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ABSTRACT 

In these studies, the effects of age, dosage regimen, dose 

level, and routes of administration on the pharmacokinetics of 

acrylamide (ACR) and theophylline (TP) in Fischer 344 rats have been 

studied. ACR treatment consisted of administration of a single 

subtoxic dose or of multiple doses known to induce neurotoxicity to 5 

and 11 week old rats. The effects of age and dosing regimen on the 

determination of pharmacokinetic parameters were studied. Age did not 

affect the pharmacokinetics of ACR but dosing regimen did. Multiply 

dosed rats had significantly longer plasma half lives than the singly 

dosed animals. Clearance values in the plasma were also significantly 

decreased following multiple dosing. Animals treated with TP received 

a single dose at different dose levels either intravenously or orally. 

The effects of these two factors on the pharmacokinetics were tested. 

No statistical difference was found between g, Vg , and CI based on 

dose level. All pharmacokinetic parameters were similar in magnitude 

to literature values for humans. Following oral dosing, plasma levels 

of TP were constant for the duration of the experiment. No pharmaco

kinetic analyses were performed on the oral data. 
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INTRODUCTION 

Pharmacokinetics 

Pharmacokinetics has formed the backbone of clinical medicine 

for years providing clinicians with a rigorous method for accurately 

developing dosage regimens. The application of these principles to 

research has provided a more comprehensive understanding of the 

interactions of body and drug in both a physical and physiological 

sense. 

The goal of drug administration is to achieve therapeutic 

success: effective treatment of the problem. However, success is 

often difficult to determine as typically one cannot directly measure 

the drug levels found at the site of action. As a result, measurement 

occurs through indirect means, most commonly via the blood, plasma, 

serum, or urine and assumes that concentrations in these fluids 

proportionately represents concentrations at the target site. 

These indirect measurements can often be correlated with either 

desirable or undesirable effects. Toxicokinetics relates biological 

monitoring to observed detrimental effects. The biological marker 

chosen should provide an accurate representation of the dose delivered 

to the site of toxicity. The dose delivered to the target organ often 

differs from that administered. Once a drug enters the system, 

toxicity can occur due to concentration within the organ, activation by 

enzymes, or the inherent susceptibility of the organ itself. It is 
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important to note that toxicokinetics cannot by itself elucidate the 

mechanism by which a compound induces toxicity. 

Pharmacokinetics is the study of the body's effect on the drug, 

in particular the absorption, distribution, metabolism, and excretion 

of a compound. The body's response to a given substance depends on the 

ability of that substance to enter the systemic circulation and 

interact with its target site. Figure 1 illustrates an intricate 

pharmacokinetic scheme. 

The most common route of administration is oral, but absorption 

of a drug will occur through all routes, excluding intravenous (i.v.). 

The chemistry of the compound, its lipid solubility, and the site of 

administration all determine entry into the systemic circulation. If 

administered orally, absorption occurs primarily in the small intes

tine, therefore, the presence of food, gastric emptying time, and 

microflora can affect this process (Renwick, 1982). In addition, 

intestinal tissue can extract and/or modify the drug. 

Once the drug has been absorbed, it enters the systemic cir

culation where it is immediately transported to all organs. Prefer

ential uptake occurs by those tissues having an affinity for the 

compound. This process is again limited by the chemistry of the 

compound with more 1ipid-soluble drugs distributing to fat. An 

important factor controlling distribution is blood flow. At early time 

points, highly perfused organs will be exposed to the drug to a greater 

extent than will those organs with a low blood flow. In addition, a 

drug must be able to cross membranes in order to exert its effects, 
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Figure 1. The fate of a compound once it has entered the 
systemic circulation. Entry into the circula
tion can be direct, intraarterially (a) and 
intravenously (b), or indirect, intraperito
neal^ (c), intratracheally (d), and orally (e) 
Following absorption, the compound distributes 
throughout the body. Metabolism occurs in the 
tissues with the metabolic capability. Elimina 
tion occurs primarily through the kidney and 
gut. (Adapted from Rowland and Tozer, 1980). 
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thus the membrane permeability of the drug is important (Rowland and 

Tozer, 1980). It must be emphasized that the primary factors affecting 

distribution of the drug are the chemical and physical properties of 

the drug itself. 

Metabolism may occur in virtually any tissue, but the major 

metabolic organ is the liver. In most cases, metabolism results in 

inactivation of a compound, but there are some drugs that are activated 

through metabolism. The ultimate result of biotransformation is the 

production of a more water soluble compound and, thus, more readily 

excretable. The liver accomplishes this through its extensive enzyme 

systems. 

Final elimination occurs primarily through one of two ways: 

renal or biliary excretion. Elimination via the kidneys occurs for 

those compounds below a molecular weight of 20,000 (Renwick, 1982). 

Compounds larger than this cannot be filtered by the glomerulus and, 

therefore, they must be excreted either through the bile (with a 

molecular weight limit of 45,000) or the gut. Of these three possible 

routes of elimination, the kidney handles a larger load of compounds 

than does the other two. Volatile compounds can be excreted via 

exhalation. 

In order to accurately describe the phenomena involved 

following drug administration, mathematical models have been developed. 

Presently there are two types of models used to define pharmacokinetic 

data: classical and physiological. 
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The classical approach to pharmacokinetic modeling involves a 

compartmental system that divides the body into a number of kinetically 

identifiable compartments (Ritschel and Banerjee, 1986). Drug concen

trations are derived from easily sampleable biological fluids and the 

data are fit to exponential functions. This type of modeling provides 

a simple method for determining necessary pharmacokinetic parameters. 

These parameters are determined from concentration versus time data 

with each exponential representing a different compartment. The com

partments themselves describe tissue groups based on distribution to 

and elimination of the compound from them. There are many drawbacks to 

this type of modeling* Most importantly, the compartments describing 

the data have no physiological significance. In addition, these models 

cannot distinguish tissue-to-tissue concentration differences (Ritschel 

and Banerjee, 1986). 

Within the past 20-25 years a new approach to pharmacokinetic 

modeling has been developed: physiological flow models. These models 

separate the body into anatomical compartments each interconnected by 

the body's circulatory system (Gerlowski and Jain, 1983). This model 

takes into account organ weights, volumes, and sizes, blood flow rates, 

tissue binding, membrane permeabilities, and more (Himmelstein and 

Lutz, 1979). Despite the fact that the physiological approach provides 

a more comprehensive model, it does so at the expense of simplicity and 

widespread applicability. In order to develop a model for a compound, 

values for numerous variables are necessary including specific ex

traction ratios, tissue binding, etc. These values are not readily 
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measureable and represent a major hurdle to the extensive development 

of such models. Nevertheless, physiological flow models provide 

scaling capabilities and allow disease states and drug-drug inter

actions to be considered when describing pharmacokinetics. 

Acrylamide 

History and Uses 

Industrial synthesis of acrylamide (ACR) began in the 1950's. 

Shortly thereafter workers involved in its production reported the 

first clinical cases of ACR induced neuropathy. Symptoms included: 

red peeling hands, weight loss, excessive sweating, limb weakness, and 

sensory loss (Le Quesne, 1985). Experimentally, ACR neuropathy has 

been induced in all mammals. 

In the industrial setting, polymeric ACR is used primarily as a 

flocullant in waste water treatment plants, as a strengthener in the 

paper and pulp industry, and as a chemical grouting agent and soil 

stabilizer (DHEW (NIOSH) Publication No. 77-112). In addition, ACR has 

gained popularity in the science field through its use as the active 

ingredient in polyacrylamide gel electrophoresis. Due to the large 

production rate, the potential for worker exposure to the monomer is 

high with the two major routes of exposure being dermal and inhalation. 

Only following prolonged exposure to the synthetic process do the 

workers exhibit the classic "stocking and glove" anesthetic symptoms 

typical of this type of neuropathy. 
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The clinical manifestations of ACR neuropathy place it in a 

class of chemicals and disease states producing a "dying back" 

syndrome. Disease states and chemicals exhibiting this response 

include genetic disorders such as giant axonal neuropathy, a rare 

autosomal recessive disease; vitamin deficiencies such as chronic 

thallium deficiency; and other chemicals, including hexane and carbon 

disulfide (Cavanaugh, 1979). This "dying-back" syndrome affects only 

nervous tissue and results in a dying of the neuron from the terminus 

proximally to the soma (Spencer and Schaumburg, 1974). Although this 

pathological state is very common among nervous disorders, its etiology 

is still not understood. 

Chemistry 

The chemical structure of ACR is illustrated below. 

CH2=CHCONH2 

This compound has a molecular weight of 71.08 grams/mole, a melting 

point of 84.5°, and is highly water soluble (Merck Index). Due to 

its solubility properties, ACR is easily absorbed dermally. ACR is 

known to react non-enzymatically with sulfhydryl, hydroxy!, and amino 

compounds (Miller and Spencer, 1985). 

The acrylyl moiety necessary for the expression of neuro

toxicity is, 

CH2=CHC=O 

pictured above (Miller and Spencer, 1985). Any change in this 

structure will either decrease or totally abolish the neurotoxic 
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potential of this compound. In addition, substituents on the amide 

group will also modify toxicity. 

Extensive work has been done on the structural analogues of 

ACR. Hashimoto and Aldridge (1970) compared the ability of eighteen 

ACR analogues to produce the peripheral neuropathy characteristic of 

intoxication. No compound produced the dying back neuropathy; however, 

N-hydroxymethylacrylamide showed the greatest similarity to ACR when 

binding reactivity to glutathione was investigated (Hashimoto and 

Aldridge, 1970). In addition, the LD50 of the N-hydroxymethyl 

derivative was only 2.5 times less than ACR. None of the other 

analogues had toxic potentials that were comparable. A number of 

analogues have been found to induce neurotoxocity and rotarod failure 

including: N-hydroxymethylacrylamide, N-isopropylacrylamide, 

methacrylamide, and N-methylacrylamide (Tanii and Hashimoto, 1983). 

The concentrations of these compounds needed to induce neurotoxic!'ty 

were all greater than that needed by ACR. 

Target Tissues 

ACR's target sites are the neurons in both the central and 

peripheral nervous systems with the largest and longest fibers being 

preferentially attacked. Due to the unique nature of the neuron, it is 

acutely susceptible to toxicants. 

Distribution 

The most comprehensive study on tissue distribution of ACR was 

reported by Miller et al. (1982). Muscle, skin and liver contained the 
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highest percentage of total radioactivity. After an intravenous dose, 

the majority of the dose was excreted in the urine. Small amounts were 

found in the neural tissues. When the tissue concentrations were ex

pressed as umole/gram the distribution was approximately equivalent. 

Only the red blood cells, to which ACR binds covalently, showed 

retention of radiolabel. These findings did not support the hypothesis 

that ACR specifically accumulates in nervous tissues thereby explaining 

its toxicity. 

Metabolism 

ACR is excreted primarily through the kidneys as the mer-

capturic acid derivative, N-acetyl-S-(3-amino-3-oxypropyl)-cysteine, 

Figure 2 (Howland, 1985). The liver is proposed to be responsible for 

the metabolism of this compound with this process representing a 

detoxification since the parent compound, and not its metabolites, 

appears to be responsible for its toxicity. The cytochrome P450 enzyme 

system may biotransform ACR although the evidence for this is limited. 

Pretreatment of rats with phenobarbital allows animals to tolerate 

higher cumulative doses of ACR before expressing toxicity (Kaplan et 

al., 1973). In addition, SKF-525A, a known inhibitor of cytochrome 

P450, caused a decrease in the tolerable dose of ACR. In vitro 

studies performed by Kaplan et al. (1973) showed that livers from rats 

pretreated with phenobarbital and then incubated with ACR illustrated a 

faster disappearance of the toxicant than did livers from control rats. 
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Studies on the interaction of ACR and glutathione, and the 

expression of neurotoxicity have shown a significant decrease in 

glutathione levels following treatment with ACR (Edwards, 1970). In 

vitro work by Sharma and Obersteiner (1977) verified that ACR 

inhibited the growth of chick dorsal root ganglia in cultures and that 

glutathione inhibited the effect of ACR. Studies by Dixit and co

workers (1980) showed that rats pretreated with diethylmaleate to 

deplete glutathione developed toxicity at earlier times than animals 

only receiving acrylamide. This dosing regimen was repeated for nine 

days with toxicity being measured by the onset of ataxia and hind limb 

paralysis. To date, only the interaction of glutathione with ACR has 

been directly established; metabolism by the cytochrome P450 system has 

been assumed because investigators have only used indirect means for 

measuring this potential route of metabolism. 

Mechanisms 

Due to the similarity between the ACR neuropathy and that 

produced by many other compounds and disease states, investigators have 

used ACR as a model compound for studying the etiology of dying-back 

neuropathies. Unfortunately, no definitive mechanism of action has 

been established, but two hypotheses are widely accepted. 

The first hypothesis states that ACR binds to and inhibits 

enzymes necessary for the production of cellular energy (Sickles, 

1987). This would result in a depletion of energy stores within the 

neuron. The distal portions of the neurons would be most critically 
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affected as they rely exclusively on the soma for production of 

metabolic products. In vitro studies have shown that ACR ir

reversibly inhibits a number of enzymes necessary for glycolysis and 

oxidative metabolism (Miller and Spencer, 1985). Howl and (1981) 

demonstrated that ACR intoxication was most closely associated with 

significant decreases in neural specific enolase and glyceraldehyde-

3-phosphate dehydrogenase activities. Sickles and Goldstein (1986), 

however, hypothesized inhibition of oxidative enzymes was responsible 

for the expressed neurotoxicity. Decreases in oxidative enzymes would 

have a more significant effect on the neuron's energy status than would 

decreases in glycolytic enzymes due to the neural tissue's greater 

reliability on the oxidative metabolism of glucose for energy (Sickles 

and Goldstein, 1986). In vitro studies have demonstrated that 

oxidative enzymes in neural tissue were preferentially inhibited as 

compared to levels found in nonneural tissue (Sickles, 1987). 

The second hypothesis involves the neurofilaments found within 

the axon. These neurofilaments are responsible for assisting in the 

transport of necessary metabolic products up and down the axon. One of 

the most noted ultrastructural features of ACR neurotoxicity is the 

accumulation of large numbers of fibers within the axon. This feature 

is also found in neurons from animals intoxicated with hexane. Work by 

Graham et al. (1982) has shown that the toxic metabolite in hexane 

neuropathy, 2,5-hexanedione, derivatizes lysyl residues. This reaction 

leads to intermolecular cross!inking. The same type of reaction could 

be occurring in ACR intoxication resulting in a progressively larger 
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mass of cross!inking neurofilaments traveling the length of the axon. 

This process has been witnessed in vitro and is specific for 

neurofilaments, and not microtubules, another transport system found 

within the axon (Durham et al., 1983). 

Toxici ty 

The neural lesions following ACR intoxication is the same in 

both man and rats: an abnormal paranodal accumulation of intermediate 

sized filaments. These intermediate sized filaments, neurofilaments, 

are found within the axon and are used for transporting metabolic 

products through the axon. As the neurofilaments accumulate, they 

begin to crosslink. This process continues as the filaments travel 

along the axon. The bundle becomes impeded usually at a node of 

Ranvier due to the constriction that occurs there. Thus, from the 

point of the obstruction distally, no energy products can be trans

ported, with the end result being a dying back of the affected neuron 

from the terminus proximal to the accumulated neurofilaments. This is 

also termed Wallerian degeneration. As this neuropathy progresses, the 

entire internode will swell causing retraction of the myelin sheath 

(Cavanaugh, 1979). 

Theophylline 

History and Uses 

The use of xanthines for the treatment of breathing disorders 

began over one hundred years ago. In the late 1850's, Dr. Salter 
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prescribed two strong cups of coffee for asthma relief (Persson, 1980). 

Although this remedy alleviated the asthmatic's attack, no attempt to 

understand the mechanism was attempted until years later. The next 

half century saw investigators concentrating on caffeine as an antidote 

for dyspnea. However, it was not until 1937, nearly eighty years after 

the first documentation of the use of xanthines as remedies for asthma, 

that it was found that theophylline was responsible for the relaxation 

of bronchial smooth muscle and consequent relief from asthma. Becker 

et al. (1984) have shown that caffeine, as well as TP, is capable of 

relieving asthma; this has not been shown for theobromine. From this 

time on, theophylline has gained widespread use throughout the world 

and is now the most frequently prescribed drug for breathing disorders. 

Smooth muscle relaxation comprises the largest category of 

theophylline use. In particular, it is prescribed for acute asthmatic 

episodes. Most recently, theophylline has been used as a prophylactic 

for controlling recurrent asthmatic conditions and as a preventative 

agent for apnea in newborns (Hendeles and Weinberger, 1983). In 

addition, this compound is also used as a cardiac stimulant (Lindamood 

et al., 1988), a stimulant for Cheyne-Stokes respiration, and in 

combination for treating pulmonary edema (Anderson and Persson, 1980). 

Chemistry 

The methyl xanthines are a structurally similar class of 

compounds differing only in the position of their methyl groups, Figure 

3. They are widely distributed geographically in plants and are found 
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three naturally occurring geographically diverse 
compounds found in the plant kingdom: 
theophylline, caffeine, and theobromine. The 
xanthines are found in a number of products that 
are highly consumed by the public such as 
coffee, tea and chocolate. 
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primarily in cocoa and tea leaves (Tarka, 1982). It follows that any 

food or beverage derived from these leaves also contains these 

elements. Today, these beverages and foods are among the most highly 

consumed worldwide; of major concern is their effect following 

prolonged human exposure. 

Although these compounds are very similar in structure, they 

vary widely in their ability to relax tracheal smooth muscle. In order 

of decreasing potency they are: theophylline (1,3-dimethylxanthine), 

caffeine (1,3,7-trimethylxanthine), and theobromine (3,7-dimethyl-

xanthine) (Rail, 1985). Table I summarizes the chemistry of the 

xanthine alkaloids. TP and theobromine represent weak acids and 

caffeine is amphoteric. These compounds occur to a wide extent in food 

stuffs. 

Figure 4 illustrates the basic xanthine structure. Substi-

tuents at various positions on the ring change the bronchodilator and 

toxic potencies of these compounds either positively or negatively. 

Alkyl groups in positions 1 and 3 are essential for pulmonary dilation; 

substitution in position 7 will decrease the effect; alkylation in 

position 8 has no effect, and substitution at position 9 decreases the 

potency (Persson et al., 1982a). Accompanying the increased broncho-

dilation seen by adding alkyl groups to position 1 and 3 is the 

potential for increased toxicity; this trend continues for the other 

positions, i.e., increased potency may lead to increased toxicity, and 

vice versa (Persson, 1982b). 
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TABLE I 

Properties of Methyl xanthines' 

Compound MW MP Ka Kb 

Caffeine 194.19 238 ClxlO"14 0.7xl014 

Theobromine 180.17 357 0.9xl0"10 1.3xl0'14 

Occurs in: 

Tea, coffee, 
mate leaves, 
guarana paste, 
cola nuts 

Cacao bean, 
cola nuts 
tea 

Theophylline 180.17 270-274 1.69xl0"9 1.9xl0"14 Tea 

aAdapted from the Merck Index, 1968. 
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Figure 4. The structure on which the xanthine alkaloids 
are based. This modified purine molecule has 
carbonyl groups in positions 2 and 6. The 
potency and toxicity of these compounds depends 
on placement of alkyl groups in positions along 
the ring. 
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Pharmacology I 
Theophylline produces pharmacologic effects on the cardiovascul 

nervous systems, kidney, and lung. The most important cardiac effects 

include the ability of theophylline to increase both the rate and force 

of contraction (Andersson and Persson, 1980). If toxic concentrations 

are exceeded, tachycardia may result (Rail, 1985). In the vasculature, 

theophylline causes a decrease in resistance in both veins and 

arteries. The effects in the cerebrovasculature, however, are opposite 

to those seen peripherally, including decreased blood flow to and 

oxygen tension in the brain (Rail, 1985). 

The effects of theophylline on the central nervous system are 

the most apparent. The medullary centers become abnormally sensitive 

to stimulation by carbon dioxide and increases in respiratory minute 

volumes are noted (Rail, 1985). Cerebral effects range from slight CNS 

stimulation leading to insomnia, restlessness, and agitation to massive 

stimulation resulting in tremor, and convulsions (Persson, 1982a). The 

cumulative nature of this phenomenon has been found to be dose depen

dent. 

In the kidney, theophylline produces diuresis and an increased 

renal blood flow. Increases in the ionic transport of sodium and 

chloride into the kidney tubule, not increased blood flow, are 

responsible for the increased urinary output (Andersson and Persson, 

1980). This diuretic activity has little effect on the acid-base 

balance. 
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Clinically the most important effect of TP is the relaxation of 

bronchial smooth muscle. In addition, it relieves pulmonary hyper

tension and inhibits the release of anaphylactic mediators (Persson, 

1980). TP's mechanism of action, although not firmly established, is 

believed to involve antagonism of adenosine. Use of isolated tracheal 

preparations has established that TP competitively antagonizes 

adenosine within therapeutically relevant concentrations (Fredholm, 

1980). The antagonism of TP at adenosine receptor sites has also been 

shown to occur in the kidney, adipose tissue, lung, brain, heart, and 

central nervous system (Sydbom and Fredholm, 1982). 

It is evident that theophylline produces effects encompassing 

virtually every major organ system in the body. Understanding the 

mechanisms behind these effects has proven to be a difficult task. 

Distribution 

Because very few studies have been conducted on TP distri

bution, this section will briefly outline these studies. Two papers 

exist that analyze TP tissue distribution; one was performed in human 

infants and the other in female rats. 

Newborn infants treated for apnea with TP have been autopsied 

upon their death. Post-mortem examination has revealed the highest 

levels of TP occurring most consistently in the blood. Tissue levels 

amongst the infants varied, with the heart, lung, brain, spleen, and 

liver also containing high,levels (Haley, 1983). These organs are 

highly perfused, therefore, relatively high concentrations can be 



31 

expected. A similar study was performed in pregnant female rats. Upon 

oral administration of radioactive TP, tissue levels were determined in 

both the dam and the fetus. From 1 to 48 hours, organ to blood ratios 

remained relatively constant with the highest amounts of radioactivity 

being found in the dam's kidney, liver, lung, heart, and spleen, 

respectively (Arnaud et al., 1982). The fetus had the largest ratios 

occurring in the liver followed by the placenta and brain. After 48 

hours, levels decreased in the dam and fetus. The distribution of TP 

in the rat was similar to that observed in infants. It was found 

mainly in the highly perfused organs. 

TP is thought to distribute equally in the body water. Total 

tissue body water inlcudes intra- and extracellular water, and when a 

compound has been found to distribute throughout the body water, the 

apparent volume of distribution is 0.6 L/kg (Yesair et al., 1984). 

TP's apparent volume of distribution ranges from 0.3 to 0.7 L/kg, thus, 

indicating that it distributes through the body water. In addition, 

Shum and Jusko (1984) have established that distribution into the fat 

takes place to a small extent. This evidence indicates that no 

specific tissue sequesters this compound. 

The distribution of TP is limited by its plasma protein 

binding. Reports indicate that as much as 60% of TP is plasma protein 

bound (Hendeles and Weinberger, 1983; Paterson et al., 1979). Shaw et 

al. (1982) investigated the effects of pH and temperature on TP protein 

binding. They found that at 37°C and pH 7.4 only 37.6% of TP was 

bound to plasma proteins. According to Shaw et al. (1982), other 
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investigators have varied their conditions with respect to pH and 

temperature yielding higher protein binding. 

Metabolism 

TP metabolism has been studied in both animals and humans. 

Metabolism occurs almost solely in the liver (Lohmann and Miech, 1976). 

Following a single dose as much as 80-90% of the TP in both man and 

rats can be recovered as metabolites in the urine. In man these 

metabolites, presented as percent of recovered dose in the urine after 

24 hours, include: unchanged theophylline (7.7%), 1,3-dimethyluric 

acid (39.6%), 3-methylxanthine (36.2%), and 1-methyluric acid (16.5%), 

Figure 5 (Jenne et al., 1976). The metabolic profile in rats, although 

qualitatively the same as in man, is quantitatively different. More 

parent TP is excreted in the urine (35%), 1,3-dimethyluric acid (34%), 

1-methyluric acid (18%), and 3-methylxanthine (3%) (Arnaud and Welsch, 

1980). In both species, these metabolites are inactive and, thus, this 

process detoxifies the TP molecule. Figure 6 compares the TP metabolic 

schemes in man versus rat. The similarities between the two emphasize 

the effectiveness of using rats to study TP metabolism and excretion. 

Hepatic cytochrome P450 is responsible for the metabolism of TP 

(Hendeles and Weinberger, 1983). This enzyme system is composed of a 

number of isoenzymes. Specific activators and inhibitors of these 

proteins have been used to determine the enzyme primarily responsible 

for metabolism. Isolated microsomal preparations obtained from 

phenobarbital or 3-methylcholanthrene pretreated rats were more active 
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Figure 5. The major theophylline metabolites in man. 
These are, in decreasing order, 1,3-dimethyluric 
acid, 3-methylxanthine, and 1-methyluric acid. 
The liver's cytochrome P448 enzymes are believed 
to biotransform TP with the metabolites being 
excreted in the urine. 
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Figure 6. A comparison of theophylline metabolism in man 
and rats. These profiles are qualitatively 
similar, however, rats excrete more parent 
compound than man. 1.3MU represents 1,3-
dimethyluric acid, 3MX represents 3-methyl-
xanthine, and 1MU represents 1-methyluric acid. 
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(1.5 and 6 times normal, respectively) than control microsomes (Lohmann 

and Miech, 1976). Phenobarbital primarily induces P450b and P450e 

whereas 3-methylcholanthrene specifically induces P450c and P450d. 

Inhibitors of these two isozymes confirmed this finding. More recently 

monoclonal antibodies raised to cytochromes P450b-e verified that the 

P450c and d are largely, but not exclusively, responsible for 

metabolism of TP (SIusher et al., 1987). 

A number of factors affect the pharmacokinetics of TP. Many of 

these factors influence rates of metabolism. These include genetics, 

physiology, environment, diet, smoking, weight, and health (Lesko, 

1986). Widespread intra- and interpatient variations in these para

meters is common with differences in the ability to metabolize and 

clear the compound being particularly affected. 

Toxicity 

TP has a very narrow therapeutic range between 10-20 ug/ml. 

Concentrations below 10 ug/ml produce little pharmacological effect 

whereas concentrations above 20 ug/ml induce toxicity. Toxic side 

effects commonly include gastrointestinal and nervous system 

disturbances. In extreme cases, convulsions may occur. The only 

reliable measure indicating the potential for toxicity is serum or 

plasma levels (Hendeles and Weinberger, 1983). Patients that are most 

susceptible to toxicity include those with heart failure and liver 

diseases (Jenne, 1986). It is often the elderly that suffer this fate. 
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TP seizures have been produced in rats (Ramzan and Levy, 1986). 

They found that TP concentrations in the brain were affected by the 

infusion rate of the drug with faster rates inducing seizures earlier. 

The total dose needed to induce this end point, however, was lower than 

that needed at the slowest infusion rate. This animal model can be 

used to more accurately study the events leading to TP induced 

toxicity. 

Summary 

Pharmacokinetic analyses have been performed on blood and 

plasma following the administration of either ACR or TP to Fischer 344 

rats. Differences in these data based on age, dosing regimen, dose, or 

route of administration may explain the neurotoxicity of ACR or the 

therapeutic effects of TP. Extraction methods have been developed in 

order to separate parent compound from metabolites. The elimination 

rate constant, volume of distribution, and total body clearance have 

been calculated and analyzed statistically. 
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MATERIALS AND METHODS 

Animal Treatment 

Fischer 344 rats, age four and ten weeks, were purchased from 

Charles Rivers Laboratories for the ACR experiments (Wilmington, 

Massachusetts) and for the TP project Fischer 344 rats weighing 150-175 

grams were purchased from Sasco (Omaha, Nebraska). The animals were 

allowed to acclimate for one week prior to use. They were housed in 

polycarbonate cages with autoclaved sawdust used as bedding. Wayne Lab 

blox chow diet (Continental Grain, Chicago, Illinois) and water were 

provided ad libitum. In addition, the animals were maintained on a 

twelve hour light-dark cycle. All animals were assigned either an 

animal number (ACR group) or tagged in their ear (TP group). 

Verification of Radiochemical Purity 

A 10 ul sample of [2,3-^C]-ACR (Pathfinder Labs, Missouri), 

specific activity of 2.23 mCi/mmole, in water was injected on a 10 

micron Partisil.-aminocyano (10 PAC) column with a solvent system of 

85:15 Methylene chloridermethanol. Greater than 98% of the radio

activity was recovered in a peak corresponding to the unlabeled 

standard (Aldrich Chemical Company, Milwaukee, Wisconsin). 

A stock solution of [8-^C]-TP (Amersham, Arlington Heights, 

Illinois), specific activity of 58 mCi/mmole, in water was injected on 

a C18 Econosphere column. A solvent system of 90:10 0.02M Sodium 

acetate:acetonitrile was used to elute TP. The retention time was 6.18 
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minutes, which corresponded to unlabeled TP (Sigma, St. Louis, 

Missouri) prepared in water. Only one major peak appeared. Half 

milliliter fractions were collected from the column by a fraction 

collector. Greater than 98% of the radioactivity was found in the 

fractions corresponding to the parent TP standard. 

Experimental Protocol 

Two animal groups were maintained in the ACR experiment: 

single and multiple doses. In the single dose group, five and eleven 

week old animals received a single 50 mg/kg dose containing 40 uCi/kg 

radioactive ACR intravenously. Multiply dosed animals received a daily 

50 mg/kg dose of unlabeled ACR intraperitoneally for five days followed 

on the sixth day by a single dose of 50 mg/kg ACR containing 40 uCi/kg 

of ^C-ACR administered via a femoral vein canula. Blood samples 

were withdrawn through this implanted catheter. All multiple dosing 

was accomplished by 8:00 a.m. 

TP treated animals were divided into intravenously and orally 

dosed rats. In the i.v. studies, TP was introduced via an implanted 

canula. Blood was removed over time from the same canula. Two dose 

levels were used, 12.5 and 25 mg/kg, with each animal receiving 50 

uCi/kg TP mixed with unlabeled TP. Orally dosed animals received 

either 25 or 75 mg/kg TP in water by gavage; these animals received 150 

uCi/kg. 

For both studies a dose volume of 1 ml/kg was used for the i.v. 

doses and 5 ml/kg was used for the oral doses. The animals were not 

fasted prior to the dose administration. 
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Microsurgery 

Fischer 344 rats were anesthetized with a combination barbit

urate anesthetic consisting of 1 ml/kg of a 65 mg/ml solution of sodium 

pentobarbital (Harvey Laboratories, Philadelphia, Pennsylvania) and 1 

ml/kg of a 10% solution of Inactin (Byk Gulden Konstanz, West Germany); 

both anesthetics were administered in separate injections intraperi

toneal ly. The rat was placed on its dorsal side and its left hind leg 

was secured with the area approximately superior to the femoral vein 

being moistened. A small incision running perpendicular to the vein, 

at an approximately 45° angle to the leg, was made with a disposable 

scalpel (Becton Dickinson and Co., Lincoln Park, New Jersey), (Figure 

7, Gilbert, 1965). Extraneous fat and connective tissue was carefully 

cleared from the vein, which lies in a bundle with the saphenous nerve 

and the femoral vein, a strand of suture thread was placed underneath 

it. A small incision was made in the superior portion of the vein 

allowing for the introduction of the canula. Polyethylene-50 tubing 

(VWR, Phoenix, Arizona) was used for the canulation. After insertion, 

the canula was secured by carefully tying the suture around the vein. 

A disposable syringe filled with heparin (Eli Lilly & Company, 

Indianapolis, Indiana) was attached to the free end of the tubing. A 

small volume of heparin was injected to flush both the tubing and the 

vein. The appropriate volume of radioactive dose was introduced as an 

i.v. bolus and the canula was again flushed with heparin. At selected 

time points, 0.4 ml of blood was withdrawn through the femoral vein 
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Figure 7. The internal organs and abdominal arteries and 
veins of the rat. The liver, spleen, peritoneal 
cavity, and testes have been removed. The 
femoral artery and vein are located on the 
dorsal side of the rat's left hind limb. 
(Adapted from Gilbert, 1965). 
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an equal volume of 0.9% 

syringes. This was immediately replaced 

saline (Mai 1inckrodt, Paris, Kentucky). 
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with 

Extraction 

ACR - The removed volume of blood was immediately placed in 1.5 

ml polypropylene eppendorf tubes (American Scientific Products, McGaw, 

Illinois) spiked with 100 ul cold ACR (5 mg) to facilitate extraction 

efficiency, and spun in a Beckman microfuge for two minutes at 8000 xg. 

This centrifugation separated the blood into packed cells and plasma, 

each of which was analyzed individually. To each sample, 1 ml of 0.1% 

THAM [tris(hydroxymethyl)aminomethane] (Sigma Chemical Company, St. 

Louis, Missouri) in methanol (American Burdick & Johnson, Muskegon, 

Michigan) was added to precipitate protein. The sample was vortexed 

(Scientific Industries Inc., Queens Village, New York) and centrifuged 

for another two minutes. A volume of 10 ul of the methanol layer was 

immediately added to 5 ml Betaphase (Westchem, San Diego, California) 

and counted for total radioactivity; the remainder was pipetted into 

0.8 ml crimp vials (Phase Separations, Inc., Norwalk, Connecticut) for 

subsequent high performance liquid chromatography (HPLC) analysis. 

This procedure was repeated two more times to ensure that all of the 

extractable ACR was removed. 

TP - A volume of 0.4 ml of blood was removed via the implanted 

catheter into a heparinized syringe. This was placed in a poly

propylene eppendorf tube and centrifuged in a Beckman microfuge at 

8000 xg for two minutes to separate into plasma and packed cells. A 
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volume of 0.2 ml of plasma was pipetted into a 1.5 ml polypropylene 

eppendorf along with 0.7 distilled deionized water, 0.1 ml 5% 

5-Sulfosalicylic acid, and 2 drops 2N HC1. Following mixing and 

centrifugation the aqueous layer was pipetted into a 15 ml poly

propylene tube containing 3 ml 50:50 n-butanolrmethylene chloride. 

This was mixed for twenty minutes and centrifuged at 2500 xg for ten 

minutes using a General Laboratory Centrifuge-2B (Sorvall). The 

organic layer was removed and placed in another 15 ml polypropylene 

tube and back extracted at pH 11 with 1 ml 0.1M sodium hydroxide. This 

organic extraction and sodium hydroxide back extraction was repeated 

two more times. A volume of 10 ul of the sodium hydroxide back extract 

was placed in a scintillation vial containing 5 ml Betaphase and 

counted imnmediately for total radioactivity. The remainder of the 

back extract was stored in crimp vials for later HPLC analysis. 

HPLC Analysis 

System - The Spectra Physics HPLC system used consisted of an 

SP4290 Integrator, SP8700 Extended Range Pump, and SP8750 Organizer. 

Absorbance was detected by a Spectroflow 757 Spectrophotometric 

Detector by Kratos Analytical and sample fractions were collected on a 

Gibson Fraction Collector. 

ACR - The solvent system utilized was 85:15 Methylene 

Chloride:Methanol. Both reagents were obtained from American Burdick 

and Jackson (Muskegon, Michigan). A 20 ul sample loop, a flow rate of 

1 ml/min, and detection at 254 nm were used. Fifteen to twenty 
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fractions of 1 ml each were collected and analyzed for radioactivity. 

Cold ACR consistently eluted in five to six minutes; radioactivity was 

detected in fractions 5-7. The column was a 10 PAC, 10 micron Partisil 

aminocyano, (Phenomenex, Rancho Palos Verdes, California). A guard 

column hand packed with the same material as that on the column was 

used. 

TP - Prior to analysis, 40 ul of 2N Acetic acid was added to 

each vial to neutralize the sodium hydroxide. 20 ul was injected onto 

a 5 micron Econosphere C18 column (Alltech, Deerfield, Illinois) 

attached to a guard column packed with the same material as the column. 

The solvent system consisted of 90:10 0.02M Sodium acetate (MCB, 

Cincinnati, Ohio):Acetonitrile (American Burdick and Jackson, Muskegon, 

Michigan). A flow rate of 1 ml/min was used and detection occurred at 

254 nm. Twenty fractions of 0.5 ml each were collected with parent TP 

eluting at approximately seven minutes. A volume of 5 ml of Betaphase 

was added to each fraction and these fractions were counted on a liquid 

scintillation counter. 

Calculations 

Concentration - Concentration values are calculated based on 

disintegrations per minute (dpm's) recovered from the final extraction 

solvent; an equation for this is shown below. 

Concentration = Dpm x 1 ml/0.01 ml x 1/0.2 ml x Correction Factor 

Dpm's from each extraction are added together for each time point. 

These are multiplied by 100 to extrapolate the amount of radioactivity 
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in the extraction. This number is then divided by 0.2 ml (the volume 

of whole blood or plasma used) and multiplied by a correction factor 

which takes into account the amount of compound and total radioactivity 

given the animal, specific activity, and molecular weight. Units are 

ug/dpm. 

Percent of Dose - An equation is shown below describing this 

calculation. 

Percent of Dose = Dpm x 1 ml/0.01 ml x (BW x 0.09)/0.2 ml x 

Total dpm x 

Once the dpm's have been extrapolated to those found in the final 

extraction volume, the number is multiplied by an estimation of the 

blood volume, 9% of the body weight (Bischoff et al., 1971), and 

divided by 0.2 (the original sample volume). This number is divided by 

the total number of dpm's given to the animal and then multiplied by 

100. 

6 is defined as the elimination rate constant, and is 

expressed in the units of inverse hours. This value defines the rate 

at which the drug is eliminated from the body once distribution has 

occurred, g is determined from the terminal phase of the concentration 

versus time graphs by linear regression. 3 = [lnC2 - lnC^]/[t2 -

t^], where C2 and represent concentration values at the 

representative times, t. 0 is inversely related to half life by the 

equation 3 = 0.693/tQ 5. 

Vg - Apparent volume of distribution represents the apparent 

volume into which the drug distributes and is calculated from its 
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plasma concentration. The units are liters/kg and the equation is 

Vg = D/ sAUC, where D is the dose, 3 equals the elimination rate 

constant, and AUC is the area under the concentration versus time curve 

integrated from zero to infinity; the area from the last measured 

concentration to infinity is extrapolated based on the measured 

concentration and 6. AUC is calculated by the trapezoidal rule. 

Clearance (CI) is defined as the volume of fluid from which the 

compound is removed per unit time. This value is expressed in the 

units of liters/kg*hour, and is calculated by the equation CI = 3V3 . 

Each of these pharmacokinetic parameters is calculated for an 

individual animal with the values then being averaged and the 

statistics performed on the dose group. 

Statistics 

Student's t-tests and ANOVA's were performed on all grouped 

data using a p<0.05. In addition, a Duncan's test was performed on the 

ACR data. 
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RESULTS 

Aery1 ami de 

The amount of radioactivity in whole blood expressed as percent 

of administered dose as a function of time after administration is 

shown in Table II. These data compare the effect of animal age and the 

effect of single or multiple doses of ACR on the blood concentration of 

14 C. The data for total radioactivity expressed as percent of 

administered dose following a single i.v. dose of 50 mg/kg is shown in 

Figure 8. The values are not statistically different between the age 

groups. The data showed a rapid distribution out of the blood within 

the first half-hour. The rate of decrease in blood radiolabel then 

slowed dramatically. By 4 hr, 10% of the administered dose remained in 

the blood. No pharmacokinetic parameters were determined from these 

percent of dose data. Total radioactivity expressed as percent of 

administered dose following multiple dosing is illustrated in Figure 9; 

these values range from approximately 60% at 10 minutes to 7% at 4 

hours. The multiply dosed animals showed comparable values to those 

seen in the singly dosed group with a fast distribution out of the 

blood and levels of about 10% of the dose after four hours. All values 

were calculated based on total radioactivity recovered. In both cases, 

no statistical differences were found as a function of age. All 

further comparisons will be made as a function of dosing regimen. 
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TABLE II 

Percentage of Administered Acrylamide in Whole Blood 

Folllowing Single and Multiple Doses3 

Percent of Dose 
Time 

(hours) Single Multiple 
5-Wk 11-Wk 5-Wk 11-Wk 

0. 167 41.65 ± 16.89 48.46 ± 17.81 48.47 ± 12.02 68.15 ± 34.08 

0. 25 18.85 + 3.07 19.50 ± 1.64 9.31 ± 1.12 12.59 ± 1.65 

0. 5 15.06 + 2.99 14.72 + 1.33 7.89 ± 1.10 10.27 t 1.73 

1 12.76 + 2.23 13.97 + 2.93 8.56 ± 1.87 9.58 1.37 

2 11.85 + 3.40 12.27 ± 0.58 7.94 ± 1.08 8.48 ± 0.64 

3 11.94 ± 1.50 10.77 ± 1.59 7.39 ± 1.31 7.98 ± 0.86 

4 10.15 + 1.37 10.13 ± 0.64 6.84 ± 1.12 8.09 ± 1.69 

5- and 11-week old rats received either a single dose 
or multiple doses of ACR. Levels are percent of admin
istered acrylamide recovered from whole blood following 
extraction. Values are means ± Sd (n=3). 
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Figure 8. Percent of parent acrylamide in whole blood 
following a single i.v. dose. Rats aged 5- and 
11-weeks received a dose of 50 mg/kg containing 
40 uCi/kg labelled ACR. Blood samples were 
withdrawn via an implanted canula and separated 
into plasma and packed cells by centrifugation. 
Percent of dose was calculated from the radio
activity recovered from both plasma and packed 
cells following extraction. Values are means + 
SD (n=3). 
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Figure 9. Percent of parent acrylamide in whole blood 
following multiple doses. Multiply dosed 
animals received 50 mg/kg of unlabelled ACR ip 
for five consecutive days, followed on the sixth 
day by the same treatment that the single dosed 
animals received. Blood samples were withdrawn 
through a femoral vein canula and separated into 
plasma and packed cells by centrifugation. 
Percent of dose was calculated from the radio
activity recovered from both the plasma and 
packed cells following extraction. Values are 
means + SD (n=3). 
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The concentrations of radioactivity were calculated in blood 

(Table III) and plasma (Table IV). They are represented as the means 

of three animals and their standard deviations. The multiply dosed 

animals had consistently higher initial concentrations that decreased 

more rapidly and levelled off at lower concentrations than the singly 

dosed animals. Concentrations from rats receiving a single dose of ACR 

were comparable, regardless of age, for the duration of the study; this 

was also true for animals receiving multiple doses (Tables III and IV). 

The data showing the effect of single and multiple doses ex

pressed as ACR whole blood concentration in 5-week old Fischer 344 rats 

is plotted in Figure 10. There are two phases to this graph: a fast, 

distributive alpha phase lasting from ten minutes to one hour and a 

slower, elimination or beta phase occurring from one hour to four 

hours. The multiply dosed group had lower concentrations than did the 

singly dosed group. This was also found for the 11-week old animals as 

shown in Figure 11. Multiply dosed animals had levels that were con

sistently lower than those in the age-matched singly dosed group. 

Another interesting trend was the parallel elimination phases for both 

animal groups. Multiple dosing does not seem to affect the elimination 

of ACR from whole blood. 

The data illustrating the effect of dosage regimen shown on ACR 

plasma concentrations in 5- and 11-week old rats is shown in Figures 12 

and 13, respectively. Concentrations in both animal groups were 

virtually the same. For multiply dosed animals, the distributive phase 

was slightly faster than for singly dosed animals. The terminal 
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TABLE III 

Whole Blood Concentrations (ug/ml) Following 

Single and Multiple Exposures to Acrylamidea 

Whole Blood Concentration 
Time 

(hours) Single Multiple 
5-Wk 11-Wk 5-Wk 11-Wk 

0. 167 268.2 ± 107.5 308.8 ± 112.8 316.5 ± 75.0 446.8 ± 224.7 

0. 25 121.5 ± 19.8 124.4 + 11.0 60.8 + 6.8 82.5 + 11.6 

0. 5 97.1 ± 19.6 93.8 ± 9.0 51.6 ± 7.5 67.2 ± 11.7 

1 82.3 + 14.6 89.0 + 18.3 56.1 ± 12.7 62.9 ± 9.6 

2 76.4 ± 22.0 78.2 ± 4.1 52.0 ± 7.4 55.5 ± 4.5 

3 77.0 ± 9.9 71.5 + 10.4 48.9 ± 8.2 52.2 ± 6.1 

4 65.4 ± 8.8 64.6 + 4.3 44.8 ± 7.7 53.0 + 11.6 

aLevels are concentrations recovered from whole blood 
following extraction. Values are means ± SD (n=3). 
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TABLE IV 

Plasma Concentrations (ug/ml) Following Single and 

Multiple Exposures to Acrylamide3 

Plasma Concentration 
Time 

(hours) Single Multiple 
5-Wk 11-Wk 5-Wk 11--Wk 

0. 167 147.5 + 36.9 156.8 ± 51.5 202.1 ± 60.4 235.2 i 115.0 

0. 25 70.9 + 9.9 66.0 ± 2.2 41.0 ± 6.0 53.8 ± 3.7 

0. 5 56.1 + 10.4 45.5 ± 9.9 32.0 + 10.1 33.7 ± 7.7 

1 52.0 ± 10.2 46.1 ± 4.1 32.0 ± 5.0 30.9 ± 7.9 

2 45.5 ± 13.1 44.7 ± 0.7 32.7 + 1.7 30.3 ± 0.7 

3 43.9 ± 5.9 36.8 ± 6.2 30.8 + 4.9 29.4 + 2.8 

4 34.3 ± 13.7 33.5 ± 3.4 30.4 ± 6.3 31.8 t 7.7 

aLevels are concentrations recovered from plasma following 
extraction. Values are means ± SD (n=3). 
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Figure 10. Acrylamide whole blood concentrations following 
the administration of single and multiple doses 
in 5 week old rats. Single dosed animals 
received a 50 mg/kg i.v. injection containing 
40 uCi/kg of labelled ACR. Multiply dosed 
animals received 50 mg/kg of unlabel led 
compound for five consecutive days, followed on 
the sixth day by the same treatment that the 
singly dosed animals received. Blood was with
drawn through a femoral vein canula and 
separated into plasma and packed cells by 
centrifugation. Concentrations were determined 
from radioactivity recovered from both plasma 
and packed cells following extraction. Values 
are means ± SD (n=3). 
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Figure 11. Whole blood concentration following the 
administration of single or multiple doses of 
ACR to 11 week old rats. Single dosed animals 
received a 50 mg/kg i.v. injection containing 
40 uCi/kg of labelled ACR. Multiply dosed 
animals received 50 mg/kg of unlabel led 
compound for five consecutive days, followed on 
the sixth day by the same treatment that the 
singly dosed animals received. Blood was with
drawn through a femoral vein canula and 
separated into plasma and packed cells by 
centrifugation. Concentrations were determined 
from radioactivity recovered from both plasma 
and packed cells following extraction. Values 
are means ± SD (n=3). 
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Figure 12. Acrylamide plasma concentration following the 
administration of single or multiple doses to 5 
week old rats. Single dosed animals received a 
50 mg/kg i.v. injection containing 40 uCi/kg of 
labelled ACR. Multiply dosed animals received 
50 mg/kg of unlabel!ed compound for five conse
cutive days, followed on the sixth day by the 
same treatment that the singly dosed animals 
received. Blood was withdrawn through a 
femoral vein canula and separated into plasma 
and packed cells by centrifugation. Concen
trations were determined from radioactivity 
recovered from the plasma following extraction. 
Values are means + SD (n=3). 
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Figure 13. Acrylamide plasma concentration following 
single or multiple exposures in 11 week old 
rats. Single dosed animals received a 50 mg/kg 
i.v. injection containing 40 uCi/kg of labelled 
ACR. Multiply dosed animals received 50 mg/kg 
of unlabelled compound for five consecutive 
days, followed on the sixth day by the same 
treatment that the singly dosed animals 
received. Blood was withdrawn through a 
femoral vein canula and separated into plasma 
and packed cells by centrifugation. Concen
trations were determined from radioactivity 
recovered from the plasma following extraction. 
Values are means + SD (n=3). 
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portion of the graphs for the multiply dosed animals showed a different 

elimination pattern than that seen in the age-matched singly dosed 

animals. Analysis of the plasma indicates that dosing regimen, in this 

instance, does affect the elimination rate. These data support the 

findings of Miller and coworkers (1982) that ACR elimination occurs in 

a biphasic manner following a single dose. 

The pharmacokinetic parameters were analyzed based on dosing 

regimen (Table V). In the whole blood, as seen in Figures 10 and 11, 

the terminal elimination was not affected by the number of doses, 

although multiple dosing did show a trend toward a smaller 3 and, 

therefore, a longer half life. The Vg was slightly larger in the 

multiply dosed group; this difference was statistically significant but 

probably not biologically significant. The total body clearance in 

both cases was virtually the same. For the plasma data, dosing regimen 

significantly affected the elimination rate constant. Multiple doses 

showed a smaller elimination rate constant although these should be 

considered to be only estimates since the experiments' duration was 

shorter than one half-life. Ve was increased for both groups, as 

compared to blood values, indicating more compound was being distri

buted to other tissue compartments. CI was significantly decreased 

after multiple dosing, verifying that the compound was remaining in the 

body longer. 

When these values were compared as a function of biological 

sampling fluid, it was seen that the terminal rate constant was the 

same for the single dose group. There was an increase in Vg when 



TABLE V 

Pharmacokinetic Parameters Determined from Acrylamide 

Plasma Concentration Data3 

Parameter 

Plasma, 
3(h ) 

Ve (L/kg) 

Cl(L/kgh) 

Dosage Regimen 

Single Multiple 

0.11 + 0.06 

0.98 ± 0.32 

0.10 ± 0.04 

0.03 i 0.02 

1.54 + 0.27fc 

0.04 ± 0.03 

Values were calculated from the whole blood or plasma 
concentration versus time data. Each parameter represented 
the average of three values calculated from individual 
animals ± SD. 

bp<0.05. 
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comparing blood to plasma values due to ACR's binding to red blood 

cells. Once ACR binds to the red blood cell it cannot be distributed 

to other compartments. This type of binding does not occur in the 

plasma. CI was significantly higher based on plasma data. In the 

multiply dosed groups, 3 was smaller for plasma than for blood; the 

opposite trend was noted for Vg . Since these two terms are directly 

related in the clearance equation, it is not surprising that the 

clearance values were the same for both blood and plasma. 

The chromatogram of ACR standard showed that it eluted at a 

k' = 0.83 (Figure 14). The system used was the same as the one used by 

Miller et al. (1982). Throughout the chromatographic analyses, no 

other major peaks were detected and all of the radioactivity was 

contained within fractions 5 and 6. 

Theophylline 

The amount of total radioactivity expressed as percent of dose 

versus time following i.v. administration is shown with respect to 

total dose administered in Table VI. These data are depicted in Figure 

16. Although the 25 mg/kg dose group had relatively higher percent

ages, ranging from 100 to 10, for a majority of the study, by approxi

mately six hours both the 12.5 and 25 mg/kg dose groups had the same 

levels. The rapid distribution out of the plasma and the slower 

terminal elimination phase are illustrated in Figure 15. 
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Figure 14. A chromatogram of acrylamide. The column used 
was a 10 PAC, the solvent system was 85:15 
Methylenechloridermethanol, at a flow of 1 ml/ 
min, wavelength detection at 254 nm, and 1 ml 
fractions were collected. Parent ACR eluted at 
5.23 minutes. 
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TABLE VI 

Percentage of Administered ^C-TheophyHine Following I.V. Dosing9 

Percent of Dose 
Time (hours) 12.5 mg/kg 25 mg/kg 

0.167 31.21 * 3.38 224.05 ± 

CM C
O

 

• 

C
M

 

0.25 16.81 ± 2.22 31.97 ± 8.99 

0.5 12.58 ± 13.08b 23.32 ± 3.32 

1 11.65 .+ 2.00 22.62 ± 2.83 

2 12.63 ± 1.17 18.75 ± 1.51 

3 12.01 ± 1.18 15.82 ± 3.45 

4 8.71 ± 1.05 15.70 + 1.10 

5 9.65 ± 0.76 11.25 ± 2.03 

6 9.01 ± 0.93 10.32 + 2.94 

aLevels are percent of administered dose recovered from the 
plasma following extraction. Values are means ± SD (n=3). 

^The values from two animals. 
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Figure 15. Percent of administered dose following a single 
i.v. exposure to theophylline. Rats were 
administered a single dose of either 12.5 or 25 
mg/kg TP containing 40 uCi/kg i.v. Blood 
samples were withdrawn via an implanted canula 
and separated into plasma and packed cells by 
centrifugation. Percent of dose was calculated 
from the radioactivity recovered from the 
plasma following extraction. Values are means 
± SD (n=3). 



63 

The plasma concentration following a single i.v. dose 

determined from sampling of the sodium hydroxide extract before 

chromatography is compared to the concentration found after HPLC 

analysis (Table VII). The HPLC separated parent TP from metabolites 

while the sodium hydroxide solution would contain some acidic metabo

lites. Lower concentrations were found from the HPLC determination as 

compared to the sodium hydroxide extract, as expected. The concen

trations determined from the sodium hydroxide extract and HPLC analysis 

following either a 12.5 or 25 mg/kg dose are graphed in Figures 16 and 

17, respectively. There are two phases to the graphs: a distributive 

and an elimination phase. There are some differences between the two 

dose groups. For instance, the rats receiving a 25 mg/kg dose had 

concentrations ranging from 2.5 to 4 times higher than those receiving 

a 12.5 mg/kg dose, despite the fact that the dose was only two times 

higher. In addition, the terminal phase for the animals given 12.5 

mg/kg appeared flatter than that for the animals given 25 mg/kg. 

Pharmacokinetic parameters calculated from rats dosed intra

venously showed that there was no statistical difference in the 

parameters due to dose (Table VIII). The terminal elimination rate 

constant for the 12.5 mg/kg dose group was comparable to that found for 

the 25 mg/kg dose group. V^ was smaller for the higher dose inferring 

that proportionally less compound was being distributed to other 

tissues at the higher dose level. Finally, CI values reflected the 

differences seen in V^ since they were calculated from gxV^ . 



TABLE VII 

Theophylline Plasma Concentration Following I.V. 

Administration in Ratsa 

Dose (mg/kg) 
Time HPLC 
(hours) 12.5 25 

0.167 1.87 ± 8.91 473.92 ± 83.03 

0.25 18.28 ± 3.36 66.93 ± 22.33 

0.5 10.77 ± 3.87 46.06 ± 5.34 

1 11.31 ± 0.63 44.31 ± 10.22 

2 9.87 ± __b 33.98 ± 0.22 

3 9.27 ± 1.79 37.19 ± 34.841 

4 8.78 i 2.07 29.53 ± 3.86 

5 8.63 ± 2.04 21.16 ± 6.26 

6 

-H 00 00 • 

ID 2.18 20.81 ± 8.32 

Levels are concentrations calculated from 
radioactivity recovered from the plasma after 
chromatographic analysis. Values are 
means ± SD (n=3). 

^Signifies the average concentration values from 
two animals. 
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Figure 16. Theophylline plasma concentration following a 
12.5 mg/kg i.v. dose. Rats were administered a 
single dose of 12.5 mg/kg TP containing 40 uCi/ 
kg i.v. Blood samples were withdrawn via an 
implanted canula and separated into plasma and 
packed cells prior to and after chromatographic 
analysis from the radioactivity recovered 
following extraction. Concentrations derived 
from the extraction sample represent total 
radioactivity and those determined from HPLC 
analysis represent parent compound. Values are 
means ± SD (n=3). 
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Figure 17. Theophylline plasma concentration following the 
administration of a 25 mg/kg i.v. dose. Rats 
were administered a single dose of 25 mg/kg TP 
containing 40 uCi/kg i.v. Blood samples were 
withdrawn via an implanted canula and separated 
into plasma and packed cells by centrifugation. 
Concentrations were determined prior to and 
after chromatographic analysis from the radio
activity recovered following extraction. 
Concentrations derived from the extraction 
sample represent total radioactivity and those 
determined from HPLC analysis represent parent 
compound. Values are means ± SD (n=3). 



TABLE VIII 

Pharmacokinetic Parameters Determined from I.V. Plasma Data 

Parameter 

6(h"1) 

V6 (L/kg) 

CKL/kgh) 

Dose 
12.5 mg/kg 

0.12 ± 0.07 

0.90 t 0.19 

0.10 t 0.03 

25 mg/kg 

0.14 ± 0.02 

0.46 ± 0.07 

0.06 ± 0.01 

Values are calculated from concentrations determined 
from the plasma following chromatographic analysis. 
The parameters were calculated from data for individual 
animals and then averaged at each dose level. Values 
are means ± SD (n=3). 
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The plasma concentrations determined from sampling the sodium 

hydroxide extract before chromatographic analysis and after analyzing 

the samples by HPLC are compared as a function of the oral dose 

administered (Table IX). These values are graphed in Figures 18 and 

19. The rats administered 75 mg/kg had approximately 3 to 4 times 

higher plasma concentrations than did those given 25 mg/kg. This is 

consistent with the different dose levels. Parent theophylline 

calculations determined by HPLC were lower than those determined from 

the extraction. Both Figures 18 and 19 illustrate a rapid absorptive 

phase. Plasma TP concentrations remained constant for 5 hours. 

Animals did not normally survive beyond seven hours, however, one 

animal administered 25 mg/kg survived to twenty-four hours. The 

concentration at 24 hours was only two-fifths that found for the 5 hour 

time point. Thus, the blood level after oral administration was 

substantially higher than that expected from elimination kinetics 

calculated using animals administered theophylline intravenously. 

Although the dose level at which saturation occurred could not be 

determined from these doses, it appeared that the concentrations began 

to decline significantly at eight hours (data not shown). Unfor

tunately, most of the rats did not survive past eight hours, so this 

could not be firmly established. The plasma concentration data listed 

and described above for the concentrations determined prior to HPLC 

analysis are plotted in Figure 20. 

When the data following i.v. administration are compared to 

that after oral dosing, the levels were consistently higher (Figure 

21). This indicates that the oral dose was either not entirely 



TABLE IX 

Theophylline Plasma Concentrations (ug/mL) Following Oral Dosing9 

Dose (mg/kg) 
Time HPLC 
(hours) 25 75 

0.75 13.33 + 8.30b 36.47 ± 8.11 

1 11.45 ± 3.28 42.40 ± 11.52 

1.25 11.26 ± 2.76 27.89 + 39.45 

1.5 10.97 ± 3.18 39.78 + 13.90 

2 10.29 ± 2.41 38.98 + 16.15 

3 10.65 ± 3.55 44.25 ± 17.56 

4 10.02 ± 4.60 37.98 ± 16.88 

5 10.36 ± 4.70 35.09 ± 15.80 

Levels are concentrations calculated from 
radioactivity recovered from the plasma prior 
to and after chromatographic analysis. Values 
are means ± SD (n=3). 

^The concentration values from two animals. 
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Figure 18. Theophylline plasma concentration following a 
25 mg/kg oral dose to rats. Rats were admin
istered an oral dose of 25 mg/kg containing 150 
uCi/kg labelled TP followed by canulation of 
the femoral vein. Blood was removed via this 
canula and separated into plasma and packed 
cells by centrifugation. Concentrations were 
determined from radioactivity recovered prior 
to and after chromatographic analysis. Con
centrations derived from the extraction sample 
represented total radioactivity and those 
derived from the HPLC analysis represented 
parent compound. Values are means + SD (n=3). 
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Figure 19. Theophylline plasma concentration following a 
75 mg/kg oral dose to rats. Rats were admin
istered an oral dose of 75 mg/kg containing 150 
uCi/kg labelled TP followed by canulation of 
the femoral vein. Blood was removed via this 
canula and separated into plasma and packed 
cells by centrifugation. Concentrations were 
determined from radioactivity recovered prior 
to and after chromatographic analysis. Con
centrations derived from the extraction sample 
represented total radioactivity and those 
derived from the HPLC analysis represented 
parent compound. Values are means ± SD (n=3). 



100 

L T 
f , I , L I 

/ 
I 
/ /  
/ /  

/ /  
// 

/ o-
•-

-o 75 mg/kg 
*• 26 mg/kg 

8 3 
Time (hr) 

Figure 20. Theophylline plasma concentration following an 
oral dose of 25 or 75 mg/kg. Rats were admin
istered an oral dose of either 25 or 75 mg/kg 
containing 150 uCi/kg labelled TP followed by 
canulation of the femoral vein. Blood was 
removed via this canula and separated into 
plasma and packed cells by centrifugation. The 
concentrations were determined from radio
activity recovered after chromatographic 
analysis. These concentrations represented 
parent compound. Values are means ± SD (n-3). 
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Figure 21. Theophylline plasma concentration following an 
i.v. or oral dose of 25 mg/kg to rats. Intra
venously dosed animals received a 25 mg/kg 
injection containing 40 uCi/kg TP. Orally 
dosed animals received a 25 mg/kg dose con
taining 150 uCi/kg TP. Blood samples were 
withdrawn through a femoral vein canula and 
separated into plasma and packed cells by 
centrifugation. Concentrations were determined 
from radioactivity recovered from the plasma 
after chromatographic analysis. Values are 
means + SO (n=3). 
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absorbed from the gastrointestinal tract. This may be due to the 

presences of food in the gastrointestinal tract because the animals 

were not fasted prior to dosing. The TP plasma concentrations were 

almost equivalent at the seven hour time points for the two routes of 

administration. Later time points would have to be collected to 

determine if the curves level out or cross. 

Since the orally dosed animals were not followed to the point 

where linear kinetics became apparent, no pharmacokinetic parameters 

were determined for the oral data. 

A chromatogram of a TP standard showing the parent compound 

eluting at k' = 1.62 is illustrated in Figure 22. The procedure used 

was described in the Materials and Methods Section and has been pre

viously published by Soldin and Hill (1977). Radioactivity was only 

recovered in the fractions corresponding to parent TP. 
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Figure 22. A chromatogram of theophylline. The column 
used was a 5 micron Econosphere C18, the 
solvent system was 90:10 0.02M Sodium acetate: 
acetonitrile, wavelength detection occurred at 
254 nm, and 0.5 ml fractions were collected. 
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DISCUSSION 

Acrylamide 

In this study, two factors were tested regarding their effects 

on ACR's pharmacokinetics: age and dosing regimen. Previous work by 

Kapland et al. (1973) showed that 5-week old rats were less susceptible 

to ACR intoxication than were 11-week old rats. The objective of this 

study was to determine if the difference in toxicity was related to 

pharmacokinetic differences. The single 50 mg/kg dose was chosen 

because it would not be acutely toxic to rats; the LD50 of ACR is 170 

mg/kg. If pharmacokinetic differences were related to age-dependent 

neurotoxicity, then the pharmacokinetics would have to be examined at a 

neurotoxic dose. The multiple dose regimen of five consecutive daily 

doses of 50 mg/kg was chosen because it has been shown to reliably 

produce signs of neurotoxicity (Spencer and Schaumberg, 1974). In our 

studies, neurotoxicity was not evident in all the animals receiving 

multiple doses of ACR. 

Our studies have shown that there were no statistical differ

ences between whole blood or plasma concentrations between 5- and 

11-week old animals following a single intravenous dose of ACR. 

Similar results were obtained when ACR was given for 5 daily doses. 

For both dosage regimens, terminal blood concentrations of ^c 

represented approximately 10% of the administered dose. The increased 
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susceptibility of older animals to the neurotoxic effects of ACR, as 

shown in the work of Kapland et al. (1973), cannot be explained by 

higher blood levels in the older animals. 

Multiply dosed animals consistently had higher initial plasma 

and whole blood concentrations and lower final concentrations than did 

singly dosed animals in both blood and plasma. One would expect to 

find higher levels in multiple dosed animals for the duration of the 

experiment because ACR binds irreversibly to red blood cells (Miller et 

al., 1982). Following five days of dosing with cold ACR, most of the 

binding sites on these cells could have been bound with ACR making it 

unavailable for further binding to the blood. ACR has not been shown 

to bind to any plasma proteins yet concentrations calculated following 

multiple doses were consistently lower than those determined following 

a single dose. It is possible that chronic exposure to ACR could have 

induced the hepatic enzymes responsible for its biotransformation or 

conjugation thus increasing the animal's ability to metabolize the 

compound. ACR is conjugated to glutathione in the liver and excreted 

as the mercapturic acid derivative. The chronic exposures may have 

stimulated the production of glutathione thus increasing the ability of 

the rat to clear the ACR through conjugation. Blood and plasma levels 

of ACR following multiple doses would then be lower than those noted 

following a single dose, as is found in our results, if this hypothesis 

were correct. 

The blood and plasma concentration versus time curves con

sistently showed two phases: an a phase and a g phase. This 
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observation verifies what other investigators have found that ACR 

concentration versus time data fits a two-compartment pharmacokinetic 

model (Miller et al., 1982). The distributive phase occurs quickly, 

within one hour, with the elimination phase occurring at a much slower 

rate. Graphs depicting the whole blood concentrations of ACR yielded 

terminal elimination phases that were approximately parallel, irre-

gardless of dosing regimen and age. Analysis of the plasma concen

tration versus time graphs showed that dosing regimen did affect the 

terminal phase. The g portion of these graphs changed depending on 

the number of doses administered. Multiple doses yielded terminal 

elimination constants that were smaller than the constants calculated 

following a single dose. Half lives of 6.3 hours were calculated 

following single intravenous dosing and 23.1 hours following multiple 

doses. 

The pharmacokinetic parameters calculated from the concen

tration versus time data were compared based on dosing regimen. The 

whole blood values showed little statistical variation, with the 

animals receiving multiple doses only showing trends toward a smaller e 

and larger . This similarity in pharmacokinetic parameters, 

regardless of dosing regimen, may be explained by a saturation of ACR's 

binding to the red blood cell. Once the binding is saturated, con

centrations found in the blood would remain constant. An important 

factor affecting the compound is clearance. In this case, clearance 

was not affected by dosing regimen when examining the blood. 

Pharmacokinetic parameters determined from plasma data were 

also compared based on dosage regimen. Plasma data yielded 
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statistically different values for each parameter calculated. This 

finding is important because it emphasizes the effect of binding on the 

determination of pharmacokinetic parameters. Following multiple 

dosing, the terminal rate constant was significantly decreased. This 

can be translated into a longer half life following multiple doses, 23 

hours versus 6 hours (the half life calculated following a single 

dose). The apparent volume of distribution was increased in the 

animals receiving multiple doses of ACR. As the number of doses 

increased more compound could be found distributing to other tissue 

compartments. Finally, the total body clearance of ACR was decreased 

after rats were exposed to multiple doses. These findings suggest that 

following multiple doses rats exhibit somewhat different pharmaco

kinetic profiles compared to those animals administered a single dose 

of ACR. Plasma concentrations have been found to be more sensitive to 

changes in the pharmacokinetics of ACR in the rat following single and 

multiple doses than were those determined from the blood. 

In conclusion, these studies have found that 5- and 11-week old 

rats do not have significantly different levels of ACR following the 

administration of a single 50 mg/kg intravenous dose; ACR half lives 

are significantly extended in the plasma of those animals receiving 

multiple doses; ACR plasma and blood data fit a two-compartment 

pharmacokinetic model; plasma levels are more sensitive to changes in 

the pharmacokinetic profile than are blood levels; and dosage regimen 

does affect the determination of pharmacokinetic parameters. 
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The second component of this work compared the effect of dose 

and route of administration on the pharmacokinetics of TP. In the i.v. 

study, two doses were administered, 12.5 and 25 mg/kg, in order to 

determine if dose dependent kinetics were evident. Previous studies by 

Teunissen and coworkers (1985) showed that in rats nonlinear kinetics 

were observed at intravenous doses of 25 mg/kg and 100 mg/kg. Oral 

doses used in our studies were 25 and 75 mg/kg. 

In the intravenously dosed rats, initial levels of total 

radioactivity expressed as percent of dose were higher in the 25 mg/kg 

dose group as compared to the 12.5 mg/kg dose group for the first hour. 

Both groups cleared the compound rapidly for the duration of the 

experiment and total radioactivity in the plasma levels was approxi

mately equal by six hours. These data indicate that TP is rapidly 

distributed out of the plasma, with residual levels declining steadily 

over the duration of the experiment. 

Two phases were evident from the plasma concentration versus 

time graphs, a and 6. Our TP concentration data fit a two-compart

ment pharmacokinetic model confirming earlier work performed by Mitenko 

and Ogilvie (1973) and Loughnan et al. (1976) in humans following 

intravenous administration. 

A possible indication of nonlinear kinetics occurred in the 

animals receiving an intravenous dose of 25 mg/kg. Plasma concen

trations were 2.5 to 4 times higher at this dose level than at the 12.5 

mg/kg dose level. 
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Data derived from the sodium hydroxide extraction samples were 

used to check recovery and appeared to fluctuate more than that 

calculated from samples analyzed on the HPLC. This data variability 

was not as noticeable when the data were derived from the samples 

analyzed by HPLC. 

The pharmacokinetic parameters determined were calculated from 

the i.v. data; the parameters were calculated for each individual 

animal then averaged at each dose level. No pharmacokinetic analyses 

were performed on the oral data because the absorption rate was too 

rapid and the blood clearance rate was too slow. Pharmacokinetic 

parameters were analyzed statistically as a function of dose yielding 

values of 0.13 hours"*, values of 0.68 L/kg, and CI values of 

0.08 L/kgh. No statistically significant difference was found between 

the parameters based on dose level. The values determined in our study 

are consistent with those found in the literature for humans. Paterson 

et al. (1979) found a TP plasma half life of 6.9 hours, Hendeles and 

Weinberger (1983) reported Vg values ranging from 0.3 - 0.7 L/kg, and 

Mitenko and Ogilvie (1973) reported an average plasma clearance of 

0.072 L/kgh. An interesting finding by Tang-Liu et al. (1982) 

indicated that the overall clearance of TP may appear linear, or 

nonsaturated, but the elimination of the individual metabolites was 

capacity-1imited. 

The effects of oral administration of TP differed significantly 

from the effects seen following i.v. dosing. At both doses, plasma 

concentrations peaked within about one hour, but did not decrease. 
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Plasma concentrations in the rats receiving a dose of 75 mg/kg were 

approximately 3 to 4 times higher than those in animals receiving a 

dose of 25 mg/kg. These differences reflect the difference in dose. 

Plasma concentrations remained constant for the duration of the 

experiment. This trend was not expected to occur in animals adminis

tered 25 mg/kg. Instead, a rapid decline in plasma levels like that 

seen in the i.v. studies was expected. In those aminals that survived 

to 8 hours, plasma concentrations were seen to decrease slightly. This 

would verify the findings of Teunissen et al. (1985) who administered a 

dose of 25 mg/kg to rats which showed zero order elimination or 

saturation kinetics. They found that blood concentrations began to 

decline with first order kinetics after approximately 8 hours. There 

were a number of differences between the i.v. and oral studies. First, 

i.v. dosing occurred while the animals were anesthetized, oral dosing 

took place before the animal was anesthetized. Second, the i.v. dose 

would not be subject to first pass effects by the liver. Third, the 

dose volume administered for each differed by a factor of 5, with the 

i.v. dose being five times more concentrated. These differences taken 

together may decrease the concentrations found following oral 

administration. 

The differences between the plasma concentration data following 

i.v. and oral dosing at the 25 mg/kg dose level were compared. 

Intravenous dosing yielded higher concentrations for the duration of 

the experiment than did oral dosing. Absolute bioavailability 

calculated from zero to five hours was 0.29, indicating that only 29% 
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of the orally administered dose was absorbed by five hours. Previous 

studies with TP have shown that the presence of food did not signi

ficantly affect enteral absorption, but the nutritional content of it 

did (Welling et al., 1975). These investigators found that TP 

absorption was faster and the total amount absorbed was slightly 

greater following a high protein meal than after a high carbohydrate or 

high fat meal. The rat chow diet used did not contain excesses in 

fats, proteins, or carbohydrates, therefore, dietary factors would not 

be expected to significantly affect absorption. Solutions were found 

to be absorbed better than tablets and absorption occurred slightly 

faster on an empty stomach (Welling et al., 1975). The decreased 

absorption and bioavailability noted in these studies could not be 

totally explained by the presence of food in the gastrointestinal tract 

(animals were not fasted prior to dosing). The anesthesia, however, 

may have affected the absorption. Anesthetics decrease respiration and 

blood flow, therefore, the gastrointestinal tract may have received a 

lower perfusion rate when the animal was anesthetized. This decrease 

in perfusion may have decreased absorption. It has been noted that the 

presence of phenobarbital in TP formulations decreased absorption by 

complexing with TP (Schumacher, 1973). In our studies, phenobarbital 

was used as an intravenous anesthetic agent. This may also help to 

explain the decreased absorption apparent in our studies. 

In conclusion, these studies have shown that following 

intravenous administration higher plasma concentrations were found at 

the 25 mg/kg dose than at the 12.5 mg/kg dose that were not 
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proportional to the differences between the doses administered; 

following oral administration plasma levels did not decrease for the 

duration of the experiment. TP plasma concentration data fit a 

two-compartment pharmacokinetic model; no statistical difference was 

found between the pharmacokinetic parameters based on dose level; and 

the pharmacokinetic parameters determined were consistent with those 

found in the literature for humans. 
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