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The goals of this dissertation work were to assess the bioaccumulation potential of 

carbamazepine and amiodarone, two widely used ionizable pharmaceutical compounds that 

possess mid-range and high LogD values, respectively, and to evaluate alternative methods to 

assess chemical accumulation in bluntnose minnows, catfish, and tilapia. 

Results indicated that carbamazepine does not appreciably bioaccumulate in fish tissue 

with BCFk and BAF carbamazepine values < 10. Amiodarone, however, with a log D of 5.87 at pH 

7.4, accumulated in fish tissues with kinetic BCF values <2,400. Collectively, the data suggest 

that full and abbreviated laboratory-derived BCFs, BCFMs derived from S9 loss-of-parent assays, 

as well as field BAF values are similar for each of the two drugs.   

 In summary, the results from this dissertation indicated: 

1) The reduced design BCF test is a good estimate for the traditional OECD 305 test. 

2) In vitro S9 metabolism assays provide comparable BCF estimates to the OECD 305 test. 

3) Metabolism may play a large role in the accumulation of drugs in fish. 

4) Reduced BCF tests and in vitro assays are cost effective and can reduce vertebrate 

testing. 
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CHAPTER 1  

INTRODUCTION 

1.1 Project Overview 

Pharmaceuticals in the environment have emerged as a growing topic of interest in the 

field of environmental science and as a major concern for regulatory agencies as they are being 

detected in the low ng/L to µg/L range in wastewaters and surface waters (Ankley et al., 2007; 

Arnot and Gobas, 2006; Daughton and Ternes, 1999; European-Union, 2006; Heberer, 2002; 

USEPA, 1999). Pharmaceuticals present a potential environmental hazard because many 

aquatic organisms possess enzymes and receptor systems similar to human drug targets 

(Gunnarsson et al., 2008; Huggett et al., 2003). Because there is a lack of chronic toxicological 

data available for many of these pharmaceuticals and other organic compounds, regulatory 

agencies in the European Union and North America have constructed programs for the 

assessment, trade, use, and replacement of persistent, bioaccumulative, and toxic organic 

pollutants in order to minimize the potential for risk and exposure (Nichols et al., 2007a). 

Among the tools used in the risk assessment process to prioritize research efforts on chemicals 

are laboratory bioconcentration studies (Arnot and Gobas, 2006; Brown et al., 2007; Huggett et 

al., 2003; OECD, 1996). However, many current assessments of the bioaccumulative potential of 

pharmaceuticals and other organic compounds have been performed without measured 

bioaccumulation data and have instead been implemented with computer models that may 

provide inaccurate accumulation estimates (Nichols et al., 2007a). The preference for in silico 

models is a result of the high cost of laboratory bioaccumulation studies in terms of expense, 
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animal use, and time. There is a need to optimize the methods for the measurement of 

bioaccumulation; however, few data are available to optimize these methods. 

The work for this dissertation consists of three phases of study involving carbamazepine, 

amiodarone, and their major metabolites, which represent classes of pharmaceuticals that have 

received relatively little research focus as compared to drugs that target the estrogen receptor 

(Schriks et al., 2010). In Phase I, a series of full and abbreviated tissue-specific bioconcentration 

studies were performed on minnows (Pimephales sp.) and channel catfish (Ictalurus punctatus). 

Phase II consisted of the field sampling of tilapia (Oreochromis niloticus) living in the sand filters 

of the Denton Wastewater Reclamation Plant (DWRP). In Phase III, channel catfish liver S9 loss 

of parent assays were performed on carbamazepine and amiodarone to determine KM, the 

metabolic rate constant that is used in multicompartment models to estimate bioconcentration 

factors. The purpose of these studies was to 1) obtain and compare tissue-specific 

bioconcentration factors (BCFs) using full and abbreviated laboratory exposure studies and field 

studies, 2) compare the bioconcentration factors across species, 3) compare calculated in vitro 

BCFs with in vivo BCFs, 4) assess the metabolism of carbamazepine and amiodarone derived by 

the measurement of their concentrations in fish plasma and by their predicted steady state 

plasma concentrations, and 5) assess how abbreviated laboratory exposure-derived BCFs and in 

vitro-derived BCFs compare to BCFs derived from the more resource and cost intensive 

standard flow-through fish exposure studies. 
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1.2 Background 

1.2.1 Pharmaceuticals in Environment 

The concern for pharmaceuticals as potential hazardous environmental pollutants did 

not come into focus until the 1990s when sufficiently sensitive analytical techniques to detect 

them became commonly available (Ankley et al., 2007; Daughton and Ternes, 1999).  Although 

there are many means by which these pollutants enter surface waters, the main route of entry 

is through the effluent discharges of wastewater treatment plants (WWTPs) following the 

excretion of drugs, either in unaltered, metabolized, or conjugated forms, in urine and feces 

(Daughton and Ternes, 1999; Heberer, 2002; Ying et al., 2009). Current WWTPs were not 

designed for the removal of pharmaceuticals and there have been reports of various drugs, 

such as carbamazepine, that experience poor removal from wastewater influents and have thus 

been detected in effluents at concentrations in the low µg/L range (Andreozzi et al., 2003; 

Ternes, 1998; Ying et al., 2009). Compounds such as this are of special concern in areas where 

treated effluent discharges contribute a significant portion of river flow or are used for the 

production of drinking water (Ying et al., 2009). In the United States, approximately 23% of 

permitted wastewater effluent discharges receive less than a 10 fold dilution with many of 

these water bodies being heavily effluent dominated (Dorn, 1996). The Trinity River south of 

Dallas, Texas, for example, is 90% return flow from wastewater treatment plants (Dickson et al., 

1989). In addition, many compounds display pseudopersistence in the environment as their 

metabolic transformation or removal rates are offset by their replacement rates and can thus 

display the same exposure potential as truly persistent chemicals (Daughton and Ternes, 1999). 
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Few pharmaceuticals, mainly estrogenic compounds, have been linked to adverse effects on 

aquatic organisms. However, various other classes of drugs have high potential for 

environmental effects because many aquatic organisms possess enzymes and receptor systems 

similar to human drug targets (Gunnarsson et al., 2008; Jobling et al., 2002; Kidd et al., 2007; 

Larsson et al., 1999). 

1.2.2 Fish Plasma Model 

The fact that fish and other aquatic organisms have well-conserved, orthologous 

enzyme and receptor systems that are susceptible to interactions with human pharmaceuticals 

has formed the basis of the fish plasma model proposed by Huggett et al. (2003). The fish 

plasma model is a screening-level method that can be used to predict the likelihood of 

receptor-mediated responses in fish by calculating the ratio of a pharmaceutical’s human 

therapeutic plasma concentration (HTPC) to the predicted or measured fish steady state plasma 

concentration (FSSPC) of the drug. An effect ratio (ER) of ≤ 1 would represent a high likelihood of 

receptor-mediated responses in fish (Huggett et al., 2003).  

𝐸𝐸𝐸𝐸 = HTPC
FSSPC

 , where predicted FSSPC = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵:𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 0.73 ∗ 𝐿𝐿𝐿𝐿𝐿𝐿𝐾𝐾𝑂𝑂𝑊𝑊 − 0.88 

1.2.3 Bioconcentration 

Bioconcentration is the process by which a chemical is absorbed from water through the 

respiratory surfaces of an organism at a rate that exceeds its elimination through respiratory 

system exchange, fecal egestion, metabolic biotransformation, and growth dilution, resulting in 

a higher concentration of the chemical in the organism relative to its concentration in the water 

(Arnot and Gobas, 2006; OECD, 1996). The degree to which this process occurs is expressed as 

the bioconcentration factor (BCF) and is often used as a surrogate for the bioaccumulation 

4 



factor (BAF), a value that is more difficult to measure as it considers the uptake of a chemical 

through all routes of exposure, not just water (European-Union, 2006). Since a chemical’s BCF 

and BAF represents its potential to partition to and remain in an organism, a high BCF or BAF 

could indicate a high potential for chronic toxic effects. These measures are used by regulatory 

agencies in the classification of persistent, bioaccumulative, and toxic substances. Chemicals 

with a BCF greater than 2,000 or a log KOW greater than 4.5 are classified as bioaccumulative by 

the European Union (European-Union, 2006). In the testing regime for new chemical 

substances, a chemical with a BCF greater than 1,000 is considered by the EPA as 

bioaccumulative and warranted for further testing, while a chemical with a BCF greater than 

5,000 might be banned from commercial production during testing (USEPA, 1999). 

Despite its regulatory importance, however, there is a scarcity of BCF data. According to 

Arnot and Gobas, less than 4% of organic chemicals have measured BCFs. In place of empirical 

BCF values, computer models are often used to produce an estimate of a chemical’s BCF, which 

is usually derived from a linear regression between experimentally-derived BCFs of similar 

compounds and the chemical’s log KOW (Arnot and Gobas, 2006). These models, however, 

should not take the place the empirically derived data, as they can incorrectly predict 

bioconcentration potential in chemicals in situations where the only available data is log KOW 

and there is no information on the metabolism or absorption of the chemicals (Arnot and 

Gobas, 2006; Nichols et al., 2007a).  

1.2.4 OECD 305 Bioconcentration Flow-through Fish Test 

The OECD 305 protocol is an experimental method for the determination of steady-state 

or kinetic bioconcentration factors using a flow-through fish test that consists of an uptake 
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phase where fish are exposed to a compound and a depuration phase where fish are 

transferred to clean water. The concentration of the test substance in fish and water is followed 

through both phases of the study.  

Under steady-state conditions, a chemical’s bioconcentration factor (BCF) is calculated 

as the ratio of the concentration of the chemical in an organism (CB) and the concentration of 

the chemical in water, 𝐵𝐵𝐵𝐵𝐹𝐹𝑠𝑠𝑠𝑠 = 𝐶𝐶𝐵𝐵
𝐶𝐶𝑊𝑊

. The BCF can also be calculated kinetically as the ratio of its 

rate of uptake through the gills (k1) to its total elimination rate (kT), which is the sum of the 

rates of elimination across its gills (k2) and through fecal egestion (kE), metabolic 

biotransformation (kM), and growth dilution (kG) (Arnot and Gobas). 

 𝐵𝐵𝐵𝐵𝐹𝐹𝑘𝑘 = 𝑘𝑘1
𝑘𝑘𝑇𝑇

,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑘𝑘𝑇𝑇 = 𝑘𝑘2 + 𝑘𝑘𝐸𝐸 + 𝑘𝑘𝑀𝑀 + 𝑘𝑘𝐺𝐺  (OECD). 

Standard flow-through fish tests are resource intensive in terms of cost, animal use, and 

time. A typical flow-through fish test following the OECD 305 protocol under good laboratory 

practices is estimated to last 42 days, use a minimum of 40 fish per concentration tested, and 

cost approximately $125,000 (Springer et al., 2008; Woodburn and Springer, 2004). In response 

to concerns over the expense of such tests and ethical concerns regarding the testing of 

vertebrates, there are movements to use alternative methods to assess chemical accumulation 

(de Wolf et al., 2007; Nichols et al., 2007a).  Among these alternative methods are abbreviated, 

minimized flow-through fish tests as proposed by Springer et al. (2008) and in vitro assays (de 

Wolf et al., 2007; Johanning et al., 2012; Nichols et al., 2007a). 

1.2.5 S9 Loss of Parent in vitro Assays 

In vitro hepatic assays are typically used to generate metabolism data in order to 

calculate chemical accumulation in fish. These in vitro hepatic assays can involve recombinant 
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enzyme systems, subcellular fractions, cultured hepatocytes, fish cell lines, or fish liver slices to 

measure the rate at which a parent compound is lost or metabolized (Nichols et al., 2007a). 

However, in vitro assays that use S9 subcellular fractions are the most commonly used assays 

for the generation of metabolism data as they do not require technical expertise to conduct, 

are easy to prepare, contain both phase I and II enzymes found in the cytosolic and microsomal 

fractions, and are able to be cryopreserved for up to two years at -80˚C while maintaining initial 

levels of enzymatic activity (Johanning et al., 2012; Nichols et al., 2007a). 

1.2.6 Biotransformation of Xenobiotics 

Biotransformation is one of the most important determinants of a chemical’s 

pharmacokinetic profile and is perhaps one of the most important factors that determine the 

extent to which a chemical accumulates in animals (Brodie et al., 2013; Nichols et al., 2007a). It 

involves the catalysis of endogenous and xenobiotic compounds to more hydrophilic 

compounds that can be more easily excreted in urine or feces. Although xenobiotic 

transforming enzymes are distributed throughout the body, in vertebrates the liver is the 

largest site for enzymatic biotransformation reactions. Moreover, within cells biotransforming 

enzymes are located primarily in the endoplasmic reticulum and cytosol (Parkinson, 2003). 

Reactions catalyzed by xenobiotic transforming enzymes are grouped into two phases: Phase I 

reactions which involve the addition of reactive, polar functional groups (i.e. -OH, -NH2, -SH, or 

–COOH) and Phase II reactions which involve the conjugation of the xenobiotic with species 

that greatly increase the hydrophilicity of the compound (Brodie et al., 2013; Parkinson, 2003). 

Phase I reactions involve the hydrolysis, reduction, or oxidation of a xenobiotic which results in 

a slight increase in hydrophilicity. Although these reactions might result in a compound that can 
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be excreted, the main purpose of Phase I reactions is largely to prime the parent compound for 

Phase II reactions which will conjugate the metabolite with another compound that will result 

in a large increase in hydrophilicity that will promote its excretion. The cytochrome P450 

(CYP450) system, a superfamily of heme-thiolate enzymes found in bacteria, fungi, plants, and 

animals, are the most versatile Phase I biotransforming enzymes in terms of the number of 

xenobiotics they can catalyze (Chang and Kam, 1999; Parkinson, 2003). In the human liver, just 

four cytochrome P450 isozymes (CYP2C9, CYP2C19, CYP2D6, and CYP3A4) are responsible for 

the oxidative catalysis of approximately 80% of drugs. Certain xenobiotics such as 

carbamazepine are known to have the capacity to induce CYP450 enzymes. This causes an 

increase in CYP450 enzyme activity leading to a decreased accumulation not only of the 

xenobiotic itself but also any other xenobiotics that can be oxidized by the induced enzymes 

(Parkinson, 2003). CYP450 induction is typically mediated through the binding of one or more 

xenobiotics to CYP isozyme intracellular receptors which ultimately lead to the increased 

transcription of CYP genes. (Brodie et al., 2013) 

Phase II reactions involve glucuronidation, sulfonation, acetylation, methylation, 

conjugation with glutathione, and conjugation with amino acids. The cosubstrates for this group 

of reactions (e.g. uridine-5’-diphospho-α-D-glucuronic acid, acetyl coenzyme A, glutathione) 

react with polar functional groups on the xenobiotic that were either already present on the 

substrate or were added during Phase I biotransformation. The majority of Phase II enzymes 

are found in thy cytosol; however, conjugation reactions are largely catalyzed by the uridine 5’-

diphospho-glucuronyltransferases (UGTs) that are found in the microsomal fraction of cells 

(Brodie et al., 2013; Parkinson, 2003).  
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1.2.7 Test Chemicals 

The pharmaceuticals to be studied are carbamazepine, amiodarone, and their major 

metabolites (10,11-dihydro-10,11-epoxycarbamazepine; 10,11-dihydro-10,11-

dihydroxycarbamazepine; and desethyl-amiodarone). 

1.2.7.1 Carbamazepine 

Carbamazepine (5H-dibenzo[b,f]azepine-5-carboxamide) is a commonly prescribed 

anticonvulsant used primarily for the treatment of epilepsy and trigeminal neuralgia that has 

been widely available for more than thirty years in the United States (Miao and Metcalfe, 

2003). It is also used as a mood stabilizer for the treatment of bipolar I disorder and 

schizophrenia (Miao and Metcalfe, 2003; Owen, 2006).  

 

 

 

 

Fig. 1. (a) Carbamazepine molecular structure and Log KOW (Nakada et al.); (b) 10,11-dihydro-

10,11-epoxycarbamazepine; and (c) 10,11-dihydro-10,11-dihydroxycarbamazepine. 

 

Carbamazepine’s anticonvulsant and antineuralgic properties are attributed to its 

modulation of Na+ channels. Although the mode of action for the drug’s antimanic and 

antidepressive properties is uncertain, it is hypothesized that it affects the brain’s arachidonic 

acid cascade by lowering the turnover rate of arachidonic acid, while unaffecting the turnover 

of docosahexaenoic acid (Rao et al., 2008; Rapoport and Bosetti, 2002).  

(a) (b) (c) 
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Approximately 72% of orally administered carbamazepine is absorbed and enters the 

liver wherein it undergoes extensive metabolism (Zhang et al., 2008).  Although it has 33 

metabolites that have been identified in human and rat urine, the two most important 

carbamazepine metabolites are 10,11-dihydro-10,11-epoxycarbamazepine (CBZ-EP) and 10,11-

dihydro-10,11-dihydroxycarbamazepine (CBZ-DiOH). CBZ-EP possesses similar antiepileptic 

properties as carbamazepine and is formed by the oxidation of carbamazepine principally 

through CYP3A4 and CYP2C8 to a smaller extent. CBZ-DiOH is pharmaceutically inactive and is 

formed by the hydration of CBZ-EP by microsomal epoxide hydrolase (Miao and Metcalfe, 

2003). 

Carbamazepine has been detected as a contaminant in wastewater effluents and 

surface waters worldwide (Andreozzi et al., 2003; Fick et al., 2010; Glassmeyer et al., 2005; 

Nakada et al., 2010; Ternes, 1998; Ying et al., 2009). Its persistent nature in the environment is 

likely due to its low removal efficiency from wastewater treatment plants, calculated by Nakada 

et al. (2010) to be 3% and by  Ying et al. (2009) to be 6-31%. The highest reported 

concentrations of carbamazepine in the literature review were 6.1 µg/L in wastewater effluent 

and 1.1 µg/L in surface waters in Germany (Ternes, 1998). 
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Fig. 2. Hepatic metabolism of carbamazepine (with the hydroxylation of carbamazepine only 

diagramed for position 2). From (Breton et al., 2005). 
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Table 1 

Literature values of carbamazepine concentrations detected in wastewater treatment plant 

(WWTP) effluents and surface waters throughout the world.  

Study Matrix Concentration 

(ng/L) 

(Fick et al., 2010) WWTP effluent Umeå, Sweden 326 

WWTP effluent Stockholm, Sweden 388 

WWTP effluent Gothenburg, Sweden 236 

(Ying et al., 2009) Effluents of 15 Australia WWTPs 750 (median) 

(Ternes, 1998) Effluents of 30 WWTPs across Germany 2,100 (median) 

20 rivers and streams across Germany 250 

(Nakada et al., 2010) 2 WWTPs in Kanagawa Prefecture, Japan 132 and 110 

(Andreozzi et al., 2003) Châtillon-sur-Chalaronne WWTP, France 980 

Pierre Bénite WWTP, France 1,200 

Iraklio WWTP, Italy 1,030 

Latina WWTP, Italy 300 

Roma WWTP, Italy 340 

Naples WWTP, Italy 500 

Ryaverket WWTP, Sweden 870 

(Glassmeyer et al., 2005) 10 WWTPs across United States 80 (median) 
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In vivo carbamazepine bioconcentration factors have been calculated with rainbow 

trout using both laboratory and field exposures (Zhang et al.) (Zhou et al.) (Fick et al.). The 

findings are summarized in Table 2 below.  

Table 2 

Literature values of calculated bioconcentration factors (BCFs) for carbamazepine from the 

tissues of juvenile rainbow trout (Oncorhynchus mykiss).  

Carbamazepine 

BCF 

Tissue Study Type Source 

0.52 Muscle in vivo laboratory exposure (Zhang et al., 2010) 

4.16 Adipose 

tissue 

in vivo laboratory exposure (Zhang et al., 2010) 

0.44  Muscle in vivo laboratory exposure (Zhou et al., 2008) 

2.8 Plasma Field exposure to effluent from Sewage 

Treatment Plant in Umeå, Sweden 

(Fick et al., 2010) 

0.8 Plasma Field exposure to effluent from Sewage 

Treatment Plant in Stockholm, Sweden 

(Fick et al., 2010) 

4.2 Plasma Field exposure to effluent from Sewage 

Treatment Plant in Gothenburg, Sweden 

(Fick et al., 2010) 

1.2.7.2 Amiodarone 

Amiodarone (2-butyl-3-benzofuranyl) {4-[2-(diethylamino)ethoxy]-3,5-

diiodophenyl}methanone, is a Class III antiarrhythmic and anti-anginal drug whose mechanism 

of action is blocking myocardial potassium ion channels (Ha et al., 2001; Kuhn et al., 2010). Its 

only known metabolite in humans is mono-N-desethylamiodarone which is known to be 
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produced by CYP3A4, 1A1, and 2C8 (Elsherbiny et al., 2008; Ha et al., 2001). The human 

therapeutic plasma concentration range of amiodarone is 0.5-2.5mg/L (Kuhn et al., 2010). 

Although amiodarone is one of the most popular generic drugs in the United States by retail 

dollars (SDI/Verispan, 2010), to the author’s knowledge no peer-reviewed research on the 

presence of amiodarone in the environment exists.  

 

 

 

 

Fig. 3. (a) Structure of Amiodarone and (b) desethylamiodarone. (Ha et al., 2001) 

1.3 Objectives and Hypotheses 

Objective 1:  Determine tissue-specific kinetic BCFs for test compounds using full and 

abbreviated laboratory exposure studies. 

Hypothesis 1: H0: Test compounds will not absorb into fish.  

Objective 2: Determine BAFs and plasma concentrations of test compounds in tilapia 

living in the sand filters of Denton Wastewater Reclamation Plant. 

Hypothesis 2: H0: Test compounds will not be detected in tilapia living in the 

sand filters of the Denton Wastewater Reclamation Plant. 

Objective 3:  Determine the in vitro metabolic rate constant (kM) for the test compounds 

in liver S9 fractions. 

Hypothesis 3: HO: Loss of parent material will not be different from starting 

concentrations.   

(a) (b) 
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Objective 4:  Compare laboratory determined BCFs/BAFs to BCFs determined with in 

vitro assays that account for the metabolism of carbamazepine and amiodarone. 

Hypothesis 4: H0: Laboratory experiment-derived BCFs will not be different from 

BCFs estimated by in vitro assays that account for metabolism.  

1.4 Significance of Work 

There is concern for the accumulation of pharmaceuticals in organisms as the 

bioaccumulation potential for these compounds can change drastically depending on whether 

they are in their ionized or non-ionized forms. Carbamazepine and amiodarone are two widely 

used ionizable drugs that possess mid-range and high LogD values, respectively, and have 

relatively well-known metabolic pathways in mammals. Because they possess these properties, 

they are well-suited for determining whether BCFs derived from abbreviated fish flow through 

tests and in vitro metabolic assays are comparable to BAFs derived from field studies and BCFs 

derived from standard OECD 305 fish flow-through studies. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Laboratory BCF Experiments 

Laboratory BCF experiments were conducted according to OECD 305 guidelines. 

Pimphales notatus and ictalurus punctatus were kept in standard rearing conditions of 25°C and 

a 16:8 light/dark cycle. A continuous flow-through diluter system was used in conjunction with 

a Harvard Apparatus PHD 2000 infusion syringe pump to deliver the exposure solutions. 

Minnow exposure tanks received approximately 5 turnovers per day while channel catfish 

exposure tanks received approximately 2 turnovers per day.  

In the 42d and 14d amiodarone studies, minnows (n=24 for 42d study and n=18 for 14d 

study) and juvenile catfish (n = 18) were exposed to 250 µg/L solutions using 

dimethlyformamide (DMF) as a carrier solvent.  In the 42d and 14d carbamazepine studies, 

minnows (n = 24) and juvenile catfish (n=18)were exposed to a 250 µg/L solution with a DMF 

carrier solvent and a 125 µg/L carbamazepine solution with an acetone carrier solvent, 

respectively.  Carrier solvent concentrations were below 0.01% in all studies. For each study, 3 

control fish were sampled at the end of the depuration phase. 

2.2 Test Organisms 

The proposed test organisms are Pimephales sp., channel catfish (Ictalurus punctatus), 

and tilapia (Oreochromis niloticus).  

Pimephales sp. were chosen on the basis that they were readily available in the North 

Texas area and were able to be satisfactorily maintained in the laboratory. Channel catfish, 

much like Pimephales sp., were readily available and represent a commonly fished species in 
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the United States. Tilapia, an invasive species living in the sandfilters of the DWRP, were chosen 

because they provide a sampling source of fish exposed to wastewater for their entire lifespan 

and are thus suitable for the calculation of bioaccumulation factors.  

2.3 Field Sampling 

The Denton, Texas Wastewater Reclamation Plant (DWRP) in Denton, TX is an activated 

sludge wastewater treatment plant with a UV disinfection facility that has a capacity of 21 

million gallons per day with an average outflow of approximately 12.5 million gallons per day 

into Pecan Creek which flows into Lake Lewisville (Brooks et al., 2003). Living in the sand filters 

of the DWRP is the invasive species Oreochromis niloticus which were be sampled to obtain 

bioconcentration factors for the test compounds. 

On site, fish were collected and stunned with a blow to the head; whole blood was 

immediately taken from the caudal vein with a heparinized syringe. A 1 L water sample was 

taken from the sand filters. Water, whole fish, and blood samples were kept on ice until they 

were brought back to laboratory for further sample processing.  

2.4 Preparation of Water Samples 

Water samples were filtered at least 24 hours after collection to let the solids settle to 

make filtration easier (Kelly, 2000). All samples were pre-filtered with Whatman glass-fiber 

filters to remove any particles that could interfere with the solid phase extractions (Gomes et 

al., 2003).  

2.4.1 Extraction of Test Compounds from Water Samples 

Ten µL of each of the 5.0 µg/mL internal standards was added to 1 L of each sample. The 

samples were then extracted using 20 mL Oasis HLB extraction cartridges or 20 mL Supel-Select 
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HLB SPE cartridges. Prior to extraction the HLB cartridges were conditioned with 10 mL of 

methanol and then 10 mL of pure water to remove any potentially interfering compounds on 

the cartridges, with care taken not to let the HLB media go dry (Kelly, 2000) (USEPA, 1996). The 

analytes were then extracted and the cartridges were let dry for 30 minutes under vacuum 

after the samples had passed through (USEPA, 1996). The cartridges were then stored in an -

80°C freezer until elution. When ready for elution, cartridges washed with 10 mL of 5% 

methanol in water in order to elute sample interferences. The cartridges were then let dry 

under vacuum for 30 minutes in order to remove any leftover moisture. The compounds were 

then eluted with 10 mL of methanol. 

2.5 Tissue Sample Preparation  

Liver, muscle, and plasma from juvenile channel catfish were collected on days 1, 3, 4, 

and 6 and on days 1, 3, 5, 7, 10, and 14 for the 6d carbamazepine and 14d amiodarone BCF 

studies, respectively.  Liver and muscle from juvenile Pimephales sp. were collected on days 1, 

3, 5, 7, 14, 28, 29, 35, and 42 for the 42d carbamazepine and amiodarone BCF studies. Tilapia 

captured from the sand filters of the Denton Wastewater Reclamation Plant were sampled for 

plasma on-site and brought back to the laboratory where they were immediately sampled for 

liver and muscle. 

On collection, liver, muscle, and total body weight were measured for each fish. Tissues 

were kept on ice during sample collection and subsequently stored at -80°C until further sample 

processing. 
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Prior to sacrifice fish were euthanized with a 300 mg/L solution of MS-222. All fish 

handling methods followed the Institute’s Animal Care Use Committee guidelines (Protocol 

0702). 

Approximately 1 mg of liver and 100-300 mg of muscle tissue for each replicate were 

weighed to the nearest 0.1 mg prior to homogenization. Samples were placed into 5mL 

transport tubes and extraction solvent (1:1 Hexane : Ethyl Acetate), internal standard, and 2.5 

mm diameter glass beads were then added to each transport tube before the tissues  were 

homogenized with a Mini-BeadBeater-8 for 3 minutes. The homogenate was then transferred 

to 15mL centrifuge tubes where 1 mL of Milli-Q water was added. The centrifuge tubes were 

vortexed at high setting for 1 minute and then centrifuged at 2,000 rpm for 10 minutes.  The 

top extraction solvent layer was transferred from the centrifuge tubes to pre-weighed 4 dram 

vials which were then dried under nitrogen gas. The vials were then weighed to obtain the lipid 

weight of the tissues. The vials were reconstituted in 500µL of extraction solvent, transferred to 

LC vials, nitrogen-evaporated, and reconstituted in methanol for the carbamazepine samples 

and in acetonitrile for the amiodarone samples. 

Whole blood collected from channel catfish and tilapia was kept on ice in heparinized 

centrifuge tubes during sample collection. Blood samples were then centrifuged at 10,000 rpm 

for 10 minutes and the  plasma was transferred to heparinized storage tubes which were stored 

at -80°C until further sample processing.   

Ten mL of ice-cold acetone was added to 200 µL of thawed plasma with internal standard 

to precipitate proteins. Samples were vortexed at high speed for 1 minute and then centrifuged 

at 2,000 rpm for 10 minutes. The supernatant was then separated from the pellet by a pipette 
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and transferred to 4 dram vials. The vials were nitrogen-evaporated to complete dryness and 

reconstituted to 10 mL with 1:1 hexane: ethyl Acetate extraction solvent and transferred to 15 

mL centrifuge tubes. 1mL of water was added to the extraction solvent and the centrifuge tubes 

were vortexed and centrifuged at 2,000 rpm for 15 minutes. The extraction solvent layer was 

transferred to 4 dram vials which were then nitrogen evaporated to an approximate volume of 

1 mL and transferred to LC vials that were nitrogen-evaporated to complete dryness and 

reconstituted in methanol for the carbamazepine samples and in acetonitrile for the 

amiodarone samples. 

2.6 S9 Assays 

2.6.1 Uninduced S9 Assays 

Three juvenile catfish were sampled for liver tissue which was then homogenized in a 

2:1 buffer to tissue ratio (v:w) in Phosphate-Buffered Saline (pH 7.4). Homogenized liver tissue 

was then centrifuged at 9000g for 20 minutes at 4°C. S9 supernatant was then separated from 

the pellet to collect the S9 liver fraction which was subsequently stored at -80°C until the S9 

assay was run.  

Each reaction vessel for the S9 assay consisted of S9 liver fraction diluted to 2 mg 

protein mL-1, a NADPH regeneration system consisting of 7mM isocitrate and isocitrate 

dehydrogenase with 0.5 units of activity per mL, and 600µM NADPH. Treatment level s9 

fractions contained 10µM amiodarone or 10 µM carbamazepine. S9 matrix controls and solvent 

controls were run with each assay. Samples were run in triplicate and placed in a 25°C 

reciprocal shaking bath. Time points sampled were 0, 15, 30, 45, and 60 minutes after the 

initiation of the reactions by the addition of NADPH. Reactions were stopped by the addition of 
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500 μL of ethyl acetate after which 10μL of 2.5 mg/L internal standard (AMD-d4 or 

carbamazepine-d2) was then added to each sample. Sample vials were then centrifuged at 

4,000 rpm in a Jouan CR422 centrifuge for 2 minutes at 4°C. The ethyl acetate layer was then 

pipetted out to another amber vial and the original vial was then extracted using the same 

procedure once more to produce a total of 1mL of ethyl acetate extract.  Sample extracts were 

then nitrogen-evaporated to dryness and reconstituted to 1mL in methanol if the test material 

was carbamazepine or to 1mL in acetonitrile is the test material was amiodarone. 

2.6.2 Induced S9 Assays 

Induced S9 assays were run with a similar procedure as stated above. However, prior to 

sacrifice, juvenile catfish were exposed to 250 μg/L solutions of amiodarone or carbamazepine 

in order to induce the production of the cytochrome P450 isoforms responsible for the 

metabolism of these compounds. 

2.7 LC-MS/MS Analysis 

Samples were analyzed with a Waters 2695 Separation Module coupled with a Quattro 

Ultima mass spectrometer running in electrospray positive mode.  The carbamazepine inlet 

method mobile phase was a 30:70 Milli-Q:MeOH with 0.1%  formic acid mixture running at a 

flow rate of 0.2 mL/min (Miao and Metcalfe). Amiodarone inlet method mobile phase was a 

30:70 Milli-Q with 0.1% formic acid: Acetonitrile with 0.1% formic acid mixture running at 0.2 

mL/min (Kuhn et al.) (Ha et al.). The capillary voltage, cone voltage, source temperature, 

desolvation temperature for both the carbamazepine and amiodarone methods were 4 kV, 60 

V, 120°C, and 350°C.  
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The mass spectrometer was set on multiple reaction monitoring mode for carbamazepine 

amiodarone. The mass transitions of carbamazepine, carbamazepine-d2, CBZ-EP, and CBZ-EP 

were 237194, 239196, 253180, and 271253, respectively. Mass transitions for 

amiodarone, amiodarone-d4, and desethylamiodarone were and 646201, 618547, and 

618547, respectively. 
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CHAPTER 3 

FIELD AND LABORATORY FISH TISSUE ACCUMULATION OF THE ANTI-CONVULSANT DRUG 

CARBAMAZEPINE 

3.1 Introduction 

The concern regarding pharmaceuticals in the environment has in part been stimulated 

by the advances in low-level analytical detection of these substances (Ankley et al., 2007; 

Daughton and Ternes, 1999). The main route of entry for pharmaceuticals into surface waters is 

via wastewater effluent discharges following the human excretion of drugs either in unaltered, 

metabolized, or conjugated forms in urine and feces (Daughton and Ternes, 1999; Heberer, 

2002; Ying et al., 2009). Current wastewater treatment plants were not designed for the 

removal of pharmaceuticals and there have been reports of various drugs, such as 

carbamazepine, detected in effluents at concentrations in the ng/L to low µg/L range 

(Andreozzi et al., 2003; Ternes, 1998; Ying et al., 2009). Pharmaceuticals are of special concern 

in areas where treated effluent discharges contribute a significant portion of river flow or are 

used for the production of drinking water (Ying et al., 2009). In the United States, for example, 

approximately 23% of permitted wastewater effluent discharges receive less than a 10 fold 

dilution, with many of these water bodies being heavily effluent dominated (Dorn, 1996). 

Carbamazepine (5H-dibenzo[b,f]azepine-5-carboxamide, CBZ) is a commonly prescribed 

anticonvulsant and mood stabilizer used for the treatment of epilepsy, trigeminal neuralgia, 

bipolar I disorder, and schizophrenia that has been widely available for more than thirty years 

in the United States (Miao and Metcalfe, 2003; Owen, 2006). Carbamazepine’s anti-convulsant 

and anti-neuralgic properties are attributed to its modulation of Na+ channels (2011). The mode 
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of action for its antimanic and antidepressive properties is uncertain; however, it is 

hypothesized that it affects the brain’s arachidonic acid cascade by lowering the turnover rate 

of arachidonic acid, while not affecting the turnover of docosahexaenoic acid (Rao et al., 2008; 

Rapoport and Bosetti, 2002). 

Carbamazepine has been detected as a contaminant in wastewater effluents and 

surface waters worldwide with average effluent concentrations ranging from 80-2,100 ng/L 

(Andreozzi et al., 2003; Fick et al., 2010; Glassmeyer et al., 2005; Nakada et al., 2010; Ternes, 

1998; Ying et al., 2009). Its detection in the environment is likely due to its low removal 

efficiency from wastewater treatment plants, which is usually less than 10% (Nakada et al., 

2010; Ying et al., 2009; Zhang et al., 2008). 

Given the environmental presence of carbamazepine in wastewater effluents and 

surface waters, the purpose of this study was to compare tissue-specific laboratory 

bioconcentration factors (BCFs) for carbamazepine to field derived bioaccumulation factors 

(BAFs) in fish. The laboratory studies involved full and abbreviated tissue-specific BCF studies 

using Pimephales sp.and channel catfish (Ictalurus punctatus), coupled with a field sampling of 

tilapia (Oreochromis niloticus) living in sand filters of the Denton, Texas Wastewater 

Reclamation Plant (DWRP).  

3.2  Materials and Methods 

3.2.1 Chemicals and Reagents 

Carbamazepine (5H-dibenzo[b,f]azepine-5-carboxamide, CAS# 298-46-4) (log KOW=2.45, 

pKa=2.3, water solubility=17.7 mg/L) , tricaine methanesulfonate (MS-222, ethyl 3-

aminobenzoate methanesulfonic acid, CAS# 886-86-2) and N,N-dimethylformamide (DMF, CAS# 
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68-12-2) were obtained from Sigma-Aldrich (St. Louis, MO) (Nghiem et al., 2005).  

Carbamazepine-d2 (CBZ-d2, 5H-Dibenz[b,f]azepine-5-carboxamide-d2) was obtained from 

Toronto Research Chemicals (TRC; North York, ON, Canada).  HPLC grade methanol, ethyl 

acetate, and n-hexane were obtained from Fisher Scientific (Houston, TX).  Milli-Q water was 

obtained from the laboratory’s own Milli-Q water system (Millipore, Billerica, MA). The dilution 

water used in the BCF experiments was dechlorinated tap water from the City of Denton, TX.  

Routine analysis of the dilution water has shown that total organic carbon is < 5mg/L and that 

other contaminants (pesticides, etc) are below the limits of analytical detection. 

3.2.2 Laboratory BCF Studies 

4.3.2.1 Fish Husbandry, Exposure System, and Study Design 

Adult Pimephales sp. (length = 4.7- 6.4 cm) and juvenile channel catfish (length = 10.3 – 

19.6 cm) were obtained from Pond King, Inc. in Gainsville, TX. Fish were transported to the 

University of North Texas Aquatic Toxicology Laboratory and kept for 3d prior to testing.   

Laboratory BCF experiments were conducted according to OECD 305 guidelines (OECD, 1996). 

Fish were kept in standard rearing conditions of a 16:8 light/dark cycle. Weekly water quality 

measurements (Mean ± SD) of temperature, pH, DO, alkalinity, and water hardness for the 42d 

minnow BCF (n=7) were 25 ± 2°C, 8.0 ± 2.2, 7.8 ± 0.6 mg/L, 90 ± 16 mg/L as CaCO3, and 104 ± 41 

mg/L as CaCO3, respectively.  The weekly measured water quality parameters for the 14d 

catfish BCF (n=3)  were 19 ± 2°C, 7.9 ± 2.3, 7.8 ± 0.6 mg/L, 85 ± 12 mg/L as CaCO3, and 96 ± 20 

mg/L as CaCO3, respectively. Minnows and catfish were fed brine shrimp flakes or trout chow, 

respectively, ad libitum twice a day during the course of the experiments. A continuous flow-

through diluter system was used in conjunction with a Harvard Apparatus PHD 2000 infusion 
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syringe pump to deliver the exposure solutions, as previously described by Nallani et al. 

(2011b). Minnow exposure tanks received approximately five volume turnovers per day, while 

channel catfish exposure tanks received three turnovers per day. In both tests, loading rates 

were below 1.0 g of fish per liter of water per day. 

In the 42d full BCF test, minnows (n=60) were randomly distributed into one solvent 

control tank and five exposure tanks, with all aquaria having a 20 L capacity. The exposure tanks 

received a continuous inflow of 300 µg/L CBZ solution using dimethylformamide (DMF) as a 

carrier solvent (< 0.01%). Minnows were exposed for 28 d and then moved into clean tanks 

containing only dilution water for a 14d depuration period. In the 14d CBZ BCF study, juvenile 

catfish (n=18) were place into four 80L aquaria and exposed to a continuous 83 µg/L 

carbamazepine solution (DMF <0.01%). Catfish were exposed to CBZ for 7d and then moved 

into clean aquaria for a 7d depuration phase. 

3.2.3 Field Studies 

The Pecan Creek Wastewater Reclamation Plant (PCWRP) in Denton, TX is an activated 

sludge wastewater treatment plant with a UV disinfection facility.  This facility has 21 million 

gallons per day capacity, with an average outflow of approximately 12.5 million gallons per day 

(Brooks et al., 2003). Living in the sand filters of the DWRP are Oreochromis niloticus, which 

were sampled on June 15, 2010 to obtain tissue-specific proportional bioaccumulation factors 

(BAF) for CBZ. 

On site, fish were euthanized and whole blood was immediately collected from the 

caudal vein with a heparinized syringe.  In addition, a 1L water sample was collected at the 

same time in a glass vessel from the sand filter containing the tilapia. Water, whole fish, and 
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blood samples were kept on ice and transported back to the University of North Texas for 

further sample processing.  

3.2.4 Sample Preparation and LC-MS/MS Analysis  

4.3.4.1 Preparation and Extraction of CBZ from Water Samples  

The water sample from the DWRP sand filters was pre-filtered using Whatman glass-

fiber filters to remove any particles that could interfere with the solid phase extraction (Gomes 

et al., 2003). No acidification was needed prior to extraction as carbamazepine, with a pKa of 

2.3, is likely to be neutral under pH conditions of the environment in which it was collected. 

CBZ-d2 internal standard was added and the samples were extracted using 20 mL Oasis HLB 

extraction cartridges. Prior to extraction, the HLB cartridges were conditioned with 10 mL of 

methanol and then 10 mL of pure water to remove any potentially interfering compounds on 

the cartridges, with care taken not to let the HLB media go dry (Kelly, 2000; USEPA, 1996). CBZ 

was then extracted and the cartridges where let dry for 30 minutes under vacuum after the 

samples had passed through (USEPA, 1996). The cartridges were then stored in an -80°C freezer 

until elution. When ready for elution, the cartridges were washed with 10 mL of 5% methanol in 

water, dried under vacuum for 30 minutes and eluted with 10 mL of methanol. 

Carbamazepine concentrations in the flow-through systems were verified prior to the 

introduction of fish in 42d and 14d BCF studies. Four water samples from each exposure tank in 

both of the BCF studies were then taken on each tissue sampling day. No sample preparation 

was needed for water samples collected from the exposure and solvent control tanks in the BCF 

studies, only the addition CBZ-d2 internal standard. 
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4.3.4.2 Tissue Sample Collection and Preparation  

Prior to sample collection, fish sampled from the full and abbreviated BCF tests were 

anesthetized in a 300 mg/L MS-222 solution. All fish handling methods followed the Institute’s 

Animal Care Use Committee guidelines (Protocol 0702). 

Tissues from catfish (n = 3 for each sampling day) were collected on days 1, 3, 6, 7, 10 

and 14 for the 14d BCF study, while liver and muscle tissue from minnows were collected on 

days 1, 3, 5, 7, 14, 28, 29, 35, and 42 for the 42d CBZ BCF test. Tilapia (n = 5) collected from the 

sand filters of the Denton Wastewater Reclamation Plant were sampled for plasma on-site and 

brought back to the laboratory where they were immediately sampled for liver and muscle. 

On collection, liver, muscle, and total body weight were measured for each fish. Tissues 

were kept on ice during sample collection and subsequently stored at -80°C until further sample 

processing. 

Approximately 1 mg of liver, 100-300 mg of muscle, and 100 mg of brain tissue from 

each replicate fish were weighed to the nearest 0.1 mg prior to homogenization. Samples were 

placed into 5mL transport tubes and extraction solvent (1:1 hexane : ethyl acetate), internal 

standard, and 2.5 mm diameter glass beads were then added to each transport tube before the 

tissues  were homogenized with a Mini-BeadBeater-8 for 3 minutes. The homogenate was then 

transferred to 15mL centrifuge tubes where 1 mL of Milli-Q water was added. The centrifuge 

tubes were vortexed at high setting for 1 minute and then centrifuged at 2,000 rpm for 10 

minutes.  The top extraction solvent layer was transferred from the centrifuge tubes to pre-

weighed 4 dram vials which were then dried under nitrogen gas. The vials were then weighed 
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to obtain the lipid weight of the tissues. The vials were reconstituted in 500µL of extraction 

solvent, transferred to LC vials, nitrogen-evaporated, and reconstituted in methanol. 

Whole blood collected from catfish and tilapia was kept on ice in heparinized centrifuge tubes 

during sample collection. Blood samples were then centrifuged at 12,000 g for 10 minutes and 

the  plasma was transferred to heparinized storage tubes which were stored at -80°C until 

further sample processing.  In order to prepare plasma for analysis, 10mL of ice-cold acetone 

was added to 200 µL of thawed plasma with internal standard to precipitate proteins. Samples 

were vortexed at high speed for 1 minute and then centrifuged at 2,000 rpm for 10 minutes. 

The supernatant was then separated from the pellet by a pipette and transferred to 4 dram 

vials. The vials were nitrogen-evaporated to complete dryness and reconstituted to 10 mL with 

1:1 Hexane: Ethyl Acetate extraction solvent and transferred to 15 mL centrifuge tubes. 1mL of 

water was added to the extraction solvent and the centrifuge tubes were vortexed and 

centrifuged at 2,000 rpm for 15 minutes. The extraction solvent layer was transferred to 4 dram 

vials which were then nitrogen evaporated to an approximate volume of 1 mL and transferred 

to LC vials that were nitrogen-evaporated to complete dryness and reconstituted in methanol. 

3.2.5 LC- MS/MS 

Samples were analyzed with a Waters 2695 Separations Module coupled with a Waters 

Quattro Ultima Mass Spectrometer running in electrospray positive ionization mode following 

the method developed by Miao and Metcalfe (2003).  The carbamazepine inlet method mobile 

phase was 30:70 Milli-Q:MeOH with 0.1%  formic acid mixture, running at a flow rate of 0.2 

mL/min. The capillary voltage, cone voltage, source temperature, desolvation temperature 

were 4 kV, 60 V, 120°C, and 350°C, respectively. The mass spectrometer was set on multiple 
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reaction monitoring mode (MRM) and the precursor > product mass transitions for CBZ and 

CBZ-d2 were 237>194 and 239>196, respectively. A ten-point calibration curve was used to 

quantify CBZ (1 ppm – 1.95 ppb), with standard recovery experiments conducted with tissues 

and water during sample analysis. 

3.2.6 BCFk and BAF Estimation 

Tissue-specific BCFks were determined as the ratio between the uptake (k1) and 

depuration (k2) rate constants, assuming first-order kinetics, following the methods described 

by Newman (1995). BAFs were calculated by determining the ratio between the CBZ 

concentrations in the tissues to the measured CBZ concentration in the water sample taken in 

the DWRP’s sand filters. 

3.3 Results 

3.3.1 Measured Test Concentrations and Spike Recoveries  

The time-weighted measured CBZ exposure concentrations for the 42d minnow 

(nominal concentration 300 µg/L) and 14 d channel catfish (nominal concentration 125 µg/L) 

studies were 298 ± 29 µg/L and 83 ± 13 µg/L, respectively. CBZ water concentrations were 

maintained within ± 20% of the mean of the measured values during the uptake phase as 

described in the OECD 305 protocol No CBZ was detected in any of the solvent control water 

samples (<0.5 µg/L). 

Percent recoveries from white muscle, liver, plasma, brain,  and water spikes conducted 

during the studies were 110 ± 13% (n=5), 98 ± 9.8% (n=5), 102 ± 11.4 % (n=6), 95 ± 2.4 % (n=4), 

and 98.2 ± 3.6% (n=4), respectively. Percent recovery and Percent Relative Standard Deviation 
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(% RSD) for the solid-phase extraction were 96 ± 10.2% (n=3). Precision of the LC-MS/MS 

(%RSD) was calculated to be 1.9% (n=8) using a continuing calibration standard (CONCAL). 

3.3.2 Laboratory BCF Studies 

4.3.2.1 Pimpephales sp. 

Average carbamazepine concentrations (ng/g wet wt.) in minnow liver and muscle 

tissue during the uptake and depuration phases of the 42d flow-through test are presented in 

Fig. 4. Accumulation of CBZ in muscle and liver varied between 324-414 and 892-1,503 ng/g wet 

wt., respectively. CBZ levels in the tissues of the fish from the solvent control were below the 

limit of detection (< 1 ng/g).  Wet weight and lipid normalized tissue-specific carbamazepine 

BCFs ranged from 1.9 to 4.6, with the highest BCF observed in the liver (Table 3). 

4.3.2.2 Channel Catfish 

Average carbamazepine concentrations (ng/g wet wt.) in the liver, muscle, and brain of 

channel catfish during the uptake and depuration phases of the flow-through tests are 

presented in Fig. 2. White muscle CBZ levels ranged from 2.6-302.6 ng/g wet weight, with liver 

and brain CBZ wet weight levels in the same concentration range. Average CBZ concentrations 

in the catfish plasma were 1.9 mg/mL.  The wet weight kinetic BCFs ranged from 1.5 to 7.1 

(Table 3), with similar values derived in the liver, muscle and brain. 

4.3.2.3 Field Study: Tilapia BAF Values 

The average CBZ concentrations in the wastewater effluent and tilapia white muscle, 

liver, and plasma were 273.6 ± 19.9 ng/L, 1.03 ± 0.51 ng/g wet wt., and 0.77 ± 0.15 ng/g wet 

wt., and 693.0 ± 228.6 ng/L, respectively.  Tissue-specific proportional CBZ BAF values ranged 

from 2.5 – 3.8 (Table 3).  
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3.4 Discussion  

There is a lack of acute and chronic ecotoxicological data available for carbamazepine, a 

widely used drug that has been available in the United States for over 30 years (Miao and 

Metcalfe, 2003). However, available data show that carbamazepine is neither acutely nor 

chronically toxic to fish based on an acute EC50 of 35.4 mg/L on Japanese medaka (Oryzias 

latipes) and chronic No Observed Effect Concentration (NOEC) and Lowest Observed Effect 

Concentration (LOEC) values of 25 mg/L and 50 mg/L, respectively, with Danio rerio (Ferrari et 

al., 2003; Kim et al., 2007). The cladoceran C. dubia, however, seems to be much more sensitive 

to this pharmaceutical than fish as it displayed chronic NOEC and LOEC values of 25 and 100 

μg/L, respectively (Ferrari et al., 2003).   

The purpose of the studies presented herein was to obtain and compare laboratory 

exposure and field exposure-derived tissue-specific bioconcentration factors (BCFs) for 

carbamazepine. While the typical OECD 305 bioconcentration protocol suggests whole fish 

BCFs, this study focused on tissue-specific accumulation factors as information regarding 

potential sites of toxic action may be gained in this approach (OECD, 1996).  Further, few 

studies have focused on the predictive nature of laboratory BCF studies to field derived values 

for pharmaceuticals. 

Laboratory derived kinetic carbamazepine tissue BCF values ranged from 1.5-7.1.  

Steady state BCFs ranged from 0.3-2.9 (Table 3), while tissue BAFs from field collected tilapia 

ranged from 2.5 to 3.8. These results correspond well to other published laboratory reports but 

are less than half the predicted BCF for carbamazepine at 8 of 16.2 (SciFinder,2013).  Zhang et 

al. (2010) reported laboratory BCFs for rainbow trout muscle and adipose to be 0.52 and 4.16, 
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respectively, while a 0.44 muscle BCF value has also been reported (Zhou et al., 2008).  

Meredith-Williams et al. (2012) reported aquatic invertebrate carbamazepine BCF values 

ranging from 0.2 to 7.1.  Ramirez et al. (2009) reported carbamazepine concentrations in field 

collected fish that were similar to both the laboratory and field collected fish in this study. The 

lack of significant accumulation in fish is further supported by mammalian disposition studies.  

In mice, approximately 68% of an interperitoneal carbamazepine dose was eliminated in feces 

and urine within 24hr (Amore et al., 1997).  Carbamazepine metabolites (glucoronides, 

epoxides, etc) were in high abundance in the urine of these mice, suggesting that 

carbamazepine is rapidly metabolized (Amore et al., 1997).  Metabolism may be one factor 

leading to low BCF and BAF values in fish for which in vitro metabolism studies may help 

identify the extent to which this process alters carbamazepine accumulation (Gomez et al., 

2010).  

This study represents first report of a fish liver and brain BCF value. As carbamazepine 

acts therapeutically in the brain, one may hypothesize that brain levels of carbamazepine would 

be higher.  However, catfish data suggest that the carbamazepine levels are similar across 

multiple tissues. Considering the concentrations of carbamazepine in catfish tissues and 

minnow liver (Fig. 4 and Fig. 5) during the uptake portion of the study, it appears as if 

carbamazepine accumulates rapidly (approximately 24hrs) and then decreases in 

concentration.  This rapid accumulation and subsequent decrease was also noted by Huggett et 

al. (2004), where carbamazepine accumulated in rainbow trout plasma over a 24hr period and 

then decreased in concentration for the balance of the 96hr exposure period.  As previously 
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mentioned, metabolism of carbamazepine may have a role in the decrease of carbamazepine in 

fish tissues, even though the fish is still being exposed to the drug. 

Fish plasma concentrations of pharmaceuticals have been proposed as a screening 

technique to determine whether a pharmaceutical poses a hazard to fish (Fick et al., 2010; 

Huggett et al., 2003; Huggett et al., 2004).  The plasma concentration measured in field 

collected tilapia (0.693 ± 0.229 ng/mL) was less than the human therapeutic plasma 

concentration of 2,000 ng/mL (Schulz and Schmoldt, 2003), suggesting that CBZ has little 

potential to elicit a pharmacological response in those fish.  The premise of this approach rests 

in the ability to predict or measure the concentration of a drug that will partition from water 

into fish plasma (blood:water partitioning factors or KB:W), for which lipophillicity (i.e. LogD or 

LogKow) has been proposed to be the key parameter in PB:W calculation.  Several studies have 

recently begun to experimentally investigate the PB:W of pharmaceuticals (Fick et al., 2010; 

Nallani et al., 2011; Nallani et al., 2012; Winter et al., 2008).  Carbamazepine PB:W values were 

experimentally calculated for catfish in this study (PB:W = 1.4) (Table 4).  This PB:W  value 

indicates that there is a similar concentration of carbamazepine in the fish plasma in 

comparison to the water.  This catfish value is higher than the 0.2 PB:W value reported by 

Huggett et al. (2004). The tilapia field PB:W derived value was slightly higher (PB:W = 2.5) than the 

laboratory catfish value.  However, the catfish and tilapia PB:W values were  similar to that of 

Fick et al. (2010)who reported a field collected rainbow trout range of 0.8 to 4.2. The calculated 

PB:W solely based on the LogD of carbamazepine (LogD = 1.65) is 2.11, which is similar to the 

laboratory and field derived values (Huggett et al., 2003; Huggett et al., 2004). Data from this 
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study suggest that carbamazepine PB:W does not vary much between laboratory and field data 

(PB:W = 1.4 vs. 2.5).   

Given the plasma and tissue specific residue data, blood:tissue partitioning values can 

be calculated (Table 4).  These partition coefficients may be helpful for back calculating 

approximate concentrations of carbamazepine in any of these tissues if given another tissue 

concentration.  The catfish partitioning values, based on Day 7 measurements, indicate that a 

slightly higher concentration of carbamazepine resides in the plasma relative to the individual 

tissues.  However, the tilapia partitioning values are closer to 1, indicating that the 

concentrations in the tissues are similar to those in the plasma.  The difference between the 

two values could be due to the fact that carbamazepine does not appear to be at steady-state 

in the catfish (Fig. 5).  The concentration of carbamazepine in the catfish tissues appears to be 

decreasing.  The minnow data suggest that the decrease in carbamazepine tissue 

concentrations cease between Day 7 and 14 (Fig. 4).  The tilapia, which have resided in the 

treatment plant sand filter for years, are likely at steady state with the carbamazepine. The 

minnow, catfish and tilapia data suggest that carbamazepine tissue concentrations in fish will 

be similar or slightly higher to concentrations observed in fish plasma. 

Collectively, these data suggest that laboratory BCF and field BAF values are similar for 

carbamazepine.  The short-term laboratory BCF study with catfish yielded similar calculated BCF 

values when compared to minnows that exposed to carbamazepine following the OECD 305 

guideline.  The findings of this study suggest that the concentration of carbamazepine in 

individual tissues will be similar, and that the BCF and BAF carbamazepine values are < 10. 
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Table 3  

Wet weight tissue-specific BCFs for Pimephales sp. and I. punctatus from laboratory exposures, as well as wet weight BAFs for field 
collected O. niloticus.  

Tissue  Pimephales sp.   I. punctatus  O. niloticus 

BCFk BCFk 95 % CI BCFss  BCFk BCFk 95 % CI BCFss  BAF 

Muscle  1.9 (1.1, 2.6) 1.3 ± 0.2  1.8 (0.2, 3.46)  0.3 ± 0.7  2.8 

Liver  4.6 (3.7, 5.6) 2.9 ± 0.5  1.5 (0.3, 2.8) 0.5 ± 0.5  3.8 

Plasma  --- --- ---  7.1 (1.2, 14.9) 0.5 ± 0.4  2.5 

Brain  --- --- ---  1.6 (0.3, 2.9) 0.6 ± 0.4  --- 

*BCFss ± SD were calculated using fish tissue and water concentrations at end of uptake 
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Table 4  

Partition coefficients (P) for CBZ in different compartments based on I. punctatus bioconcentration study and a field sampling of O. 
niloticus. 

Tissue compartments Partition Coefficient 

 I. punctatus * O. niloticus 

P Blood: water  1.4 2.5 

P Blood: liver 2.2 0.7 

P Blood: muscle 

P Blood: Brain 

3.5 

2.1 

0.9 

-- 

*Calculated from the ratio of concentration of CBZ in catfish plasma to the water/tissue compartment on Day 7 
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Fig. 4. Carbamazepine concentration (ng/g wet wt. or ng/mL, mean ± SD, n=3) in muscle and liver of Pimephales sp. exposed to 298 
µg carbamazepine/L. 
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Fig. 5. Carbamazepine concentration (ng/g wet wt. or ng/mL, mean ± SD, n=3) in muscle, brain, liver, and plasma of channel catfish 
exposed to 83 µg carbamazepine/L. 
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CHAPTER 4 

FIELD AND LABORATORY FISH TISSUE ACCUMULATION OF THE ANTIARRYTHYMIC DRUG 

AMIODARONE 

4.1 Introduction 

The concern regarding pharmaceuticals in the environment has in part been stimulated 

by the advances in low-level analytical detection of these substances (Ankley et al., 2007; 

Daughton and Ternes, 1999). The main route of entry for pharmaceuticals into surface waters is 

via wastewater effluent discharges following the human excretion of drugs either in unaltered, 

metabolized, or conjugated forms in urine and feces (Daughton and Ternes, 1999; Heberer, 

2002; Ying et al., 2009). Current wastewater treatment plants were not designed for the 

removal of pharmaceuticals and there have been reports of various drugs detected in effluents 

at concentrations in the ng/L to low µg/L range (Andreozzi et al., 2003; Ternes, 1998; Ying et al., 

2009). Pharmaceuticals are of special concern in areas where treated effluent discharges 

contribute a significant portion of river flow or are used for the production of drinking water 

(Ying et al., 2009). In the United States, for example, approximately 23% of permitted 

wastewater effluent discharges receive less than a 10 fold dilution, with many of these water 

bodies being heavily effluent dominated (Dorn, 1996). 

One of the methods used in the risk screening of pharmaceuticals is the measurement 

of its bioaccumulation potential. Bioaccumulation is the process by which a chemical is 

absorbed from all sources at a rate that exceeds its elimination (i.e. across the gills, fecal 

egestion, metabolic biotransformation, and growth dilution) resulting in a higher concentration 

of the chemical in the organism relative to its concentration in the water (Arnot and Gobas, 
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2006; OECD, 1996). The degree to which this process occurs is expressed as the 

bioaccumulation factor, although the bioconcentration factor (BCF)---which only accounts for 

absorption from water--- is often used as a surrogate measure (European-Union, 2006; Gomez 

et al., 2010). Because a chemical’s BCF and BAF represent its potential to partition to and 

remain in an organism, a high BCF or BAF could indicate a high potential for chronic toxic 

effects. These measures are used by regulatory agencies in the classification of persistent, 

bioaccumulative, and toxic substances. Chemicals with a BCF greater than 2,000 or a log KOW 

greater than 4.5 are classified as bioaccumulative by the European Union (European-Union, 

2006). 

Despite its regulatory importance, however, there is a scarcity of BCF data with less than 

4% of organic chemicals having measured BCFs. Accordingly, most countries allow the in silico 

determination of BCFs in place of empirically-derived BCF values in risk assessment screenings 

of chemicals. These computer models are usually derived from a linear regression between 

experimentally-derived BCFs of similar compounds and the chemical’s log KOW (Arnot and 

Gobas, 2006). These models, however can incorrectly predict bioconcentration potential in 

chemicals that can be metabolized (Arnot and Gobas, 2006; Nichols et al., 2007a).  

Amiodarone (2-butyl-3-benzofuranyl) {4-[2-(diethylamino)ethoxy]-3,5-

diiodophenyl}methanone, is a Class III antiarrhythmic and anti-anginal drug whose mechanism 

of action is blocking myocardial potassium ion channels (Ha et al., 2001; Kuhn et al., 2010). Its 

only known human metabolite is mono-N-desethylamiodarone which is known to be produced 

by CYP3A4, 1A1, and 2C8 (Elsherbiny et al., 2008; Ha et al., 2001). Although amiodarone is one 

of the most popular generic drugs in the United States by retail dollars (SDI/Verispan, 2010), 
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there is no peer-reviewed research on the presence of amiodarone in the environment nor any 

laboratory-derived bioaccumulation data. Given its high log Kow (7.57) and potential to 

accumulate in organisms as well as its potential to be metabolized, the purpose of this study 

was to compare tissue-specific laboratory bioconcentration factors (BCFs) for amiodarone to 

field derived bioaccumulation factors (BAFs) in fish. The laboratory studies involved full and 

abbreviated tissue-specific BCF studies using Pimephales sp.and channel catfish (Ictalurus 

punctatus), coupled with a field sampling of tilapia (Oreochromis niloticus) living in sand filters 

of the Denton, Texas Wastewater Reclamation Plant (DWRP).  

4.2 Materials and Methods 

4.2.1 Chemicals and Reagents 

Amiodarone hydrochloride (2-butyl-3-benzofuranyl) {4-[2-(diethylamino)ethoxy]-3,5-

diiodophenyl}methanone hydrochloride, CAS # 19774-82-4, log D at pH 7.4 =5.87), tricaine 

methanesulfonate (MS-222, ethyl 3-aminobenzoate methanesulfonic acid, CAS# 886-86-2) and 

N,N-dimethylformamide (DMF, CAS# 68-12-2) were obtained from Sigma-Aldrich (St. Louis, 

MO) (Nghiem et al., 2005).  Amiodarone-d4 (AMD-d4, 2-butyl-3-benzofuranyl) {4-[2-

(diethylamino)ethoxy]-3,5-diiodophenyl} ketone-d4) was obtained from Toronto Research 

Chemicals (TRC; North York, ON, Canada).  HPLC grade methanol, ethyl acetate, and n-hexane 

were obtained from Fisher Scientific (Houston, TX).  Milli-Q water was obtained from the 

laboratory’s own Milli-Q water system (Millipore, Billerica, MA). The dilution water used in the 

BCF experiments was dechlorinated tap water from the City of Denton, TX.  Routine analysis of 

the dilution water has shown that total organic carbon is < 5mg/L and that other contaminants 

(pesticides, etc) are below the limits of analytical detection. 
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4.2.2 Laboratory BCF Studies 

Laboratory BCF experiments were conducted according to OECD 305 guidelines. Fish 

were kept in standard rearing conditions of 25°C and a 16:8 light/dark cycle. A continuous flow-

through diluter system was used in conjunction with a Harvard Apparatus PHD 2000 infusion 

syringe pump to deliver the exposure solutions. Pimephales sp. exposure tanks received 

approximately 5 turnovers per day while Ictalurus punctatus exposure tanks received 

approximately 2 turnovers per day.  

In the 42d and 14d amiodarone studies, minnows and juvenile catfish were exposed to 

250 µg/L solutions using dimethlyformamide (DMF) as a carrier solvent.   

4.2.3 Field Studies 

The Pecan Creek Wastewater Reclamation Plant (PCWRP) in Denton, TX is an activated 

sludge wastewater treatment plant with a UV disinfection facility.  This facility has 21 million 

gallons per day capacity, with an average outflow of approximately 12.5 million gallons per day 

(Brooks et al., 2003). Living in the sand filters of the DWRP are Oreochromis niloticus, which 

were sampled on June 15, 2010 to obtain tissue-specific proportional bioaccumulation factors 

(BAF) for AMD. 

On site, fish were euthanized with 300 mg/L MS-222 and whole blood was immediately 

collected from the caudal vein with a heparinized syringe.  In addition, a 1L water sample was 

collected at the same time in a glass vessel from the sand filter containing the tilapia. Water, 

whole fish, and blood samples were kept on ice and transported back to the University of North 

Texas for further sample processing.  
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4.2.4 Sample Preparation 

The water sample from the DWRP sand filters was pre-filtered using Whatman glass-

fiber filters to remove any particles that could interfere with the solid phase extraction (Gomes 

et al., 2003). No acidification was needed prior to extraction as amiodarone, with a pKa of 6.56, 

is likely to be neutral under pH conditions of the environment in which it was collected (Bonati 

et al., 1984). Amiodarone-d4 internal standard was added and the samples were extracted 

using 20 mL Oasis HLB extraction cartridges. Prior to extraction, the HLB cartridges were 

conditioned with 10 mL of methanol and then 10 mL of pure water to remove any potentially 

interfering compounds on the cartridges, with care taken not to let the HLB media go dry (Kelly, 

2000; USEPA, 1996). AMD was then extracted and the cartridges where let dry for 30 minutes 

under vacuum after the samples had passed through (USEPA, 1996). The cartridges were then 

stored in an -80°C freezer until elution. When ready for elution, the cartridges were washed 

with 10 mL of 5% methanol in water, dried under vacuum for 30 minutes and eluted with 10 mL 

of methanol. 

Amiodarone concentrations in the flow-through systems were verified prior to the 

introduction of fish in 42d and 14d BCF studies. Four water samples from each exposure tank 

from each of the three BCF studies were then taken on each tissue sampling day. No sample 

preparation was needed for the water samples collected from the exposure and solvent control 

tanks in the BCF studies, only the addition AMD-d4 internal standard. 

4.2.5 LC-MS/MS Analysis 

Samples were analyzed with a Waters 2695 Separation Module coupled with a Quattro 

Ultima Mass Spectrometer running in electrospray positive mode.  The amiodarone inlet 
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method mobile phase was a 30:70 Milli-Q with 0.1% formic acid: Acetonitrile with 0.1% formic 

acid mixture running at 0.2 mL/min (31) (32). The capillary voltage, cone voltage, source 

temperature, desolvation temperature were 4 kV, 60 V, 120°C, and 350°C, respectively 

The mass spectrometer was set on multiple reaction monitoring mode (MRM) and the 

precursor > product mass transitions for amiodarone, amiodarone-d4, and desethylamiodarone 

were and 646201, 618547, and 618547, respectively. A ten-point calibration curve was 

used to quantify AMD (4 ppm – 1.95 ppb), with standard recovery experiments conducted with 

tissues and water during sample analysis. 

4.2.6 BCFk and BAF Estimation 

Tissue-specific BCFks were determined as the ratio between the uptake (k1) and 

depuration (k2) rate constants, assuming first-order kinetics, following the methods described 

by Newman (1995). BAFs were calculated by determining the ratio between the CBZ 

concentrations in the tissues to the measured CBZ concentration in the water sample taken in 

the DWRP’s sand filters. 

4.3 Results 

4.3.1 Measured Test Concentrations and Spike Recoveries 

The time-weighted measured AMD exposure concentrations for the 42d minnow, 14 d 

minnow, and 14 d channel catfish studies (nominal concentrations 250 µg/L) were 248 ± 29 

µg/L, 220 ± 18 µg/L,  and 283 ± 13 µg/L, respectively. AMD water concentrations were 

maintained within ± 20% of the mean of the measured values during the uptake phase as 

described in the OECD 305 protocol. No AMD was detected in any of the solvent control water 

samples (<0.5 µg/L). 
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Percent recoveries from white muscle, liver, plasma, and water spikes conducted during 

the studies were 97 ± 11% (n=5), 92 ± 9.5% (n=5), 86 ± 5.4 % (n=4), and 98 ± 6.6% (n=4), 

respectively. Percent recovery and Percent Relative Standard Deviation (% RSD) for the solid-

phase extraction were 98 ± 8.1% (n=3). Precision of the LC-MS/MS (%RSD) was calculated to be 

2.2% (n=8) using a continuing calibration standard (CONCAL). 

4.3.2 Laboratory BCF Studies 

4.3.2.1 42 d Pimephales sp. BCF Study 

Average amiodarone concentrations (ng/g wet wt.) in minnow liver and muscle tissue 

during the uptake and depuration phases of the 42d flow-through test are presented in Fig. 6. 

Accumulation of AMD in muscle and liver varied between 444-280,515 and 2,415-1,579,146 

ng/g wet wt., respectively. AMD levels in the tissues of the fish from the solvent control were 

below the limit of detection (< 1 ng/g).  Wet weight tissue-specific AMD BCFs ranged from 37-

1,074, with the highest BCF observed in the liver (Table 5).  

4.3.2.2 14 d Pimephales sp. BCF Study 

Average amiodarone concentrations (ng/g wet wt.) in minnow liver and muscle tissue 

during the uptake and depuration phases of the 42d flow-through test are presented in Fig. 7. 

Accumulation of AMD in muscle and liver varied between 1,000-9,897 and 780-1,095,269 ng/g 

wet wt., respectively. AMD levels in the tissues of the fish from the solvent control were below 

the limit of detection (< 10 ng/g).  Wet weight tissue-specific AMD BCFs ranged from 49-987, 

with the highest BCF observed in the liver (Table 5).  
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4.3.2.3 Ictalurus punctatus 

Average amiodarone concentrations (ng/g wet wt.) in the liver and muscle of channel 

catfish during the uptake and depuration phases of the flow-through tests are presented in Fig. 

8. White muscle CBZ levels ranged from 9,525-580,912 ng/g wet weight, with liver AMD wet 

weight levels ranging from 142,848-894,378  ng/g. The wet weight kinetic BCFs ranged from 

1,035-1,668 (Table 5). Average AMD concentrations in the catfish plasma were 33 μg/ml. 

4.3.3 Field Study: Tilapia BAF Values 

Amiodarone was not detected in the wastewater effluent nor in the tilapia white 

muscle, liver, and plasma samples (detection limit 10 ng/L) (Table 5).  

4.4 Discussion 

There is a lack of acute and chronic ecotoxicological data available for amiodarone, a 

widely used drug that has been available in the United States since the mid 1970s (Rosenbaum 

et al., 1976). The only study that evaluated the ecotoxicity of amiodarone was an early life stage 

test on fathead minnows (Pimephales promelas) conducted by Overturf et al. (2012), which 

showed it to have an LC50 of 526 μg/L and chronic No Observed Effect Concentration (NOEC) 

and Lowest Observed Effect Concentration (LOEC) values of 623 μg/L and 1020 mg/L, 

respectively (Overturf et al., 2012). It is not known whether this pharmaceutical poses a risk to 

aquatic organisms as there is no peer-reviewed research available on its detection or presence 

in the aquatic environment. Like many organic compounds, laboratory-derived bioaccumulation 

data is also lacking, although the EPA’s BCFWIN model predicts this weak base to be highly 

bioaccumulable with predicted BCFs at 16,800 at pH 7 and 140,000 at pH 8.  
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The purpose of the studies presented herein was to obtain and compare laboratory 

exposure and field exposure-derived tissue-specific bioconcentration factors (BCFs) for 

amiodarone. While the typical OECD 305 bioconcentration protocol suggests whole fish BCFs, 

this study focused on tissue-specific accumulation factors as information regarding potential 

sites of toxic action may be gained in this approach (OECD, 1996).  Further, few studies have 

focused on the predictive nature of laboratory BCF studies to field derived values for 

pharmaceuticals. 

Laboratory derived amiodarone tissue BCF values ranged from 37-1,668 (Table 5). 

Tissue BAFs from field-collected tilapia could not be calculated as no amiodarone was detected 

in the samples. These results differ significantly from amiodarone’s estimated BCF as calculated 

from BCFWIN (Jean et al., 2012). At the pH in which the laboratory studies were conducted, 

amiodarone’s estimated BCFWIN BCF was 140,000. However, in vivo fish results yielded BCF 

values that were approximately eighty-four times below this estimate. It did not accumulate in 

fish to regulatory threshold levels, which is not supported by mammalian disposition studies 

where in mice, amiodarone has a serum elimination half-life times that range from 30-120 days 

(Kuhn et al., 2010). Metabolism may be one factor leading to low BCF in fish for which in vitro 

metabolism studies may help identify the extent to which this process alters amiodarone 

accumulation (Gomez et al., 2010).  

This study represents the first report of laboratory-derived amiodaone BCF values. As 

the measured BCF values were much lower than BCFWIN’s BCF prediction, it was hypothesized 

that metabolism plays a great role for this discrepancy and that the highest levels of 

amiodarone would be found in the liver. While this hypothesis is supported by the minnow 
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studies, catfish data suggest that amiodarone tends to accumulate in the muscle to a slightly 

higher degree. Considering the concentrations of amiodarone in catfish and minnow tissue (Fig. 

6, Fig. 7, Fig. 8) during the uptake portion of the studies, it appears as if amiodarone did not 

reach steady-state conditions. In 42d laboratory exposure study with minnows, amiodarone 

continued to accumulate in liver during the uptake phase up until day 14, followed by a 

subsequent decrease in concentration during the rest of the uptake phase. Similar trends 

where amiodaone tissue concentrations peaked and subsequently started decreasing during 

the uptake phase were observed in the 14d exposure study for minnow muscle and liver tissue 

as well as in catfish liver tissue. As previously mentioned, metabolism of amiodarone may have 

a role in the decrease of carbamazepine in fish tissues, even though the fish is still being 

exposed to the drug. The difference between minnow and catfish muscle BCF can be explained 

in part by differences in the lipid content of the fish as minnows had an average white muscle 

lipid content of 2.2% while catfish white muscle lipid content was approximately 5.1%.  

Given the plasma and tissue specific residue data, blood:tissue partitioning values can 

be calculated (Table 6).  These partition coefficients may be helpful for back calculating 

approximate concentrations of amiodarone in any of these tissues if given another tissue 

concentration.  The catfish partitioning values, based on Day 7 measurements, indicate that 

amiodarone partitions approximately 800-2,600 times more in muscle and liver, respectively, 

relative to plasma.  However, steady states were not reached in muscle nor liver. 

Collectively, these data suggest that laboratory BCF values across minnows and catfish 

are similar for amiodarone.  The short-term 14d  laboratory BCF studies with catfish and 

minnows yielded similar calculated BCF values when compared to minnows that were exposed 
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to carbamazepine following the 42 day OECD 305 guideline.  The findings of this study suggest 

that the concentration of amiodarone in individual tissues will be similar, and that the BCF 

amiodarone values are < 1,668. 
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Table 5 

Wet weight tissue-specific BCFs for Pimpephales sp. and I. punctatus from laboratory exposures, as well as wet weight BAFs for field 
collected O. niloticus.  

Tissue  42 d Pimephales sp.  14d Pimephales sp.  I. punctatus 

BCFk BCFk 95% CI BCFSS  BCFk BCFk 95% CI BCFSS  BCFk BCFk 95% CI BCFSS 

Muscle  37 (25, 55) 22 ± 12  49 (,)   1,668 (1213, 2121) 782 ± 682 

Liver  1,074 (586, 1980) 2224 ± 1269  987 (,)   1,035 (565, 1503) 2618 ± 1021 
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Table 6 

Partition coefficients (P) for AMD in different compartments based on I. punctatus bioconcentration study. 

Tissue compartments Partition Coefficient 

 I. punctatus * 

P Blood: water  112.1 

P Blood: liver 0.043 

P Blood: muscle 0.14 

*Calculated from the ratio of concentration of CBZ in catfish plasma to the water/tissue compartment on Day 7 
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Fig. 6. Amiodarone concentration (ng/g wet wt. or ng/mL, mean ± SD, n=3) in muscle and liver of Pimephales sp. exposed to 250 μg 
AMD/L in full 42d study. 
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Fig. 7. Amiodarone concentration (ng/g wet wt. or ng/mL, mean ± SD, n=3) in muscle and liver of Pimephales sp. exposed to 250 μg 
AMD/L in reduced, 14d study. 
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Fig. 8. Amiodarone concentration (ng/g wet wt. or ng/mL, mean ± SD, n=3) in muscle and liver of Ictalurus punctatus. exposed to 250 
μg AMD/L.
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CHAPTER 5 

S9 IN VITRO METABOLISM OF CARBAMAZEPINE AND AMIODARONE 

5.1 Introduction 

Bioaccumulation is the process by which a chemical is absorbed from all sources at a 

rate that exceeds its elimination (i.e. across the gills, fecal egestion, metabolic 

biotransformation, and growth dilution) resulting in a higher concentration of the chemical in 

the organism relative to its concentration in the water (Arnot and Gobas, 2006; OECD, 1996). 

The degree to which this process occurs is expressed as the bioaccumulation factor, although 

the bioconcentration factor (BCF)---which only accounts for absorption from water--- is often 

used as a surrogate measure (European-Union, 2006; Gomez et al., 2010). Because a chemical’s 

BCF and BAF represent its potential to partition to and remain in an organism, a high BCF or BAF 

could indicate a high potential for chronic toxic effects. These measures are used by regulatory 

agencies in the classification of persistent, bioaccumulative, and toxic substances. Chemicals 

with a BCF greater than 2,000 or a log KOW greater than 4.5 are classified as bioaccumulative by 

the European Union (European-Union, 2006). 

Despite its regulatory importance, however, there is a scarcity of BCF data with less than 

4% of organic chemicals having measured BCFs. Accordingly, most countries allow the in silico 

determination of BCFs in place of empirically-derived BCF values in risk assessment screenings 

of chemicals. These computer models are usually derived from a linear regression between 

experimentally-derived BCFs of similar compounds and the chemical’s log KOW (Arnot and 

Gobas, 2006). These models, however can incorrectly predict bioconcentration potential in 

chemicals that can be metabolized (Arnot and Gobas, 2006; Nichols et al., 2007a).  
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In vitro test systems can be used to assess the metabolism of a compound and refine 

BCF estimates from current bioaccumulation models (Nichols et al., 2007a). Moreover, BCF 

estimates derived using the metabolic transformation data obtained from in vitro assays can 

provide a good alternative to in vivo BCF tests in terms of lowered cost, time, and reduced 

animals use. (Cowan-Ellsberry et al., 2008; de Wolf et al., 2007; Han et al., 2008; Han et al., 

2007; Han et al., 2009; Johanning et al., 2012; Nichols et al., 2007a; Nichols et al., 2007b; 

Nichols et al., 2006; Parkerton et al., 2008).   

 There is a lack of in vitro metabolism data on ionizable compounds in fish, with most 

research and risk assessments having focused on un-ionizable, lipophilic chemicals. However, 

there is growing concern for ionizable compounds, such as pharmaceuticals, as their 

bioaccumulation potential can change drastically, depending on the pH of matrix they inhabit. 

This study investigates the in vitro metabolism of carbamazepine and amiodarone, two widely 

used drugs that are weak bases and possess low and high LogD values, respectively. In addition, 

both of these compounds have relatively well-known metabolic pathways in mammals.  

5.2 Materials and Methods 

5.2.1 Chemicals and Reagents 

Carbamazepine (5H-dibenzo[b,f]azepine-5-carboxamide, CAS# 298-46-4) (log KOW=2.45, 

pKa=2.3, water solubility=17.7 mg/L) , amiodarone hydrochloride (2-butyl-3-benzofuranyl) {4-[2-

(diethylamino)ethoxy]-3,5-diiodophenyl}methanone hydrochloride, CAS # 19774-82-4, log D at 

pH 7.4 =5.87), tricaine methanesulfonate (MS-222, ethyl 3-aminobenzoate methanesulfonic 

acid, CAS# 886-86-2), phosphate buffered saline, isocitrate dehydrogenase from porcine heart, 

isocitrate, nicotineamide adenine dinucleotide phosphate, albumin standard, coomassie 
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brilliant blue, and N,N-dimethylformamide (DMF, CAS# 68-12-2) were obtained from Sigma-

Aldrich (St. Louis, MO) (Nghiem et al., 2005).  Carbamazepine-d2 (CBZ-d2, 5H-

Dibenz[b,f]azepine-5-carboxamide-d2) and amiodarone-d4 (AMD-d4, 2-butyl-3-benzofuranyl) 

{4-[2-(diethylamino)ethoxy]-3,5-diiodophenyl} ketone-d4) were obtained from Toronto 

Research Chemicals (TRC; North York, ON, Canada).  HPLC grade methanol, ethyl acetate, 

ethanol, and n-hexane were obtained from Fisher Scientific (Houston, TX).  Milli-Q water was 

obtained from the laboratory’s own Milli-Q water system (Millipore, Billerica, MA).  

5.2.2 Fish Cultures 

Juvenile channel catfish (Ictalurus punctatus) were obtained from Pond King, Inc. in 

Gainsville, TX. Fish were transported to the University of North Texas Aquatic Toxicology 

Laboratory and kept for 14d prior to testing. Fish cultures were maintained in 25°C 

dechlorinated tap water in 235 gallon round tanks with a 16:8 light/dark cycle, and fed with 

trout chow.  

5.2.3 Uninduced and Induced S9 in vitro Assays 

For each induced or uninduced assay, three juvenile catfish were sampled for liver tissue 

which was then homogenized in a 2:1 buffer to tissue ratio (v:w) in Phosphate-Buffered Saline 

(pH 7.4). Homogenized liver tissue was then centrifuged at 9000g for 20 minutes at 4°C. S9 

supernatant was then separated from the pellet to collect the S9 liver fraction which was 

subsequently stored at -80°C until the S9 assay was run.  

Each reaction vessel for the S9 assay consisted of S9 liver fraction diluted to 2 mg 

protein mL-1, a NADPH regeneration system consisting of 7mM isocitrate and isocitrate 

dehydrogenase with 0.5 units of activity per mL, and 600µM NADPH. Treatment level s9 
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fractions contained 10µM amiodarone or 10 µM carbamazepine. S9 matrix controls and solvent 

controls were run with each assay. Samples were run in triplicate and placed in a 25°C 

reciprocal shaking bath. Time points sampled were 0, 15, 30, 45, and 60 minutes after the 

initiation of the reactions by the addition of NADPH. Reactions were stopped by the addition of 

500 μL of ethyl acetate after which 10μL of 2.5 mg/L internal standard (AMD-d4 or 

carbamazepine-d2) was then added to each sample. Sample vials were then centrifuged at 

4,000 rpm in a Jouan CR422 centrifuge for 2 minutes at 4°C. The ethyl acetate layer was then 

pipetted out to another amber vial and the original vial was then extracted using the same 

procedure once more to produce a total of 1mL of ethyl acetate extract.  Sample extracts were 

then nitrogen-evaporated to dryness and reconstituted to 1mL in methanol if the test material 

was carbamazepine or to 1mL in acetonitrile is the test material was amiodarone. 

Induced S9 assays differed from uninduced assays in that prior to sacrifice, juvenile 

catfish were be exposed to 250 μg/L solutions of amiodarone or carbamazepine in order to 

induce the production of the cytochrome P450 isoforms responsible for the metabolism of 

these compounds. 

5.2.4 LC-MS/MS Analysis 

Samples were analyzed with a Waters 2695 Separation Module coupled with a Quattro 

Ultima Mass Spectrometer running in electrospray positive mode.  The carbamazepine inlet 

method mobile phase was a 30:70 Milli-Q:MeOH with 0.1%  formic acid mixture running at a 

flow rate of 0.2 mL/min (Miao and Metcalfe). Amiodarone inlet method mobile phase was a 

30:70 Milli-Q with 0.1% formic acid: Acetonitrile with 0.1% formic acid mixture running at 0.2 

mL/min (Kuhn et al.) (Ha et al.). The capillary voltage, cone voltage, source temperature, 
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desolvation temperature for both the carbamazepine and amiodarone methods were 4 kV, 60 

V, 120°C, and 350°C.  

The mass spectrometer was set on multiple reaction monitoring mode for 

carbamazepine amiodarone. The mass transitions of carbamazepine, carbamazepine-d2, CBZ-

EP, and CBZ-EP were 237194, 239196, 253180, and 271253, respectively. Mass 

transitions for amiodarone, amiodarone-d4, and desethylamiodarone were and 646201, 

618547, and 618547, respectively. 

5.2.5 In Vitro Metabolic Transformation Rates of the Liver 

Cowan-Ellsberry et al.’s (2008) model was used to determine the in vitro metabolic 

transformation rate of juvenile catfish (Cowan-Ellsberry et al., 2008). The first order depletion 

rate constant (ke) was calculated by multiplying -2.3 by the intercept obtained by performing a 

linear regression of the log-transformed concentrations of the analytes over time. The intrinsic 

clearance rate (CLm) was then determined by normalizing the first order depletion rate constant 

to the volume and total protein content of the assay vessels. The intrinsic clearance of the 

compounds in liver (CLi) was then determined by multiplying the liver weight and protein per 

gram of liver to CLm, which was then extrapolated to liver clearance (CLt) by multiplying by 

cardiac output, fraction of blood flow through the liver, and the free fraction correction term. 

CLt divided by the volume of distribution yielded the metabolic transformation rate (kM). The 

estimated BCF was then calculated by the equation: 

𝐵𝐵𝐵𝐵𝐹𝐹 = 𝑘𝑘1
𝑘𝑘2+ 𝑘𝑘𝐺𝐺+ 𝑘𝑘𝑀𝑀+ 𝑘𝑘𝐸𝐸

 , where k1 = uptake across gills, k2 = elimination across gills,  kG = 

growth dilution, kM = metabolic biotransformation, and kE = fecal egestion. k1, k2, kE, and kG 
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were predicted using Kow at physiological pH, total fish weight, and fish lipid content as 

described by Gomez et al. (2010). 

5.2.6 Statistical Analysis 

Statiscal analyses were conducted with Graphpad Prism 5 (Graphpad Software, Inc.). 

Two-way ANOVA was used to confirm significant loss of parent compound over time. CLm and 

BCF values were analyzed with ANOVA using Bonferroni’s multiple comparison post hoc test at 

a significance level of α=0.05. 

5.3 Results 

5.3.1 Intrinsic Clearance Rate of the Parent Compound 

Loss of parent compound was observed in both the induced and uninduced assays for 

carbamazepine and amiodarone, indicating metabolic activity in the S9 liver fractions (Fig. 9-

12).  

The uninduced carbamazepine S9 assay displayed the highest percentage loss-of-parent 

compound at the 30 min. time point, after which % loss of parent plateaued. The induced 

carbamazepine S9 assay, however, did not show this trend; the percent loss of compound kept 

steadily increasing up till the 60 min. time point. The induced carbamazepine S9 assay had 

significantly higher CLM and KM values than the uninduced assay (p<0.05).  

There were no significant differences between the induced and uninduced amiodarone 

S9 assays’ intrinsic clearance rates and metabolic transformation rates (CLM and KM ) (p=0.46).  

Although the highest percentage loss-of-parent compound over time for the uninduced and 

induced amiodarone assays were at the 45 and 60 min. time points, respectively, it appears 

that the clearance of the compound plateaued at around 15 min after the start of the assays.  

77 



The carbamazepine metabolites 10,11-dihydro-10,11-epoxycarbamazepine (CBZ-EP) and 

10,11-dihydro-10,11-dihydroxycarbamazepine (CBZ-DiOH) and the amiodarone metabolite 

desethylamiodarone were not detected in the S9 assays (detection limit 10 ng/L). Detection of 

these compounds may need a refinement of extraction and analytical methods. 

5.3.2 Metabolic Transformation Rate and BCF 

As discussed in Section 5.2.5, kM was calculated from the loss of parent ( 

Table 7). BCFs incorporating kM (BCFM) were significantly different between the induced 

and uninduced S9 assays for each compound (p<0.05). Loss of carbamazepine in induced 

fractions were approximately double that seen in uninduced fractions; induced and uninduced 

s9 assays on amiodarone were very similar, however. 

5.4 Discussion 

The goal of this study was to determine the in vitro metabolic rate constants (kM) for 

amiodarone and carbamazepine in liver S9 fractions and use these values to calculate a BCF 

using a model that primarily used log Kow as the only input. With respect to previous BCF 

studies on AMD and CBZ conducted by the author, the BCFMs derived from the induced and 

uninduced s9 assays are similar to laboratory-derived liver BCFs for both Pimephales sp. and 

Ictalurus punctatus. BCFs and BCFMs for carbamazepine ranged from 0.9-4.6, demonstrating 

that carbamazepine has little potential to accumulate and that metabolism is partially 

responsible for carbamazepine being approximately one order of magnitude lower than the 

predicted BCF of 63.3 using log Kow only. Carbamazepine metabolism was approximately double 

that in assays using induced S9 fractions compared to those that used uninduced S9 fractions. 

Although this is of little significance from an overall regulatory perspective as all calculated CBZ 
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BCFs were below the European Union’s regulatory cut-off of 2,000, the data support the 

hypothesis that CBZ, a known autoinducer in mammals, very likely induces the production of 

CYP450 enzymes in catfish as metabolism of parent compound was approximately double in 

induced S9 assays (Brodie et al., 2013, European-Union, 2006) .  

Amiodarone BCFMs also agreed well with the laboratory-derived liver BCFs for both 

Pimephales sp. and Ictalurus punctatus, which ranged from 987-1074. There was no significant 

difference between the BCFMs calculated from the induced and uninduced S9 data, suggesting 

that induction of CYP450 enzymes was not important to the loss of amiodarone. However, it 

could be possible that a longer time is needed for induction to take place. Collectively, the data 

support the hypothesis that metabolism is primarily responsible for the discrepancy between 

the predicted BCF of amiodarone using log Kow at physiological pH (14,800) and measured BCFs 

from laboratory studies (Jean et al., 2012). Because of this, amiodarone would not be placed 

under the “B” classification in the European Union (European-Union, 2006). 

Overall, carbamazepine and amiodarone are not expected to bioconcentrate due, in 

part, to a significant degree of metabolism. Moreover, the data show that the application of in 

vitro metabolism assays to current bioconcentration models have great potential to derive 

more accurate BCFs and be successfully used as an alternative to calculate BCFs compared to 

those derived from OECD 305 fish flow-through tests (de Wolf et al., 2007; OECD, 1996; 

Weisbrod et al., 2009).  Future work for the risk characterization of these compounds may 

involve efforts to characterize the metabolites for CBZ and AMD in fish and describe their 

concentration levels in relation to loss-of-parent during the in vitro metabolism assays.   
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Table 7 

Calculated BCFs using intrinsic metabolic clearance rates from induced and uninduced 

I. punctatus hepatic S9 assays. 

 kM BCFM 

Carbamazepine   

Uninduced 2.5 ± 0.2 1.7 ± 0.2 

Induced 4.7 ± 0.3 0.9 ± 0.1 

Amiodarone   

Uninduced 0.84 ± 0.02 921 ± 1.6 

Induced 0.80 ± 0.05 940 ± 5.7 
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Fig. 9. Mean loss of carbamazepine ± SD (n=3) over 60 min study time period in uninduced 
assay. 

 

 

Fig. 10. Mean loss of carbamazepine ± SD (n=3) over 60 min study time period in induced assay. 
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Fig. 11. Mean loss of amiodarone ± SD (n=3) over 60 min study time period in uninduced assay. 

 

 

Fig. 12. Mean loss of amiodarone ± SD (n=3) over 60 min study time period in induced assay. 
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CHAPTER 6 

CONCLUSIONS 

There is a lack of bioaccumulation data available for many organic compounds, the most 

widely used method to estimate bioaccumulation and prioritize  chemicals for further 

investigation are computer models that rely heavily on a compound’s Log Kow. While this 

method is useful for the BCF estimation of non-ionizable chemicals, models are insufficient for 

bioaccumulation assessment of pharmaceuticals as the BCF of a pharmaceutical can change due 

to metabolism and ionization state. Although the accumulation potential of chemicals can be 

better assessed using the standard in vivo OECD 305 flow-through fish test, these studies are 

resource intensive in terms of cost, animal use, and time.  

The goals of this dissertation work, therefore, were twofold:   

1) To assess the bioaccumulation potential of carbamazepine and amiodarone, two 

widely used ionizable pharmaceutical compounds that possess mid-range and high 

LogD values, respectively, and 

2)  To evaluate how alternative methods to assess chemical accumulation in fish 

compare to the standard OECD 305 Bioconcentration Flow-Through Fish Test 

protocol and field studies. 

The bioaccumulation potential of carbamazepine and amiodarone were assessed through 

four different methods: 1) full 42 day OECD 305 flow-through laboratory exposure studies, 2) 

abbreviated 14d laboratory exposure studies, 3) field studies, and 4) in vitro S9 assays.  
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6.1 Carbamazepine 

Carbamazepine showed little tendency to bioaccumulate in fish tissue with BCF and BAF 

carbamazepine values < 10. Collectively, the data suggest that laboratory BCF and field BAF 

values are similar for carbamazepine.  The short-term laboratory BCF study with catfish yielded 

similar calculated BCF values when compared to minnows that were exposed to carbamazepine 

following the OECD 305 guideline.  The lack of significant carbamazepine accumulation in fish 

tissue is likely due to metabolism as the in vitro assays suggest. The compound is a known auto-

inducer and induced S9 assays showed a significantly higher clearance of carbamazepine than 

S9 assays than used uninduced S9 fractions. 

6.2 Amiodarone  

 With a log D of 5.87 at pH 7.4, amiodarone is much more likely to accumulate in fish 

tissue than carbamazepine. However, with the exception of catfish, amiodarone did not 

accumulate to a significant degree in white muscle. Liver BCF values for the 42d minnow 

exposure and 14d catfish exposure were high enough to be classified as bioaccumulable by the 

EPA (i.e. >1,000). This compound was observed to preferentially accumulate in the liver in 

minnows and in muscle of catfish. Calculated BCF values from full and reduced laboratory 

studies yielded similar results, although results were at least sixty times lower than the BCF 

estimated by the computer model BCFWIN. Amiodarone was not detected in wastewater 

effluent nor in the tilapia residing in the sandfilters of the Denton Wastewater Reclamation 

plant. There was no significant difference in the BCF estimates yielded from the in vitro assays 

and the laboratory exposure-derived BCFs, although they did confirm that amiodarone 
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undergoes significant metabolism into desethylamiodarone, suggesting that metabolism is the 

main reason for its relatively low accumulation in tissue. 

 In summary, the results from this dissertation indicated: 

1) The reduced design BCF test is a good estimate for the traditional OECD 305 test. 

2) In vitro S9 metabolism assays provide comparable BCF estimates to the OECD 305 test. 

3) Metabolism may play a large role in the accumulation of drugs in fish 

4) Reduced BCF tests and in vitro assays are cost effective and can reduce vertebrate 

testing. 

Future work may involve efforts to generate data with different sets of compounds to 

assess the impacts of metabolism on the bioconcentration of pharmaceuticals covering a wider 

range of physiochemical properties. Moreover, future research may also involve the 

assessment of bioconcentration factors on a lipid weight and dry weight basis to address issues 

concerning the variability of the data sets. 
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APPENDIX A 

PROTOCOLS
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Scope and Applicability 

 

Channel catfish (Ictalurus punctatus) hepatic S9 fractions will be used to assess the in vitro 

metabolism of AN2.  

 

Materials 

 

50 mL falcon tubes 

15 mL falcon tubes 

Isocitrate Dehydrogenase (IDH) from porcine heart  

Isocitrate (ISO) 

Nicotineamide adenine dinucleotide phosphate (NADPH) 

0.01 M Phosphate Buffered Saline (PBS) (Sigma Aldrich Cat. # P3813-10PAK) 

Ethyl Acetate 

Ethanol (EtOH) 

MeOH 

Albumin Standard (2 mg/mL) 

Coomassie Brilliant Blue (Bradford Reagent) 

Deionized Water 

Microcentrifuge tubes 

Fluroxypyr-1-methylheptyl-ester (Sigma Cat.No. 36780; MW = 367.27 g/mol) 
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1:1 Hexane:Ethyl Acetate Extraction Solvent 

4,4’-Bis(N-carbazolyl)-1,1’-biphenyl (DCBP) 

Dichloromethane (DCM) 

0.9% NaCl 

Ethyl 3-aminobenzoate methanesulfonate (MS-222; Sigma Cat. No. 886-86-2) 

Sorvall RC 5B+ centrifuge with a SS34 Rotor 

IEC HN-SII Centrifuge 

     

Procedure 

S9 Preparation 

Weight out 50 mL falcon tubes. 

Prepare PBS by adding one packet of PBS powder (Sigma P-5368) quality sufficient to one liter 

of deionized water to make 0.01 M PBS. 

Anesthetize fish with 300-400 µg/mL solution of MS-222. 

Harvest 5-10 fish livers,  

Perfuse the livers with 0.9% NaCl-  

 Make a midline incision from the anus to just below the operculum and then make 

lateral incisions from the midline to approximately half-way to the dorsal surface. Fold back the 

flaps to expose the body cavity and to expose the liver and sever blood vessels leading from the 

liver to the heart. With a 21 gauge needle or smaller, inject 0.9% NaCl solution through the 

hepatic portal vein until the liver is blanched. 

Place livers in falcon tubes and weigh out to the nearest 0.1 mg 
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Homogenize individual livers with 1:2 w/v PBS using glass pestle and mortar on ice. 

Spin at 7288 rpm (9000  g) for 20 minutes at 4°C in a Sorvall RC 5B+ centrifuge with a SS34 

Rotor 

Transfer the supernatant to a microcentrifuge tube and store at -80°C if only the S9 fraction is 

desired. Otherwise proceed to Microsome Preparation. 

 

Bradford Assay 

Using a 2 mg/mL bovine serum albumin stock solution, perform a 1:2 serial dilution to 0.0625 

mg/mL in microcentrifuge tubes using 0.01 M PBS as diluent. 

Dilute protein 1:50 with PBS (10 µL of S9 into 490 µL of PBS). 

Transfer 10 µl aliquots to replicate wells of a 96 well micro-titer plate (Nunc).  Ensure to include 

two PBS aliquots as non-specific activity controls. 

Add 200 µL of Bradford dye reagent to all wells. 

Incubate (at room temperature) 95-well plate for five minutes 

Read absorbance (595 nm) using a spectrophotometer (BioTek Instruments, Gen5 plate reader). 

Run Gen 5 on computer 

Click on Experiment. 

Click on Bradford.prt 

Click on Read button (ensure wavelength is set to 595 nm) 

Export data to Excel. 

Use excel template to calculate standard curve and determine the concentration of the S9. 
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S9 Assay 

Table A.1  

Example of the amount of reagents needed for a sample reagent vessel 

Reaction 

Mixture 

Final Concentration/Amount in 

Reaction Vessel 

Amount Needed 

S9* 1 mg/mL 840 μL of 1.2 mg/mL S9 substock 

IDH 0.5 units 50 μL of 13.3 mg/L IDH stock 

ISO 7mM 50 μL of 140 mM ISO 

NADPH 600 μM 50 μl of 12,000 μM NADPH 

Analyte or 

Fluroxypyr** 

10 μM 10 μL of 1,000 μM stock 

  Total Volume: 1000 μL 

*Induced or uninduced hepatic fish S9  

**Fluroxypyr will be used in place of analyte in positive controls 

Prepare a 10,125 µM AN2 stock solution in EtOH 

Weigh 4.3 mg of AN2 into an amber LC vial and add 1,000 μL of EtOH 

Prepare 1,000 µM AN2 stock solution in EtOH. 

Add 98.8 μL of 10,125 µM AN2 stock solution to 901.2 μL of EtOH 

Prepare 1.2 mg/mL S9 substock  

Prepare 10,000 ppm (27,230 µM) fluroxypyr stock solution in EtOH 

Weight out 10.0 mg of fluroxypyr into an amber LC vial and add 1,000μL of EtOH 
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Prepare 1,000 µM fluroxypyr stock solution in EtOH 

36.7 µL of 10,000 ppm fluroxypyr + 963.27 µL of EtOH 

Prepare 13.3 mg/L IDH stock, 140 mM ISO, 12,000 μM NADPH. 

Add appropriate amounts of solutions to controls and treatment level reaction vessels as 

described in the Tables A.2 and A.3 below to prepare three replicates for each treatment level 

 

Table A.2  

Negative and Positive Controls for S9 loss-of-parent assays. 

 Negative Controls  Positive Controls 

Component  
(final 
concentration) No Chemical  

No S9 No NADPH 

Fluroxypyr 
S9 (1 mg/mL) 840 μL b 840 μL 840 μL 
IDH (0.5 units) 50 μL 50 μL 50 μL 50 μL 

ISO (7 mM) 
50 μL of 140 mM 
ISO 

50 μL of 140 mM 
ISO 50 μL of 140 mM ISO 

50 μL of 140 mM 
ISO 

Fluroxypyr  or 
Analyte (10μM)  a 

10 μL of 1,000 μM 
AN2 

10 μL of 1,000 μM 
AN2 

10 μL of 1,000 μM 
fluroxypyr 

**NADPH (600 μM) 
50 μL of 12,000 
μM NADPH 

50 μL of 12,000 μM 
NADPH c 

50 μL of 12,000 μM 
NADPH 

a add 10 µL of 0.01 M PBS 

b add 840 µL of 0.01 M PBS 

c add 50 μL of 0.01 M PBS 

*Concentrations in parentheses are FINAL concentrations once all solutions have been added. 

**NADPH is added LAST. It is used to initiate the reactions. 

 

 

95 



 

Table A.3.  

Treatment level Reaction vesssels for S9 loss-of-parent assays. 

Component S9 (0 min.) S9 (15 min.) S9 (30 min.) S9 (45 min.) S9 (60 min.) 

S9 (1 mg/mL) 840 μL 840 μL 840 μL 840 μL 840 μL 

IDH (15 units) 50 μL 50 μL 50 μL 50 μL 50 μL 

ISO (700 mM) 50 μL 50 μL 50 μL 50 μL 50 μL 

Analyte (10 

μM) 

10 μL of 

1,000 μM 

AN2 

10 μL of 

1,000 μM 

AN2 

10 μL of 

1,000 μM 

AN2 

10 μL of 

1,000 μM 

AN2 

10 μL of 

1,000 μM 

AN2 

*NADPH 

(50mM) 50 μL 50 μL 50 μL 50 μL 50 μL 

*Concentrations in parentheses are FINAL concentrations once all solutions have been added. 

**NADPH is added LAST. It is used to initiate the reactions. 

 

Put reaction vessels in a shaker set at 25 °C for channel catfish and collect samples at 

appropriate time points. Controls are sampled at 60 min. 

For fluroxypyr positive controls: 

Add 500 µL of 1:1 Hexane:Ethyl Acetate extraction solvent to each reaction vessel and vortex to 

stop reaction. 

 Spike the positive controls samples with 50 µL of 5ppm DCBP and vortex once more. 

Centrifuge the reaction vessels at 4,000 rpm for 2 min at 4°C with the IEC HN-SII centrifuge. 
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Pipet the top layer (Hexane: Ethyl Acetate) into vials.  

Perform a second extraction with 500 µL of 1:1 Hexane:Ethyl Acetate extraction solvent. 

Nitrogen-evaporate samples to dryness and reconstitute to 500 µL in DCM. 

Run samples on GC-MS 
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APPENDIX B 

SAS KINETIC PARAMETER CALCULATOR: DETERMINATION OF UPTAKE AND DEPURATION RATE 

CONSTANTS
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/****************************************************************************

**************/ 

/* PROGRAM: KPC.SAS (Kinetic Parameter Calculator for bioconcentration 

studies)   */ 

/* PURPOSE: A Kinetic Parameter Calculator for aquatic bioconcentration 

studies.   */ 

/*  Calculates first order rate constants K2 and K1 (depuration and uptake 

rate  */ 

/* constants)using the sequential method (combining linear and nonlinear */ 

/* regression) to estimate the rates. */ 

/* Based on methods in Newman, M.C. 1995. Quantitative Methods in Aquatic */ 

/* Toxicology. CRC Press, Boca Raton, as Modified by T.A. Springer. Provided 

*/ 

/* courtesy of Wildlife International, Ltd., Easton MD     4/30/09 */ 

/****************************************************************************

**************/ 

 

/* INSTRUCTIONS:  */  

/* TYPE IN THE EXPOSURE CONCENTRATION AS THE VALUE AFTER '%let WATERCONC =' 

IN THE   */ 

/*  SAS CODE AND ENTER CONCENTRATIONS OF CHEMICAL AFTER 'CARDS' */ 

/* STATEMENTS IN THE SAS CODE BELOW. NOTE THAT DEPURATION AND UPTAKE DATA ARE 

ENTERED  */ 

/* IN SEPARATE DATA BLOCKS. MODIFY TITLES AS NEEDED, USING DOUBLE QUOTES TO 

ENCLOSE  */ 

/* THE TEXT. INCLUDE THE MACRO VARIABLE NAME &WATERCONC TO HAVE THE EXPOSURE 

CONC.   */ 

/* APPEAR IN THE TITLE. */ 
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%let WATERCONC = 82.75; 

Title1 "Project 100A-001 -- Test Concentration = &WATERCONC ug/L";  

Title2 "Tissue: whole fish - total radioactivity"; 

 

 

/* ENTER DEPURATION DATA SO AS TO ALTERNATE DEPURATION DAY AND MEASURED 

CONCENTRATIONS OF */ 

/* CHEMICAL IN FISH TISSUES. */ 

 

DATA ELIMIN; 

 INPUT DAY2 CONC2 @@; 

 LCONC=LOG(CONC2); 

CARDS; 

3 4.2 2.1 4.6  

7 1.0 43.1 8.0 

; 

RUN; 

 

/* ESTIMATE K2 (DEPURATION RATE CONSTANT) = SLOPE OF REGRESSION OF LOG 

CONCENTRATION OVER TIME */ 

/* DURING DEPURATION PERIOD. */ 

 

ODS OUTPUT ParameterEstimates=MyParameterEstimates 

FitStatistics=MyFitStatistics; 

 

PROC GLM; 

 MODEL LCONC=DAY2/intercept solution ; 

 OUTPUT OUT=TSCONC2 P=Pred_Conc R=Residual; 

RUN; 
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DATA STAGE_ONE; 

  set myParameterEstimates; 

  if parameter ='DAY2' then estimate = abs (estimate); 

  if parameter ='DAY2' then call symput('DepSlope',estimate); 

  if parameter ='DAY2' then parameter = 'K2'; 

run; 

 

PROC PRINT; RUN; 

 

/*PLOT THE DEPURATION GRAPH (SHOWING K2)  */ 

PROC PLOT DATA=TSCONC2; 

 PLOT LCONC*DAY2 Pred_Conc*DAY2="*"/OVERLAY; 

 PLOT Residual*DAY2="*"/VREF=0; 

RUN; 

 

/* ESTIMATE K1 (UPTAKE RATE CONSTANT) AFTER READING IN UPTAKE DATA  */ 

 

/* ENTER UPTAKE DATA SO AS TO ALTERNATE DEPURATION DAY AND MEASURED 

CONCENTRATIONS OF     */ 

/* CHEMICAL IN FISH TISSUES.  */ 

 

DATA ACCUM; 

 INPUT DAY CONC @@; 

 LCONC=LOG(CONC); 

CARDS; 

1 88.5 98.7 142.5 

3 161.3 177.8 146.8  

6 66.1 70.1 70.6 
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7 67.0 61.1 35.0 

; 

PROC PRINT;RUN; 

 

/* NOW THE PROGRAM SUBSTITUTES THE ESTIMATED K2 (&DEPSLOPE) FROM THE PREVIOUS 

PART OF    */ 

/* THE PROGRAM INTO THE UPTAKE PERIOD MODEL AND CALCULATES K1 USING NONLINEAR 

REGRESSION.*/ 

 

PROC NLIN DATA = ACCUM; 

 PARMS K1=0.001; 

 BOUNDS 0<K1; 

 MODEL CONC= &waterconc*(K1/&DEPSLOPE)*(1-EXP(-&DEPSLOPE*DAY)); 

 OUTPUT OUT=TSCONC3 P=Pred_Conc R=Residual; 

RUN; 

 

PROC PRINT; RUN; 

 

PROC PLOT; 

 PLOT CONC*DAY Pred_Conc*DAY="*"/OVERLAY; 

 PLOT Residual*DAY="*"/VREF=0; 

RUN; 
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