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ABSTRACT 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants of aquatic 

and terrestrial ecosystems.  PAHs are known to induce biochemical alterations in exposed 

animals.  The cytochrome P450 enzyme system is known to be a significant Phase I 

metabolic pathway for the breakdown of PAHs that enter animal systems.  Little is 

known about the effects of PAHs in Northern bobwhite quail (Colinus virginianus) and 

other terrestrial avifauna.  The objectives of this study were to 1) determine if 

benz[a]anthracene, pyrene, and naphthalene exposure are acutely toxic in quail, and 2) 

determine if sub-acute exposure to benz[a]anthracene in quail would render mortality and 

produce alterations in enzyme activity, and 3) determine if sub-chronic exposure to 

benz[a]anthracene in quail would produce alterations in enzyme activity.  Quail, acutely 

dosed with benz[a]anthracene, pyrene, and naphthalene experienced no mortality at the 

limit dose of 2000 mg/kg bodyweight.  Additionally, there were no alterations in animal 

behavior.  Sub-acute exposure of quail to benz[a]anthracene did not produce mortality. 

Quail were exposed to benz[a]anthracene at concentrations of 0, 0.1, 1, 10, 100, and 1000 

mg/kg feed for 5 days.  Alterations in cytochrome P450 1A and P450 2B were observed.  

An increasing trend in mean ethoxyresorufin-O-deethylase (EROD) activity in the liver 

was observed as exposure level increased.  Pentoxyresorufin-O-deethylase (PROD) 

activity in the liver in exposed animals was significantly different when compared to the 

control.  EROD activity in the kidney in the sub-acute study was observed to be 

significant when the interaction between exposure group and time was considered.  Sub-

chronic exposure of quail to benz[a]anthracene produced alterations in cytochrome P450 
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1A and P450 2B.  Quail were exposed to benz[a]anthracene at concentrations of 0, 0.1, 1, 

and 10 mg/kg feed for 1, 3, 9, 30, and 60 days.  EROD activity in the liver was observed 

to be significant when the interaction between exposure group and time was considered. 

An increasing trend in mean EROD and PROD activity in the liver and kidney was 

observed as exposure concentration increased.  This study indicates that 

benz[a]anthracene, pyrene, and naphthalene are not acutely toxic in exposed quail, and 

benz[a]anthracene exposure affects enzyme activity in quail exposed sub-acutely and 

sub-chronically.  Overall, this study provides evidence that metabolic alterations are 

experienced by Northern bobwhite quail exposed to PAHs.   
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CHAPTER I 

INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants of aquatic 

and terrestrial ecosystems (Douben, 2003).  PAHs consist of two or more fused benzene 

(aromatic) rings (Neff, 1979).  Approximately 43,000 metric tons of PAHs are discharged 

into the atmosphere while 230,000 tons enter aquatic environments annually, worldwide 

(Eisler, 1987; Newsted and Giesy, 1987).  Industrial processes and other anthropogenic 

processes are the primary source of PAH emissions into the environment (WHO, 1998; 

Douben, 2003).  In the United States alone, approximately 10,320 metric tons of PAHs 

are released into the atmosphere via fossil fuel combustion each year (Suess, 1976; NRC, 

1983).  PAHs also enter aquatic environments via atmospheric deposition and attribute 

approximately 22% of the total PAH load deposited upon the earth waters annually 

(Eisler, 1987; Douben 2003).  PAHs rarely occur alone in sediments or aquatic 

environments (Douben, 2003). They are usually present as multifaceted mixtures of 

hundreds or even thousands of associated compounds spanning a wide range of 

physical/chemical properties (Neff et al., 2005).   

 The wide range of physical/chemical properties of PAHs entering the 

environment can be attributed to three primary sources: fossil fuels (petrogenic), 

incineration of organic matter (pyrogenic), and conversion of natural organic precursors 

in the environment by relatively rapid chemical/biological (diagenic) processes 

(biogenic) (Neff, 1979, 2002).  Naturally produced biogenic PAHs are not complex and 
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do not usually attribute much to the total mass of PAHs in sediments that receive inputs 

from anthropogenic sources (Neff et al., 2005)  

Petrogenic PAHs are associated with fossil fuels.  Crude oil typically contains 

0.2-7% total PAHs (Neff et al., 2005).  Low molecular weight hydrocarbons composed of 

two or three fused aromatic rings are the primary PAHs present in petroleum, however, 

higher molecular weight hydrocarbons are present in minor amounts (Neff et al., 2005; 

Kerr et al., 1999).  Refined petroleum products contain the same PAH mixtures as do the 

parent crude, as well as minor amounts of other PAHs produced through catalytic 

cracking (Neff et al., 2005; Neff et al., 1994; Stout et al., 2002).  Gasoline and diesel 

fuels contain mainly low molecular weight hydrocarbons, as well as smaller amounts of 

high molecular weight hydrocarbons (Neff et al., 2005).  The major source of high 

molecular weight hydrocarbons are formed via pyrogenic processes. 

Pyrogenic PAHs are composed of three or more fused aromatic rings.  They are 

produced through incomplete and complete combustion.  Combustion heats organic 

matter to high temperatures causing it to break into smaller organic molecules such as 

PAHs (Neff et al., 2005; Neff et al., 1979).  Incomplete combustion or the rapid cooling 

of combusted products forms new PAH molecules (Neff et al. 2005).  Pyrogenic PAHs in 

the environment are dominated by fused aromatic 4-, 5-, and 6-ring assemblages (Neff et 

al. 2005).  In pyrogenic PAH complexes, the dominant compound in each homologous 

series is the unalkylated parent compound (Sporstol et al., 1983; Stout et al., 2001; Neff 

et al., 2005).   An inverse relationship exists between the temperature of formation and 

the abundance of alkyl carbons present in a pyrogenic PAH complex (Neff et al., 2005, 
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1979).  Distillation of coal and other tars alters the composition of PAHs according to 

boiling point, which sometimes produces pyrogenic mixtures consisting of 2- to 3-ring 

structures (Neff et al., 2005).  Petrogenic, pyrogenic, and biogenic PAHs formed through 

the preceding processes are suspended or deposited in aquatic and terrestrial 

environments following atmospheric releases (Douben, 2003). 

Aquatic environments are inundated by PAHs through the inflow of water 

containing dissolved and particulate matter, as well as atmospheric deposition in the form 

of precipitation and dry particulate matter (Douben, 2003).  The greatest concentrations 

of PAHs in aquatic environments occur in estuaries and other coastal locations near urban 

centers (Douben, 2003).  These urban areas produce contaminated runoff, wastewater 

effluents, industrial outfalls, atmospheric deposition, and spills associated with transport 

and production of fossil fuels which enter aquatic and terrestrial environments (Douben, 

2003). 

Sediments contain a mixture of PAHs derived from petrogenic, pyrogenic, and 

biogenic sources (Douben, 2003).  Forest fires, volcanic activity, synthesis by plants, and 

microorganisms are sources of PAHs in terrestrial environments (Edwards, 1983).  

Burning of fossil fuels, refuse incineration, and agricultural burning are other major 

sources of PAHs in terrestrial environments (Edwards, 1983).  PAHs emitted from 

automobile exhaust are observed at extremely high concentrations along major roadways 

(Edwards, 1983; Blumer et al., 1977).  Emissions from aircraft and industrial plants are 

atmospherically deposited over long distances within terrestrial environments (Edwards, 

1983; Shabad et al., 1971).  PAHs released into the atmosphere are eventually deposited 
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within soils by direct deposition or deposition onto plant surfaces (Edwards, 1983).  

Animal exposure to PAHs may be influenced by their interaction with contaminated 

sediment, plants, water, and dietary elements (Douben, 2003).  Avifauna, that are 

exposed to environmental contaminants most likely interact with PAHs via oral intake 

(i.e. feeding and preening) (Neff et al 1992). 

Terrestrial avifauna, are rarely considered when assessing the impacts of PAHs in 

the environment (Husain et al., 1984; Pan and Fouts, 1978). PAH exposure in terrestrial 

avifauna rarely produces mortality associated with acute exposure, but the ubiquitous 

nature of PAHs in the environment may adversely affect avian life forms that are 

intermittently exposed.  It is therefore important to determine whether PAHs in the 

environment pose a hazard to terrestrial avifauna (Smits et al., 2000).  Past studies have 

evaluated the effects of PAHs in red-winged black birds (Agelaius phoeniceus) and house 

sparrows (Passer domesticus) (Douben, 2003; Schafer et al., 1983).  Schafer et al., 1983 

found acenaphthene, fluorine, anthracene, and phenanthrene to be acutely toxic in red-

winged blackbirds at concentrations of 101, 101, 111, and 113 mg/kg bodyweight, 

respectively, and anthracene to be acutely toxic in house sparrows at 244 mg/kg 

bodyweight (Douben, 2003; Schafer et al., 1983).  Numerous studies have evaluated the 

effects of PAHs in avian eggs (Douben, 2003).  Residues of PAHs have been observed in 

over 20 species of terrestrial birds (Douben, 2003).  Reproductive toxicity in avian 

species is a result of exposure in gravid adults or direct contact with fertilized eggs 

(Douben, 2003; Hough et al., 1993).   Many studies have examined the induction of 

mixed-function oxidase (MFO) systems by PAHs in avian eggs and nestlings (Barnett et 
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al., 1989; Lee et al., 1980) because PAHs are known to induce the MFO system in the 

liver of exposed animals (Brunstrom et al., 1990).  However, little is known about the 

effects of PAHs on the MFO system in wild, terrestrial birds. 

The hepatic mixed function oxidase system, which includes cytochrome P450 

(P450) enzymes, is known to have a significant role in metabolizing xenobiotics that 

enter animal systems (Davis et al., 1997; Peakall, 1986, 1992; Stegeman et al., 1992).  

The P450 system is not only the primary enzymatic system for metabolism of 

xenobiotics, but it is the first step in the oxidation of many compounds to promote phase 

II metabolic interactions (Hayes, 1994).  P450 reactions convert lipophilic substrates to 

more hydrophilic products (Hayes, 1994).  The major oxidative reactions catalyzed by the 

P450 system are aliphatic hydroxylation, aromatic hydroxylation, epoxidation, N-

dealkylation, O-dealkylation, S-dealkylation, deamination, sulfoxidation, N-oxidation, 

oxidative dehalogenation, and desulfuration (Hayes, 1994).    The most thoroughly 

studied family of P450 isoforms is the mammalian cytochrome P4501A (CYP1A) family; 

these isoforms are induced by PAHs, and other compounds that bind to the aryl 

hydrocarbon (Ah) receptor (Davis, 1997; Douben, 2003; Brunstrom and Halldin, 1998; 

Pan and Fouts, 1978).  The induction of the Ah receptor by xenobiotics initiates signal 

transmission to regulatory regions of genes (Klaassen, 2001).  Enzymatic proteins are 

then produced within the first 24-48 hours post exposure, via transcription and translation 

of RNA into amino acids (Okey, 1990).  Birds exhibit P450 isoforms that are comparable 

to CYP1A (i.e. CYP1A4) enzymes found in mammals (Davis, 1997). However, there are 

few studies regarding CYP1A activity in terrestrial avian life forms chronically exposed 
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to PAHs (Husain et al., 1984).  Terrestrial birds exposed to PAHs may experience 

metabolic alterations that can be evaluated.  A profile that evaluates the degree to which 

P450s are induced by PAH exposure can be characterized via biochemical techniques.  

Therefore through sub-acutely and sub-chronically exposing Northern Bobwhite quail to 

known amounts of PAHs, a profile of P450 activity can be developed.  P450 profiles, 

produced through biochemical techniques, frequently utilize hepatic tissues for evaluation 

of enzyme activity within animal systems (Muto et al., 2003).  

The liver is the primary site of metabolism when PAHs and other xenobiotics 

enter the body (Muto et al., 2003).  The liver maintains metabolic homeostasis, and is the 

first major metabolic organ to encounter ingested substances (Duke, 1986; Klaassen, 

2001).  Venous blood flow from the stomach and intestines enters the liver via the portal 

vein where it is absorbed and filtered before entering systemic circulation (Klaassen, 

2001).  When all tissues of the body are compared, the greatest concentration of P450 

enzymes is found within the liver (Hayes, 1994).  However unlike mammals, the renal 

portal system of birds also provides effective support for the metabolism and excretion of 

xenobiotics (Pan and Fouts, 1979; Rennick, 1976).  The avian kidney is more vulnerable 

to xenobiotic toxicity when compared to mammals because the renal portal system allows 

venous blood from the terminal portion of the digestive tract to flow directly to the 

kidney rather than the liver (Wolfe et al., 1998).  The avian renal system also contains 

substantial concentrations of P450 enzymes compared to mammals (Walters et al., 1987).  

We assessed the toxicity of selected PAHs in Northern bobwhite quail and their effects 

on hepatic and renal P450 activity. 
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This study was conducted in three parts.  First, an acute dosing study was 

conducted to determine the LD50 of benz[a]anthracene (BAA), pyrene, and naphthalene 

in Northern bobwhite quail.  Next, a sub-acute exposure study evaluating the lethal, 

physiological, and biochemical effects was conducted using BAA.  BAA was chosen 

based upon its similarities to benzo[a]pyrene (BAP) in structure and metabolism.  BAP is 

a known carcinogen which produces metabolic alterations in exposed animals (ATSDR, 

1990).  Lastly, a sub-chronic study was conducted to determine the physiological and 

biochemical effects of BAA in Northern bobwhite quail.  This approach was used to 

quantify different levels of exposure associated with environmentally prevalent PAHs.  

The objective of the acute study was to evaluate if benz[a]anthracene (BAA), 

pyrene, and naphthalene produced mortality in quail with a single dose.   BAA, pyrene, 

and naphthalene were used for this experiment because of their inclusion in the United 

States Environmental Protection Agencies (USEPA) list of the 16 priority pollutant PAHs 

(USEPA, 1987).  I hypothesized that the preceding PAHs would produce mortality 

associated with acute exposure.  In the sub-acute study, quail were exposed to BAA via 

food consumption for 5 days and allowed to recover for the 3 days that followed.  I 

hypothesized that P450 metabolic enzymes would be induced by BAA exposure, an 

increase in induction would be observed with increased concentration of BAA, and 

mortality would result from a 5 day exposure regiment. The sub-chronic portion of the 

study exposed quail to BAA for 1, 3, 9, 30, and 60 days, via food consumption, to 

observe if quail would experience physiological and biochemical alterations. I 

hypothesized that sub-chronic exposure to BAA would induce P450 enzymes in quail, an 

7  



Texas Tech University, Blake Nelson Beall, December 2007 

increase in induction would be observed with increased concentration of BAA, and an 

increase in P450 induction would be observed as exposure time progressed.  Liver and 

kidney tissues were analyzed for CYP1A (EROD) and CYP2B (PROD) induction, and 

quantified to assess biochemical effects associated with PAH exposure. Along with 

enzyme activity, a hepatosomatic index (HSI) was evaluated for each exposure group. 

We used these techniques to fill a descriptive void that exists for the assessment of PAH 

exposure in terrestrial avifauna. 
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CHAPTER II 

MATERIALS AND METHODS 

PAH Acute Study:  Animal Husbandry 

 All animals used in this study were cared for according to Texas Tech University 

(Lubbock, TX, USA) Animal Care and Use Committee protocol 06033-09.  In October 

2006, sixty-six 12-week old quail were purchased from Rush Creek Quail Farm in Fort 

Worth, TX, USA.  Quail were maintained in a temperature controlled room at 25-26ºC 

and 30-40% relative humidity on a light/dark cycle of 12 hour light: 12 hours dark 

(12L:12D). Quail were housed in stacked quail cages and acclimated for 7 days prior to 

dosing.  Quail were provided food and water ad libitum during the acclimation period. 

 

PAH Acute Study:  Dosing Method 

Birds in this study were subjected to 2000 mg/kg limit dose as recommended by 

the Organization for Economic Cooperation and Development (OECD) Guideline for 

Testing of Chemical #425 for Acute Oral Toxicity – Up-and-Down Method (OECD, 

2001).  Birds were dosed via an oral gavage (stainless steel intubation cannula).  

Polyethylene glycol served as a carrier for BAA, and corn oil served as a carrier for 

pyrene and naphthalene.  Dosing solutions were warmed to 30 ± 3ºC on a hot plate/stirrer 

(Corning Inc., USA) to enhance homogenization and solubility.  Dose volume was 

adjusted based on USEPA Ecological Effects Test Guideline 712-C-96-139 which 

suggests the use of 5 ml/kg bodyweight (USEPA, 1996a).  Quail were restrained and the 

dose administered. Birds were then placed back in their cages and monitored at 0.5, 1, 4, 
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and 8 hours, and three times per day thereafter for signs of toxicity.  Acute mortality of 

birds at the limit dose would result in a reduction/progression of dose.  If an animal dies 

at the 2000 mg/kg limit dose the next animal receives a dose a step below the level of the 

best estimate of the LD50 (OECD, 2001).  If the animal survives, the dose for the next 

animal is increased by a factor of 3.2 times the original dose; if it dies, the dose for the 

next animal is decreased by a similar dose progression (OECD, 2001).  When 

observational criteria are satisfied, dosing is stopped at which time an estimate of the 

LD50 and a confidence interval are calculated for the test substance based on the status of 

all the animals at termination (OECD, 2001).  Observational criteria is 1) 3 consecutive 

animals survive at the upper bound, 2) 5 reversals occur in any 6 consecutive animals 

tested, and 3) at least 4 animals have followed the first reversal (OECD, 2001).  

Monitoring of birds continued for 48 hours after dosing, and birds were then euthanized 

via carbon dioxide narcosis/asphyxiation.  Necropsy immediately followed euthanization 

to identify any potential pathological anomalies. 

 
PAH Sub-acute Study:  Animal Husbandry 

All animals used in this study were cared for according to Texas Tech University 

(Lubbock, TX, USA) Animal Care and Use Committee protocol 06033-09.  In January 

2007, ninety 7-day old Northern bobwhite quail were purchased from WW Quail Ranch 

in Wardville, OK, USA. Quail were acclimated for 7 days prior to experimental 

exposure. Quail were housed in a stacked, Georgia Quail Farm (GQF) deck game 

bird/poultry battery brooder for the duration of the study. Brooder temperature was 
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maintained at ~ 37±3º C with a light/dark cycle of 12L:12D. Food and water were 

provided ad libitum.  

 

PAH Sub-acute Study: Exposure Method 

Sub-acute toxicity for BAA was determined using the USEPA Ecological Effects 

Test Guideline 712-C-96-140 (USEPA, 1996b). Prior to initiation of the study all birds 

were weighed and then randomly placed into one of six groups to be exposed to BAA at 

nominal concentrations of  0, 0.1, 1, 10, 100, and 1000 mg/kg.  The control group 

contained 30 quail and all treatment groups contained 13 quail.  Birds were not identified 

by sex. BAA was dissolved in acetone and then mixed with Purina Game Bird Startena at 

the concentrations listed above. Control animals were provided with feed treated with 

acetone only.  Acetone was allowed to volatilize from feed for 3 days prior to storage in 

opaque plastic containers at ~ 4º C.  Refrigerators used for storage did not allow light to 

interact with treated feed. 

  A five day dosing trial was initiated in which quail were exposed to BAA via 

diet.  Mortality and signs of intoxication were monitored for the first 0.5, 1, 4, and 8 

hours, and then at least twice daily thereafter. On the fifth day, 3 control animals along 

with 3 animals from each exposure group were euthanized and necropsied. On day 8, 

remaining study animals were euthanized and necropsied. The liver and kidney of each 

bird was excised, weighed, and immediately flash frozen in liquid nitrogen.  Frozen 

tissues were wrapped in clean aluminum foil and stored at -80ºC until time of analysis. 
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PAH Sub-chronic Study:  Animal Husbandry 

All animals used in this study were cared for according to Texas Tech University 

(Lubbock, TX, USA) Animal Care and Use Committee protocol 06033-09.  In February 

2007, ninety 7-day old Northern bobwhite quail were purchased from WW Quail Ranch 

in Wardville, OK, USA. Quail were acclimated for 7 days prior to experimental 

exposure. Quail were housed in a stacked, GQF deck game bird/poultry battery brooder 

for the first 30 days of the study. Brooder temperature was maintained at ~ 37±3º C with 

a light/dark cycle of 12L:12D. Food and water were provided ad libitum.  On day 30, 

quail were moved to stacked quail cages for the remainder of the study. 

 

PAH Sub-chronic Study:  Exposure Method 

Sub-chronic toxicity of BAA in quail was determined using USEPA Health 

Effects Test Guideline 712-C-98-199 (USEPA, 1998). Prior to initiation of the study all 

birds were weighed and then randomly placed into one of four treatment groups exposed 

to BAA at nominal concentrations of 0, 0.1, 1, 10 mg/kg.  The 0, 0.1, 1, 10 mg/kg 

treatment groups contained 27, 20, 21, and 20 animals, respectively.  Birds were not 

identified by sex.   BAA was dissolved in acetone and then mixed with Purina Game Bird 

Startena at concentrations listed above. Control animals were provided feed treated with 

acetone only.  Acetone was allowed to volatilize from feed for 3 days prior to storage in 

opaque plastic containers at ~ 4º C.  Refrigerators used for storage did not allow light to 

interact with treated feed. 
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A 60 day dosing trial followed in which the quail were exposed to BAA via diet.  

Mortality and signs of intoxication were monitored for the first 0.5, 1, 4, and 8 hours, and 

then at least twice daily there after.  On the first, third, ninth, and thirtieth day, 3 control 

animals along with 3 animals from each exposure group were euthanized.  On day 60, the 

remaining study animals were euthanized and necropsy ensued. The liver and kidney of 

each specimen was excised, weighed, and then immediately flash frozen in liquid 

nitrogen.  Frozen tissues were wrapped in aluminum foil and stored in liquid nitrogen 

until time of analysis. 

 

Sub-acute/-chronic Microsomal Preparation and Cytochrome P450 Isozyme Assay 

 Induction of hepatic and renal metabolic enzymes was quantified by measuring 

ethoxyresorufin-O-deethylase (EROD) and pentoxyresorufin-O-deethylase (PROD) 

activity in quail liver and kidney microsomal preparations, using modifications of 

previously described methods (Prough et al., 1978; Smith, 2000).  Each sample was kept 

on ice at all times during the microsomal preparation procedure. Microsomes of both 

liver and kidney samples were prepared by homogenizing tissues in a 20mM Tris 

(pH=7.4), 250 mM Sucrose buffer. Each tissue was weighed and then combined with Tris 

buffer at three times the volume of the tissue weight in pre-chilled 10 ml homogenization 

tubes.  Tissues were then homogenized using a Wheaton Overhead Stirrer (Wheaton 

Corporation, Millville, NJ, USA), fitted with a teflon pestle, until the slurry was uniform.  

Homogenized samples were transferred to pre-chilled centrifuge tubes and then placed in 

a high speed centrifuge for 10 minutes at 10,000 x g (4ºC) to remove large chunks. The 
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supernatant was then removed and centrifuged for 20 minutes at 15,000 x g (4ºC), and the 

process was repeated for an additional 70 minutes at 105,000 x g rpm (4ºC).  Following 

the final centrifugation, the supernatant was removed and the remaining pellet was 

washed with an 80 mM Tris (pH=7.4) / 250 mM Sucrose buffer. The washed pellet was 

then combined with an 80 mM Tris (pH=7.4) / 250 mM Sucrose / 25 mM KCl 

resuspension buffer equal to ½ the mass of the original tissue sample. The pellet was then 

homogenized with an overhead stirrer fitted with the teflon pestle.  The sample was 

transferred to pre-chilled cryo-storage vials and placed in -80º C (sub-acute samples) or 

liquid nitrogen (sub-chronic samples) storage for future enzymatic analysis.   

Characterization and optimization of all enzymatic assays for Northern bobwhite 

quail tissues was conducted prior to EROD and PROD bioassays.  A kinetic assay 

performed on a fluorometer with a 96-well plate reader was used to detect and quantify 

resorufin formation after microsomal delakylation of two resorufin ethers (Smith, 2000).  

Dilutions of enzyme (microsomes) and substrate (EROD and PROD) were varied to 

optimize conditions for quail liver and kidney samples. The optimization procedure 

ensured conditions that would prevent the premature enzymatic depletion of substrate and 

substrate inhibition (Smith, 2000).  Nicotinamide adenine dinucleotide phosphate 

(NADPH, reduced form) concentration was kept constant at 10-3 M (in 0.1 M Tris buffer, 

pH=7.8) in both studies (Smith, 2000). Quantification of EROD and PROD activity in 

both liver and kidney samples of each experimental group was undertaken.  

EROD activity was analyzed kinetically using an fmax Fluorescence Microplate 

Reader (Molecular Devices Corp., Sunnyvale, CA, USA).  Samples were run in triplicate 
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in a 96-well plate with a final assay volume of 180 µL per well. The EROD assay was 

conducted at 26º C, in a 0.1 M Tris-HCl Buffer (pH=7.8) + 1.6 mg/mL Bovine Serum 

Albumin (BSA). Enzymes (microsomes) were diluted in a 0.1 M Tris-HCl Buffer 

(pH=7.8) + 0.5 mg/mL BSA (Hofius, 1992).  Ethoxyresorufin and pentoxyresorufin were 

prepared in methanol at stock concentrations of 88.9 µM.  EROD or PROD was 

combined with 0.1 M Tris-HCl buffer (pH=7.8) to final assay concentrations.  Optimal 

substrate concentrations were determined for EROD (25 x 10 -8 M) and PROD (1.6 x 10 -

6 M).  Microsomal (enzyme) preparations were diluted by a factor of 4 for measurement 

of EROD and PROD.  Fresh dilutions of EROD or PROD were prepared every two hours 

during the isozyme assay to prevent use of degraded substrates. NADPH, at a final assay 

concentration of 50 µM, was prepared in 0.1 M Tris-HCl buffer, aliquoted, stored in dark 

conditions at -20º C, and thawed daily as needed (Hofius, 1992).   

 Protein content of all microsomal preparations was quantified using a 

bicinchoninic acid (BCA) protein assay kit produced by Pierce Biotechnology (Rockford, 

IL).  Microsomal samples were diluted in a 0.05 M Tris buffer (pH = 7.4).  Dilutions 

were 10-40X, microsome to buffer.  Standards for protein quantification were prepared 

using bovine serum albumin (BSA) combined with 0.05 M Tris buffer (pH = 7.4) at 

concentrations ranging from 0 – 2 mg/ml.  A nine point standard curve was generated to 

determine actual protein concentrations of microsomal dilutions.  Twenty-five µl of each 

standard or enzyme dilution, and 200 µl of BCA solution containing sodium carbonate, 

sodium bicarbonate, BCA, sodium tartate in 0.1 M sodium hydroxide, and 4% cupric 

sulfate were added to a clear flat bottom 96-well plate.  Each plate was incubated at 37ºC 
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for 30 minutes on a slide warmer before analysis.  Plates were cooled to 27ºC and 

absorbance of 562 nm light was measured in each well using a on a SpectraMax Plus 

spectrophotometer (Molecular Devices).  Each standard or microsomal dilution was run 

in triplicate.  Mean plate blank readings were subtracted from each sample reading.  

Protein concentration was determined using Softmax Pro software which generated a 

regression line from the standard curve.  

Activity was quantified by combining tris buffer, substrate (EROD or PROD), 

and diluted enzymes (1000 mg protein/mL) in incubated 96-well plates for two minutes 

at 25º C.  Following incubation, 10 µL of NADPH was added to each well, mixed, and 

kinetic analysis immediately performed on the fluorometer.  Assay solutions were 

analyzed at 544 nm (excitation) and 590 nm (emissions).  Readings were integrated over 

30 seconds for 5 minutes for a total of 10 time points.  Kinetic data was evaluated by 

plotting ∆ fluorescence over time for each sample replicate. The mean ∆ fluorescence of 

the sample was then divided by the slope of the corresponding standard curve to express 

substrate activity in pmol/min/1000 mgprotein.  

 

Sub-acute/-chronic Hepatosomatic Index 

 The Hepatosomatic Index (HSI) was evaluated as liver mass as a percentage of 

whole body mass (Mora et al., 2006). HSI was used to determine somatic proliferation 

within the liver and explain its relationship with experimental exposure to BAA.  Each 

animal’s liver and body mass were recorded.  Liver mass was then divided by body mass 

and multiplied by 100 to achieve an HSI value for each individual bird. 
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Analytical Measurement of Actual Concentrations in Treated Feed 

 Determination of actual concentrations of BAA in treated feed was conducted 

using a modified method of PAH analysis in solids (Zaugg et al., 2006).  Samples 

consisting of 5 g of feed from each treatment group were combined with 3.5 g NaSO4.  

Samples were then ground into a powder using a mortar and pestle, and loaded into 

Accelerated Solvent Extraction (ASE) cells.  Samples were then loaded on an ASE 

instrument and extracted using a hexane/acetone mixture (50:50 volume-to-volume ratio).  

Each sample was extracted at 1400 psi and 120ºC for one 10 minute cycle on the ASE.  

Extracts were then concentrated in a Buchi Rotavapor R-124 (Buchi, Switzerland) 

rotating evaporator.  Compounds were then isolated using florisil solid phase extraction 

(SPE) catridges activated with 2 ml of hexane.  Sorbed compounds were eluted from the 

SPE catridges using a dichloromethane/diethyl ether mixture (80:20 volume-to-volume 

ratio).  Cleaned extracts were then solvent exchanged into ethyl acetate and dried with 

nitrogen gas in an N-EVAP 111 (Organomation Assoc. Inc. Berlin, MA, USA) nitrogen 

evaporator to a final volume of 2 ml.  Extracts were then transferred to 2 ml gas 

chromatography vials and placed in -20ºC storage until analysis.   

BAA extracted from feed was analyzed on a Hewlett Packard HP 6890 Series GC 

(gas chromatograph) system equipped with a 5973 Mass Selective Detector.  A 30 m X 

0.25 mm HP-5MS with 0.25 µm film thickness column was used with helium gas as a 

carrier (65.9 ml/min flow rate).  Standards for BAA quantification were prepared using 

ethyl acetate combined with BAA at concentrations ranging from 0.1 – 100 mg/L.   A 
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four point standard curve was generated to determine actual BAA concentrations in 

extracted samples.  Mean recoveries of BAA were 98.9% – 101% with an initial method 

detection limit (MDL) of 13.4 µg/kg. 

 

Statistical Methods 

 Measures of central tendency are expressed as mean ± standard error.  All data 

were checked for normality using a Shapiro-Wilk test.  Assumptions regarding 

homogeneity of variances were checked using Bartletts test.  Food consumption and body 

mass were tested using a one-way analysis of variance (ANOVA) in both the sub-acute 

and sub-chronic studies.  In the sub-acute study, the effect of treatment was compared 

among groups using an ANOVA.  Birds euthanized on day five of the sub-acute study 

were compared separately from birds euthanized after the three day recovery period.   

Significant differences among treatment groups were then identified using Dunnett’s post 

hoc comparison.  In the sub-chronic study the effect of treatment and time on EROD and 

PROD activities were tested using a two-way ANOVA.  Any differences among 

treatment group means were further analyzed using a post hoc Tukey test.  Hepatic and 

renal, EROD and PROD activities were compared using multiple analysis of variance 

(MANOVA).  HSI values were analyzed using a one-way ANOVA followed by a 

Dunnett’s test to distinguish which means of treated birds differed from the control in 

both the sub-acute and sub-chronic studies. All data analyses were conducted with the 

statistical program R version 2.5.1 (R Development Core Team, Boston, MA, USA). 

Statistical tests were considered significant when p<0.05. 
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CHAPTER III 

RESULTS 

PAH Acute Study:  Mortality and Pathology 

 BAA, pyrene, and naphthalene were not acutely toxic to Northern bobwhite quail. 

No quail died at the limit dose nominal concentration of 2000 mg/kg bodyweight for any 

of the PAHs studied.  Actual mean concentrations of BAA, pyrene, and naphthalene were 

1990 ± 46.7, 2050 ± 34.4, and 2070 ± 44.7, respectively.  No signs of intoxication were 

observed at any point within the acute exposure studies.  Necropsy revealed no gross 

physiological anomalies.  Mean weights of quail were 200 ± 39.1 grams and body mass 

did not change (p = 0.817) during acute studies.  Food consumption among quail dosed at 

2000 mg/kg body weight ranged from 10.2 – 15.6 g/day, and was not significantly 

different during acute exposure (p = 0.582).  

 

PAH Sub-acute Study:  Mortality and Pathology 

 There was no mortality in the controls or any of the treatment groups exposed to 

BAA.  Actual concentrations of BAA in the sub-acute study were 0 (< MDL), 0.21 ± 

0.03, 1.02 ± 0.04, 11.4 ± 0.38, 98.1 ± 3.93, and 1100 ± 51.7 mg/kg feed.  No signs of 

toxicity were observed at any point in the sub-acute study.  Necropsy revealed no gross 

physiological anomalies.  Quail consumed equivalent amounts of feed during the course 

of the study through day 5 (p=0.281) and during the 3 day recovery period (day 8) 

(p=0.986) (Table 3.1) with no differences among treatment groups.  There was no 

difference in body mass among the treatment groups after sub-acute treatment (p = 
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0.739).  Mean daily exposure/bird to BAA was 0 (<MDL), 1.43 ± 0.55, 5.89 ± 0.13, 67.5 

± 0.51, 526 ± 0.67, and 6210 ± 2.25 mg/kg/day (Table 3.2). 

 

PAH Sub-acute Study:  Cytochrome P450 Analysis, Hepatic EROD and PROD 

Mean hepatic EROD activities of quail euthanized on day 5 were not significantly 

different (p=0.287) among treatment groups.  Although day 5 EROD activities were not 

significantly higher than controls, they tended to be elevated when compared to controls 

in regard to all treatment groups except that of the 1 mg/kg group (Table 3.3).  Mean 

EROD activities from quail euthanized after the 3 day recovery period (day 8) were 

significantly different among treatments (p = 0.001).  Mean EROD activity of quail from 

the 100 mg/kg exposure group was significantly higher than controls (p= 0.001) (Figure 

3.1).   

Mean hepatic PROD activities after the fifth day of exposure were not 

significantly different (p=0.105) among treatment groups, but activities were elevated 

when compared to controls.  However, after the 3 day (day 8) recovery period, mean 

PROD activities were significantly different (p = 0.008) among treatment groups.  Mean 

PROD activity in the 10 mg/kg treatment group was significantly higher than that of 

controls (p<0.001) (Figure 3.2). However, no significant difference was observed for all 

other treatments when compared to controls.  Hepatic PROD activities for quail 

euthanized after the 3 day recovery period are reported in Table 3.4.   
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Figure 3.1.  Mean ± (SE) hepatic ethoxyresorufin-O-deethylase activities of 
Northern bobwhite quail exposed to benz[a]anthracene via contaminated feed at 
nominal concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.21 ± 0.03, 1.02 ± 0.04, 11.4 ± 
0.38, 98.1 ± 3.93, and 1100± 51.7 mg/kg feed.  Quail euthanized on day 8 of the 
sub-acute study are shown. Values above bars denote sample size (n). The symbol 
(*) above bars denotes significantly different means from controls (P<0.05).   
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Figure 3.2.  Mean ± (SE) hepatic pentoxyresorufin-O-deethylase activities of 
Northern bobwhite quail exposed to benz[a]anthracene via contaminated feed at 
nominal concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.21 ± 0.03, 1.02 ± 0.04, 11.4 ± 
0.38, 98.1 ± 3.93, and 1100 ± 51.7 mg/kg feed.  Quail euthanized on day 8 of the 
sub-acute study are shown. Values above bars denote sample size (n). The symbol 
(*) above bars denotes significantly different means from controls (P<0.05).   
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PAH Sub-acute Study:  Cytochrome P450 Analysis, Renal EROD and PROD 

There was a significant difference (p= 0.012) in mean renal EROD activities 

among treatment groups.  Mean EROD activity of quail exposed to 1000 mg/kg BAA 

was significantly higher than that of controls (p= 0.016) (Figure 3.3) and was elevated 

when compared to all other treatment groups.  After the 3 day recovery period (day 8), 

mean EROD activities were not significantly different among treatments (p=0.619).  

Mean renal EROD activities after the 3 day recovery period were either equivalent to or 

lower than controls (Table 3.5).   

Mean renal PROD activities of quail euthanized on day 5 (p = 0.352) or after the 

3 day recovery period (day 8) (p = 0.958) were not significantly different among 

treatment groups.  Mean PROD activities of quail from all treatment groups were similar 

when compared to controls (Table 3.5 and 3.6).  

 

PAH Sub-chronic Study:  Mortality and Pathology 

 There was no mortality in quail exposed to control feed, or BAA at 0.11 ± 0.01, 

1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  No signs of toxicity were observed at any point 

in the sub-chronic study.  Necropsy revealed no gross physiological anomalies.  Quail in 

each treatment group consumed equivalent amounts of feed during the course of the 

study with no differences among groups (p=0.56) (Table 3.7).  There was no significant 

difference in body mass among treatment groups (p = 0.846).   Mean food consumption 

was not significantly different among treatment groups (p=0.067) which allowed 

exposure to BAA (mg/kg/day) to be congruent with treatment group (Table 3.8). 
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Figure 3.3.  Mean ± (SE) renal ethoxyresorufin-O-deethylase activities of 
Northern bobwhite quail exposed to benz[a]anthracene via contaminated feed at 
nominal concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.21 ± 0.03, 1.02 ± 0.04, 11.4 ± 
0.38, 98.1 ± 3.93, and 1100 ± 51.7 mg/kg feed.  Quail euthanized on day 5 of the 
sub-acute study are shown. Values above bars denote sample size (n). The symbol 
(*) above bars denotes significantly different means from controls (P<0.05).   
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PAH Sub-chronic Study: Cytochrome P450 Analysis, Hepatic EROD and PROD 

Regarding the two-way ANOVA model, mean hepatic EROD activity of quail 

orally exposed to BAA changed in response to an interaction between time and treatment  

(p=0.011).  As time progressed and BAA concentration increased, EROD activity 

increased (Figure 3.4).  However, mean EROD activity from quail exposed to 10 mg/kg 

BAA increased until day 30 and then decreased by day 60 (Figure 3.4).   

For mean hepatic PROD activity, there was no significant (p=0.559) interaction 

between treatment group and time of exposure.  However, mean PROD activities were 

significantly different among treatments (p < 0.001), but time had no effect (p = 0.998).  

Mean PROD activities of quail exposed to 0.1 (p <0.001), 1 (p <0.001), and 10 mg/kg 

BAA (p <0.001) were significantly higher than controls in the post-hoc comparison 

(Figure 3.5).  Mean EROD and PROD activities from days 1, 3, 9, 30, and 60 are 

reported in Tables 3.9 – 3.13. 

 

PAH Sub-chronic Study:  Cytochrome P450 Analysis, Renal EROD and PROD 

There was no significant interaction (p=0.124) between treatment group and time 

with regards to mean renal EROD activities.  A significant difference in mean EROD 

activities (p < 0.001) among treatments was observed.  Mean EROD activities from quail 

exposed to 0.1 (p= 0.043), 1 (p= 0.002), or 10 mg/kg BAA (p= 0.001), were significantly 

different among treatments in the post-hoc comparison (Figure 3.6).   

For mean renal PROD activities, there was no interaction between treatment group and 

time of exposure (p=0.431).  However, mean PROD activity was significantly different 
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(p = 0.029) among treatment groups (Tables 3.14 – 3.18), but time was not a significant 

factor in the model (p = 0.734). Mean PROD activity from quail exposed to 10 mg/kg 

BAA in feed (p= 0.020) was the only significantly elevated treatment when compared to 

all other treatments in the post-hoc comparison.  All other treatments renal PROD 

activities fluctuated over time. Mean EROD and PROD activities for each individual day 

are reported in Tables 3.14 – 3.18. 

 

PAH Sub-acute/-chronic Hepatic and Renal Enzyme Activity Comparison 

 There were no significant differences between EROD and PROD activities 

among treatment groups (p=0.353), (p=0.595), respectively, when hepatic and renal 

tissues were compared in the sub-acute study.   However, after the fifth day of exposure 

hepatic EROD activities were approximately 3 times higher in controls and over 4 times 

higher in each treatment group as compared to renal EROD activities.  Also, hepatic 

EROD activities were more than 3 times higher than renal EROD activities following the 

3 day recovery period. Hepatic PROD activities ranged form 5 - 38 times higher than 

renal PROD activities with regard to the 5 day treatment period, and hepatic PROD 

activities were 5 -10 times higher than renal PROD activities following the 3 day 

recovery period. Mean hepatic and renal EROD activities were significantly different 

when treatment groups were compared in the sub-chronic study (p<0.001).  Also, there 

was a significant difference among treatment groups with regard to mean hepatic and 

renal PROD activities (p=0.001).  Hepatic EROD and PROD activities were higher than 

renal EROD and PROD activities on each day sampled in the sub-chronic study. 
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Figure 3.4.  Mean hepatic EROD activities of Northern bobwhite quail exposed to 
benz[a]anthracene via contaminated feed at nominal concentrations of 0, 0.1, 1, or 
10 mg/kg, and actual concentrations of 0 (< Method Detection Limit), 0.11 ± 
0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed with respect to time and treatment 
in the sub-chronic study. Northern bobwhite quail were exposed to 
benz[a]anthracene for 1, 3, 9, 30, or 60 days. 
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Figure 3.5.  Mean ± (SE) hepatic pentoxyresorufin-O-deethylase activities of 
Northern bobwhite quail exposed to benz[a]anthracene via contaminated feed at 
nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 (< 
Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed. 
All samples from quail euthanized on days 1, 3, 9, 30, and 60 of the sub-chronic 
study are compared and evaluated via a two-way analysis of variance.  Values 
above bars denote sample size (n). The symbol (*) above bars denotes 
significantly different means from all other treatments (P<0.05).   

 
 
 
 
 
 
 
 
 

28  



Texas Tech University, Blake Nelson Beall, December 2007 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Treatment Group (mg/kg)

A
ct

iv
ity

 (p
m

ol
/m

in
/1

00
0 

m
g 

pr
ot

ei
n)

0

100

200

300

400

500

0 0.1 1 10

n=27

n=20
n=21

n=20

*
*

*

 
 

Figure 3.6.  Mean ± (SE) renal ethoxyresorufin-O-deethylase activities of 
Northern bobwhite quail exposed to benz[a]anthracene via contaminated feed at 
nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 (< 
Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed. 
All samples from quail euthanized on days 1, 3, 9, 30, and 60 of the sub-chronic 
study are compared and evaluated via a two-way analysis of variance.  Values 
above bars denote sample size (n). The symbol (*) above bars denotes 
significantly different means from all other treatments (P<0.05).   
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Sub-acute/Sub-chronic Hepatosomatic Index 

 Mean HSI values of quail exposed to BAA at nominal concentrations of 0, 0.1, 1, 

10, 100, or 1000 mg/kg feed in the sub-acute study were compared to controls.  Mean 

HSI of quail exposed to 1000 mg/kg on day 5 were significantly different (p<0.001) than 

controls (Figure 3.7).  Mean HSI from quail euthanized after the 3 day (day 8) recovery 

period were significantly different from controls (p<0.001) (Figure 3.8).  Mean HSI of 

the 1000 mg/kg exposure group was significantly different than controls (p<0.001).  All 

mean HSI values are reported in Table 3.19. 

HSI was also calculated for quail following the sub-chronic study.  Mean HSI 

values from quail exposed to BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg 

feed on day 1, 3, 9, 30, or 60 were compared to controls. Days 1, 3, 30, and 60 presented 

HSI values that were significantly different from controls in several treatment groups. 

The 10 mg/kg treatment group was significantly higher than controls on each day 

sampled except day 9, and the 0.1 and 1 mg/kg treatment groups were significantly 

higher than controls on an inconsistent basis throughout the time course. All treatments 

HSI values on day 9 were not significantly different from controls (p=0.212) (Figures 3.9 

– 3.12).  Mean HSI values are reported in Table 3.20. 
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Figure 3.7.  Mean ± (SE) Hepatosomatic index (HSI) values of Northern bobwhite 
quail exposed to benz[a]anthracene via contaminated feed at concentrations of 0, 
0.1, 1, 10, 100, or 1000 mg/kg.  Samples from quail euthanized on day 5 of the 
sub-acute study are shown.  HSI is expressed as liver mass as a percentage of 
bodyweight.  Values above bars denote sample size (n). The symbol (*) above 
bars denotes significantly different means from controls (P<0.05).   
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Figure 3.8.   Mean ± (SE) Hepatosomatic index (HSI) values of Northern 
bobwhite quail exposed to benz[a]anthracene via contaminated feed at 
concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg.  Samples from quail 
euthanized after the 3 day recovery period (day 8) of the sub-acute study are 
shown.  HSI is expressed as liver mass as a percentage of bodyweight.  Values 
above bars denote sample size (n). The symbol (*) above bars denotes 
significantly different means from controls (P<0.05).   
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Figure 3.9.   Mean ± (SE) Hepatosomatic index (HSI) values of Northern 
bobwhite quail exposed to benz[a]anthracene via contaminated feed at nominal 
concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 (< Method 
Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  Samples 
from quail euthanized on day 1 of the sub-chronic study are shown.  HSI is 
expressed as liver mass as a percentage of bodyweight.  Values above bars denote 
sample size (n). The symbol (*) above bars denotes significantly different means 
from controls (P<0.05).   
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Figure 3.10.  Mean ± (SE) Hepatosomatic index (HSI) values of Northern 
bobwhite quail exposed to benz[a]anthracene via contaminated feed at nominal 
concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 (< Method 
Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  Samples 
from quail euthanized on day 3 of the sub-chronic study are shown.  HSI is 
expressed as liver mass as a percentage of bodyweight.  Values above bars denote 
sample size (n). The symbol (*) above bars denotes significantly different means 
from controls (P<0.05).   
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Figure 3.11.  Mean ± (SE) Hepatosomatic index (HSI) values of Northern 
bobwhite quail exposed to benz[a]anthracene via contaminated feed at nominal 
concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 (< Method 
Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  Samples 
from quail euthanized on day 30 of the sub-chronic study are shown.  HSI is 
expressed as liver mass as a percentage of bodyweight.  Values above bars denote 
sample size (n). The symbol (*) above bars denotes significantly different means 
from controls (P<0.05).   
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Figure 3.12.  Mean ± (SE) Hepatosomatic index (HSI) values of Northern 
bobwhite quail exposed to benz[a]anthracene via contaminated feed at nominal 
concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 (< Method 
Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  Samples 
from quail euthanized on day 60 of the sub-chronic study are shown.  HSI is 
expressed as liver mass as a percentage of bodyweight.  Values above bars denote 
sample size (n). The symbol (*) above bars denotes significantly different means 
from controls (P<0.05).   
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Table 3.1.  Mean daily food consumption.  Northern bobwhite quail were exposed to 
BAA at nominal concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.21 ± 0.03, 1.02 ± 0.04, 11.4 ± 0.38, 
98.1 ± 3.93, and 1100 ± 51.7 mg/kg feed for 5 days.  A 3 day recovery period followed 
the 5 day exposure period. 
 

Mean Daily Food Consumption 

Treatment Groups 

Day Control 0.1 
(mg/kg) 

1  
(mg/kg) 

10 
(mg/kg) 

100 
(mg/kg) 

1000 
(mg/kg) 

1 5.69 6.18 4.30 4.36 4.26 4.10 
2 5.89 6.77 5.47 4.90 4.73 5.70 
3 6.47 7.46 6.32 5.31 5.63 6.43 
4 7.10 6.53 6.16 6.13 5.95 4.60 
5 8.00 7.33 6.52 8.82 6.24 7.50 
6 7.70 9.65 7.10 9.96 9.43 9.95 
7 7.90 6.46 8.95 8.13 8.31 12.2 
8 8.65 8.73 12.7 13.3 10.8 11.1 

Grand 
Mean 

7.18  
(0.38) 

7.39 
(0.43) 

7.19 
(0.91) 

7.61 
(1.07) 

6.91 
(0.82) 

7.70  
(1.07) 
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Table 3.2.  Nominal concentrations (mg/kg feed), actual concentrations (mg/kg feed) ± 
(SE), mean (g) ± (SE) food consumption per bird per day, and mean dose 
benz[a]anthracene (mg) ± (SE)  per bird in the sub-acute exposure study.  Northern 
bobwhite quail were exposed to benz[a]anthracene at nominal concentrations of 0, 0.1, 1, 
10, 100, or 1000 mg/kg, and actual concentrations of 0 (< Method Detection Limit), 0.21 
± 0.03, 1.02 ± 0.04, 11.4 ± 0.38, 98.1 ± 3.93, and 1100 ± 51.7 mg/kg feed for 5 days.  
Control (0 mg/kg), actual concentration was less than method detection limit (<MDL).  
Not available (NA). 
 

 

Nominal 
Concentration 

(mg/kg) 

Actual 
Concentration 

(mg/kg) 

Food 
Consumption/Bird/Day 

(g) 

Dose/Bird/Day 
(mg) 

0 0 (<MDL) 6.12 (1.12) NA 
0.1 0.21 (0.03) 6.85 (0.54) 1.43 (0.55) 
1 1.02 (0.04) 5.75 (0.40) 5.89 (0.13) 

10 11.4 (0.38) 5.90 (0.78) 67.5 (0.51) 
100 98.1 (3.93) 5.36 (0.37) 530 (0.67) 

1000 1100 (51.7) 5.67 (0.61) 6200 (2.25) 
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Table 3.3.  Mean ± (SE) hepatic ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.21 ± 0.03, 1.02 ± 0.04, 11.4 ± 0.38, 
98.1 ± 3.93, and 1100 ± 51.7 mg/kg feed which were euthanized on day 5 of the sub-
acute study.  
 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 168 (38.0) 16.1 (6.00) 

0.1 3 463 (129) 216 (52.0) 
1 3 198 (54.0) 112 (76.0) 

10 3 310 (58.0) 231 (44.0) 
100 3 411 (156) 432 (67.0) 
1000 3 345 (90.0) 262 (190) 
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Table 3.4. Mean ± (SE) hepatic ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.21 ± 0.03, 1.02 ± 0.04, 11.4 ± 0.38, 
98.1 ± 3.93, and 1100 ± 51.7 mg/kg feed which were euthanized on after the 3 day 
recovery period (day 8) of the sub-acute study. 
 

 

Treatment Group 
(mg/kg)   n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 27 250 (62.0) 97.9 (23.0) 

0.1 10 327 (51.0) 160 (31.0) 
1 10 403 (35.0) 158 (47.0) 
10 10 389 (45.0) 284 (47.0) 
100 10 680 (103) 144 (31.0) 
1000 10 468 (55.0) 148 (33.0) 
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Table 3.5.  Mean ± (SE) renal ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.21 ± 0.03, 1.02 ± 0.04, 11.4 ± 0.38, 
98.1 ± 3.93, and 1100 ± 51.7 mg/kg feed which were euthanized after the 3 day recovery 
period (day 8) of the sub-acute study. 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 27 102 (27.0) 31.1 (22.0) 

0.1 10 103 (13.0) 33.8 (9.00) 
1 10 85.2 (13.0) 28.7 (6.00) 
10 10 106 (10.0) 47.3 (8.00) 
100 10 84.0 (11.0) 29.7 (9.00) 
1000 10 46.2 (6.00) 14.9 (6.00) 
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Table 3.6. Mean ± (SE) renal ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.21 ± 0.03, 1.02 ± 0.04, 11.4 ± 0.38, 
98.1 ± 3.93, and 1100 ± 51.67 mg/kg feed which were euthanized on day 5 of the sub-
acute study. 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 63.7 (17.0) 11.1 (6.00) 

0.1 3 56.1 (10.0) 44.6 (9.00) 
1 3 47.7 (23.0) 11.5 (23.0) 
10 3 76.9 (20.0) 6.07 (12.0) 
100 3 121 (47.0) 34.1 (13.0) 
1000 3 278 (87.0) 13.0 (15.0) 
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Table 3.7.  Mean food consumption for days 1-30.  Grand mean (±SE) food consumption.  
Northern bobwhite quail were exposed to BAA at nominal concentrations of 0, 0.1, 1, or 
10 mg/kg, and actual concentrations of 0 (< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 
0.04, and 11.4 ± 0.54 mg/kg feed for 1, 3, 9, 30, or 60 days.   
 
 
 

 Food Consumption/Treatment Group 
(g) 

Day Control 0.1 
(mg/kg) 

1 
(mg/kg) 

10 
(mg/kg) 

1 6.18 6.34 5.76 5.98 
2 6.77 6.73 6.89 6.76 
3 7.46 7.23 7.39 7.37 
4 6.53 6.21 6.43 6.67 
5 7.33 7.45 7.27 7.29 
6 9.65 9.71 9.89 9.41 
7 6.46 6.25 7.49 7.51 
8 8.73 8.97 8.46 8.42 
9 8.56 6.43 8.49 8.19 
10 8.69 9.01 8.76 8.56 
11 9.12 9.17 9.26 9.03 
12 8.95 9.34 8.65 9.37 
13 9.16 9.51 9.82 9.27 
14 8.75 8.72 8.64 9.01 
15 9.43 9.67 9.71 9.41 
16 9.13 9.52 9.29 9.65 
17 9.58 9.51 9.27 9.11 
18 9.56 9.42 9.91 10.1 
19 9.25 9.85 8.91 8.67 
20 9.76 9.56 9.43 9.76 
21 9.84 10.0 9.54 9.22 
22 9.68 10.0 9.42 9.23 
23 9.95 9.93 9.67 9.95 
24 10.0 10.3 8.99 10.2 
25 9.65 9.72 10.2 9.47 
26 9.98 10.1 9.56 9.95 
27 10.6 10.5 11.0 10.8 
28 10.4 10.3 10.1 10.4 
29 11.7 11.3 11.9 11.5 
30 10.7 10.9 11.3 11.1 

Grand 
Mean 

9.05 
(0.24) 

9.05 
(0.27) 

9.05 
(0.25) 

9.05 
(0.24) 
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Table 3.8.  Total benz[a]anthracene consumed (g) per bird per exposure group on days 1, 
3, 9, and 30 of the sub-chronic study.  Nominal concentrations (mg/kg feed) of 
benz[a]anthracene in feed and actual concentrations (mg/kg feed) ± (SE) of 
benz[a]anthracene in feed are shown.  Northern bobwhite quail were exposed to 
benz[a]anthracene at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual 
concentrations of 0 (< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 
mg/kg feed for 1, 3, 9, 30, or 60 days. 
 
 

Treatment Groups 

Nominal 0  
(mg/kg) 

0.1  
(mg/kg) 

1 
 (mg/kg) 

10  
(mg/kg) 

Actual 0 (<MDL) 0.11 (0.01) 1.1 (0.04) 11.5 (0.54) 
Day 1 NA 6.34e-7 5.76e-6 5.98e-5 
Day 3 NA 2.06e-6 2.01e-5 2.01e-4 
Day 9 NA 6.59e-6 6.83e-5 6.70e-4 
Day 30 NA 2.69e-5 2.71e-4 3.00e-3 
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Table 3.9. Mean ± (SE) hepatic ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 1 are shown. 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 193 (33.0) < MDL 

0.1 3 401 (17.0) < MDL 
1 3 535 (26.0) 175 (196) 
10 3 769 (31.0) 212 (19.0) 
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Table 3.10. Mean ± (SE) hepatic ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 3 are shown. 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 209 (71.0) < MDL 

0.1 3 448 (21.0) 64.3 (68.0) 
1 3 616 (55.0) < MDL 

10 3 723 (12.0) 216 (104) 
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Table 3.11.  Mean ± (SE) hepatic ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 9 are shown. 
 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 108 (52.0) < MDL 

0.1 3 488 (39.0) 32.3 (74.0) 
1 3 571 (11.0) 100 (6.00) 
10 3 975 (113) 164 (44.0) 
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Table 3.12. Mean ± (SE) hepatic ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 30 are shown. 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein) 

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 158 (9.00) < MDL 

0.1 3 458 (20.0) 282 (200) 
1 3 604 (40.0) 162 (123) 
10 3 1290 (104) 67.8 (42.0) 
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Table 3.13. Mean ± (SE) hepatic ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 60 are shown. 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 15 220 (41.0) < MDL 

0.1 8 530 (8.00) 77.6 (29.0) 
1 8 707 (19.0) 287 (76.0) 
10 8 870 (61.0) 489 (155) 
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Table 3.14. Mean ± (SE) renal ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 1 are shown. 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 5.32 (2.00) 3.49 (0.60) 

0.1 3 96.9 (13.0) 262 (244) 
1 3 124 (9.00) 27.2 (12.0) 
10 3 220 (9.00) 46.4 (7.00) 
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Table 3.15. Mean ± (SE) renal ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 3 are shown. 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 16.7 (2.00) 12.7 (5.00) 

0.1 3 114 (3.00) 55.3 (34.0) 
1 3 138 (15.0) 26.6 (10.0) 

10 3 306 (77.0) 96.4 (25.0) 
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Table 3.16. Mean ± (SE) renal ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 9 are shown. 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 17.3 (8.00) 18.3 (9.00) 

0.1 3 132 (11.0) 24.0 (7.00) 
1 3 127 (19.0) 10.3 (9.00) 

10 3 257 (35.0) 57.2 (15.0) 
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Table 3.17. Mean ± (SE) renal ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 30 are shown. 
 
 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 3 39.2 (7.00) 10.8 (8.00) 

0.1 3 160 (19.0) 11.7 (4.00) 
1 3 158 (34.0) 90.0 (67.0) 

10 3 316 (69.0) 97.3 (36.0) 
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Table 3.18. Mean ± (SE) renal ethoxyresorufin-O-deethylase and pentoxyresorufin-O-
deethylase activity (pmol/min/1000 mg protein) from Northern bobwhite quail exposed to 
BAA at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 
(< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed.  
Activities of quail euthanized on day 60 are shown. 

 

Treatment Group 
(mg/kg)  n 

EROD Activity 
(pmol/min/1000 mg 

protein)  

PROD Activity 
(pmol/min/1000 

mg protein)  
0 15 72.9 (5.00) 9.89 (6.00) 

0.1 8 117 (15.0) 86.3 (84.0) 
1 8 169 (17.0) 103 (68.0) 

10 8 430 (99.0) 235 (109) 
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Table 3.19.  Mean ± (SE) Hepatosomatic Index (HSI) values from Northern bobwhite 
quail exposed to benz[a]anthracene at concentrations of 0, 0.1, 1, 10, 100, or 1000 mg/kg 
feed.  All samples, day 5 samples, and samples taken after the 3 day recovery period (day 
8) of the sub-acute study are shown.   
 
 

 

Treatment Group  n HSI  
(all) n HSI  

(day 5) n HSI  
(day 8) 

0 
(mg/kg) 30 2.74 

(0.04) 3 2.70 
(0.06) 27 2.75 

(0.05) 
0.1 

(mg/kg) 13 2.76 
(0.08) 3 2.65 

(0.16) 10 2.79 
(0.09) 

1 
(mg/kg) 13 2.57 

(0.06) 3 2.48 
(0.02) 10 2.60 

(0.08) 
10 

(mg/kg) 13 2.69 
(0.08) 3 2.79 

(0.11) 10 2.66 
(0.09) 

100 
(mg/kg) 13 2.85 

(0.06) 3 2.75 
(0.1) 10 2.88 

(0.07) 
1000 

(mg/kg) 13 3.63 
(0.09) 3 3.41 

(0.04) 10 3.70 
(0.11) 
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Table 3.20. Mean ± (SE) Hepatosomatic Index (HSI) values from Northern bobwhite 
quail exposed to benz[a]anthracene at nominal concentrations of 0, 0.1, 1, or 10 mg/kg, 
and actual concentrations of 0 (< Method Detection Limit), 0.11 ± 0.01, 1.10 ± 0.04, and 
11.46 ± 0.54 mg/kg feed.  All samples as well as days 1, 3, 9, 30 and 60 samples of the 
sub-chronic study are shown.   
 
 

 

Treatment 
Group 

 

0 
(mg/kg) 

0.1 
(mg/kg) 

1 
(mg/kg) 

10 
(mg/kg) 

n 27 20 21 20 
HSI All  2.28 (0.05) 2.61 (0.06) 2.34 (0.04) 3.03 (0.06) 

n 3 3 3 3 
HSI Day 1  1.89 (0.06) 2.44 (0.09) 2.42 (0.04) 2.84 (0.09) 

n 3 3 3 3 
HSI  Day 3  2.18 (0.13) 2.47 (0.04) 2.39 (0.11) 3.05 (0.03) 

n 3 3 3 3 
HSI  Day 9  2.13 (0.05) 2.36 (0.09) 2.36 (0.22) 2.67 (0.26) 

n 3 3 3 3 
HSI  Day 30  2.16 (0.09) 2.60 (0.15) 2.37 (0.05) 3.29 (0.09) 

n 15 8 9 8 
HSI  Day 60  2.44 (0.06) 2.82 (0.09) 2.28 (0.06) 2.98 (0.11) 
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CHAPTER IV 

DISCUSSION 

 This study characterized the acute toxicity of three PAHs in Northern bobwhite 

quail.  Acute results indicated that exposure to BAA, pyrene, or naphthalene was not 

toxic to adult Northern bobwhite quail at doses below 2000mg/kg.  Initially, we expected 

mortality or some non-lethal toxicity associated with acute exposure to BAA because of 

its structural similaritiy to BAP, acenaphthene, fluorine, anthracene, and phenanthrene.  

We hypothesized that the upper limit dose (2000 mg/kg) would produce mortality, 

however, in this study that was not observed.  In past studies, PAHs were observed to 

cause mortality in small mammals, fish, and some birds which were acutely exposed 

(Douben, 2003; Morris et al., 1989).  Druckrey et al. (1967) observed BAP to be acutely 

toxic to rats at 50 mg/kg.  Schafer et al. (1983) observed acenaphthene, fluorine, 

anthracene, and phenanthrene to be acutely toxic in red-winged blackbirds at 

concentrations of 101, 111, and 113 mg/kg, respectively, and anthracene to be acutely 

toxic in house sparrows at 244 mg/kg (Douben, 2003; Schafer et al., 1983).  Although, no 

toxicological studies examining BAA in pre-natal avian life forms were located we 

expected toxicity among bobwhite quail to be similar to that of red-winged blackbirds 

and sparrows exposed to other PAHs.  Although, quantitative and qualitative differences 

have been observed in response to toxic substances among species, and phylogenetically 

similar species may exhibit large variation in toxic response to xenobiotics (Klaassen, 

2001).   Therefore, the lack of toxicity associated with acute BAA exposure in adult quail 
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was not entirely unexpected, but acute exposure to developing Northern bobwhite quail 

embryos would likely result in toxicity based on data from Brunstrom et al. (1991) who 

found BAA to be acutely toxic in chicken embryos at concentrations of 79 mg/kg.  Adult 

animals are more readily able to detoxify xenobiotics that enter the body when compared 

to developing individuals (Klaassen, 2001).  However, factors such as animal strain, age, 

type of feed and water, caging, pretrial fast time, method of administration, volume and 

type of suspension medium, and duration of observations may have influenced the lack of 

toxic response observed in adult quail used in the acute study (Klaassen, 2001). The 

delivery vehicle (suspension medium) may also have prevented efficient absorption of 

the PAHs across the gastro-intestinal tract, although the two vehicles employed in this 

study are widely used in acute toxicity studies (OECD, 2001).  Ultimately, when a 

chemical does not produce an acutely toxic response in test subjects, USEPA and OECD 

guidelines suggest terminating the further tests; however based upon the known long term 

toxic effects associated with PAH exposure the sub-acute/-chronic toxicity of BAA was 

evaluated.  Acute, sub-acute, and sub-chronic exposure to BAA did not cause mortality in 

quail in the experiment, but sub-lethal biochemical responses were observed.  

The sub-acute and sub-chronic studies characterized the effects of BAA by 

evaluating mortality, EROD activity, PROD activity, and HSI as endpoints.  PAHs are 

known inducers of CYP1A within tissues of animals (Davis, 1997). CYP1A activity is 

primarily identified via EROD induction within hepatic and renal tissues of mammals 

(Nims and Lubet, 1995), however, PROD induction generally recognized as CYP2B 

activity, has also been observed to be catalyzed by CYP1A to a certain degree (Liu et al., 
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2003).  Furthermore, hepatic tissues contain low levels of CYP2B even when untreated 

(Klaassen, 2001).  This may explain some of the observed PROD activity in treated and 

untreated quail in the preceding study.  Prior studies have used PROD as an endpoint to 

describe the effects of PAH exposure.  Dickerson et al. (1994) measured both EROD and 

PROD activity in hepatic and renal tissues of deer mice (Peromyscus maniculatas) 

exposed to PAHs in the field to describe biochemical effects associated with exposure to 

benz[a]anthracene and other selected PAHs.  Although the effects upon PROD were less 

pronounced than the effects upon EROD in the preceding study described, the 

observations support PROD induction via PAH exposure.    

The sub-acute study indicated that a 5 day, repetitive, oral exposure with BAA 

may not cause mortality in Northern bobwhite quail.   We hypothesized that P450 

metabolic enzymes would be induced by BAA exposure and that enzyme activities would 

be related to the concentration of BAA in feed following a 5 day exposure regimen.  

Numerous studies have documented increases in hepatic enzyme activity in response to 

PAH exposure in both laboratory and field settings (Custer et al., 2000; Custer et al., 

2001; Trust et al., 1994; Trust et al., 2000; Boersma et al., 1986; Cortright and Craigmill, 

2006; Walters et al., 1987; Peakall et al., 1989; Jellinck and Smith, 1973), but these 

studies considered enzyme activity in the first 1-48 hours in lab settings and singular time 

points in field settings.  To our knowledge this is the first study that has characterized 

enzyme activity following a five day exposure regimen of BAA and then characterized 

enzyme activity associated with a three day recovery period.   
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Custer et al. (2001) found hepatic EROD activities to be significantly higher in 

tree swallows (Tachycineta bicolor) nesting near PAH contaminated sites when 

compared to swallows nesting at reference sites. We observed hepatic EROD activity to 

be approximately three times higher, and PROD activity approximately fourteen times 

higher in the lowest treatment group compared to controls (sub-acute study; Table 3.3).  

Renal EROD and PROD activities were affected to a lesser degree following BAA 

exposure.   Renal EROD activity was approximately four times higher, but renal PROD 

activity was not affected in the highest treatment group compared to controls (Table 3.6).  

Numerous studies employing the use of both EROD and PROD, when examining 

samples of the same microsomal dilution, have documented that total enzyme activity is 

much greater in the liver than the kidney (Liukkonen-Anttila et al., 2003; Russell et al., 

2004; Dickerson et al., 1994).  EROD and PROD activities of hepatic tissues following 

the 3 day recovery period (day 8) were generally higher than activity of hepatic tissues 

taken on day 5 of the sub-acute study, however renal EROD and PROD activities were 

effected to a much lesser degree than hepatic tissues (Tables 3.3 – 3.6).  A longer 

recovery period may have been required to see a decrease in hepatic and renal enzyme 

activity effected by BAA exposure.  However, day 5 enzyme activities were generated 

with smaller sample sizes than day 8 activities.  Perhaps the increased sample size on day 

8 allowed a more definitive evaluation of enzyme activity.  Although, day 5 and day 8 

activities were not statistically compared because of differences in experimental 

treatment, a general comparison detects the length of time needed for enzyme activity to 

return to typical levels. 
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Typical time trials characterizing P450 activity associated with BAA exposure 

observe initial induction within the first six hours of exposure, and induction peaks within 

the 24-48 hours following exposure (Muto et al., 2003).  This supports our observations 

of significant elevations in EROD and PROD activities following day 1 of exposure in 

the sub-chronic study. However, EROD activity continued to increase in the 10 mg/kg 

treatment group to day thirty and then declined to day sixty (Figure 3.4).  The sub-

chronic study indicated that BAA exposure over a 60 day period did not induce mortality 

in juvenile or sub-adult Northern bobwhite quail.  We hypothesized that sub-chronic 

exposure to BAA would induce P450 enzymes in quail and that induction would be 

related to increased concentrations of BAA and exposure time.  The biochemical enzyme 

induction observed among sub-chronically exposed quail was congruent with increasing 

treatment concentration and time.  Hepatic EROD activity increased over treatment 

concentration and time (Figure 3.4) except for the highest treatment group.  Prolonged 

exposure to xenobiotic can result in hepatic injury which may account for the decrease in 

EROD activity (Gomes et al., 1999).  However, in vitro studies utilizing cultured cells 

from rats exposed to dimtheylbenz[a]anthracene at varying concentrations have 

demonstrated that initial increases in enzyme activity occur within the first 48-hours of 

exposure and are maintained at constant levels or decrease over time (Muto et al., 2003).  

Although, enzyme activity has been thoroughly studied within the first 24-48 hrs of 

induction, we chose to observe activities over a 60 day exposure period.  To our 

knowledge this is the first study that has measured changes in enzyme activity induced by 

BAA for a prolonged exposure period.  
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 In most assessments of renal and hepatic enzyme function in birds, hepatic tissues 

generally have greater enzymatic activity (Liukkonen-Anttila et al., 2003; Russell et al., 

2004; Dickerson et al., 1994).  Although, the liver is the major source of phase I enzyme 

induction, the kidney contains a significant source of P450 enzymes in avian systems 

(Pan and Fouts, 1979; Rennick, 1976).  Renal EROD activity in the sub-chronic study 

was significantly different among treatment groups when days 1, 3, 9, 30, and 60 were 

compared, and renal EROD activity was elevated when compared to controls.  This 

provides further support that the avian renal system can transform xenobiotics that 

directly enter the kidney via the renal portal system (Pan, 1978, 1979).  Increased renal 

activity was observed in both the sub-acute and sub-chronic study. 

According to the United States Environmental Protection Agency, the lowest 

level of a stressor that causes statistically and biologically significant differences in test 

samples as compared to other samples subjected to no stressor forms the basis for 

establishing a lowest observed adverse effect level (LOAEL) (USEPA, 1997).  While 

exposure to PAHs may or may not cause a detriment in animals that experience enzyme 

induction, an effect is observed. Therefore, the data may not support the calculation of an 

LOAEL, but a lowest observable effect level (LOEL) is justified. Hence, hepatic EROD 

activity of the 0.1 mg/kg exposure group was observed to be significantly different from 

the control.  This suggests a LOEL of 0.11 mg/kg/day BAA exposure in Northern 

bobwhite quail be established because of its effects upon hepatic EROD activity. Such 

metabolic alterations induced by BAA in quail may or may not have detrimental effects 
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upon quail. Therefore, a more comprehensive evaluation of PAH effects upon metabolic 

disposition is needed to elucidate impacts at individual or population levels. 

 

Conclusion 

 Due to the limited numbers of studies on the effects of individual PAHs in 

terrestrial avifauna, this study provides valuable information for wildlife management 

and ecological risk assessment.  It is clear that PAHs have biochemical effects in 

Northern bobwhite quail, and therefore may have effects in other terrestrial birds.  While 

PAHs did not produce mortality associated with acute, sub-acute, and sub-chronic 

exposure, they did induce hepatic and renal enzymatic activity in quail.  Further studies 

on other avian species are warranted since they may have varying capacities for dealing 

with toxicants in the environment (Pan, 1978,1979).  A more complete assessment of 

PAH effects within all terrestrial avifauna would allow for improvements in future 

ecological risk assessments and decisions in regard to management. 
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 APPENDIX 
 

 
 
 
Table 5.1.  Actual P values of the interaction (Treatment * Time), treatment, and time 
evaluating the variables EROD and PROD activity in the sub-chronic study are shown.  
Northern bobwhite quail were exposed to benz[a]anthracene at nominal concentrations of 
0, 0.1, 1, or 10 mg/kg, and actual concentrations of 0 (< Method Detection Limit), 0.11 ± 
0.01, 1.10 ± 0.04, and 11.5 ± 0.54 mg/kg feed for 1, 3, 9, 30, or 60 days. 
 

                                                     Liver                                                 Kidney 

 EROD PROD EROD PROD 
Interaction 1.08e-2 0.56 0.12 0.43 
Treatment < 2.00e-16 7.50e-4 1.77e-14 0.03 

Time 5.95e-4 0.99 0.18 0.73 
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