oxidized 

GSH. 
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Figure 42. Absorbance characteristics of TBARS in the whole-body zebrafish. 
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Figure 43. The absorbance characteristics as a function of acidic heating incubation 

period and dilution factor of fish homogenate. (A) 5× dilution factor, (B) 10× dilution 

factor, and (C) 15× dilution factor. 
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Figure 44. TBARS concentrations in fish samples at different dilution factors. 

 

Table 23. Consistency of TBARS in 5×dilution samples in consecutive 4 day assays 

(CV%*). 
  Day 1 Day 2 Day 3 Day 4 Mean S.D. CV% 

Fish 1 708.3 806.7 911.7 741.7 792.1 89.6 11.3 

Fish 2 1058.3 1000.0 1248.3 1246.7 1138.3 128.3 11.3 

Fish 3 920.0 1226.7 993.3 1083.3 1055.8 132.0 12.5 

Mean 895.6 1011.1 1051.1 1023.9 995.4 68.6 6.9 

    * CV%: relative standard deviation (standard deviation/mean×100) 

 

Table 24. Values of lipid peroxidation (nmol/g wet wt) using different assay methods*. 
Ohkawa method Aust TCA method Esterbauer TCA method 

820.0 443.3 410.3 

1165.0 695.8 634.1 

1101.1 605.8 665.9 

1028.7 581.7 570.1 

* Ohkawa method evaluated TBARS, and Esterbauer TCA method was claimed for free MDA 

assay by the authors. 
 

Results for TBARS assay and free MDA assay as lipid peroxidation indicators were 

displayed in Figure45 and 46. Although two methods gave different values due to their 

different target molecules to assay, they indicated the same conclusion. Lipid 
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peroxidation was not significantly altered due to exposure to these two chemicals either 

individually or in their mixture. There was a significant difference between 10 mg/L 

(increase) and 100 mg/L sodium perchlorate (decrease) at day 60 (Figure 45). 
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Figure 45. TBARS levels in whole body zebrafish exposed to sodium arsenate (SA, 

mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are mean 

± S.E., n=9/treatment. Bars with different letters denote statistically significant 

differences (p<0.05) among treatments within the same time interval.    
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Figure 46. Free MDA levels in whole body zebrafish exposed to sodium arsenate (SA, 

mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, mg/L). Values are mean 

± S.E., n=9/treatment.    
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4.3.4 DNA Damage 

Representative photographs of gel electrophoresis for strand breaks assay, oxidative 

base-associated strand break assay, and DNA fragmentation analysis were showed in 

Figure 47. The DNA damage pattern was not consistent. As seen in Figure 48, 49, and 50, 

no significant alteration was resulted from exposure to these two chemicals while 

administered individually or in mixture in terms of double strand break, single strand 

breaks and DNA fragmentation. The significant alteration was observed in oxidative 

base-associated strand breaks. At day 30, 100+10 mg/L treatment significantly enhanced 

the relative strand break number, whereas this treatment significantly reduced the relative 

strand break number at day 90 (Figure 50). The variability (i.e., the S.E.) was big relative 

to GSH lipid peroxidation assay. This may contribute to the nonsignificant alteration. 

Both parametric and nonparametric statistical showed the same conclusion.  

The DNA damage pattern was not consistent. As seen in Figs. 48, 49, 50, 52, no 

significant alteration was resulted from exposure to these two chemicals while 

administered individually or in mixture in terms of total strand break, double strand break, 

single strand breaks, and DNA fragmentation as an indicator for apoptosis. The 

significant alteration was observed in oxidative base-associated strand breaks. At day 30, 

100+10 mg/L treatment significantly enhanced the relative strand break number, whereas 

this treatment significantly reduced the relative strand break number at day 90 (Figure 

51). As seen from the DNA damage figures, except for double strand break case, the 

variability (i.e., the S.E.) was big relative to other endpoints evaluated in the chronic 

toxicity test. This may contribute to the nonsignificant alteration. Both parametric and 

nonparametric statistical showed the same conclusion.  

 

 

 

 

 

 



 139

 

 

Figure 47. Photographs of gel electrophoresis for evaluation of DNA damage in zebrafish 

exposed to sodium salts of perchlorate and arsenate. Gel electrophoresis was conducted 

(A) on 0.8% agarose gel in alkaline buffer for total strand break assay and oxidative base 

assay. Lane 1 and 24: coliphage T2; lane 2 and 25: 100bp ladder; land 3 and 26: Hind III 

digests of λ DNA; lane 5-22: samples with empty lane as intervals. The DNA sample was 

arranged as treated DNA sample with fpg plus endoIII, empty lane, and untreated DNA 

sample; (B) on 0.8% agarose gel in neutral buffer for double strand break assay. Lane 1 

and 23: coliphage T2; lane 2 and 24: Hind III digests of λ DNA; land 3 and 25: 8-48kb; 

lane 5-21: samples with empty lane as intervals; and (C) on 1.5% agarose gel in neutral 

buffer for DNA fragmentation assay as an indicator for apoptosis. Lane 1 and 23: 

coliphage T2; lane 2 and 24: Hind III digests of λ DNA; land 3 and 25: 8-48kb; lane 4: 

100bp ladder; lane 5 and 6: 100bp mass ladder; lane 7-22: samples with empty lane as 

intervals. Oligonucleosomal fragments appeared as ladders of bands with size of 

approximate 200bp multiples.  
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Figure 48. Relative number of total strand breaks of hepatic DNA in zebrafish exposed to 

sodium arsenate (SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, 

mg/L). Values are mean ± S.E., n=9/treatment.  
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Figure 49. Relative number of double DNA strand breaks in liver of zebrafish exposed to 

sodium arsenate (SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, 

mg/L). Values are mean ± S.E., n=9/treatment.  
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Figure 50. Relative number of single DNA strand breaks in liver of zebrafish exposed to 

sodium arsenate (SA, mg/L), sodium perchlorate (SP, mg/L), or the mixture (SP+SA, 

mg/L). Values are mean ± S.E., n=9/treatment.  
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Figure 51. Relative number of oxidative base-associated DNA strand breaks in liver of 

zebrafish exposed to sodium arsenate (SA, mg/L), sodium perchlorate (SP, mg/L), or the 

mixture (SP+SA, mg/L). Values are mean ± S.E., n=9/treatment.  
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Figure 52. The ratio of DNA amount in two tail bands to total DNA loaded in a well from 

liver of zebrafish exposed to sodium arsenate (SA, mg/L), sodium perchlorate (SP, mg/L), 

or the mixture (SP+SA, mg/L). Values are mean ± S.E., n=9/treatment.  

 

4.3.5 Uptake, Residue Levels, and Depuration of Perchlorate and Arsenate 

The percent recovery of perchlorate from fish tissues ranged from 81-96%.  The 

detection limit of perchlorate in fish tissues was 2.5 μg/Kg wet weight, and the detection 

limit of perchlorate in water was 1.0 μg/L.  The detection limit for arsenic in water 

samples is 0.65 μg/L and in fish samples 0.033 μg/g wet weight. For arsenic analysis, the 

recovery rate from the standard reference material was 95.6±2.1%.  

Figure 53 illustrates whole body residues of sodium perchlorate in zebrafish at the 

uptake and depuration phases. The uptake of perchlorate by zebrafish in 100 and 100+10 

mg/L treatments was significantly higher than that in 10 and 10+1 mg/L treatments 

(p<0.05), resulting in much higher whole body residue of perchlorate in fish. In addition, 

the perchlorate residue in 100 mg/L perchlorate treatment was significantly higher than 

that in 100+10 mg/L at day 60 interval (p<0.05). Because the samples from 10 and 10+1 

mg/L treatments at day 10 and 30 were accidentally contaminated by perchlorate, the data 

were not presented. High tissue retention of perchlorate in the higher concentration 

treatments (100 and 100+10 mg/L) during uptake stage caused high body residue at 
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elimination day 1 and 3, but by elimination day 5 no perchlorate was detected even in 

high perchlorate concentration treatments. At the lower perchlorate concentration 

treatments (10 and 10+1 mg/L), no significant difference was found among exposure 

intervals (p<0.05).  As seen from Figure 53, the elimination of perchlorate was very fast 

at the high concentration treatments during elimination day 1, and then the elimination 

rate apparently decreased. In contrast, the elimination during day 1 at the lower 

concentration treatments was slow and no significant difference was observed between 

90 days of exposure and elimination day 1 (p<0.05). The perchlorate residue in fish at 

lower concentration treatments was not detected at depuration day 3 in contrast to at 

depuration day 5 at the higher concentration treatments (Figure 53)  

The comparison of the whole body perchlorate residue among different perchlorate 

exposure scenarios and bioconcentration factors (BCFs) was demonstrated in Figure 54. 

The ratio of sodium perchlorate residue in fish at high/low perchlorate treatments was 

lower than that of sodium perchlorate in test solutions (10:1) regardless of single 

chemical or the mixture exposure (Figure 54A). Instead, lower ratios were observed at 

day 60 and 90. In particular, at elimination day 1, the ratio was around 2 (Figure 54A), 

which suggested that the depuration rate from fish in high perchlorate treatments was far 

faster than that in the lower perchlorate treatments during depuration day 1. The uptake 

and depuration of perchlorate was faster in 100 mg/L sodium perchlorate treatment than 

that in 100+10 mg/L treatment (i.e., the ratio was greater than one at the uptake stage and 

less than one at the depuration stage), but no constant trend was observed in the lower 

treatments (Figure 54B). As seen from Figure 54C, BCFs were at a range from 0.06 to 

0.14, and thus, perchlorate was not accumulated in zebrafish significantly.  
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Figure 53. Whole body residue of sodium perchlorate (mean ± S.D., n=3) in zebrafish 

during the uptake stage (A) and the depuration stage (B). Fish were exposed to chemicals 

for 90 days and then transferred to chemical-free reconstituted water for five days.  

ND=not detected and depr=depuration. Due to an accidental contamination of fish 

samples at day 10 and 30 from 10 and 10+1 mg/L treatments, no data were reported here 

for these two exposure scenarios. Significant difference was found between the high and 

low chemical concentrations at either exposure intervals, regardless of the single 

chemical or the mixture exposure. The bars bearing different letters indicated significant 

difference (p<0.05). 
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Figure 54. Ratios of whole body residue and bioconcentration factors of sodium 

perchlorate (Mean ± S.E., n=3) among different exposure scenarios. (A) displayed the 

ratios between high concentration and low concentration treatment for either perchlorate 

alone or the mixture, (B) the ratios between perchlorate alone and the mixture at the same 

sodium perchlorate concentration, and (C) the bioconentration factors during the 

exposure course. Due to the accidental contamination for the samples in 10 and 10+1 

mg/L treatments at day 10 and day 30, those ratios were not displayed.   
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The whole body arsenic residue in fish at the uptake and depuration stages was 

plotted in Figure 55. The arsenic residue at the high sodium arsenate treatments (10 and 

100+10 mg/L) was significantly higher than that at the low sodium arsenate treatments (1 

and 10+1 mg/L) at either interval. The highest residue occurred in 10mg/L sodium 

arsenate treatment at day 90 and was significantly higher than that in the mixture of 100 

perchlorate +10 mg/L arsenate (p<0.05; Figure 55). During the depuration stage, a similar 

pattern was found in that arsenic body residue at the high chemical treatments was much 

higher than that in the low treatments. Arsenic was not detected at depuration day 5 in 1 

mg/L treatment, at depuration day 3 in 10+1mg/L treatment, at depuration day 5 in 

100+10mg/L treatment, respectively, but was detected at depuration day 5 in 10 mg/L 

treatment. No statistically significant difference was observed during uptake course in 

either exposure scenario although an apparent increase over time occurred in the 10mg.l-1 

treatment (p<0.05; Figure 55). As seen from Figure 55, compared with the low arsenate 

concentration treatments, where the depuration rate was slow, the depuration was rapid at 

the high concentration treatments and followed by a slower depuration. Capability of fish 

to accumulate arsenic in the mixture was lower than that in the corresponding arsenic 

alone treatment, but depuration was faster in the mixture than the corresponding arsenate 

alone treatment.  

The most pronounced accumulation of arsenic by zebrafish occurred at day 60 and 

90, where approximately 20 times more arsenic was accumulated in the high arsenic 

treatments compared to that in the low arsenic treatments (Figure 56A). At other uptake 

intervals, arsenic was accumulated proportionally in low and high concentrations (i.e., 

around 10 times of the arsenic residue at high arsenic concentrations compared with the 

residue at low concentrations), regardless of chemical alone or the mixture. In addition, 

arsenic was depurated by zebrafish at a similar rate at depuration day 1 and 3 at different 

arsenic concentrations, indicated by the body arsenic ratio (close to 10:1) similar to the 

arsenic ratio in test solutions. This was a different pattern from perchlorate, which was 

depurated at a higher rate at high concentrations. A general trend for the difference 

between the arsenic alone and the mixture is that the arsenic uptake was faster but the 
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arsenic depuration was slower in the chemical alone exposure than the mixture (Figure 

56B), though in most cases no statistical significant difference was observed (Figure 55). 

Arsenic was not strongly accumulated in fish since the highest BCF for arsenic was 0.53 

(Figure 56C). 
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Figure 55. Whole body residue of sodium arsenate (mean ± S.E., n=9) in zebrafish during 

the uptake stage (A) and the depuration stage (B). Fish were exposed to chemicals for 90 

days and then transferred to chemical-free reconstituted water for five days. ND=not 

detected and depr=depuration. Significant difference was found between the high and low 

chemical concentrations at either exposure intervals, regardless of the single chemical or 

the mixture exposure. The bars bearing different letters indicated significant difference 

(α=0.05). 
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Figure 56. Ratios of whole body residue (Mean ± 95% confidence limit) and 

bioconcentration factors of sodium arsenate (Mean ± S.E., n=9) among different exposure 

scenarios. (A) displayed the ratios between the high concentration and low concentration 

treatments for either perchlorate alone or the mixture, (B) the ratios between perchlorate 

alone and the mixture at the same sodium perchlorate concentration, and (C) the 

bioconentration factors during the exposure course.  To evaluate the ratios, the data point 

in 10+1mg/L at depuration day 3, which is barely below the detection limit, was used.   
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Uptake constants were determined and used to evaluate the uptake rate over the 

course of exposure. The analysis results are listed in Table 25. As seen in Table 25, 

except for the 10 mg/L sodium arsenate treatment at day 10 and 30, in all other single 

chemical treatments, the uptake constants over exposure time were higher than that in the 

corresponding mixture treatments at either exposure interval. This indicated that the 

uptake of one chemical was reduced by the other chemical at the concentrations of either 

chemical tested in the current study. Due to the accidental contamination of fish samples 

from 10 and 10+1 mg/L sodium perchlorate treatments at day 10 and day 30, no uptake 

constants were determined for these two treatments. Depuration data of two chemicals 

were fitted to nonlinear models as well as their linearized models. The modeling results 

are showed in Table 26. Based on the AIC values, the linearized exponential models were 

best for 100 mg/L sodium perchlorate and 1 mg/L sodium arsenate. The linearized 

exponential models were backtransformed to the nonlinear exponential models and a bias 

correction factor was applied for the backtransformation (Newman, 1995). Namely, a 

value for whole body residue of a chemical during depuration stage should be the one 

predicted by the model and then multiplied by the bias correction factor. A power 

elimination model, Y=1032.8×hour-0.273, was found to best depict the arsenic depuration 

pattern at the 10 mg/L sodium arsenate treatments based on the AIC value. However, the 

biological half-life was 2.54 hours based on this model, which significantly 

underestimated the retention time of arsenic at 10 mg/L treatment. Hence, the linearized 

exponential model was chosen, which gave a reasonable biological half-life at this 

exposure scenario. Arsenic was depurated more rapidly in the 10 mg/L arsenic treatment 

(ke=0.016 hour-1) than in the 1 mg/L arsenic treatment (ke=0.01 hour-1), and thus the 

biological half-life of arsenic in zebrafish was reduced with increased exposure 

concentrations (Table 26). The depuration constants in the mixture were bigger than that 

in the corresponding single chemical exposure, regardless of the chemicals. Therefore, 

the existence of one chemical enhanced the depuration of the other chemical in the test 

solution.  
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Table 25. Uptake constants over exposure time of day 10, 30, 60, and 90 and elimination 

constants at differential exposure scenarios*. 

Uptake constants (ku) (day-1) 
Treatment 

Concentration 

(mg/L) 

Elimination  

constant (ke) (day-1) 10 30 60 90 

SP 100 0.64 0.018 0.018 0.023 0.025 

SP+SA 100+10 0.56 0.012 0.016 0.015 0.016 

SA 1 0.25 0.025 0.031 0.019 0.024 

SP+SA 10+1 0.26 0.022 0.021 0.015 0.016 

SA 10 0.40 0.042 0.040 0.064 0.075 

SP+SA 10+1 0.56 0.050 0.050 0.063 0.072 

*: The uptake and elimination constants were derived by using the whole body chemical contents with unit 

of µg/L wet weight, and were not conducted for 10 and 10+1 mg/L sodium perchlorate due to the 

accidental contamination of fish samples by perchlorate.  

 

Table 26. Depuration modeling of chemicals in fish while they were transferred to 

chemical-free reconstituted water after a 90-day exposure to the chemicals (Y: whole 

body residue of chemical; unit: ng/g wet wt). 

Chemical Concentration 
(mg/L) Models fitted S.E. of  

constants R2 
Bias 

correction 
factors 

t1/2 
(h) τ (h) 

SP 100 Y=2421.14EXP(-0.027×hour) 0.007 0.66 1.39 25.68 36.98 
SA 1 Y=85.55EXP(-0.01×hour) 0.002 0.66 1.18 69.94 100.72 

SA 10 
Y=1176.15*EXP(-

0.016×hour) 0.002 0.66 1.32 42.99 61.92 
 

4.3.6 Correlation among Markers 

Correlation among different types of endpoints in the chronic toxicity test was 

analyzed by Pearson correlation analysis and stepwise multiple regression analysis. 

Results are listed in Table 27, 27, 28, and 29. In the multiple regression analysis, because 

epithelial cell height and reduced GSH were found the most sensitive endpoints in the 

chronic test, either of them was used as the dependable variables to explore the 

correlation between other endpoints and either of them. A significance level of 0.15 

instead of 0.05 was chosen in the multiple regression analysis.  
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Table 27. Significant correlation between GSH endpoints and damage on DNA and lipid 

(p<0.05)*.  
Exposure 

 duration 

(day) 

Endpoints OBASB TSB DSB SSB APOP LPOHK LPEST 

TGSH      C(-) A2(+) 

RGSH P2(-) C(-)    P2(+),A2(+) A2(+) 

GSSG A2(-)    A1(-) P2(-)  

 

10 

  
INDEX M2(-)   A1(+) C(-),A2(+) M2(-) P2(+),A2(+)   

TGSH A1(+)    M1(+)   

RGSH A1(+),M2(-)    M2(-)   

GSSG C(-),A1(+),M2(-)  P2(+)  P2(+),M1(+),M2(-) A1(+),M1(+)  

 

30 

  
INDEX As(-),M2(+)       A1(+),M2(+)     

TGSH A2(+),M1(+),M2(+) A1(+)  A1(-)  A1(+)  

RGSH P1(-),A2(+)   C(-) C(-),P1(-)   

GSSG P1(-) A1(+) P1(+)  C(-),P1(-)  P1(-) 

 

60 

  
INDEX               

TGSH       A1(-) 

RGSH  A1(+)     A1(-) 

GSSG       C(+) 

 

90 

  
INDEX   M2(+)       A1(-)   

*: OBASB: oxidative-base associated strand breaks, TSB: total strand breaks, DSB: double strand breaks, 

SSB: single strand breaks, APOP: ratio of DNA in two last tail bands to total DNA applied as an indicator 

for apoptosis, LPOHK: TBARS levels by Ohkawa method, LPEST: free MDA levels by Esterbauger 

method, TGSH: total GSH, RGSH: reduced GSH, INDEX: ratio of reduced to oxidized GSH, C: control, 

P1/2: 10/100 mg/L sodium perchlorate, A1/2: 1/10 mg/L sodium arsenate, and M1/2: 10+1/100+10 mg/L 

sodium perchlorate + sodium arsenate. “+” indicates positive correlation and “-” negative correlation.  
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Table 28. The significant correlation between GSH endpoints and thyroid histopathologi-

cal endpoints (p<0.05)*.  
Exposure 

 duration (day) 
Endpoints FOL COL HEIGHT CTF CTL ANG HYP 

TGSH P2(-) P2(-)   M1(-)   

RGSH       M1(-) 

GSSG  C(-)   C(-)   
10 

INDEX        

TGSH M2(-)   P1(+)         

RGSH   P1(+)     

GSSG M1(+)      P2(+) 

 

30 

  
INDEX M2(-) M2(-)     M2(-)     

TGSH   M1(+) M1(-) M1(-)   

GSSG M1(-) M1(-) A2(-)  M1(-)   

RGSH       A2(+) 
60 

INDEX A1(+) A1(+)   A1(+) C(+) A2(+) 

INDEX A2(-) A2(-),M1(+)   M1(+) M1(+)     

TGSH      A1(+)  

RGSH       M1(-) 

 

90 

  
GSSG       M1(-) M1(-) M2(+)   

*: FOL: follicular area; COL: colloid area; HEIGHT: epithelial cell height; CTF: ratio of colloid area to 

follicle area; CTH: ratio of colloid area to epithelial cell height; ANG: angiogeneisis; HYP: hyperplasia.   
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Table 29. The significant correlation between thyroid histopathological endpoints and 

damage on DNA and lipid (p<0.05)*.  
Exposure 

 duration 

(day) 

Endpoints FOL COL HEIGHT CTF CTL ANG HYP 

OASB P2(+),A1(-) P2(+),A1(-) P2(+)  A1(-)   

TSB A1(+) A1(+) A2(+)     

DSB   P1(-)     

SSB      A2(+)  

APOP      M1(+)  

LPOHK     P2(-)   

10 

LPEST    M2(+)    

OASB     M1(+) M1(+)     M2(-) 

TSB P2(+) P2(+)    A2(+) P2(+),A2(+) 

DSB P2(+),M1(-) P1(+),P2(+),M1(-)   P1(+)  P2(+),A2(+) 

SSB P2(+)      P2(+),A2(+) 

APOP P2(+) P2(+)    M1(+) P2(+),M2(-) 

LPOHK   P2(-)     

 

30 

  

LPEST               

OASB     C(-),M1(+)     A2(+) A2(+) 

TSB      M2(+) A1(+) 

DSB   P2(+),A1(-)     

SSB      M2(+)  

APOP        

LPOHK    M2(+)   C(-) 

 

60 

  

LPEST               

OASB A2(-) A2(-) P1(+)  A2(-)   

TSB    A1(+),M1(+) A1(+)  A2(+) 

DSB      A1(+)  

SSB A1(+),M1(+) A1(+)  A1(+),M1(+) A1(+),M1(+)  A2(+) 

APOP  M1(-),M2(-) M1(+),M2(+) M1(-),M2(-)  M1(+) M2(-) 

LPOHK   C(+) C(+)  P1(-)  

 

90 

  

LPEST             P1(-) 
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Table 30. Stepwise multiple regression analyses for significant (α=0.15) relationships among parameters*. 
Exposure 

duation 

(day) 

Treatment 
Concentration 

(mg/L) 
Height as a dependent variable R2 rGSH as a dependent variable R2 

control 0 Height=3.69+0.0025ang-0.011mda >0.98 rGSH=14.52+26.40ratio 0.95 

SP 10 Height=3.93-2.66dsb 0.7 rGSH=126.34-239.59wt+0.24ang+2.10hyp+2.04ssb >0.88 

SP 100 Height=4.66-0.037+0.00096ang+0.0017+33.54oxiddna >0.55 rgsh=209.35-0.046fol-0.01col-5.85hyp-0.96ratio >0.88 

SA 1 Height=5.19-3.29wt-0.019ctf+51.53oxiddna-0.45apop >0.70 rgsh=65.84-28.3wt+1.13ctf-0.52mda+19.29apop >0.85 

SA 10 Height=2.07+0.37hyp 0.87 rgsh=116.79-57.7dsb 0.95 

SP+SA 10+1 not significant  not significant  

10 

SP+SA 100+10 Height=2.29+0.18ssb 0.71 rgsh=-0.00018+0.0000041ctf-4.60tbars+tgsh-gssg >0.92 

control 0 Height=2.67+0.000033fol-0.0074ctf-0.023ang+0.10mda-0.011gssg >0.51 rgsh=-105.92+6.95Height+0.82ctf+1.08hyp+0.88tgsh-640.14oxiddna >0.96 

SP 10 Height=1.71+0.00029fol-0.0045mda+0.0031rgsh-2.60dsb .0.79 rgsh=-8.14+21.15Height-0.06tbars-0.25mda-0.02gssg+32.68dsb-21.1apop >0.79 

SP 100 Height=8.35-0.035ctf-0.0029tbars-0.018rgsh >0.54 rgsh=0.00016-1.32tbars+tgsh-gssg+0.0000074ssb >0.93 

SA 1 not significant  rgsh=-78.30+1.35hyp+0.040tgsh+1.70gssg+43.28ratio-1.86tsb >0.70 

SA 10 Height=2.56+0.32hyp 0.86 rgsh=-10.47-0.38ctf+0.72tgsh+15.14ratio >0.90 

SP+SA 10+1 Height=1.32+6.26wt-0.0026mda >0.97 rgsh=-0.0012+0.0021ctf-7.58E-7ctl+tgsh-0.99gssg >0.84 

30 

SP+SA 100+10 Height=6.89-0.55wt-0.0016ctl-0.0050ang+0.011mda-0.030rgsh >0.89 rgsh=-20.00-1.37hyp+0.64tgsh+11.88ratio+0.50dsb+10.02apop >0.53 

control 0 Height=2.78-14.94oxiddna+0.29dsb >0.96 rgsh=-93.23+2.09ctf+870.24oxiddna >0.91 

SP 10 Height=2.51+0.0045fol-0.061col >0.93 rgsh=-23.88+0.65tgsh+11.89ratio >0.56 

SP 100 Height=3.70-0.00074col+1.65dsb+0.59apop >0.89 rgsh=6.00+0.049ang+1.54gssg >0.86 

SA 1 Height=7.75-3.21wt-0.049ctf+4.51apop >0.70 rgsh=2.13-0.41ctf+0.097tbars+0.60gssg+23.08 >0.44 

SA 10 Height=2.93-0.018gssg+0.41ratio >0.53 rgsh=0.00000481-0.00000543ang+tgsh-gssg >0.91 

SP+SA 10+1 Height=5.89+0.015ang-0.038mda+14.94apop >0.95 rgsh=-0.00060+3.81ctl+tgsh-gssg >0.97 

60 

SP+SA 100+10 Height=11.26-0.11ctf 0.87 rgsh=0.00014+2.73fol-0.000027hyp+tgsh-gssg >0.99 

control 0 Height=1.23+2.56wt+0.43ratio >0.47 rgsh=-0.00099-4.96col+0.000016ctf+2.24ang+tgsh-gssg >0.80 

SP 10 Height=10.16-0.095ctf 0.83 rgsh=0.00028-5.04E-7ang+tgsh-gssg-0.0011dsb >0.92 

SP 100 Height=-1.44-0.46ctf+0.024ctl-0.013ang+0.060tbars >0.85 rgsh=0.0048-2.27E-7ang+tgsh-gssg-0.0026ratio >0.96 

SA 1 not significant  rgsh=0.0015+tgsh-gssg-0.0011apop >0.94 

SA 10 Height=6.69-0.057ctf+0.032ang >0.67 rgsh=-0.0000070-0.000030hyp+tgsh-gssg >0.93 

SP+SA 10+1 Height=-1.74+0.24gssg 0.79 rgsh=75.08-0.55Height+25.00wt-5.71hyp-2.18dsb >0.76 

90 

SP+SA 100+10 Height=9.22+0.00084fol-0.12ctf+0.012rgsh >0.95 rgsh=0.00036+tgsh-gssg-0.000029tsb >0.90 

*: In case there are several independent variables fitting in the model, correlation coefficient for either parameter was not listed; instead a general coefficient 

covering all parameter coefficients was shown. The abbreviations are same as those in Table 27, 28, and 29. 
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CHAPTER V 

DISCUSSION 

 

 5.1 Acute Toxicity at Different Stages of Zebrafish Danio rerio and  

 Joint Toxicity between Perchlorate and Arsenate 

5.1.1 Acute Toxicity and the Mixture Toxicity at 6 dpf Stage  

Results of this study provided several important contributions to the field of 

environmental toxicology. First is the investigation of the pattern of joint toxicity of these 

two contaminants.  Overall, concentration addition seems to be the most likely pattern for 

the toxicity of mixtures of these two chemicals.  This information would be useful in 

assessing the ecological or human health risk of mixtures of these chemicals. Second, this 

study provides more background information as to the toxicity of arsenate and 

perchlorate in fish. 

There is relatively little information about the acute toxicity of arsenate to fish, with 

only a few species having been tested. In one study, a 96h LC50 of 82.1 mg/L was found 

for 12-to-13 day old Flannelmouth sucker larvae Catostomus latipinnis (Hamilton et al., 

1997a). Fathead minnows Pimephales promelas (LC50=25.6 mg/L) were found to be 

intermediate between mosquitofish Gambusia affinis (LC50=49.0 mg/L) and rainbow 

trout Salmo gairdneri (LC50=10.8 mg/L) in terms of acute arsenate toxicity (USEPA, 

1985). Other authors documented that the 96h LC50 of arsenate in larval razorback 

sucker Xyrauchen texanus and Colorado squawfish Ptychocheilus lucius were 17.8 and 

105 mg/L, respectively (Halmilton et al., 1997b). In addition, the LC50 of arsenate in 

rainbow trout Oncorhynchus mykiss and northern Ptychocheilus oregonensis ranged from 

58-114.1 and 54.8-73.4 mg/L, respectively, depending on temperature and hardness 

(McGeachy et al., 1989). In the current experiment, the 96h LC50 of arsenate was 203.8 

mg/L. Consequently, zebrafish are much less sensitive to arsenate under the conditions 

tested in terms of acute toxicity compared with other fish species studied to date.  

Perchlorate has been intensively studied in recent years, but acute toxicity of fish was 

rarely studied. The LC50 of ammonium perchlorate to early stage of zebrafish (Danio 
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rerio) (embryo-larvae) was 529 mg/L (Patiño et al., 2003). However, ammonium is toxic 

to fish (Wicks et al., 2002), and thus is a confounding factor in determination of 

perchlorate toxicity. The sodium salt of perchlorate was intentionally chosen in the 

current study to avoid the possible confounding effect from the ammonium ion. Work in 

our laboratory determined the 96 h LC50 (404 mg/L) of sodium perchlorate to 7-day-old 

mosquitofish Gambusia holbrooki (Park et al., 2006). Four-day-old zebrafish were far 

more tolerant to perchlorate, with 96 h LC50 of 1,485.9 mg/L. Furthermore, rainbow 

trout Oncorhynchus mykiss, fathead minnow pimephales promelas, bluegill sunfish 

Lepomis macrochirus were more tolerant to perchlorate, with 96 h LC50 of 2,100, 1,665, 

and 1,500 mg/L, respectively (Parsons, 2002; EA, 1998). This indicates that perchlorate 

is less toxic than arsenate to fish, and that zebrafish is relatively tolerant to arsenate and 

perchlorate compared to other fish species.  

Another observation in the present study was the patterns of toxic response over time. 

The patterns of arsenate toxicity over time were distinct from those of perchlorate. The 

temporal pattern for perchlorate exposure appeared as an “upward parabola” (Figure 

20A), while for arsenate it appeared “sigmoidal” (Figure 20B). This indicates that 

zebrafish showed different physiological responses and adaptation processes for arsenate 

and perchlorate exposure over time. Patterns of arsenate toxicity over time also vary 

among species. For example, the LC50s of sodium arsenate to flannelmouth sucker were 

the same at intervals of 24, 48, 72, and 96 h (Hamilton et al., 1997a), and a similar picture 

was observed in another study of different fish species by these authors (Hamilton et al., 

1997b). In the future, comparison of toxicokinetics and/or toxicodynamics between 

perchlorate and arsenate and among species will provide clues as to why different 

patterns were observed.  

There have been a variety of approaches in the peer-reviewed literature to determine 

joint toxicity of mixtures. For example, Van de Geest et al. (2000) have argued that the 

concentration-addition concept is most appropriate in cases where the individual 

chemicals in the mixture have similar concentration-response relationship shapes, and 

differences in the shape of concentration-response curves could cause the joint toxicity of 
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a mixture to be more or less than additive. It has also been documented that different joint 

action scenarios (antagonistic, additive, synergistic) may occur in different effect 

concentrations (ECx’s, LCx’s) through the entire effect range of chemicals, so different 

shapes of concentration-response relationship may exist regarding various endpoints, 

including survival, growth, and reproduction (Van de Geest et al., 2000; Banks et al., 

2003). In the current study, the shapes of the concentration-response curves of two 

chemicals were similar. The two chemicals displayed concentration addition, although 

slight (albeit not statistically significant) deviations appeared from strict concentration 

additivity at higher and lower concentrations. Hence, it seems that concentration addition 

dominates for sodium arsenate and sodium perchlorate.   

In many studies in which additive, synergistic, or antagonistic effects have also been 

reported (Hamilton et al., 1997a; Van de Geest et al., 2000), the conclusion about joint 

action was drawn based on one or a few levels of individual chemicals. Because different 

joint actions might appear at different dose levels (Van de Geest et al., 2000; Banks et al., 

2003), interactions among chemicals may be misinterpreted based on limited effect levels. 

The benefit of the mathematical method used in current study is that the joint actions of 

arsenic and perchlorate along the entire range of LCi values can be evaluated.  

Chemicals having similar modes of action and similar shapes of concentration-

response relationships behave like dilutions of each other (Van de Geest et al., 2000). 

Thus, compounds having a similar concentration-response relationship may have similar, 

or at least compensating, modes of action. This might be the case in the current study. 

Perchlorate has been well documented as a definitive thyroidal disruptor in rats, 

amphibians and fish via competitive inhibition of iodide uptake through the NIS in the 

cell membrane. This inhibition causes dysfunction of the thyroid hormones, which play a 

key role in growth, metabolism, among others (USEPA, 2000b). Although the question 

about whether arsenate causes histopathology or dysfunction of thyroid gland has not 

been definitively answered, arsenate has been found to alter thyroid homeostasis in fishes 

and amphibians as well as other vertebrates (Eybl et al., 1996; Meltzer et al., 2002). In 

addition, arsenic was reported to not only cause the production of oxyradicals, but also 
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consume or even deplete the antioxidants (Huang et al., 2004), resulting in oxidative 

damage. Perchlorate might produce a similar effect by regulating antioxidant levels 

(Sosenko et al., 2003). Hence, perchlorate may cause oxidative stress as a powerful 

oxidant. However, conclusive evidence of this is not found in the literature. But, based on 

the similar shapes of concentration-response relationship of arsenate and perchlorate, it 

could be hypothesized that these two chemicals produce close to concentration addition 

via similar or compensating modes of action. It would be valuable to conduct further 

studies to test this hypothesis. This would not only contribute to the clarification of 

mechanisms by which these two chemicals cause toxicity, but would also answer the 

question of whether we can predict similarity of shapes in the concentration-response 

relationship of individual chemicals based on their modes of action, or vice versa.  

Selection of the specific ratio of individual mixture components requires careful 

consideration, because if one of the components is much more toxic than the other, the 

contribution of the less toxic component may be masked (Altenburger et al., 2003). 

Equitoxic mixtures are preferred in the design of joint toxicity (Van de Geest et al., 2000). 

By using the toxic units instead of LC50, the problem of one chemical masking the 

contribution of the other is eliminated. In addition, a minimum toxic threshold 

concentration of 10% (0.10 toxic units) of an individual mixture component may be 

necessary for it to contribute to the toxicity of the mixture when mixture components 

have different modes of action (Altenburger et al., 2003), whereas for chemicals that have 

similar modes of action, such as arsenate and perchlorate, this threshold may not be 

needed. In the current study, the ratio of sodium arsenate to sodium perchlorate LC50s is 

4:5 and 1:6.7 in terms of toxic units and concentration, respectively. Because they have 

similar shapes of the concentration-response curve, the contribution from either chemical 

to mixture toxicity does not mask the other. 

  

5.1.2 Acute Toxicity at 37 dpf Stage  

Although adults are typically more tolerant to toxic chemicals than larval stages 

(Davis et al., 1992), different chemicals may display different developmental toxicities 
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within the same species. In the current study, the LC50s of sodium perchlorate and 

sodium arsenate are 3,118 and 74 mg/L, respectively. In the larvae stage (6 dpf), LC50 

values are 1,486 and 273 mg/L, respectively. This indicates that juveniles are more 

tolerant to sodium perchlorate, but more sensitive to sodium arsenate than larvae. The 

higher sensitivity of juveniles to sodium arsenate than post-hatch larvae was unexpected. 

The fates of arsenate within an organism or a cell include uptake (i.e., absorption), 

metabolism, and excretion. Arsenate enters the target cell via the phosphate transporter 

followed by biotransformation via multiple pathways, among which, it is reduced to 

arsenite, which is more reactive and toxic than arsenate (Aposhian et al., 2004). Further 

work is necessary to elucidate which processes cause the differential sensitivity of 

zebrafish to arsenate at different developmental stages (Nies et al., 1995). 

Sodium perchlorate exposure enhances sodium arsenate toxicity to juvenile zebrafish. 

Both LC50 and concentration-response relationship indicated that sensitivity of juvenile 

to sodium arsenate was enhanced by pre-exposure to sodium perchlorate. There was no 

significant difference between two chemicals regarding concentration-response curve 

(Fig 22). Chemicals that have similar modes of action and similarly shaped 

concentration-response curves behave like dilutions of each other (Altenburger et al., 

2003). Perchlorate causes a hypothyroid condition (Yu et al., 2002), which would 

antagonize the antioxidant defense system (Sosenko et al., 2003). Undoubtedly, this will 

enhance arsenic toxicity because oxidative stress caused by arsenic exposure is 

neutralized by the antioxidant defense system (Huang et al., 2004). This may elucidate 

the observation in the current study that sodium perchlorate exposure reduced the 

tolerance of zebrafish juvenile to sodium arsenate. In addition, deiodinase status may be 

disrupted by arsenic exposure, causing reduced level of T3 as well as the ratio of T4:T3 

(Meltzer et al., 2002). These two toxic anions have interconnected modes of action, 

resulting in similar concentration-response relationship.  
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5.2 Thyroid Reaction in Response to Exposure 

5.2.1 Thyroid Reaction in Acute Exposure and Subchronic Exposure 

Thyroid hormones are necessary for zebrafish development and growth. Exposure of 

4 dpf zebrafish until 33 dpf and 14 dpf larvae until 65 dpf to goitrogens led to retarded 

growth and was reversed by simultaneous administration of thyroxine (Brown, 1997). In 

addition, events occurring during the transition from larva to juvenile, such as the growth 

of pectoral and pelvic paired fins and the formation of scales and pigment patterns were 

delayed (Brown, 1997). Likewise, thyroid hormones are required for embryonic to larval 

transition. Some developmental events, including the maturation of swim bladder, GI 

system, and the lower jaw cartilages and the resorption of the yolk sac, were arrested 

during this transition when goitrogens were administered (Liu et al., 2002). Our results 

are in agreement with these studies. With an exposure extending from 6 dpf larvae (i.e., 

after the embryonic to larval transition) until 41 dpf (i.e., completion of the larval to 

juvenile transition) or 52 dpf (juvenile) to perchlorate, the zebrafish growth was severely 

retarded, with weight (0.015g) 52% of that in the control (0.029g), and weight (0.027g) 

57% of that in the control (0.047g), respectively. Thyroid hormone is permissive to 

growth hormone (GH) function in regulating animal growth and may influence or be 

required for GH  gene expression (Hadley, 2000; Koibuchi et al., 2001). Inhibition of 

thyroid hormone synthesis by perchlorate reduces zebrafish growth significantly. 

Depuration for 15 d starting from 37 dpf did not change the effect (0.028g). Therefore, 

the disappearance of the perchlorate effect on general growth is a slow process. Short-

time acute exposure of 37 dpf juveniles to either chemical did not change the growth rate.  

Perchlorate salts are well documented as thyroid disruptors, the effect of which can 

be manifested in thyroid histopathology as well as in alterations of thyroid hormone 

status (Yu et al., 2002). Hypertrophy (i.e., increased epithelial cell height) and colloid 

depletion was observed when zebrafish were exposed to ammonium perchlorate 

chronically (Patiño et al., 2003). In the current acute tests of either chemical, juvenile 

zebrafish were not affected in terms of thyroid histopathology as indicated by epithelial 

cell height, follicle area, and colloid area (Figure 24 and Figure 25). The hypothalamus-
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pituitary-thyroid axis is affected by perchlorate effect, and these effects require a 

relatively long time to be manifested. Therefore, the acute exposure even at high sodium 

perchlorate levels did not affect thyroid histology. Likewise, sodium arsenate acute 

exposure did not cause significant change in thyroid histology while using either endpoint. 

Arsenic was found to change the thyroid hormone status—reduced T3 as well as ratio of 

T4 to T3 (Meltzer et al., 2002); however, more information remained to be provided 

before definitive conclusions can be drawn regarding the effect of arsenic on thyroid 

status. It would be informative to a conduct chronic study to estimate the effect of 

arsenate on thyroid hormone status.   

The acute arsenate exposure did not affect thyroid histology (Figure25), but it was 

unexpected that the acute arsenate exposure with perchlorate pre-exposure significantly 

reduced the epithelial cell height (Figure 26). Thyroid recovery occurred in a short time 

(96 h in the current study) after cessation of perchlorate exposure in terms of epithelial 

cell height. This indicated that the zebrafish juveniles have relatively strong 

compensating mechanism to recover iodide uptake to satisfy the demand of thyroid 

hormone during growth. However, full recovery to “normal status” was not observed (i.e., 

the control status, Figure 26). Both follicle area and colloid area were not significantly 

changed (Figure 26). Recovery of epithelial cells from sodium perchlorate exposure is 

much faster than that of the colloid or follicle.  

After a 15-day depuration in the perchlorate-free water, epithelial cell height was not 

different from controls (Figure 27), indicating significant recovery of the thyroid. 

However, with regard to colloid area, no significant recovery was observed, although the 

absolute values increased. Different results about the thyroid recovery were observed 

using two other endpoints. After depuration, the general growth (0.028g) was not 

significantly different from that in the perchlorate exposure (0.027g). It seems that colloid 

area is a more representative indicator for perchlorate effects in terms of thyroid 

histopathology and general growth. After thyroid hormone is synthesized, it is stored as 

colloid in the follicle lumen. Therefore, colloid area can be used as an indicator of thyroid 

hormone synthetic activity, with larger area indicating more active synthesis of thyroid 
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hormone. Recovery of thyroid in terms of epithelial cell height suggests that the TSH 

levels had returned to normal. Considering no significant change of growth after 

depuration and of colloid area in the current study, we hypothesized that after a 15-day 

depuration, thyroid hormone-synthesis activity recovered little, and that a longer time is 

necessary for zebrafish juvenile to resume thyroid hormone synthesis activity.  The 

current study suggests that both types of endpoints should be applied to evaluate the 

effect of perchlorate on thyroid.  

 

5.2.2 Thyroid Reaction in Acute Exposure and Subchronic Exposure 

In general, all endpoints except for the thyroid follicle area were influenced to 

different extents at various time points depending on the exposure scenario. Both SA and 

SP were implicated as thyroid disruptors. In the acute mixture toxicity test, it was found 

that sodium perchlorate and sodium arsenate had an additive interaction in terms of LC50. 

The additive interaction between these two chemicals must be caused by some common 

mechanisms. One hypothesis was that there was additive interaction between these two 

chemicals in terms of thyrotoxicity, because both chemicals may be thyrotoxic (Meltzer 

et al., 2002, Mukhi et al. 2005). However, in the current study, statistically significant 

additive interaction between these two chemicals was not observed for all endpoints or at 

all exposure intervals. The weak interaction between these two chemicals may be 

attributable to the fact that perchlorate is much more effective than arsenate in causing 

thyroid histopathology. 

In the current study, we found no evidence of the effect of perchlorate on 

juvenile/adult zebrafish growth.  This is in agreement with some studies (Bradford et al., 

2005; Patiño et al, 2003; Mukhi et al., 2005; McNabb et al., 2004; Isanhart et al., 2005), 

but is in disagreement with others (Crane et al., 2005; Goleman et al., 2002a; Tietge et al., 

2005). This may have to do with the species used or the stage of development in which 

exposure occurred (positive effects in previous studies were mostly found at earlier stages 

of development) and exposure duration.  The lack of effect of arsenate on fish growth 

was in accordance with other studies (Pedlar et al., 2002a, b).   
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Thyroid follicle size indicated by thyroid follicle area can be used as a general 

evaluation of thyroid growth and status. As seen in Figure 29, thyroid follicle size 

increased in the control group over exposure time accompanying the fish growth during 

this period (Table 16). This indicated that zebrafish thyroids grow as the body grows. 

Even with the chemical exposure, the growth did not stop (Figure 29). In contrast, 

perchlorate exposure slightly decreased thyroid follicle growth (smaller slope; Table 16), 

and the 100+10 mg/L SP+SA treatment halted thyroid growth (non-significant 

correlation, Table 16).  

As opposed to other endocrine glands, the thyroid gland stores its hormone in the 

lumen of thyroid follicles (Hadley, 2000). The severity of colloid depletion is routinely 

used as a marker for colloid disruption in studies of antithyroid chemical effects on 

animals. Qualitative analysis is often used by using a grading system or number of 

follicles with depleted colloid based on the severity of colloid depletion (Bradford et al., 

2005; Patiño et al, 2003; Muki et al., 2005; Hooth et al., 2001). In the current study, we 

used quantitative methods to evaluate the status of colloid by measuring its area. As with 

follicle size, colloids became larger over time in the control group (Figure 30 and Table 

16). The significant colloid depletion was manifested only in SP and the mixture 

treatments at exposure day of 90, although non-significant colloid depletion occurred in 

some scenarios at other exposure intervals. This indicated that zebrafish could maintain 

the colloid status for up to 60 days of exposure to SP or the mixture. However, with a 

sustained exposure (90 days), they could not maintain a colloid volume equivalent to the 

control fish.  This is in contrast to previous studies with zebrafish (Patiño et al, 2003; 

Muki et al., 2005) that found effects on the colloid after 30 days. Thus, it appears that 

juvenile zebrafish seem to be less sensitive to perchlorate-induced thyroid disruption (in 

terms of colloid depletion) than adult zebrafish. In addition, assay methods may 

contribute to different conclusions.   

When we compared the changes in hypertrophy (Figure 31), hyperplasia, and colloid 

depletion (Figure 30), some interesting patterns were observed. Hyperplasia occurred 

later than hypertrophy and was less severe as indicated by the fact that higher 



 164

concentrations of either chemical were required to produce statistically significant 

alteration (Table 20). This was in agreement with another study (Hooth et al., 2001). This 

suggested that hypertrophy was an early response to thyroid hormone disruption, whereas 

hyperplasia occurs mainly due to prolonged exposure.   Alternatively, because the 

exposure started at the juvenile stage and continued through the adult stage, it could be 

that these are merely age-related differences in response to thyroid disruption. 

Hypertrophy may be the most commonly used and most sensitive histopathological 

endpoint in evaluating thyroid disruption by antithyroid chemicals (Bradford et al., 2005; 

Crane et al., 2005; Hooth et al., 2001; Ness, 1993; Hood et al., 1999). The findings from 

the current study were in agreement with these previous studies. The results also 

indicated that sodium arsenate was a less potent hypertrophy-inducing agent than sodium 

perchlorate. An interesting point was that by day 10, low concentrations of SA and SP 

induced hypertrophy, but not the high concentrations, which was not observed in other 

exposure regimes. There was no statistically significant difference among treatments in 

terms of colloid area and hyperplasia at this time point. This phenomenon was not 

observed in other studies (Bradford  et al., 2005; Sandeep et al., 2005).  

Among methods in evaluating angiogenesis, microvessel count is used routinely 

(Rzeszutko et al., 2004). In the current study, an index combining both number and size 

of microvessels was used to evaluate the angiogenesis in zebrafish thyroid. It was found 

that angiogenesis was not significantly elevated by the low concentration of SP at 

relatively short time exposure and both concentrations of SA over the entire course of 

exposure. The angiogenic response was generally parallel to the hyperplasia response 

(Figure 34 and 35, Table 20), but lagged behind the hypertrophy response when zebrafish 

were exposed to SP (Figure 31, Table 20). This indicated that thyroid hypertrophy 

preceded angiogenesis and hyperplasia in the thyroids of zebrafish in response to 

perchlorate exposure. Our results are different from a previous study (Mukhi et al., 2005) 

that found angiogenesis was significantly induced in zebrafish thyroid as early as two 

weeks and at ammonium perchlorate concentrations as low as 90 µg/L. Mukhi et al. 

(2005) thus concluded that angiogenesis was a more sensitive indicator than hypertrophy. 
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The main differences between Mukhi et al. and the present study are the zebrafish sex 

(we used male only and they used both male and female), perchlorate salts (we used 

sodium salt and they used ammonium salt), and quantification methods (we used a 

method considering of both blood vessel size and number and their method accounted for 

the number only). The different conclusions from these two studies may be attributable to 

these factors. On the other hand, our results on the effect of 10 mg/L perchlorate salts on 

thyroid hypertrophy were similar to those of Mukhi et al. (2005). Further investigation is 

needed to elucidate this. At any expousure scenario, sodium arsenate was not effective in 

inducing significant angiogenesis at the concentrations tested in the current study. 

In the current study, we used two ratio-based endpoints, including colloid 

area/follicle area and colloid area/epithelial cell height, to evaluate the response of 

thyroid in zebrafish exposed to SA, SP, and their mixtures. Although both of these 

indices were more sensitive to arsenate or perchlorate treatments than either follicle area 

or colloid area alone, neither was more sensitive than epithelial cell height.  However, 

such indices are useful in determining that the increases in epithelial height were due to 

thyroid dysfunction and not increased thyroid activity. It could also be that these ratios 

are a reflection of the ability of the thyroid follicles to compensate for reduced thyroid 

hormone synthesis rates (via increased epithelial cell height and hence synthetic activity).  

If this were the case, the results presented above indicate that the capacity to compensate 

for reduced thyroid hormone synthesis decreases over time of exposure. 

 

5.3 Antioxidant Reaction and Damage on Lipid and DNA 

Hormones associated with the thyroid axis have been found to affect antioxidant 

status. In a series of studies by Frank and his coworkers (1993, 1995, and 1998) found 

that T3 and thyroid releasing hormone (TRH) treatments caused delayed or decreased 

antioxidant enzyme levels, including catalase, various superoxide dismutases (CuSOD, 

ZnSOD, MnSOD), and glutathione peroxidase, in fetal lungs that were maternally 

exposed to these hormones (Chen et al, 1993; Chen et al., 1995; Ramadurai et al., 1998). 

Similarly, T4 reduced catalase levels in the tail of Rana japonica tadpole. Oxidative 
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radicals were involved because NO synthase activity and NO2
- and NO3

- levels were 

elevated (Kashiwagi et al., 1999). Therefore, thyroid hormones are involved in the 

regulation of antioxidant defense system. The thyroid disruption by chemicals may alter 

antioxidant capability in animals. However, contradictive results were documented 

regarding the hypothyroidism effects on antioxidant status. In a clinical study, blood 

levels of GSH, glutathione reductase, and glutathione peroxidase were reduced in patients 

in hypothyroidism status for 3 months (Konukoğu et al., 1998). Another study found an 

opposite pattern in that liver GSH levels were increased in hypothyroidism (Teare et al, 

1993) in agreement with a study by Lόpez-Torres et al. (2000). They found that in 

hypothyroid rats oxygen radical generation and 8-2’-deoxygunosine levels were reduced. 

In the current study, thyroid histopathology indicated that fish exposed to sodium 

perchlorate were in hypothyroid status. The increase of GSH levels, regardless of GSH 

endpoints, was observed in sodium perchlorate exposure, with a pattern of long time 

exposure at low concentrations and short time exposure at high concentrations (Figure 57, 

Table 22). This indicated that perchlorate exposure above certain levels altered and 

affected antioxidant levels. As a primary antioxidant, GSH levels were induced in 

response to perchlorate exposure. The mechanism responsible for this is unclear. It was 

hypothesized that thyroid hormones regulate antioxidant gene expression by activating a 

transcription factor bound to response elements of antioxidant genes (Ramadurai et al., 

1998). Further study using toxicogenomics techniques will address this hypothesis.  

A GSH protection role in arsenic toxicity has been widely documented. GSH 

depletion in rat myoblast cells enhanced cytotoxicity of both arsenate and arsenite 

(Shimizu et al., 1998). In vitro studies showed that different cell lines have different 

antioxidant levels (GSH, GR, and GST) (Snow et al., 2005), which helps explain 

differential arsenic cytoxicity in various cell lines. Total GSH levels in human prostate 

epithelial cell line showed significant increase in response to prolonged exposure to 5 µM 

sodium arsenite (≥18 w) (Brambila et al., 2002). In porcine endothelial cells exposed for 

72 h, arsenic trioxide, sodium arsenite and sodium arsenate with a range from 1 to 20 µM 

enhanced total GSH and GSSG levels, with a characteristic that trivalent arsenics were 
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more potent than pentavalent arsenics (Yeh et al., 2002). However, total GSH were not 

significantly altered in primary rat hepatocytes exposed to 5 µM arsenite for 18 h 

(Noreault et al., 2005).  

Effect of arsenic on GSH status in animals seemed related to exposure scenarios. The 

male ICR mice were exposed to a single dose of 1,500 mg/Kg of dimethylarsinic acid, 

reduced GSH were decreased at 3 and 6 h, but was reversed back to the normal level after 

12 h, whereas oxidized GSH was not significantly affected (Yamanaka et al., 1991). 

However, a 4-week exposure of mallard Anas platyrhynchos ducklings to 200 ppm food-

borne sodium arsenate did not significantly alter hepatic GSH status (reduced, oxidized 

and the index) (Hoffman et al., 1992). With prolonged exposure to high concentrations of 

sodium arsenate (300 ppm), however, ducklings showed significant increase in hepatic 

GSH (Camardese et al., 1990). 

The effect of arsenic on total GSH levels depends on tissues. When Wistar male rats 

were exposed to sodium arsenite at a single dose of 10 mg/kg intraperitoneally, total GSH 

levels after 24 h were significantly reduced in liver, but were increased in kidney and 

heart and had no alteration in testis (Díaz-Barrig et al., 1990; Yáñez et al., 1991).   

Aquatic organisms have been studied for arsenic effect on GSH status. A green algae 

species Stichococcus bacillaris displayed decreased GSH levels, but increased 

phytochelatins, which is synthesized from GSH in response to exposure to both arsenate 

and arsenite at 100 µM levels for 24 h (Pawlik-Skowrońska et al., 2004). Total hepatic 

GSH levels were not altered in channel catfish Ictalurus punctatus exposed up to 1.0 

mg/L sodium arsenate and sodium arsenite for 1 week (Schlenk et al., 1997). Different 

from these studies, our results showed that whole-body GSH levels (total and reduced) in 

zebrafish were induced in response to sodium arsenate exposure at 10 mg/L, but oxidized 

GSH (GSSG) levels were not increased. This indicated that synthesis of reduced GSH 

might be increased, but glutathione reductase, which is responsible for reduction of 

GSSG to reduced GSH, was not induced. Indeed, increased uptake and utilization of 

cysteine, or increase in γ-glutamylcysteine synthetase (γ-GCS) are among the 

mechanisms of GSH induction by arsenic (Schuliga et al., 2002; Ochi, 1997).  
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Involvement of thyroid hormones in antioxidant regulation affects the oxidative 

damage by free radicals on lipids. Indeed, T3 was found to augment lipid peroxidation as 

indicated by TBARS in rat liver (Tapia et al., 1999). Similarly, patients with 

hypothyroidism showed increased erythrocyte lipid peroxidation (Konukoğu et al., 1998). 

However, the lipid peroxidation in hypothyroidism depended on the organs evaluated 

because hyperthyroidism also resulted in diminished lipid peroxidation in lymphoid 

organs (Bilgihan et al., 1996). In the current study, whole body zebrafish was used as a 

biological matrix to evaluate lipid peroxidation, and no significant effect was found by 

exposure to sodium perchlorate even at 100 mg/L level (Figure 57). This suggested that 

lipid peroxidation was less sensitive than GSH in evaluating toxicity of sodium 

perchlorate.  

Lipid peroxidation induction by various heavy metals (Cu, Zn, Hg, and Cd) has been 

reported in animals (Valavanidis et al., in press). Arsenic has been documented to cause 

lipid peroxidation of membranes in both human and animals (Hei et al., 2004). Lipid 

peroxidation by arsenic has been widely documented in many animal models, regardless 

of exposure duration. Lipid peroxidation as TBARS after 24 h was significantly 

augmented in rat heart exposed to sodium arsenite at a single dose of 10 mg/kg given 

intraperitoneally (Yáñez et al., 1991). Arsenic (20-80 mg/L as sodium arsenite) 

significantly induced hepatic TBARS levels in rats in a 10-week exposure (Xie et al., 

2004). However, in some cases, high concentration of arsenic did not induced lipid 

peroxidation. Exposure of mice primary aorta endothelial cells to arsenite (10 µM) for 3 h 

did not significantly alter lipid oxidation (Simeonova et al., 2003). Arsenic effects on 

lipid peroxidation were dependent on arsenic species. The significant increased TBARS 

levels in duck testis tissue in response to 1.2 mg/L sodium arsenite was 2.5 fold of that to 

40 mg/L sodium arsenate (Lin et al., 2002).  

Aquatic animals showed different responses to arsenic exposure in lipid peroxidation. 

Freshwater invertebrates, including Dreissena polymorpha and Asellus aquaticus, 

showed different responses to sodium arsenite exposure (80 µg/L arsenic). TBARS was 

elevated significantly at exposure day 3, but not at day 7 in whole Asellus aquaticus, 
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whereas no significant alteration was observed in digestive glands of D. polymorpha at 

either exposure day (Bouskill et al., in press). Lipid peroxidation was not altered in lake 

whitefish Coregonus clupeaformis exposed foodborne sodium arsenate up to 100 µg/g 

(dry wt.) for up to 64 d (Pedlar et al., 2002). Similarly, channel catfish Ictalurus 

punctatus did not show significant alteration in hepatic TBARS levels when exposed to 

up to 1.0 mg/L sodium arsenate and sodium arsenite for 1 week (Schlenk et al., 1997). In 

the current study, sodium arsenate as high as 10 mg/L did not induced lipid peroxidation 

significantly. It seemed that sodium arsenate was not a strong lipid peroxidation inducer 

or is not a sensitive indicator for oxidative stress study in fish.  

However, we need to point out that in the current study, we only tested one 

antioxidant—GSH. Indeed, other antioxidants are also involved in detoxification of 

arsenic. For example, metallothionein was found to be induced by arsenic exposure 

(Bouskill et al., in press; Yáñez et al., 1991). Therefore, we could not rule out the 

possibility of involvement of other antioxidant scavengers in preventing oxidative stress 

caused by both chemicals. In addition, whole body levels of GSH and lipid peroxidation 

was evaluated in the current study. The dilution effect by whole body on GSH and lipid 

peroxidation levels may mask the effect of these two chemicals on GSH and lipid 

peroxidation in specific tissues, such as liver and kidney. This warranties further 

investigation on this using larger body size fish species.   

The DNA molecular property of polyanionic nature renders itself a target for 

transition metal attack, resulting in free radical formation. Its structural heterogeneity 

(consisting of nucleobases and the sugar-phosphate backbone) provides multiple spots for 

free radical oxidation. The attack on nucleobases by free radicals may cause oxidative 

bases, and on sugar-phosphate backbone strand breaks. In the current study, both base 

oxidations indicated as oxidative base associated strand breaks and strand breaks were 

examined to evaluate the genotoxicity of these two chemicals and their mixtures. The 

DNA damage (i.e., background damage) is present under normal physiological conditions 

(Valavanidis et al., in press; Wong et al., 2005). In the current study, all DNA damage 

occurred in the control group (Figure 59).  
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Perchlorate genotoxicity has not been reported and little information is available in 

this regard. Ammonium perchlorate was not genotoxic in Mouse Lymphoma Cell 

Mutagenesis Assay at 2.5 mg/ml, in Salmonella/Microsome Mutagenesis Assay up to 5 

mg/plate, and in In Vivo Mouse Bone Marrow Micronucleus Test up to 1,000 mg/kg in 

both male and female mice (Sharma et al, 1998). It seemed that perchlorate exposure may 

reduce genotoxicity. Hypothyroidism in male Wistar rats significantly reduced oxidative 

DNA damage indicated by 8-oxo-2’-deoxyguanosine levels in liver mitochondria. In this 

study, the production of reactive oxygen species was reduced (Tapia et al., 1999). Results 

from the current study indicated that sodium perchlorate up to 100 mg/L did not 

significantly cause DNA damage in terms of the endpoints tested (Figure 59). Current 

studies showed that at least in some perchlorate exposure cases, GSH induction prevented 

the oxidative damage on DNA (Figure 57, 59). It indicated the probability of antioxidant 

production in response to hypothyroidism status, which sequestered ROS and reduced the 

oxidative damage to DNA. The comparison between Figure 57 and 59 indicated that, at 

least in some cases, induction of GSH by sodium perchlorate protected DNA from 

oxidative damage.  

Arsenic genotoxicity has been proved to be involved in carcinogenesis (Hei et al., 

2004). Among the mechanisms for its genotoxicity, strand breaks, apoptosis, and 

oxidative damage have been widely studied. There is abundant information on DNA 

strand breaks caused by arsenic exposure. A variety of arsenicals (As(III), MMA(III), 

DMA(III), DMA(V)) were found to cause DSB and/or SSB in many cell lines (Kenyon et 

al., 2001; Yamanaka et al., 1997). ROS production by these arsenic species was found to 

be responsible for their effect on DNA strand breaks (Kenyon et al., 2001; Gόmez et al., 

2005). Methylated trivalent arsenic was more potent than inorganic arsenic (III) (Gόmez 

et al., 2005). Therefore, arsenic methylation is not an arsenic detoxification mechanism in 

certain cases. Although arsenate was found to induce DNA damage related gene 

expression in animal models (Liu et al., 2001), no study has been done on arsenate 

potency in causing DNA strand breaks. Current study showed that prolonged exposure 

(90 day) of zebrafish to up to 10 mg/L arsenate did not caused significant induction of 
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either single or double strand breaks in hepatic genomic DNA (Figure 59). It indicated 

that arsenate in the current exposure regimes was not potent enough to cause DNA strand 

breaks, and not enough ROS was produced, since DNA strand breaks were mediated by 

the production of ROS (Yamanaka et al., 2003). 

DNA oxidation by free radicals were assayed mostly widely by 8-hydroxy-2’-

deoxyguanosine (8-OHdG) or its oxidation product 8-oxo-2’-deoxyguanosine (8-oxodG) 

and less by thymine glycol (Valavanidis et al., in press; Wong et al., 2005). Oxidative 

DNA damage is thought to be involved in carcinogenesis and can be used as an indicator 

for arsenic damage on DNA. Urine 8-OHdG was found to have positive correlation with 

urine arsenic in a population of school children exposed to arsenic (Wong et al., 2005), 

and the levels were reduced 9-12 months after the high levels of arsenic intake were 

reduced. Recently, 8-OHdG was found to be responsible for arsenic neurotoxicity in mice 

exposed to waterborne arsenic trioxide at 1 or 2 mg/L levels for 40 days (Piao et al., 

2005). Chronic exposure of human to arsenate induced 8-OHdG (Yamauchi et al., 2004). 

The thymine reacted with dimethylarsinous iodide forming thymine glycol, and the 

mechanism for DNA damage by this arsenical was the production of dimethylated arsenic 

peroxide instead of reactive oxygen species (Yamanaka et al., 2003). In the current study, 

we evaluated fpg- and endonuclease III-senstive oxidative damage by strand break assay 

methods. We did not find production of significant alteration in response to sodium 

arsenate exposure up to 10 mg/L and 3 month (Figure 59). However, we could not 

exclude the possibility of 8-OHdG and thymine glycol production in the current study 

due to the method we used for oxidative DNA damage assays.  

Arsenic causes apoptosis by altering mitochondrial transmembrane potential and, in 

turn, the release of cytochrome c, which activates caspases to promote apoptosis (Hei et 

al., 2004). Arsenic trioxide was found to induce apoptosis in various cell lines, such as 

human (Lin et al., 2005) and rat kidney tubular cells (Jimi et al., 2004). Sodium arsenite 

induced apoptosis in fish cell lines in a concentration-dependent fashion in acute toxicity 

tests (Wang et al., 2004). Other arsenic species, such as dimethylarsinic acid (Sakurai et 

al., 2004) and monomethylarsonic acid (Sakurai et al., 2004), have also been reported to 
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induce apoptosis, but arsenate has not been documented to cause apoptosis. The current 

study showed sodium arsenate even at 10 mg/L, which is higher than known 

environmental concentrations, did not alter apoptosis in zebrafish. This suggested that 

arsenate is not a strong apoptosis inducer.  

Additive joint action between chemicals in terms of antioxidant and oxidative stress 

has been reported. The mixture of sodium arsenite and cadmium chloride resulted in 

increase in GSH levels compared with either chemical in rat heart tissue (Yáñez et al., 

1991). This was also observed in the current study. At their lower concentrations, the 

mixture of two chemicals caused significant increase of reduced GSH and the GSH status 

index, whereas this was not observed in either chemical alone (Figure 57, Table 22). This 

indicated that they shared some similar modes of action in altering GSH status and 

causing oxidative stress. This is in agreement with our results from our mixture toxicity 

test in the acute exposure scenario and thyroid histopathology assay in the chronic 

toxicity test in the current project. However, oxidative DNA damage indicated by 

oxidative base-associated strand breaks showed a different joint action pattern (Figure 

59). Two chemicals showed joint action at their high concentrations, and the joint action 

was concentration addition and antagonistic at day 30 and 90 d, respectively. This 

indicated that chemicals may display different interaction behaviors at high 

concentrations depending on exposure duration. 

Study showed that arsenic (III and V) reacted with GSH by different mechanisms, 

and consumption of arsenic by GSH was one major detoxification mechanism in animals 

(Scott et al., 1993). In addition, GSH sequesters free radicals produced by arsenic (Pi et 

al., 2002). Therefore, GSH was found to play a key role in preventing oxidative damage 

in cells. In rat liver epithelial cells, reduced GSH was significantly elevated in response to 

0.5 µM arsenite exposure for more than 20 weeks. This rendered these cells resistance to 

nickel exposure and protected them from oxidative damage on DNA as 8-oxodG and 

lipid as TBARS (Qu et al., 2001). Therefore, GSH status is widely used as an indicator 

for oxidative stress.  
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GSH was found to be related to lipid peroxidation. Serum TBARS levels was 

positively correlated to blood arsenic levels but negatively to blood nonprotein sulfhydryl 

(NPSH, consisting of 95% GSH) in human populations that were exposed to waterborne 

arsenic for 18 years (Pi et al., 2002). In animal models, sodium arsenite significantly 

reduced GSH levels and incremented TBARS levels in liver, kidney, and heart of rats 

(Ramos et al., 1995). This was also observed in plants. Sodium arsenate exposure 

significantly reduced GSH levels but increased TBARS levels in Holcus lanatus 

(Hartley-Whitaker et al., 2001). This indicated that GSH was involved in reducing 

oxidative damage on lipid. This was observed in the current study. In many treatments, 

total and reduced GSH levels were enhanced, which indicated that GSH may be at least 

responsible for keeping lipid peroxidation in zebrafish at its constitutive levels in 

response to chemical exposure. The results are in agreement with another study. When 

rats were exposed to 10 mg As/Kg/day as sodium arsenate for two days, hepatic 

glutathione levels were induced and hepatic TBARS was not significantly altered 

(Schinella et al., 1996).  

Similarly, that DNA damages (strand breaks and apoptosis) were not significantly 

augmented were probably due to the protection of induced GSH in many treatments in 

the current study. It was reported that GSH was involved in apoptosis. Dimethylarsinic 

acid caused significant apoptosis, but with GSH depletion its apoptosis effect was 

depressed in human cells (Ochi et al., 1996). This was also observed in rodent cell lines 

(Sakurai et al., 2004). However, in the current study, even with GSH induction in some 

treatments, apoptosis was not significantly induced in these treatments. Probably, this is 

due to the difference between in vivo and in vitro tests. 

It was reported that oxidative bases caused by arsenic is due to production of arsenic 

peroxide and its reaction with DNA instead of what is usually considered the production 

of ROS (Yamanaka et al., 2003). On the contrary, the DNA strand breaks were mediated 

by the production of ROS (Yamanaka et al., 2003). This indicated that different 

mechanisms were involved in different types of DNA damage by arsenic. In the current 

study, DNA strand breaks were not altered in any exposure scenario, whereas oxidative 
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DNA damage was significantly altered in some mixture exposure at high concentrations 

(Figure 59). At day 30, GSH increase paralleled oxidative DNA damage increase, and no 

increase in GSH corresponded to the significant decrease of oxidative DNA damage at 

day 90. It seemed that GSH was involved in the sequestration of arsenic peroxide formed 

in response to arsenic exposure. Free radical attack on nucleobases is approximately 5 

fold faster than on the backbone (Valavanidis et al., in press). This may explain how the 

oxidative base-associated strand breaks were significantly altered in some treatments, 

whereas strand breaks, regardless of double or single strand breaks, were not affected 

significantly in the current study. Oxidative DNA damage is more sensitive than DNA 

strand breaks in assaying arsenic genotoxicity.  

 

5.4 Characteristics of Toxicokinetics of Perchlorate and Arsenate  

in Whole Body of Zebrafish Danio rerio 

5.4.1 Sodium Perchlorate 

Perchlorate contamination occurs widely in US. It has been reported that this anion 

can be taken up by plants, fish, mammals, and frogs in the field (Philip et al., 2004; 

Theodorakis et al., 2006). Scant information is available for the uptake, accumulation, 

and elimination of perchlorate in mammals and aquatic animals, particularly for the 

whole body toxicokinetics. In regard to perchlorate toxicokinetics, the findings of the 

current study are similar to what has been found in other fish species.  In a series of 

papers, Theodorakis and coworkers (Park, 2003; Bradford et al., in press) examined the 

perchlorate toxicokinetics (uptake, accumulation, and depuration) in fish. After adult 

mosquitofish Gambusia holbrooki were exposed to a variety of sodium perchlorate 

concentrations, including 0, 0.1, 1, 10, 100, and 1,000 mg/L, for 2, 10, and 30 days, 

perchlorate uptake and accumulation were examined. Perchlorate was not detected at the 

concentrations of 0, 0.1, and 1 mg/L, regardless of exposure duration. Sodium perchlorate 

residue in whole body fish at day 2, 10, and 30 were 2.61, 0.75, and 1.25 µg/g dry weight 

(dw) at 10 mg/L, and 16.03, 10.09, and 9.72 µg/g dw at 100 mg/L (Bradford et al., in 

press). In the current study, due to the accidental perchlorate contamination of samples 
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from 10 and 10+1 mg/L perchlorate treatments at day 10 and day 30, the comparison of 

the capability and characteristics of perchlorate accumulation between these two species 

could not be conducted. However, the sodium perchlorate residues in 100 mg/L 

treatments were similar between these two species at two intervals (i.e., day 10 and day 

30). The sodium perchlorate residues by dry weight in the current study were 8.76 and 

8.73 µg/g dw at day 10 and 30. Therefore, the perchlorate residue in zebrafish exposed to 

10 mg/L sodium perchlorate was probably roughly 1µg/g dw. 

Rapid uptake of perchlorate has also been reported in rats, hens, and cattle (Yu et al., 

2002; Peña et al., 1976; Batjoens et al., 1993). This occurred in fish as well. In the study 

by Bradford et al. (in press), the perchlorate peak was observed at day 2 after initiation of 

the exposure at 10 and 100 mg/L sodium perchlorate among all exposure intervals tested 

in the study. This indicated that a steady-state concentration of perchlorate residue was 

reached in fish relatively quickly, and fish could equilibrate perchlorate accumulation 

rapidly. In the current study, an increase of 29% and 16% of sodium perchlorate residue 

occurred at day 60 and 90, respectively, compared with day 30 at the 100 mg/L treatment 

although the increases were not statistically significant (Figure 53). Perchlorate 

equilibrium is determined by uptake and excretion processes. Fish use gill as an exchange 

organ for material with environment (such as oxygen and nutrients influx and ammonia 

outflow). The high efficiency of gill for simple diffusion of materials makes it one of the 

major exposure and uptake sites for water soluble hydrophilic xenobiotics, such as 

perchlorate (Evans, 2002). Gastrointestinal tract and skin may also be perchlorate-uptake 

sites since they express the sodium-iodide symporters (NIS), which competitively take up 

perchlorate (Yu et al., 2002). Perchlorate excretion occurred mainly via urine in 

mammals (Yu et al., 2002). However, in freshwater teleosts this may not be a major route 

of excretion due to their low urine production (Suhendrayatna et al., 2002). In teleosts, 

many water-soluable chemicals are excreted via the gills (Evans, 2002), and presumably 

this is the major route of perchlorate elimination as well.  The rapid uptake, elimination, 

and achievement of steady state are similar to other water-soluble xenobiotics taken up 

and exerted through the gills.    
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In the current study, perchlorate uptake and elimination rates were dependant on 

exposure concentration. Similar results were also found in many other studies, in which a 

dose-dependent uptake and accumulation of perchlorate was observed (Peña et al., 1976; 

Batjoens et al., 1993; Yu et al., 2002). In the current study, significant differences existed 

between the high and the low perchlorate concentrations in terms of perchlorate residue 

levels, regardless of the chemical alone or the mixture exposure (Figure 53). A time-

dependent accumulation was also found for the high perchlorate concentrations, whereas 

it did not occurred at the low perchlorate concentrations (Figure 53). This is similar to 

another study (Bradford et al., in press). This indicated that fish could efficiently keep the 

equilibrium of low perchlorate concentration exposure even in long time but the 

capability diminished in response to prolonged high perchlorate exposure. As seen in 

Figure 54, the ratio of the whole body perchlorate residue between the high and low 

perchlorate concentrations were less than 10, which was the ratio of high to low 

perchlorate concentrations in water, as was in agreement with the observation in the 

mosquitofish study (Bradford et al., in press). Therefore, fish do not take up and 

accumulate perchlorate proportionally to the concentrations of waterborne perchlorate. 

Similar to the rapid perchlorate uptake, perchlorate depuration occurs rapidly. A 

previous study showed that most of perchlorate accumulated during a 2-day exposure to 

100 mg/L sodium perchlorate was depurated from all tissues examined of catfish 

Ictalurus punctatus and whole body mosquitofish Gambusia holbrooki within 2 days 

(Park et al., 2005). In the current study, 80%, 88%, and 100% of perchlorate accumulated 

during 90 day exposure were depurated at depuration day 1, 3, and 5 at 100 mg/L, and 

5%, 100% at depuration day 1 and 3 at 10 mg/L perchlorate treatment. The depuration 

rate was higher at the high perchlorate concentration than that at the low concentration, 

because the perchlorate residue ratio between two treatments at depuration day 1 was 

significantly lower than that during uptake period (Figure 54). The rapid depuration was 

also indicated by biological half-life of perchlorate. The half-life of 100 mg/L perchlorate 

was 24.8 hours. Similar half-life was obtained for mosquitofish (21.8 hours) (Park et al., 

2005). The slight difference with respect to the half-life of perchlorate in two species was 
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due to the slight different depuration rate constants in zebrafish (0.67 day-1) and 

mosquitofish (0.76 day-1).  

 

5.4.2 Sodium Arsenate  

Accumulation and occurrence of arsenic was widely reported in plants and animals 

(Suhendrayatna, 2002; Pedlar et al., 2002 b and c). A variety of fish species, including 

marine fish, shellfish, and freshwater fish, were found to retain arsenic up to 125.9 µg/g 

dry weight (Koch et al., 2001). Yet, there are no studies on the whole body accumulation 

of waterborne arsenic in fish in chronic exposure studies. In a study using a crustacean 

species, red crayfish Procambarus calarkii, as a model animal exposed to monosodium 

methanearsonate (MSMA) herbicide, a dose-dependent arsenic accumulation was 

observed at arsenic concentrations up to 50 mg/L at the intervals of week 2, 4, 6, and 8 

and up to 10.93 µg/g wet weight arsenic was found at the 50 mg/L treatment (Naqvi, et 

al., 1990). Furthermore, the authors found that at the 5 mg/L MSMA treatment the 

crayfish arsenic accumulation is time-dependent, whereas at the lower (0.5 mg/L) and 

higher concentration (50 mg/L) arsenic residue reached the highest point at the interval of 

week 4 and 6, respectively (Naqvi, et al., 1990). In the current study, the arsenic 

accumulation in the zebrafish showed dose-dependent fashion at all exposure intervals 

(Figure 55). A time-dependent accumulation was observed at the high concentrations (10 

and 100+10 mg/L), but not at the low concentrations (1 and 10+1 mg/L). As seen from 

the Table 25, the arsenic residue at the low concentrations demonstrated a slight decrease 

over time (i.e., negative slopes) compared with the apparent increase at the high arsenic 

concentrations (i.e., positive slopes). It indicated that aquatic animals can compensate 

arsenic toxicity to some extent before the critical whole-body concentrations are reached. 

Based on a series of studies, McGeachy et al. (1989, 1990, 1992) proposed that 

intoxication or death would occur if a whole-body burden of arsenic is over 8 µg/g dw, 

while 4 to 6 µg/g dw is associated with chronic toxicity to fish. Below 2 - 3 µg/g dw 

results in no mortality in chronic exposure to arsenic in fish. In the current study, the 

arsenic residue was in the range of 0.08 to 1.7 µg/g wet weight (Figure 55) (i.e., 0.24 to 
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5.15 µg/g dw). However, most of the arsenic residues fell below 3 µg/g dw except for 

those in the high arsenic treatments at day 60 and 90. Therefore, if zebrafish are similar to 

those secies in the studies by McGeachy et al in terms of arsenic toxicity, biochemical 

alterations are expected to occur at these exposure scenarios. No mortality occurred in the 

current study, which is in agreement with McGeach et al. (1989, 1990, 1992). 

Similar to what has been found in the current study, the dose-dependent arsenic 

uptake in fish has been widely reported in other species. When freshwater fish Tilapia 

Oreochromis mossambica were exposed to sodium arsenate at concentrations of 0.1, 5, 

and 10 mg/L for 7 days, the whole body arsenic residues were 3.4, 7.6, and 11.2 µg/g dw, 

respectively (Suhendrayatna et al., 2002). However, the arsenic concentrations in fish did 

not proportionally increase with the increase of the water borne arsenic. In the current 

study, a significant dose-related arsenic accumulation was observed (Figure 55). The 

ratio of waterborne arsenic concentrations in the high:low treatments was 10:1. This was 

the same in fish whole body residues for high:low treatments at 10 and 30 days of 

exposure, but at 60 and 90 days the ratio of whole body residues at 1 mg/L:whole body 

residues at 10 mg/L is around 20:1 (Figure 56). The arsenic residue in the current study at 

the 10 mg/L arsenic treatment at day 10 was only 2.9 µg/g dw, which was far below that 

in the similar Tilapia exposure study (11.2 µg/g dw at day 7). These apparent 

discrepancies can be explained by the species difference because 3 to 10 times difference 

in arsenic residue was found between Tilapia oreochromis mossambica and Japanese 

Medaka Oryzias latipes in similar exposures. The increased temperature promoted uptake 

of chemicals by fish (McGeachy and Dixon, 1992). The temperature in the current study 

(23.4±0.8ºC) was higher than the Tilapia experiment (21±1ºC), leading to more efficient 

uptake of arsenic in zebrafish and therefore higher arsenic residues. Whole body arsenic 

residue in fish exposed to dietary arsenic showed a different pattern. The exposure of 

Tilapia oreochromis mossambica to a variety of dietary sodium arsenate doses for 8, 12, 

and 16 weeks showed dose-dependent fashion with respect to whole body of arsenic 

residue, but roughly equal or higher ratios of arsenic residues among dose treatments 

corresponding to the arsenic levels in the diets were observed only at 16 weeks (Cockell 
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and et al., 1988; Cockell et al., 1991). In the current study, this ratio was reached quickly 

(i.e., in 10 days) (Figure 56). This indicated that fish may have higher compensating 

efficiency in the dietary arsenate exposure than in the waterborne arsenate exposure, 

reducing arsenic accumulation particularly in the high dietary arsenate dose exposure and 

thus leading to lower ratios of arsenic residue among arsenate dose treatment for certain 

time.  

Arsenic toxicity depends on its form, and arsenite is usually thought more toxic than 

arsenate (Aposhian, 2004). This is due to their different propensity in uptake relative to 

animals. Whole body residue of arsenic in 5 mg/L waterborne sodium arsenite was about 

2.7 times of that in the same concentration of waterborne sodium arsenate although only 

1.07 times was observed in 10 mg/L concentration (Suhendrayatna et al., 2002). Similar 

observations in another fish species, Japanese Medaka Oryzias latipes, indicated that fish 

can accumulate more As(III) than As(V) (Suhendryatna et al., 2001a). Dietary arsenic 

exposure demonstrated the same phenomena (Suhendryatna et al., 2001b). However, 

opposite observations of arsenic accumulation was reported in Daphnia magna 

(Suhendrayatna et al., 1999). This may partly explained that As(III) is more toxic to fish 

than As(V) and As (V) more toxic to aquatic microinvertebrates than As(III) when they 

are exposed to waterborne arsenic (Suhendrayatna et al., 1999).  

Significant accumulation occurred at day 60 and 90 in the high arsenic treatments 

(Figure 55); otherwise the ratios of arsenic residue in whole fish body maintained similar 

at 10:1, corresponding to the ratio between the water arsenic concentrations (Figure 56A). 

This indicated that zebrafish can actively equilibrate arsenic residue in the body at lower 

arsenic concentrations for long time (90 days) or at higher arsenic concentrations for 

short time (30 days) with continuous exposure, but this equilibrating capability was not 

efficient if long time exposure (60 and 90 days) to higher arsenic concentrations (100 

mg/L) occurs. Arsenic accumulation is a function of uptake and clearance rates of arsenic 

in tissues. In order to compensate arsenic toxicity, increasing transformation of arsenic to 

excretion products and excretion rates, at least, are necessary events to occur. It was 

found that inorganic arsenics were the predominant arsenicals in Tilapia oreochromis 
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mossambica, with similar contents of As(III) and As(V) when they were exposed to 

waterborne sodium arsenate up to 10 mg/L and sodium arsenite up to 15 mg/L, for 7 days 

(Suhendrayatna et al., 2002). It seems that in short time the biotransformation mechanism 

contributed little for zebrafish to compensate arsenic toxicity. Improved excretory 

efficiency of arsenic has been suggested to be responsible for the decreased accumulation 

of arsenic in fish (Pedlar et al., 2002). Arsenic excretion was reported to be mainly 

through urine, gill and biliary-fecal excretion routes, and the latter two were found as the 

major routes in fish exposed to dietary arsenic for 7 days (Oladimeji et al., 1984). The 

study on arsenic excretion in fish through these routes would give explanation for the 

arsenic accumulation pattern observed in the current study.  

There are few studies that examine the depuration of arsenic from aquatic animals, 

but these few studies have indicated that arsenic depuration occurs rapidly in fish. For 

example, tilapia and Japanese medaka Oryzias latipes that were exposed to 1 mg/L 

sodium arsenite for 7 days depurated most (about 90%) of arsenic residue 1 day after 

being transferred to As-free water (Suhendrayatna et al., 2001a, 2002). Depuration of 

arsenic in crustacean seems much slower. From 35% to 70% arsenic accumulated during 

an 8-week exposure at the MSMA concentrations up to 50 mg/L was depurated by the 

red crayfish at the first two weeks of an 8-week depuration course (Naqvi et al., 1990). In 

the current study, when fish were exposed to 1 mg/L arsenate, 30% , 55% and 100% of 

the original arsenic body burden (i.e., the whole body concentration after 90 d of 

exposure) had been eliminated by 1, 3, and 5 days, respectively. When fish were exposed 

to 10 mg/L arsenate, 58%, 83%, and 88% of the original arsenic body burden had been 

eliminated at 1, 3, and 5 days, respectively (Figure 55). This indicates that the depuration 

of arsenic after high concentration exposure was much slower than that after lower 

exposures. In the current study, the half-life of arsenate was 79.67 and 39.38 hours, 

respectively, for the 1 and 10 mg/L exposures (Table 25).  

Studies have demonstrated that both perchlorate and arsenate were not 

bioconcentrated in animals (Bradford et al., in press; Park et al., 2005; McGeachy et al., 

1992). In the current study, the whole body bioconcentration factors (BCFs) were 0.18-
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0.30 and 0.30-0.53 at 1 and 10 mg/L sodium arsenate treatments, respectively, and 0.12-

0.14 and 0.09-0.11 at 10 and 100 mg/L sodium perchlorate treatments, respectively. 

However, based on the BCFs and Figure 1 and Figure 2, we can surmise that BCFs of 

arsenate are greater than that of perchlorate in zebrafish.  

 

5.4.3 Interaction between Sodium Perchlorate and Sodium Arsenate 

In terms of whole body concentrations, in most cases, no significant statistical 

differences were observed between the single chemical exposures and the corresponding 

mixture treatment at either concentrations, regardless of arsenate or perchlorate (Figure 

53 and Figure 55). Hence, it seemed that the steady state of either chemical accumulation 

was reached relatively quickly (i.e., within 10 days). The uptake constants indicated that 

there was a difference in the uptake capability between the single chemical and the 

corresponding mixtures at the concentrations of both chemicals in the chronic exposure 

(Table 25). For the perchlorate case, the uptake rate of perchlorate over the course in the 

100 mg/L treatment was 16.03 day-1, whereas it was less than half (7.15 day-1) in the 

100+10 mg/L mixture. For arsenate case, the uptake rate of arsenate over the course in 

the 10 mg/L treatment was 11.00 day-1, whereas it was 5.38 day-1 in the 100+10 mg/L 

treatment. This indicated that the uptake of either chemical was reduced by the co-

existence of another chemical in the environment when chemicals occurred at high 

concentrations. This was not expected. It could be that these chemicals compete for the 

same uptake transporter protein, and that competition for this transporter only occurs at 

high chemical concentrations. This is consistent with the finding that interaction between 

the chemicals occurred when these two chemicals exist at high concentrations (i.e., 100 

mg/L perchlorate and 10 mg/L arsenate) but not at low concentrations (Figure 53 and 

Figure 55). On the other hand, an opposite pattern was observed in the depuration 

scenario. Depuration of either chemical at depuration day 1 was faster in the mixture than 

that in the corresponding chemical alone treatment at the high concentration scenario. For 

perchlorate exposure, the perchlorate residue decreased 19% at the 100 mg/L treatment 

but 31% at the 100+10 mg/L mixture treatment at depuration day 1. For arsenate 
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exposure, the arsenic residue decreased 35% at the 10 mg/L treatment but 58% at the 

100+10 mg/L mixture treatment at depuration day 1. This implied that co-existence of 

one chemical enhanced the elimination of another chemical when high concentrations of 

both chemicals occurred in the environment.  

 

5.5 Sensitivity of Markers and their Correlation 

In evaluation of toxicity of chemicals, various markers are used in monitoring the 

effect of chemical exposure, and the toxicity mechanisms are determined. Different 

chemicals may have different modes of action, and thus certain markers are used for 

specific chemical toxicity study. In the current study, arsenate and perchlorate were 

evaluated for their toxicity. Perchlorate is a definitive thyroid disruptor, and arsenic is a 

definitive pro-oxidant, causing oxidative stress. Therefore, thyrotoxicity, GSH status, and 

damage to DNA and lipid resulting from oxidative stress were evaluated. Thyroid 

histopathology, GSH status, DNA damage, and lipid peroxidation were employed in the 

current study. The results indicated that some endpoints could be used as markers for 

toxicity assay of these two chemical but other could not. Thyroid histopathology 

endpoints, GSH status, and oxidative base associated strand breaks were found affected 

by exposure to either chemicals or their mixture. In addition, different endpoints 

displayed differential sensitivity as markers (Table 20, 22). It seemed thyroid 

histopathology and GSH status endpoints can be used as markers for exposure to either 

chemical.  

Theoretically, these endpoints (thyrotoxicity, GSH status, and damage to 

macromolecules) are interconnected (Figure 2, 3, and 4). Therefore, the correlation 

among different types of endpoints was analyzed by Pearson correlation analysis (Table. 

27, 28, 29) and multiple regression analysis (Table. 30). There is abundant information 

which could be explored from these statistical analyses. To take the correlation between 

GSH status and DNA damage as an example. At day 10, increase of reduced GSH and 

the GSH status index reduced oxidative base-associated strand breaks in sodium 

perchlorate 100 mg/L and 100+10 mg/L, which indicated the protection role of GSH in 
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DNA damage. The positive correlation between lipid peroxidation and reduced 

GSH/Index indicated the occurrence of lipid peroxidation induced more reduced GSH in 

cells to prevent oxidative damage to lipid. At day 30, apoptosis indicated by DNA 

fragmentation had negative correlation with the Index but positive correlation with 

reduced GSH in 100+10 mg/L treatment, which indicated that these two markers had 

difference in indicating GSH status. This was also observed in terms of their relationship 

with oxidative base-associated strand breaks in 1 mg/L sodium arsenate treatment and 

100+10 mg/L treatment. The negative correlation occurred in control group indicated that 

reduced GSH is involved in maintaining healthy cells by preventing oxidative damage at 

constitute level. Similar analyses could be done for the correlation among other types of 

endpoints.  
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

 

6.1 Acute Toxicity at Different Stages of Zebrafish Danio rerio 

 and Joint Toxicity between Perchlorate and Arsenate 

Sodium arsenate is much more toxic than sodium perchlorate and displays different 

patterns of acute toxicity to 6-day-old zebrafish Danio rerio larvae, but they have similar 

shapes of concentration-response curves. Although deviations from concentration 

addition for the two chemicals at lower levels and higher levels exist, they are slight and 

not statistically significant. Therefore, overall strict concentration addition occurs 

between sodium arsenate and sodium perchlorate effects. In natural aqueous systems 

polluted by arsenate and perchlorate, low levels of these pollutants were found (<1 mg/L). 

Due to concentration addition between these two chemicals, even low levels could cause 

adverse effects to fish. Therefore, in ecotoxicological studies and evaluations, and in 

regulatory decision-making, the concentration addition effect has to be considered when 

these two chemicals are involved. This could have implications for ecological and human 

health risks due to contamination from military and agricultural activities or exposure of 

humans to these contaminants in drinking water. Based on LC50s, we concluded that 

sodium arsenate is much more toxic than sodium perchlorate to 37 dpf zebrafish juveniles, 

and that sodium perchlorate exposure augments the sensitivity of zebrafish juvenile to 

sodium arsenate by reducing its LC50 and changing the concentration-response 

relationship. 

 

6.2 Thyroid Reaction in Response to Exposure 

Acute exposure of juvenile zebrafish to either chemical did not alter the thyroid 

status in terms of thyroid histopathology endpoints, including epithelial cell height, 

follicle area, and colloid area. Acute arsenate exposure (96 h) following the cessation of 

perchlorate exposure did not mitigate the acute toxicity of perchlorate exposure, but 

instead allowed thyroid recovery with respect to epithelial cell height. Alteration of 
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thyroid status is a slow process and short-term exposure is not effective in this regard. 

Transferring perchlorate-exposed juveniles to clean water for 15 d caused recovery of 

thyroid in terms of epithelial cell height but not colloid area.   

The thyrotoxicity assay in the chronic toxicity test indicated that both sodium 

perchlorate and sodium arsenate are thyroid disruptors in Danio rerio, with sodium 

perchlorate more effective in inducing histopathological changes than sodium arsenate. In 

addition, zebrafish growth was not affected by prolonged exposure to either chemical or 

their mixtures at the concentrations tested in the chronic toxicity test. There were 

significant thyrotoxic interactions between these two chemicals with respect to some 

endpoints (hypertrophy, CA/ECH ratio). In some cases, slight antagonistic effects 

occurred at the high arsenate concentration to abolish perchlorate thyrotoxicity. Among 

the thyroid histopathological endpoints applied in the current study, the most sensitive 

thyroid histopathological endpoint was hypertrophy. The significant induction was 

observed as early as day 10 at lower concentrations of both chemical alone and the 

corresponding mixture. The sensitivity of the other thyroid histopathological endpoints in 

order from the high to the low was: epithelial cell height (hypertrophy)>percent of colloid 

area/follicle area>colloid area/follicular cell height>hyperplasia>angiogenesis>colloid 

area. Follicle area was not sensitive and therefore inappropriate as a marker in revealing 

thyroid disruption by these two chemicals in zebrafish. Because the concentrations used 

in this study are environmentally relevant, epithelial cell height (hypertrophy) can be 

used as an indicator of possible perchlorate or arsenate exposure. Follicle size indicated 

by follicle area was not a sensitive marker even for high concentrations of sodium 

perchlorate (100 mg/L) or sodium arsenate (10 mg/L). 

 

6.3 Antioxidant Reaction and Damage to Lipid and DNA 

Sodium arsenate and sodium perchlorate can induce GSH levels (total and reduced) 

at their high concentrations. In response to exposure to either chemical, zebrafish protect 

themselves from oxidative damage by increasing the GSH status index to create a more 

reductive microenvironment to sequester free radicals. The GSH induction indicated that 
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either arsenate or perchlorate act as pro-oxidants and cause production of free radicals, 

but they are not strong pro-oxidants since no significant damage occurred to lipid and 

DNA. On the other hand, this suggested that lipid peroxidation, DNA damage (strand 

breaks, oxidative damage, and apoptosis) were not sensitive indicators for oxidative 

stress by these two chemicals. Additive joint action occurred between two chemicals in 

inducing GSH (reduced GSH and the GSH status index) at their lower levels but not at 

their high levels. In contrast, two chemicals had additive and antagonistic joint action in 

altering oxidative DNA damage at their high concentrations. This suggested differential 

interaction behavior between these two chemicals in terms of GSH status.  

 

6.4 Characteristics of Whole-Body Toxicokinetics of Perchlorate  

and Arsenate in Zebrafish Danio rerio 

Uptake and depuration of both perchlorate and arsenate occurred quickly in zebrafish. 

The steady-state was reached as early as day 10 for both chemicals. Although generally 

there were no significant difference (α=0.05) occurring at either exposure level over the 

exposure course regarding the whole body residue of both chemical, relatively high 

uptake rates over the exposure course were observed at the high chemical concentrations 

of both chemicals, regardless of the chemical alone or the mixture. The ratio of arsenic 

residues between different arsenate treatments in whole fish was proportional to the ratio 

of water arsenate concentrations, whereas the ratio was less proportional for the 

perchlorate scenario. The uptake and depuration of both chemicals displayed dose-

dependent character at all exposure intervals examined. The time-dependent uptake was 

observed at the high concentrations of both chemicals, regardless of the chemical 

exposure alone or the mixture. At the high concentrations of both chemicals, a slower 

uptake rate and a faster depuration of both chemicals were found when the other chemical 

co-existed in the environment.  
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6.5 Sensitivity of Markers and General Joint Action between  

Sodium Arsenate and Sodium Perchlorate 

Three types of endpoints plus acute toxicity as LC50 were evaluated for zebrafish 

Danio rerio in response to exposure to sodium perchlorate, sodium arsenate, or their 

mixture. Thyroid histopathological endpoints (i.e., colloid area, epithelial cell height, 

hyperplasia, and angiogenesis) and GSH status (TGSH, RGSH, OGSH, and GSH status 

index) were found to be altered by the exposure. However, DNA damage (DSB, SSB, 

and DNA fragmentation as an indicator for apoptosis) except for oxidative base-

associated strand breaks and lipid peroxidation were found not to be altered by the 

exposure. This indicated that arsenate or perchlorate at levels in the current study was not 

potent enough to cause damage to DNA and lipid, and that antioxidant defensive system 

(for example, GSH) was induced to prevent the damage of these chemical exposures to 

DNA and lipid molecules. The results from the current study indicated that thyroid 

histopathology, particularly epithelial cell height, and GSH status can be used as markers 

for toxicity evaluation and environmental motoring of these two chemicals.  

Joint action between sodium perchlorate and sodium arsenate was evaluated in both 

acute and chronic exposure regimes. The concentration addition action was found 

between these two chemicals in terms of LC50, thyroid histopathological endpoints, and 

GSH status. However, in some cases for these endpoints, sodium arsenate seemed to 

abolish the effect of sodium perchlorate, although it was not significant. In contrast to its 

concentration addition actions in these endpoints mentioned above, antagonism was 

found in terms of uptake. This was not expected because they are taken up by cells 

through different transporters (i.e., perchlorate through NIS and arsenate, through 

phosphate transporters). Both contaminants use transporters that derive their energy from 

the Na+ gradient. Therefore, further study at gene expression aspects need to be 

conducted to unravel their interaction characteristics.  
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6.6 Contribution of the Dissertation Research 

Firstly, the current dissertation project provided basal acute toxicity information 

(LC50s) for sodium perchlorate and sodium arsenate at different stages (6 dpf larvae and 

37 dpf juveniles) of zebrafish. Also, the joint action (concentration addition) between two 

chemicals was evaluated at the larval stage (6 dpf larvae). These data are necessary for 

environmental risk assessment of these two chemicals. Even though they existed in the 

environment at low levels, arsenate and perchlorate may cause toxicity to aquatic biota 

due to their concentration addition action. Therefore, the joint action among chemicals 

should be taken into account when risk assessment is conducted.  

Secondly, the joint action between two chemicals was evaluated at different levels 

and by employing various types of endpoints, which were chosen based on their modes of 

action. It is possible that chemicals may demonstrate different joint actions at different 

levels and at different aspects. This was exactly indicated by the current dissertation 

project. At the high levels of the chemicals, no additive joint actions were observed in 

terms of either endpoint examined, whereas at low levels there were joint actions. In 

addition, the concentration addition occurred, whereas the antagonism was observed in 

terms of chemical uptake and thyroid histopathological endpoints. Therefore, this 

dissertation project explored the interaction in detail and mechanistically.  

Thirdly, the current dissertation project led to several new findings. Perchlorate has 

never been reported to alter antioxidant defense mechanisms. GSH status (total, reduced, 

oxidized and the status index) was found to be altered in response to chronic low-level 

and to short-time high-level perchlorate exposure. Perchlorate disruption of thyroid status 

has been widely studied and reported in the laboratory studies and human risk 

assessments. However, effect of perchlorate on antioxidant defense mechanisms has 

never been examined. This study could serve as a wake-up call for scientists and 

regulatory bodies who perform perchlorate risk assessment.  

This project represented the first one to indicate that arsenate is a thyroid disruptor, 

although it is less potent than perchlorate. Arsenic contamination is a world-wide 

problem. In particular, drinking water contamination by arsenic is posing risk to human. 
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Arsenic contamination was found at many Superfund sites. Due to its thyroid disruption 

function, arsenic would cause damage to human populations who are exposed to arsenic, 

potentially leading to thyroid diseases. The most sensitive population is infants because 

thyroid hormones are necessary for brain and skeletal development. Therefore, thyroid 

disruption by arsenic should be incorporated into the risk assessment of arsenic.  

Lastly, this dissertation project proposes several very interesting questions for future 

study. Usually, during development fish are more tolerant to chemicals after hatching. 

This is what we found for the perchlorate acute toxicity. However, an opposite pattern 

was found for arsenic toxicity in zebrafish: 6 dpf larvae were more tolerant to arsenate 

than 37 dpf juveniles. Many factors may contribute to this. This can be addressed by 

evaluating the expression of uptake transporter genes, the expression of genes involved in 

arsenical metabolism and arsenical excretion. Although the timing of gene expression for 

uptake transporters may be the main player, information about all genes expressed in 

response to the chemicals need to be elucidated.  

Arsenate is taken up through phosphate transporter, and perchlorate, through the NIS. 

It was found in the current project that both chemical decreased the uptake of another 

chemical. This is not expected. Is it possible that these two anions also share same 

transporters for uptake? The gene expression of phosphate transporter has been clear in 

zebrafish liver, gut and kidney. No information is available for NIS expression in 

zebrafish. Therefore, the further study on expression of these genes and microarray 

analysis of genomic DNA would give definite answer to this question. Another possible 

explanation is that both transporters use energy for the ion transportion across cell 

membranes, and that there is energy competition between two transporters to transport 

two anions.  

DNA damage endpoints were not found as sensitive as expected and no alteration 

was found by the exposure to either individual chemical or their mixture. High variability 

among individuals was observed for almost all DNA damage endpoints. Did the high 

variability masks the effect or is the DNA damage by these chemicals as observed? The 

assay method for DNA damage may be needed to be refined to reduce the variability.  
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Arsenate was found to cause thyrotoxicity. However, the specific mechanisms need 

to be elucidated. As depicted in Figure 4, many mechanisms are possible. Particularly, 

the inhibition of deiodinase by arsenic was hypothesized a long time ago. However, no 

studies have been conducted to examine this hypothesis. The further study on arsenate 

thyrotoxicity at the molecular levels would be beneficial to human risk assessment of 

arsenic. In addition, arsenate is the dominant arsenic species in aerobic aquatic ecosystem, 

and thus additional studies on fish are especially warranted.  

Over all, further investigations on perchlorate and arsenate toxicity on the interesting 

findings in the current study would benefit toxicological evaluation of these two 

chemicals. Application of toxicogenomics incorporating traditional toxicity assays would 

give us more clues about their toxicity and interaction.  
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