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ABSTRACT 

Methamphetamine (MAP), the N-methyl derivative of amphetamine (AP), 

has been abused by human populations in several countries. There are 

stereoisomeric differences in the pharmacodynamics of the enantiomers with the 

d-enantiomer of both drugs being more potent than the antipode in its central 

stimulating effects. The stereoisomeric differences in disposition kinetics of 

MAP and its metabolites were studied in rats. 

Several sensitive enantiomer-specific HPLC methods were developed to 

quantitate enantiomers of MAP and its metabolites in serum and urine samples. 

The optical isomers of these compounds are derivatized by reacting with a chiral 

fluorescent reagent, (-)-1-(9-fluorenyl)ethyl chloroformate, before separation on 

a reverse-phase HPLC column. These methods have sensitivities in the low 

ng/ml range. 

Both MAP and AP are low protein-bound drugs. There are slight 

differences in serum protein binding between MAP enantiomers. The binding of 

d-AP is greater than /-AP. Following administration of racemic MAP to rats, the 

serum concentration of the d-enantiomer was higher than the /-enantiomer. The 

metabolites recovered in urine are enantiomers of MAP, AP, p

hydroxymethamphetamine (OHMAP) and p-hydroxyamphetamine (OHAP). A 

greater amount of the d-enantiomer of MAP and AP could be recovered 
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compared with the /-enantiomer. The hydroxylated metabolites were excreted as 

unconjugated and conjugated forms with the total/-enantiomer being higher than 

the antipode. There are stereoisomeric differences for both clearance and 

volume of distribution of MAP. When racemic AP was administered, AP and 

unconjugated and conjugated of OHAP could be recovered in urine. Both 

clearance and volume of distribution of /-AP are significantly higher than d-AP. 

The clearance of d-OHMAP is greater than that of /-OHMAP. 

The change in enantiomeric ratio (/-/d-) of metabolites following MAP 

compared to that following AP suggested the existence of multiple 

stereoselective pathways involved in the disposition of these compounds. The 

differences in serum concentrations between AP enantiomers was magnified 

following racemic MAP, which suggested stereoselective N-demethylation. 

There are no differences in disposition kinetics of MAP between Sprague

Dawley and Fisher 344 rats. Activated charcoal given orally 10 minute before an 

iv dose of racemic MAP did not enhance the elimination of the drug in vivo. 
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CHAPTER I. HISTORY AND BACKGROUND 

Historical Consideration 

The development, therapeutic use and finally the misuse and abuse of the 

amphetamine class of drugs forms a particularly interesting history. The former, 

in conjunction with the drugs' pharmacologic story in many ways reflect the 

social development and upheavals of several cultures including the United 

States. 

The history of abuse of amphetamine-related drugs started around 3000 

B.C. within the Chinese population. Medicinal tea from the plant Ma-Huang was 

recognized for its stimulant effects. This plant which was classified in the genus 

Ephedra contains many pharmacologically active aromatic amines including 

ephedrine. Amphetamine (AP) which is structurally related to ephedrine was 

first synthesized in 1887 and patented in 1932. Methamphetamine (MAP), the 

methyl derivative that possesses most of the properties of amphetamine was 

developed in 1919 by A. Ogata, a Japanese pharmacologist. All the major 

effects of amphetamine were discovered in the 1930s but some of the clinical 

uses developed later. AP was introduced in the U.S. in 1932 as a nasal 

decongestant (Benzedrine inhaler). The abusers consumed the paper strip 

inside (the inhaler that contained 250 mg of AP) for its stimulating and euphoric 

effects (1). 
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In 1935 AP was recommended for use for treatment of narcolepsy. 

However, it was later found that some patients developed paranoid psychotic 

reactions. In 1937, AP was reported to be effective in reducing activity in 

hyperactive children (hyperkinesis). The appetite-depressant properties of AP 

were observed in 1939. During this time, the stimulant effects which prolonged 

awakening time resulted in the wide abuse of AP among students, truck drivers, 

athletes, etc. Between 1932 and 1946 pharmaceutical companies promoted 39 

clinical uses of AP and claimed that both AP and MAP were effective without the 

risk of addiction (2). 

Probably the greatest early impetus to AP abuse was World War II which 

found the armies of Germany, Great Britain but especially Japan making the 

drug readily available to improve soldiers' performance. Following the war there 

were huge stockpiles of the drug in Japan and its use was promoted within the 

population. That action led to a serious abuse problem. 

In the 1960s the availability of a pharmaceutical injectable form of MAP 

led to the abuse of this drug via the intravenous (Lv.) route. Until the 1970s 

most amphetamines used by abusers came from pharmaceutical sources. The 

abuse of amphetamines and other drugs led to passage of the Control 

Substance Act in 1970 which dramatically reduced the availability of 

amphetamine. However, the use of cocaine in the 1970s may also have 

contributed to the decrease in demand for MAP. 
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Since the mid 1980s the illicit use of MAP has reemerged. This 

compound, which is easily synthesized in cladestine laboratories, goes by a 

variety of street names: "crank", "meth", "crystal", "speed", "go-fasf, "zip", "chris", 

"cristy", and more recently, "ice". The latter is a smokable form of the drug. The 

abuse problem first appeared in Hawaii as a result of importation of the drug 

from Asia (especially Korea) where there are now as many "ice" addict as there 

are cocaine addicts. In the continental U.S. the problem is currently localized 

and limited to several large cities. There is a clear potential for the expansion 

across the country, indeed this is quite likely, " ... domestically produced MAP 

looms as a potential national drug crisis for the 1990s" (3). Others have 

suggested that smoking MAP will become the next major drug plague in the 

coming decade since tolerance develops rapidly and the drug is highly addictive. 

The findings of a National Institute on Drug Abuse survey in 1988 

indicated that the drug is taken intravenously (62%), nasally (18%), orally (13%) 

and by smoking (7%) (3). Snorting is often the first route used but is followed by 

the intravenous route (due to nasal irritation) which accelerates compulsive use 

as a result of the rapid onset of action. Although the intravenous route is most 

common, it will likely be replaced by smoking because of the association of 

shared needles with AIDS. Smoking and intravenous use is associated with an 

intense, short-term rush that is similar to that achieved with crack cocaine. This 

rush appears to be the motivation behind MAP use rather than the long-term 
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stimulant effect. Seizure of cladestine laboratories has increased from 184 in 

1981 to 775 in 1987. There has been an increase of over 110% in the number 

of emergency room visits associated with MAP use between 1985 and 1987 (726 

to 1523 incidents). Finally, there has been a 117% increase in the number of 

deaths due to MAP between 1985 and 1986 (65 to 116 deaths) and its rate 

appears to be increasing. Additional concern about the abuse of this compound 

is the acute toxic psychosis which lasts longer than cocaine and makes the 

individual a particular social danger (acts of violence) and the longer lasting 

psychological damage and dysfunction. A final, long-term societal concern is 

the increasing number of children born to MAP abusing women as such children 

appear not to bond well and many may become sociopaths. 

Chemistry 

AP is an acronym for its chemical name, alpha-methylphenethylamine. 

MAP and AP are derivatives of ~-phenylethylamine which is the backbone 

structure of the sympathomimetic amines. Many neurotransmitters including 

noradrenaline, adrenaline and dopamine share this skeleton with amphetamines 

(Fig. 1). MAP has one chiral carbon center and thus exists in both levo (/- or (-J

or R-) and dextro (d- or (+J- or S-) forms. The physical appearance of MAP 

hydrochloride is characterized as a white, odorless, bitter, crystalline powder 
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which is freely soluble in water and alcohol (3). The pKa is around 9.9 and 

molecular weight is 149.24. 

Pharmacology 

The compounds that share the ~-phenylethylamine backbone generally 

stimulate the central nervous system. Phenylethylamine has this stimulant effect 

but has a relatively short half-life. It can be metabolized by a monoamine 

oxidase enzyme (MAO) which is distributed in many tissues including the 

intestine and liver. MAP and AP whose structures have an a-methyl group 

attached on the ~-phenylethylamine skeleton prevent them from being 

metabolized by MAO. Therefore, the drugs exert both a central stimulant effect 

as well as peripheral activity. Introducing a methyl group onto the amino 

nitrogen of AP to form MAP makes the compound distribute more extensively 

into the brain and, therefore, it produces almost twice the eNS activity (2). It 

was also recognized that AP and MAP acted stereoselectively in producing 

these activities. The d- isomer was 2-10 times more potent than the /- isomer in 

the central stimulant effect whereas the /- isomer is slighly more potent in 

peripheral action (4). 

Central Nervous System: The pharmacologic results of low doses of 

amphetamine are described as follows (5): "wakefulness, alertness, and a 

decreased sense of fatigue; elevation of mood, with increased initiative, self-
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confidence, and ability to concentrate; often, elation and euphoria; increase in 

motor and speech activity. Performance of only simple mental tasks is improved; 

and, although more work may be accomplished, the number of errors may 

increase. Physical performance in athletes, for example, is improved, and the 

drug is often abused for this purpose". Amphetamine also increases the rate 

and depth of respiration. The effect on weight loss is due to appetite supression 

and only in small measure to increased metabolism. 

The mechanism by which amphetamines stimulate the eNS is through 

enhancement of catecholamine (dopamine and norepinephrine) release from 

their storage sites in the noradrenergic nerve terminals in the brain. This is 

achieved by at least two mechanisms; leakage of catecholamine from 

presynaptic storage vesicles and blockage of the reuptake mechanism for the 

amines. Alertness, anorexia and parts of the locomotor-stimulating effects are 

mediated by the release of norepinephrine from central noradrenergic neurons. 

Euphoria and motor activity result from s.timulation of the mesolimbic dopamine 

pathway. Stereotyped behavior, which occurs at higher doses, is due to the 

activation of the nigrostriatal dopamine pathway. 

Cardiovascular Responses: Systolic and diastolic blood pressures are 

increased with reflex slow heart rate. Larger doses of the drugs may cause 

cardiac arrhythmias. 
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Other Smooth Muscles: Effects of amphetamines on smooth muscles 

are similar to other sympathomimetic drugs, e.g., urinary bladder sphincter 

contraction, increasing uterus tone, etc. 

Toxicity and Side Effects 

The acute toxic effects which usually occur at high doses includeo(5): 

Central effects: restlessness, dizziness, tremor, hyperactive reflexes, 

talkativeness, tenseness, irritability, weakness, insomnia, fever, confusion, 

assaultivenes, increased libido, anxiety, delirium, paranoid hallucinations, panic 

states, and suicidal or homicidal tendencies. 

Cardiovascular effects: headache, chills, pallor or flushing, palpitation, 

cardiac arrythmias, anginal pain, hypertension or hypotension, and circulatory 

collapse. 

Gastrointestinal effects: dry mouth, metallic taste, anorexia, nausea, 

vomitting, diarrhea, and abdominal cramps. 

The chronic toxic effects are similar to those following an acute dose but 

abnormal conditions are more common. Other effects included: vivid 

hallucinations, paranoid delusion and weight loss 
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Dependence and Tolerance 

Psychological dependence usually develops following the chronic use of 

amphetamines. Tolerance to the following effects were observed: euphorigenic, 

anorectic, hyperthermic and lethal activities. There is cross-tolerance among the 

amphetamine-like sympathomimetic agents as well as cross-tolerance between 

the anorectic effects of cocaine and amphetamine. 

Metabolism 

Extensive studies have been done to characterize the metabolic pathway 

of MAP and related compounds. Figure 1 shows the metabolic scheme of MAP. 

MAP can be demethylated to form AP. Hydroxylation of AP at the aliphatic 

carbon in the B-position to nitrogen yields norephedrine. MAP, AP and 

norephedrine can be hydroxylated at the 4'-position of the aromatic ring to form 

p-hydroxymethamphetamine (OHMAP), p-hydroxyamphetamine (OHAP) and p

hydroxynorephedrine (OHNE), respectively. The latter three compounds can be 

excreted unchanged or further conjugated. OHMAP has been proposed to be 

demethylated to OHAP which can be further hydroxylated on the aliphatic 

carbon. AP can be deaminated to benzylmethyl ketone which can be 

subsequently transformed to benzoic acid and excreted as such or conjugated. 

Table 1 summarizes the metabolites of MAP which have been identified in 

several species (6, 7). In the rat, 31% of the MAP dose was excreted as 
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OHMAP in urine. Benzoic acid was the major metabolite found in the guinea pig. 

MAP is the major urinary product in humans. 

Both phase I and phase II reactions are involved in the metabolism of 

MAP. These pathways include: 

1) Aromatic hydroxylation 

2) N-dealkylation 

3) Deamination 

4) f3 hydroxylation 

5) N-oxidation 

6) Conjugation 

Aromatic hydroxylation 

Caldwell et al. (6) have reported that aromatic hydroxylation is a major 

pathway in the metabolism of MAP in rats. This reaction is mediated by 

cytochrome P450-dependent monooxygenases. Different isozymes are 

responsible for the hydroxylation of MAP and AP and these are not induced by 

phenobarbital, 3-methylcholanthrene or pregnenolone-16a-carbonitrile (8). 

Baba et al. (9) showed that CYP2C11 and CYP2C13 are responsible for the 

hydroxylation of MAP. Following either single or repeated doses of MAP to rats, 

p-hydoxylation of MAP in microsomal preparation was inhibited (10). It was 

suggested that the inhibition of this reaction could be due to the formation of a 
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metabolic intermediate complex between a cytochrome P450 isozyme and N

hydroxymethamphetamine (10). 

Jonsson (11) demonstrated that there is stereoselectivity in the 

hydroxylation of AP in rat liver microsomes with a maximum velocity for the d

isomer being 1.32 times greater than the I-isomer. It was proposed that the 

presence of I-AP in the racemic mixture may reduce the hydroxylation of d-AP. 

Aromatic hydroxylation of norephedrine has been shown in vivo following 

an oral dose of norephedrine to rat, rabbit and human (12). There are marked 

species differences in the metabolism of this compound. Hydroxylation of 

norephedrine occurs extensively in the rat (28% dose) but only slightly in 

humans « 1% dose) or rabbits (3% dose). 

N-dealkylation 

N-demethylation of MAP could occur via two independent pathways. One 

may proceed through a carbinolamine intermediate which is catalyzed by the 

cytochrome P450 enzyme system. The other pathway is via N-oxidation, 

catalyzed by flavin-containing monooxygenase (FMO). In rat liver microsomes 

both enzymes partiCipate in this reaction, however, in guinea pigs only FMO is 

involved (13). Studies in humans using a series of N-alkylated amphetamines 

whose a.-carbon proton were replaced by deuterium demonstrate the retardation 

of N-dealkylation of the d-isomer but no effect on th~ I-isomer (14). Rat liver 
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microsomes obtained 16 hr after pretreatment with a single dose of MAP showed 

significant inhibition of MAP demethylation; presumably through the formation of 

a metabolic intermediate complex (10). Since cytochrome P450 isozymes that 

catalyze MAP demethylation are different from those in the p-hydroxylation 

pathway, the formation rate of the metabolic intermediate complex of the two 

reactions are different (10). 

In humans the rate of N-dealkylation increased with size of the alkyl 

group, i.e., methyl < ethyl < n-propyl < isopropyl. N-Dealkylation of the d-isomer 

occurs to a greater extent than the antipode. The latter effect is more marked as 

the alkyl size is increased (14). 

Deamination 

Deamination of AP involves two pathways: a-carbon oxidation and N

oxidation. The results of a study in a rabbit liver preparation suggest that the 

former reaction is the dominant pathway ~nd is mediated by a cytochrome P450 

isozyme (15). a-Carbon oxidation produces an unstable carbinolamine which 

breaks down to benzyl methyl ketone and ammonia. The N-oxidation pathway is 

not well understood but appears to involve· an initial N-hydroxylation and 

subsequent oxidation. to a nitro compound. The nitro compound is then 

hydrolyzed to form benzyl methyl ketone (16). 



34 

The deamination products are excreted mainly as benzoic acid with small 

quantities being excreted as ketone and secondary alcohols (17). Benzyl methyl 

carbinol is formed by the reduction of benzyl methyl ketone. Product 

.stereoselectivity, i.e., d-benzyl methyl carbinol, was observed following 

administration of non-chiral benzyl methyl ketone to rats. Benzoic acid is formed 

via side-chain degradation of ketone and is excreted as such or conjugated with 

glycine or glucuronic acid (17). 

Stereoselectivity of AP deamination has been shown in several studies. 

Axelrod (18) and Hewick and Fouts (19) found that in a rabbit liver preparation l

AP could be deaminated more extensively than the d-isomer. The results from 

binding spectra studies indicated that the d-isomer had a greater inhibitory effect 

on the reduction of cytochrome P450 by NADPH. Dring et al. (20) reported the 

deamination of AP enantiomers in several species. Human and rhesus monkey 

deaminate the d-isomer more than the antipode; whereas, no stereoselctivity of 

this pathway was found in rat or mouse. 

B-hydroxylation 

Hydroxylation of the carbon next to the benzene ring is carried out by 

dopamine p-hydroxylase which is present in the noradrenaline-containing nerve 

endings in the central and peripheral nervous systems. This enzyme normally 

converts dopamine to noradrenaline and is restricted to primary amines. The 
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products are pharmacologically active and may be involved in the development 

of tolerance (21). 

AP has lower affinity to dopamine J3-hydroxylase than OHAP (22). This 

reaction also demonstrates some stereoselectivity with preferential hydroxylation 

of the d-isomer of AP and OHAP compared with the I-isomers of those 

compounds (23). 

N-Oxidation 

N-Hydroxylation of MAP and AP leads to the demethylated and 

deaminated products of the respective compounds. This pathway does not 

appear to have pharmacological relevance to MAP or AP but may be involved in 

pharmacokinetic interactions with cytochrome P450 (24). N

hydroxyamphetamine can be oxidized to a nitroso compound which can inhibit 

cytochrome P450 isozymes by forming a complex with the heme group (25, 26). 

MAP is N-hydroxylated to form a nitrone which then undergoes hydrolysis to N

hydroxyamphetamine. Oxidation of N-hydroxyamphetamine results in the nitroso 

compound that can form a metabolic intermediate complex with a cytochrome 

P450 isozyme (27). 
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Conjugation 

Several investigators have reported the role of conjugation pathways in 

the metabolism of MAP and AP. AP can be conjugated minimally at the nitrogen 

atom. In rat and rabbit, N-acetylated products were found (20, 28) and in horse 

N-glucuronide was formed (29). No conjugation products of MAP have been 

reported. On the other hand, substantial amounts of aromatic ring hydroxylated 

metabolites have been determined. Following an oral dose of MAP, rats excrete 

OHMAP, OHAP and OHNE mainly in the conjugated forms (1, 30). Only a 

glucuronide conjugate of OHAP has been recovered in rat and guinea pig urine 

(31, 32). A sulfate conjugate was reported for benzyl methyl ketone (20). 

Enantioselective aspects of drug disposition 

More than 60% of drugs used clinically occur as stereoisomers and are 

administered mainly in the racemic form (33). Since the body contains many 

optically acitve macromolecules, they can react with optically active xenobiotics 

stereoselectively or stereospecifically. The term "stereoselectivity" indicates the 

preferential but not complete predominance of one stereoisomer over the other. 

On the other hand, "stereospecificity" signifies a complete preference for one 

enantiomer. 



37 

The administration of a racemic compound can be viewed as 

simultaneous dosing of two different drugs. The disposition of one enantiomer 

may be different from that of the other. Therefore, pharmacokinetic parameters 

obtained from measurement of "total" drug are highly questionable. There are 

numerous stereoselective mechanisms which may account for pharmacokinetic 

differences between enantiomers. These mechanisms include absorption, 

hepatic metabolism, renal elimination and protein and tissue binding (34). 

Enantiomers may be absorbed stereoselectively when the compounds 

undergo active transport or use a carrier molecule for transport. Those drugs 

absorbed by passive diffusion will not show enantioselectivity due to the 

identical physicochemical properties of the enantiomers. However, it was found 

that enantiomers of some compounds, such as thalidomide, have different 

solubilities and crystal forms which may have different biological properties (35). 

The I-isomers of methotexate and DOPA are both absorbed by active transport 

processes and were found to have greater absorption rates than the d-isomers 

which were absorbed passively' (36, 37). The differences in absorption rate 

between enantiomers may indirectly arise from their different abilities to constrict 

or dilate local blood vessels. Thus, enantiomers of bupivacaine and 

mepivacaine, which have different effects on local blood flow, were absorbed at 

different rates (35). 
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There are three phenomena that may occur in stereoselective metabolic 

clearance, i.e., substrate enantioselectivity, product enantioselectivity and 

metabolic inversion. Substrate enantioselectivity is the preference to 

biotransform one enantiomer of a chiral compound over the other. For non

restrictively cleared drugs, little differences between plasma concentrations of 

the two enantiomers following an intravenous dose are expected since clearance 

is limited by hepatic blood flow. However, clearance may be affected indirectly 

by the influence of the drug on blood flow. For example, S-propanolol, the active 

form, lowers hepatic blood flow and results in decreased systemic clearance 

compared to that of the inactive R-isomer (38, 39). Following an oral dose, 

systemic clearance of both restrictively cleared and non-restrictively cleared 

drugs are determined by plasma protein binding and intrinsic clearance of the 

unbound drug and, therefore, marked differences in plasma concentrations 

between the two enantiomers are expected. The enzymes which show 

stereoselective metabolism include mixed-function oxidases, epoxide 

hydrolases, esterases, glutathione transferases, glucuronyl transferases, 

tyrosine hydroxylases and DOPA decarboxylase (34). 

Product enantioselectivity is the forming of chiral metabolites from the 

non-chiral compound. The results would be clinically important if the metabolic 

product is active (or toxic). One example of this phenomenon is the 4-

hydroxylation of debrisoquine to selectively form the S-isomer product. Chiral 
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inversion may arise from the metabolic process which has been shown for many 

2-arylpropionic acid nonsteroidal antiinflammatory drugs such as ibuprofen, 

benoxoprofen and cicloprofen (34). These compounds are stereospecifically 

transformed from the inactive R-isomer to the active S-isomer. 

Stereoselective renal clearance may occur when a chiral compound is 

excreted via a carrier-mediated process such as tubular secretion and/or active 

reabsorption. The renal clearance of R-metoprolol has been found to occur 

stereoselectively (34). 

Stereoselective protein and tissue binding of a chiral drug may contribute 

to differences in volume of distribution between enantiomers. Furthermore, the 

availability of the unbound form may also play an important role in the clearance 

process. Many chiral drugs have been shown to enantioselectively bind to 

plasma protein. L-Tryptophan, D-oxazepam and S-warfarin bind to albumin 

more than their antipodes. Stereoselective binding to a-1-acid glycoprotein has 

also been demonstrated for basic drugs such as propanolol, disopyramide, 

verapamil and methadone (34). S-enantiomers of propanolol and timolol bind to 

tissues such as cardiac and brain tissues more than the R-isomers (40, 41) 

When non-enantiomeric specific assays were used to quantitate a chiral 

drug in biological fluids following its racemic administration, the resulting 

disposition kinetic parameters were usually the combination of those of the 

individual isomers. Assuming that plasma concentrations of individual 
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enantiomers decline monoexponentially and that the total concentration was 

measured following intravenous administration of a racemate, the latter 

concentration-time profile would show biexponential decline. In the same 

manner, the systemic clearance calculated from measurements of unresolved 

drugs (CL(RS» is a complex function of the clearances of the individual isomers 

(CL(R), CL(S» (35). Thus: 

CL(RS)= Dose(RS) = 2·CL(S)·CL(R) 
AUC(RS) CL(S)+CL(R) 
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Table 1. Summary of the metabolites of methamphetamine in several species 

Species Rat Guinea pig Dog Human 

Dose (mg/kg) 45 45 10 5 0.29 

Route p.o. Lp. Lp. Lp. p.o. 

Urine collection (hr) 0-48 0-24 0-24 0-48 0-24 

Total %dose recovered 71 68 79.5 52 

% Dose recovered as : 

Methamphetamine 11 3 0.5 18 23 

Amphetamine 3 13 4 15 3 

p-Hydroxymethamphetamine 31 a a 15 

p-Hydroxyamphetamine 6 a a 13 1 

Norephedrine a 19 1 2 

p-Hydroxynorephedrine 16 a a 2 

Benzoic acid 4 31 63 5 

Ketone precursors 2 11 1 

Reference 6 6 6 7 6 
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Figure 1-1. Molecular structures of B-phenylethylamine and related amines. 



ClIJ 
Conj +- OH -(Q)--cH2 -tH -NH -ClIJ +-

~ CfI3 
~2-(H-NH-cH3 

p-Hydroxymethamphetamine Methamphetamine 

l? 1 
. <jfu 

Conj +- OH~2-(H-NH2 - (Q)--m. -%'--, - (Q)--m, ~-ili, 
P-Hydroxyamphetamine 

l 
OH ~lh 

Conj +- OH~H-CH-NH2 
p-Hydroxynorephedrine 

+-

Figure 1-2. Metabolic pathways of methamphetamine. 

Amphetamine 

1 

<O>!~~ 
Norephedrine 

Benzylmethyl keton 

l 

Q-ooOH 

Benzoic acid 

l 
Conj 

~ 
Co) 



44 

CHAPTER II SEPARATION AND QUANTITATION OF THE ENANTIOMERS OF 

METHAMPHETAMINE AND AMPHETAMINE BY HPLC 

Introduction 

The separation of enantiomers by chromatography can be accomplished 

with one of two approaches. The direct method involves the interaction between 

enantiomers and a chiral stationary phase or between the drug enantiomers and 

a chiral mobile phase which results in the formation of diastereomeric 

association complexes that possess different retention properties. The indirect 

method involves the formation of diastereomers from the reaction between 

enantiomers and chiral derivatizing agents. The differences in physical 

properties of diastereomers allow them to be separated using an achiral 

stationary phase [42]. The two approaches have been applied to both gas 

chromatography (GC) and high performance liquid chromatography (HPLC). 

However, there are some disadvantages in using GC such as the need to use 

volatile compounds or the necessity of preparing volatile derivatives. At high 

temperatures racemization of the chiral center may become significant and 

resolution may not be achieved [42, 43]. In contrast, because of its wide 

applicability as well as speed and efficiency, HPLC has become the method of 

choice for enantiomer separation [43]. 
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Both GC and HPLC techniques have been used to separate the 

enantiomers of amphetamine (AP) and methamphetamine (MAP). The use of 

GC in enantiomeric separation of MAP has been extensively reviewed [43]. 

Amphetamines are commonly reacted with chiral derivatizing agents to yield the 

diastereomers that have chromatographically unique characteristics. The 

derivatized products are subsequently separated on achiral or chiral stationary 

phases. The most commonly used derivatizing agent has been N-trtfluoroacetyl

I-prolyl chloride (TPC). Similarly, the methods that have been developed to 

separate enantiomers by HPLC have used chiral stationary phases or 

derivatization of enantiomers to form diastereomers. Lee et al. [44] have 

separated enantiomers of MAP using a chiral stationary phase (Bakerbond 

Chiral Phase DNBPG (covalent) column) following derivatization with 2-naphthyl 

chloroformate. Quantitation was achieved with filament-on thermospray mass 

spectrometry and the method was able to identify enantiomeric contamination as 

low as 1 %. Hayes et al. [45] utilized both Regis Pirkle Covalent Phenylglycine 

and Regis Pirkle Ionic Phenylglycine columns to separate enantiomers of MAP 

and AP. The enantiomers were derivatized with the chiral reagent, TPC. Good 

resolution of diastereomers of AP was observed using both columns but slightly 

higher efficiency was obtained from the ionic column. However, MAP derivatives 

were only partially resolved on both columns. Wainer et al. [46] developed a 

HPLC method to detect trace amount of the (-)-enantiomer present in (+)-AP in 
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pharmaceutical preparations. The compounds were derivatized with 2-naphthoyl 

chloride and chromatographed on a chiral column (Pirkle Covalent 

Phenylglycine column). The assay was reported to be able to detect a 

contamination as low as 0.5%. Nagai et al. [47] have developed a HPLC method 

that simultaneously separated enantiomers of MAP and AP which were extracted 

from hair. The enantiomers were made into acetyl derivatives and run on a 

series of chiral columns (Chiralcel OB and OJ) at 50°C. The mobile phase 

consisted of n-hexane and n-propanol in the proportion of 9: 1, respectively. The 

sensitivity of this method was 62.5 ng of the stereo isomers of MAP and AP per 

250 mg hair. The chromatogram obtained showed incomplete resolution of 

acetyl amphetamine enantiomers but the investigators reported overall excellent 

quantitative results. Nagai and Kamiyama [48, 49] further developed methods 

to analyze MAP and its metabolites in urine using another derivatizing agent , 

benzoyl chloride. Under the same chromatographic conditions noted above, 

excellent resolution of MAP and AP derivatives was achieved. In an attempt to 

simultaneously separate MAP, AP, p~hydroxyamphetamine (OHAP) and p

hydroxymethamphetamine (OHMAP), following derivatization with benzoyl 

chloride, different mobile phases were applied to the same columns [n

hexane:ethanol (89: 11 )]. The detection limit for the method was about 25-30 ng 

per 20 J.l1 injection. 
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Many chiral derivatizing agents have been used to facilitate the 

separation of amphetamines enantiomers. 2,3,4,6-Tetra-O-acetyl-p-D

glucopyranosyl isothiocyanate (GITC) was initially used to derivatize amino acid 

to form diastereomers which can be separated on reverse phase HPLC [50]. 

The reaction of GITC with the amino functional group prompted investigators to 

use this derivatizing agent for the determination of amine enantiomers for 

forensic purposes [51-53]. The derivatization of amines with GITC can proceed 

in organic media (chloroform, methylene chloride) at room temperature and the 

reaction is complete within 60 min. The derivatized products can be detected 

using a UV spectrophotometer. The separation of GITC-MAP diastereomers 

was achieved by using a C-18 column (e.g., Econosphere, 5 f..lm [52]) and 

tetrahydrofuran:water mobile phase. However, the resolution of AP derivatives 

which was performed using different mobile phases (methanol:water) was not 

complete [52]. The sensitivity of the analysis was reported to be less than 100 

ng on column [53]. 

(S)-(+)-Benoxaprofen chloride has been used as a derivatizing agent for 

MAP, AP and other amine enantiomers [54]. This analytical method required 

different sample injections for MAP and AP derivatives and the sensitivity was 

not low enough for our purposes. 

A series of 1-[(4-substituted-phenyl)sulfonyl]propyl chlorides has been 

evaluated as chiral derivatizing agents for HPLC .analysis of enantiomeric 
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amines including AP [55]. 1-[(4-nitrophenyl)sulfonyl]propyl chloride (NPSP-CI) 

was demonstrated to be the most versatile chiral derivatizing agent because of 

its strong UV absorption over a broad absorption band which includes 254 nm. 

The derivatized products can be separated on both normal and reverse phase 

HPLC columns. However, in an application to separate AP derivatized products 

[55], only a normal phase column resulted in a practical but incomplete 

resolution. In contrast, derivatized MAP can be separated only on a reverse 

phase column [56]. 

Gao and Krull [57] used polymeric FMOC-L-proline as a derivatizing 

agent in the analysis of AP from spiked urine samples. This method was based 

upon an on-line solid phase derivatization prior to reverse phase HPLC. Sample 

preparation was simple as filtered urine could be directly injected onto the 

chromatographic system. The detection limit of the method was 50 ng/ml. 

However, it was suggested that this chiral reagent may not react with secondary 

amines. 

The purpose of this study was to develop a sensitive HPLC assay method 

that simultaneously quantitates the enantiomers of MAP and its metabolite, AP, 

in serum using precolumn derivatization. 



Experimental 

Materials 
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Aniline sulfate, (-)-1-(9-flourenyl)ethyl chloroformate [(-)-FLEC] and 

glycine were purchased from Aldrich (Milwaukee, WI, USA); racemic 

amphetamine sulfate from Sigma (St. Louis, MO, USA). /- and d-Amphetamine 

and racemic, /- and d-methamphetamine hydrochloride were generously 

supplied by the Research Triangle Institute (Research Triangle Park, NC, USA) 

through the National Institute on Drug Abuse. Baker Analyzed-grade n-pentane 

and ethyl acetate were obtained from J.T. Baker (Phillipsburg, NJ, USA). 

Tetrahydrofuran, acetone and acetonitrile were Omnisolve grade from E. Merk 

(Gibbstown, NJ, USA). Water was freshly double distilled. All other chemicals 

and reagents used were of analytical grade. 

Instrumentation 

The chromatographic system consisted of a Beckman Model 504 

autosampler (Berkely, CA, USA) with a 100-JlI loop, a Waters Associates 

(Milford, MA, USA) Model 501 pump, Model 470 fluorescence detector operating 

at an excitation wavelength of 265 nm and emission wavelength of 330 nm, a 

NEC PowerMate SX plus computer with an NEC Pinwriter P6200 printer and 

Maxima 820 Chromatographic Workstation software. 
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The centrifugal evaporator was Savant Model AS160 (Farmingdale, NY, 

USA) 

FAB mass spectrometry was performed using a modified MAT 311A 

Double Focusing Mass Spectrometer (Finnigan MAT, San Jose, CA, USA). The 

analysis was done using a 15 kV Cs-Ion gun for primary beam generation. The 

instrument was scanned from mlz 100 to mlz 2000 in 20 sec, at a mass 

resolution of 1000 (10% valley). The samples were dissolved in glycerol and 

applied to the direct insertion probe without further preparation. 

Standard solutions 

Standard solutions of (d,/)-AP, (d,/)-MAP and aniline sulfate were 

prepared by dissolving in water to obtain a final concentration of 1 mg/ml (as the 

free base). Working solutions (5 Ilg/ml) were obtained by dilution from the 

standard solution. These solutions were stable for at least one year and were 

stored refrigerated at 8°C. All concentrations reported here are expressed as 

the free base. 

Extraction procedure 

Blank serum or serum spiked with racemic AP and racemic MAP or 

sample (0.1 ml) was placed into a 5 ml polypropylene tube to which was added 

50 III aniline sulfate solution (100 ng/ml water, internal standard). The mixture 
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was alkalized with 200 J,ll 0.02 M carbonate buffer (pH 10.6) and extracted with 2 

ml ethyl acetate. After the tube was capped, the extraction proceeded by 

shaking for 15 min followed by centrifugation (1200 xg) for 5 min. The organic 

layer was transferred into a polypropylene tube and back-extracted with 200 J,ll 

0.05 M hydrochloric acid. The tube was capped and shaken for 15 min followed 

by centrifugation (1200 x g) for 5 min. The organic phase was aspirated at room 

temperature. 

Derivatization 

The aqueous layer was transferred into a 5 ml borosilicate glass tube and 

neutralized with 40 J,ll 0.25 M sodium hydroxide. The mixture was buffered with 

50 J,ll 0.33 M phosphate buffer (pH 7.8). Acetonitrile (250 J,ll) and 25 J,ll (-)-FLEC 

(1 mM in acetone) were added and the tube was capped with a polyethylene 

closure. The reaction was allowed to proceed overnight at room temperature. 

After the reaction was complete, excess derivatizing agent was reacted with 30 

J,ll glycine solution (100 mM in water). The derivatized products were extracted 

with 750 J,ll n-pentane by vortex mixing for 2 min after the tube was capped. 

After centrifugation (5 min, 1200 x g) the aqueous phase was removed and 

discarded and the organic layer was evaporated to dryness in a centrifugal 

evaporator. The residue was reconstituted with 50% acetonitrile (in water) 

before being injected onto the HPLC column. 
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Chromatographic procedures 

A reconstituted sample (150 J..l1) was placed into an amber crimp top vial 

(0.7 ml) and capped. The autosampler was set to inject 100 J..l1 onto the column. 

Reverse phase HPLC was performed using an Adsorbosphere HS C-18, 3 J..lm, 

150 mm by 4.6 mm 1.0. column (Alltech Associates, Deerfield, IL, USA) at room 

temperature. The analytical column was preceded with a Direct-Connect column 

prefilter (Alltech Associates, Deerfield, IL, USA). The mobile phase consisted of 

0.02 M acetate buffer (pH 3.6), acetonitrile and tetrahydrofuran in the proportion 

46:39: 15. The flow rate of the mobile phase was 1 mllmin. 

Mass spectrometry 

Four J..l1 of racemic MAP or AP (equivalent to 4 J..lg of each enantiomer) 

were pipetted from a standard solution into a borosilicate glass test tube 

followed by 200 J..l1 0.05 M hydrochloric acid and 40 J..l1 0.25 M sodium hydroxide. 

To this mixture was added 50 J..l1 0.33 M phosphate buffer (pH 7.8), 250 J..l1 

acetonitrile and 15 J..l118 mM (-)-FLEC (in acetone). The reaction was allowed to 

proceed overnight. After the reaction was complete, the derivatized products 

were extracted into 2 ml n-pentane by vortex mixing for 2 min. The mixture was 

centrifuged for 5 min (1200 x g) and the organiC layer was removed and 

evaporated to dryness. The residue was reconstituted in glycerol and subjected 

to mass spectrometry. 
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Standard calibration curves 

Rat serum was spiked with aliquots of racemic AP and racemic MAP to 

provide final concentration of 5, 12.5,25, 50, 125 and 250 ng/ml per enantiomer. 

These serum samples were analyzed as described above. Standard calibration 

curves for each enantiomer were obtained by plotting peak area ratio of the 

enantiomer derivative to that of internal standard derivative against 

concentration of enantiomer. The data were then analyzed by linear least

squared regression. 

Validation of the method 

The analytical method was evaluated to assess intra-day and inter-day 

variation. Serum spiked with racemic AP and racemic MAP at a concentration of 

each enantiomer of 12.5, 50 and 250 ng/ml were analyzed as described above. 

The concentration of each enantiomer was determined from standard curves. 

Three samples of each concentration were assayed every day for three days. 

Optimization of the derivatization conditions 

pH of the reaction: Aliquots of a working solution which contained a mass 

of each enantiomer equivalent to the mass at concentrations of 12.5 and 250 

ng/ml (in a 0.1 ml sample) were subjected to the derivatization reaction step 

using 0.33 M phosphate buffer at pH 7.0, 7.5, 7.8 and 8.2. Twenty five J!11 mM 
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(-)-FLEC and 250 f..ll acetonitrile were used and the reaction was allowed to 

proceed for 24 hr followed by the extraction procedures described above. Peak 

areas of each enantiomer derivative at different pHs were compared. 

(-)-FLEC concentration: Derivatization of the two concentrations was 

carried out using 0.33 M phosphate buffer pH 7.8 and 250 f..ll acetonitrile with 

different concentrations of (-)-FLEC (25 f..ll 0.4 or 1.0 or 2.0 mM). The reaction 

proceeded for 24 hr and the subsequent steps were performed as described 

above. Peak areas of each enantiomer derivative at different concentrations of 

derivatizing agent were compared. 

Reaction time: Two concentrations of enantiomers as described above 

were derivatized using 0.33 M phosphate buffer pH 7.8, 25 f..ll 1 mM (-)-FLEC 

and 250 f..ll of acetonitrile but the reaction was allowed to proceed for different 

times (1, 2, 6, 24 and 48 hr). The mixtures were then treated as described 

above. Peak areas of each enantiomer derivative at different reaction times 

were compared. 



Results 

Chromatography 
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Figure 1 illustrates the chromatograms obtained for blank serum spiked 

with internal standard, serum spiked with 50 ng/ml of racemic MAP and racemic 

AP and serum from a rat taken 4 hours after a short term Lv. infusion of 15 

mg/kg racemic MAP. The retention times of the derivatives of aniline, I-AP, d

AP, I-MAP and d-MAP were 21.0,22.6,23.6,27.7 and 29.0, respectively. The 

capacity factor (k) for the corresponding compounds were 9.72, 10.53, 11.01, 

13.13 and 13.75, respectively. Both diastereomers of AP and MAP have a 

selectivity factor (a) of 1.05. The resolution (Rs) of diastereomers of AP and 

MAP was 0.87 and 1.03, respectively. Blank serum showed no interference 

peaks for the compounds of interest. Peaks eluting early in the chromatogram 

correspond to reaction side products. The elution order of each individual 

diastereomer was established by derivatizing each pure enantiomer of AP and 

MAP. In each case, the I-enantiomer eluted before the d-enantiomer. 

Mass spectrometry 

In an attempt to confirm the structure of the derivatization products formed 

from the reaction between MAP and AP enantiomers and (-)-FLEC, mass 

spectrometric analysis was performed using FAB ionization. Figure 2 illustrates 

the mass spectra of the MAP and AP derivatives. For the MAP derivative, the 
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m/z at 386 represents the MH+ for the protonated MAP-FLEC complex. The 

MH+ of the AP-FLEC complex occurs at rnIz 372. Both MAP and AP derivatives 

have ions at m/z 193 as their base peak. This ion resulted from cleavage of the 

alkyl oxygen bond. The results also confirmed that the reaction of (-)-FLEC and 

MAP and AP yielded derivatized products that have a molecular ratio of 1: 1. 

Optimization of derivatization conditions 

Effect of pH on the completeness of the reaction was measured by 

determining peak areas of the derivatized compounds. Peak areas of the 

derivatized MAP enantiomers increased as pH increased from 7.0 to 7.5 and 

then remained constant up to pH 8.2. Peak areas of derivatized AP enantiomers 

increased as pH increased from 7.0 to 7.8 (Fig. 3). However, the peak areas of 

derivatized aniline remained relatively constant over this pH range (data not 

shown). 

The dependence of reaction completeness upon (-)-FLEC concentration 

is shown in Figure 3. Peak areas of the derivatives of MAP enantiomers are 

independent of (-)-FLEC concentration over the range examined. The peak 

areas of derivatized AP enantiomers increased as (-)-FLEC concentration 

increased from 0.4 to 1 mM with no change thereafter up to 2 mM (-)-FLEC. 

Once again, peak areas of derivatized aniline were relatively constant at these 

three concentrations (data not shown). 
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As reaction times increased, peak areas of all compounds increased and 

became constant after about 6 hours (Fig 3). This reaction time is much longer 

than those reported in the literature. For practical purposes we allowed the 

reaction to proceed overnight (15-20 h). 

These results noted were identical for both high and low concentrations of 

MAP and AP enantiomers. 

Standard calibration curves 

Standard calibration curves of 1-, d-AP, /- and d-MAP were constructed. 

These plots were linear over the range of 5-250 ng/ml. The parameters of the 

linear regression equations describing the relationship between peak area ratio 

and concentration are shown in Table 2-1. The curves for the enantiomers of 

each compound were virtually superimposable. The curves reproduced well 

from day-to-day. 

Validation of the method 

The intraday and interday variation of the assay are reported in Table 2-2. 

The intraday coefficients of variation for the enantiomers of AP were in the range 

of 4.6-11.7% and those for MAP were 2.1-9.5% at concentrations of 12.5,50.0 

and 250 ng/ml. The interday coefficients of variation for the enantiomers of AP 
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were 10.0-18.6% and those for MAP were 6.2-18.3% over the same 

concentration range. 
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Discussion 

In developing the current assay, we wanted to simultaneously detect the 

enantiomers of MAP and AP in serum. Because of the limited sample volume 

(100 J.l1 serum) that is available from most studies in rodents, we needed a 

sensitive assay that would allow a complete description of the pharmacokinetics 

of these compounds from serum. We evaluated two separation methods before 

developing the current assay. Initially, we attempted to adopt a technique using 

derivatization with GITC prior to a normal phase separation [48]. The detection 

limit for this assay was inadequate for our purposes. Further, the derivatization 

process from the extracted biological samples was found to be poorly 

reproducible. We then examined a separation method developed by Wainer et 

al. [45] who utilized (R)-N-(3,5-dinitrobenzoyl)phenyl glycine as the chiral 

stationary phase. Although their method achieved excellent resolution for both 

MAP and AP enantiomers, it did not meet our sensitivity needs and it required 

the synthesis of a derivatizing reagent. As both assays employed UV detection, 

our next approach was to examine methods which utilized chiral fluorescent 

derivatizing agents to improve the sensitivity of the assay. 

Einarsson et al. [55] synthesized a chiral derivatizing agent that was 

related to 9-fluorenylmethyl chloroformate (FMOC-CI). FMOC-CI was reported 

to be a suitable derivatizing agent for primary and secondary amino acids as 

well as for amines [e.g., 56-57]. The reaction can proceed under mild conditions 
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and the derivatized products are fluorescent. The new reagent, (+)-1-(9-

fluorenyl)ethyl chloroformate [(+)-FLEC], and its enantiomer, (-)-FLEC, were 

also shown to be good derivatizing agents for amino acids and amines [55, 59-

61] and are commercially available with 99.5% purity. 

It has been reported that derivatization of amino acids and amine 

compounds with (+)- or (-)-FLEC could be achieved under mild conditions [55, 

59-61]. This is crucial, since racemization of chiral reagents at elevated 

temperature may occur [55]. The pH of the reaction was in the range of 7.85-

8.5. An excess amount of FLEC was present and the reaction times were less 

than 30 min. We have used these data as a guideline to optimize the 

derivatization conditions. We have found that at substrate concentrations of 

12.5 and 250 ng/ml, the derivatization reaction was complete when performed 

under room temperature overnight (> 6 h) at pH 7.8 with a concentration of (-)

FLEC of 1 mM. We conclude that all concentrations within that range, such as 

used in the standard curve, will behave in a manner similar to the two test 

concentrations. 

One major concern in using a chiral derivatizing reagent is the 

completeness of the reaction because enantiomers can react with the chiral 

reagent at different rates. We have shown that the reaction of enantiomers of 

AP and MAP with (-)-FLEC is identical (see Fig. 3) and is complete under these 

conditions. Aniline sulfate was chosen as the internal standard because it 
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contains an amino functional group that can react with (-)-FLEC under the same 

reaction conditions as MAP and AP. The peak areas of the aniline derivative 

were independent of different derivatization conditions suggesting that the 

reaction of aniline with (-)-FLEC was quantitatively the same and that the 

reaction was faster compared to that of MAP and AP. These chemical properties 

facilitate the reproducibility of this assay method. 

(-)-FLEC's mass, in molar terms, was approximately 25-fold greater than 

that of MAP, AP and I.S. combined. Like all chloroformates, (-)-FLEC is reactive 

toward a variety of nucleophilic species such as moisture from the air and 

residual silanol groups on bonded silica columns. We have found that direct 

injection of nonreacted (-)-FLEC significantly reduced column longevity. To 

avoid this problem, nonreacted (-)-FLEC must be eliminated prior to injection. 

The methods that were used to remove (-)-FLEC included: passage of the 

reaction mixture through a C-18 solid phase extraction cartridge [59], extraction 

of nonreacted FLEC with n-pentane [55] and reaction of FLEC with an amino 

acid followed by n-pentane extraction [60]. The method that we ultimately 

applied required the addition of L-glycine to react with the excess amount of (-)

FLEe. The derivatized products which were in the uncharged form were 

subsequently extracted into n-pentane. This final extraction procedure also 

resulted in fewer late-eluting and interfering peaks. 
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Due to the high reactivity of (-)-FLEC, the cleanliness of all reagents was 

essential. Freshly double-distilled water should be used. All reagents should be 

freshly prepared or used within a week. 

Since (-)-FLEC can react with other components in serum samples which 

may result in extra-peaks in the chromatogram, a sample clean-up procedure is 

needed. This was achieved by using liquid-liquid extraction. The addition of 

hydrochloric acid in the back-extraction step results in formation of the 

hydrochloride salt which prevents loss of MAP and AP by evaporation. 

In summary, a precolumn derivatization HPLC method was developed to 

simultaneously separate and quantitate the serum concentrations of MAP and 

AP enantiomers. The fluorescent compound, (-)-FLEC, was used as a 

derivatizing agent. The derivatized products were stable at room temperature 

for several days. The method was reproducible and sensitive enough for the 

pharmacokinetic studies of MAP and AP. 



Table 2-1 
Calibration parameters of standard curves for the 

Analysis of enantiomers of amphetamine and 
Methamphetamine in rat serum a 

Compound Slope (SO) Intercept (SO) 

(mllng) (ng/ml) 

I-Amphetamine 0.017 (0.005) 0.027 (0.020) 

d-Amphetamine 0.019 (0.006) -0.021 (0.038) 

I-Methamphetamine 0.022 (0.006) 0.013 (0.031) 

d-Methamphetamine 0.022 (0.006) -0.014 (0.031) 

63 

,2 

0.997 

0.998 

0.998 

0.999 

a Mean values are reported for 3 standard curves and each curve is based upon 

6 concentrations. 
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Table 2-2 
Intraday and interday reproducibility of the analysis of the enantiomers of 

amphetamine (AP) and methamphetamine (MAP) in rat serum 

Compound Cone. Added Intraday reproducibility Interday reproducibility 

(ng/ml) Cone. Found {%CV)B %Biasb Cone. Found {%CV)C %Biasb 

(ng/ml) (ng/ml) 

I-AP 250 259.3 (5.56) 3.72 240.8 (12.5) -3.67 

SO.O 50.75 (11.7) 1.SO 46.28 (13.8) -7.44 

12.5 11.84 (11.3) -5.28 13.39 (18.6) 7.12 

d-AP 250 265.3 (4.56) 6.15 244.1 (11.6) -2.38 

SO.O 51.92 (6.61) 3.84 47.98 (10.0) -4.04 

12.5 12.97 (7.95) 3.76 13.86 (13.0) 10.9 

I-MAP 2SO 263.1 (3.99) 5.24 247.6 (9.49) -0.96 

50.0 50.62 (9.51) 1.24 48.12 (8.70) -3.76 

12.5 11.84 (5.81) -5.28 13.75 (18.3) 10.0 

d-MAP 250 263.3 (3.54) 5.32 246.3 (9.27) -1.48 

50.0 49.58 (4.70) -0.84 47.72 (6.18) -4.56 

12.5 12.16 (2.09) -2.72 13.41 (11.8) 7.28 

B Mean of 3 samples 

b %Bias = {Found-Added)x100/Added 

C Mean of 9 samples 
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the enantiomers of methamphetamine (MAP) and amphetamine (AP) after treatment of serum samples and under 
the chromatographic conditions outlined in the text. A) blank serum spiked with aniline sulfate (I.S.). 8) blank 
serum spiked with each enantiomer at a concentration of 25 ng/ml. C) authentic serum sample obtained from a 
rat 4 hours following a short term Lv. infusion of racemic MAP (15 mg/kg). The concentrations of I-AP, d-AP, /
MAP and d-MAP are 11.6, 32.5, 30.1 and 32.8 ng/ml, respectively. en 

(11 



100 -~ - 80 
~ -.-IS 60 17. 
~ -= .... 
~ 4Ol- 165 
OJ> .--= -&i 20 

o 

100 

193 

200 

In" 
17.\: 

~!! ::: 2~', 

,:JLLrd~-o t, ': . : 
251/ 316 

300 

m/z 

400 

19] 

A 100 -~ - 80 
b .-
I 60 
C .... 
: 40 
~ 

! 20 

o 
soo 100 200 

193', 

~l: B ~
I~\l 

Ii :: 
:" U II CII. 
'CII;.io~~-~-lIl-cill-o 
~': 
209-" 

300 

mlz 

372 

400 500 

Figure 2-2, Reconstructed FAB ionization mass spectra of (-)-FLEC derivatives of A) MAP and B) AP, 

m 
m 



40 

30 

!- so A • 
! :f ~ I 30 

20 
lO 

8 
__ ___. 

r· 
10 

10 t II 
I I I I 

0 
0.0 0.5 1.0 1.5 2.1 7.0 8.5 
(-)-nEe Coac (DIM) . -

0 10 lO ll 40 50 

Reaction Time (hr) 

Figure 2-3. Results of experiments to optimize the derivatization procedure. Peak area of derivatized MAP and 
AP enantiomers as a function of reaction time with (-)-FLEC (1 mM) at room temperature and at pH 7.8. 
Concentration of each enantiomer was 250 ng/ml. Each value represents the mean of 3 determinations. Inset 
graph A is a plot of peak area as a function of (-)-FLEC concentration (enantiomer concentration, 250 ng/ml; pH 
7.8; room temperature; reaction time 24 hours). Inset graph B is a plot of peak area as a function of aqueous pH 
(enantiomer concentration, 250 ng/ml; (-)-FLEC concentration, 1 mM; room temperature; reaction time 24 hours) . 
Key: (e) /-AP, (D) d-AP, (~)/-MAP, (•) d-MAP. 

m 
........ 



68 

CHAPTER III SEPARATION AND QUANTITATION OF THE ENANTIOMERS OF 

METHAMPHETAMINE AND ITS METABOLITES IN URINE BY HPLC 

Introduction 

Methamphetamine (MAP), the N-methyl derivative of amphetamine, is one 

of several extensively abused drugs in the United States and elsewhere. The 

compound is generally available as the racemic mixture although it is well 

established that the d- or (+) form has greater central nervous system activity. 

Differences in the pharmacodynamic profiles of drug enantiomers may be due in 

part to differences in their disposition kinetics (62). As a result, there has been 

considerable recent interest in examining the pharmacokinetics and pharmaco

dynamics of drug enantiomers (35, 63). 

A major limitation to an understanding of the disposition kinetics of MAP 

enantiomers has been the lack of sensitive analytical methods for the 

quantitation of the enantiomers following their separation. In general, sensitive 

assays are not selective for the enantiomers (64-69). Furthermore, there are 

few techniques available for the detection of the major hydroxylated metabolites 

of MAP enantiomers (48). In order to study the pharmacokinetics of this 

compound, we needeq a sensitive method which permitted recovery from urine 

and separation of the enantiomers of MAP and its metabolites, amphetamine 
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(AP), p-hydroxyamphetamine (OHAP) and p-hydroxymethamphetamine 

(OHMAP). 

Liquid chromatographic analysis of many pharmacologically active 

amines such as MAP and AP is hampered by the limits of detection as a result of 

the low molar absorptivities of these compounds (E(1 %, 1 cm) = 15 at 257 nm for 

AP) (70). To overcome these problems, precolumn derivatization procedures 

are often used prior to chromatographic analysis. (-)-FLEC, (-)-1-(9-

fluorenyl)ethyl chloroformate, is a chiral derivatizing agent which is able to react 

with chiral primary and secondary amines, such as amino acids (58), atenolol 

(71), propanolol (72) and some adrenergic, antihypnotic and sedative drugs 

(73), to form diastereoisomers. The diastereoisomeric products may be 

separated by reverse phase chromatography and the sensitivity of the assay can 

be improved due to the highly fluorescent chromophore formed upon reaction 

with (-)-FLEC. 

This chapter describes the development of a sensitive assay for the 

quantitation of the enantiomers of MAP and its metabolites in urine using (-)

FLEC as a chiral derivatizing agent and the application of the assay to an animal 

study. 
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Experimental 

Chemicals and reagents 

Acetonitrile, chloroform, benzene, tetrahydrofuran and acetone (HPLC 

grade) and acetic acid, sodium acetate and sodium hydroxide (analytical grade) 

were obtained from E.Merck (Gibbstown, NJ). Ethyl acetate, and potassium 

phosphate, monobasic (analytical grade) and pentane (for spectrophotometry) 

were purchased from J.T Baker (Phillipsburg, NJ). 0.1 N Hydrochloric acid and 

sodium phosphate, dibasic (analytical grade) were purchased from Fisher 

Scientific company (Fairlawn, NJ) and B-glucuronidase type H-2 from Sigma 

chemical company (St.Louis,Mo). (-)-1-(9-fluorenyl)ethyl chloroformate «-)
FLEC,18 mM) , o-amino- phenol (99% purity, glycine (analytical grade) and 

glycerol (spectrophotometric grade) were purchased from Aldrich Chemical 

company (Milwaukee, WI). (+)-2,5-dimethoxyamphetamine HCI, racemic MAP 

HCI, AP HCI, OHAP HCI and OHMAP HCI were generously provided by 

Research Triangle Institute (Research Triangle Park, NC) through the National 

Institute on Drug Abuse. 

Standard solutions 

Stock solutions (5 mg/mL of racemic MAP and AP and 1 mg/mL of 

racemic OHMAP and OHAP) were prepared in water and stored at 4°C. 

Aqueous working solutions (5, 10, 25, 50, 75 and 100 ng/mL for each 
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enantiomer) were prepared by dilution with water before use. All concentrations 

are expressed as the free base. 

Extraction procedure 

MAP and AP enantiomers. To sao J.lL of diluted urine sample or standard 

solution in a polypropylene plastic-stoppered tube, so J.lL of the internal 

standard (SaO ng/mL of (+)-2,S-dimethoxyamphetamine HCI) and 100 J.lL of 

O.SM sodium hydroxide were added. The mixture was extracted with 2.0 mL 

benzene by shaking for 1S min followed by centrifugation (1200 x g) for S min at 

room temperature. The organic phase (1.8 mL) was transferred to another 

polypropylene plastic-stoppered tube and back-extracted with 220 J.lL O.OSM 

HC!. The tube was shaken for 1S min and centrifuged (1200 x g) for S min at 

room temperature. The organic phase was aspirated and discarded and 200 J.lL 

of the aqueous phase was transferred to a glass-stoppered tube for 

derivatization. The benzene extraction should be done under a hood and the 

person who performs the experiment should wear a mask during the entire 

extraction procedure. 

OHMAP and OHAP enantiomers. sao J.lL of diluted hydrolyzed (see 

"Hydrolysis of conjugated metabolites") and unhydrolyzed urine sample or 

standard solution was placed into a glass-stoppered tube, and 100 J.lL of water 

and 100 J.lL of O.SM sodium hydroxide were added. The mixture was extracted 
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with 2.5 mL of chloroform by vortexing for 2 min followed by centrifugation (1200 

x g) for 5 min at room temperature. A 600 J.l.L aliquot of the aqueous phase was 

transferred to a polypropylene plastic-stoppered tube to which was added 50 J.l.L 

of the internal standard solution (1 mg/mL of o-aminophenol). The mixture was 

extracted with 2.5 mL ethyl acetate by shaking for 15 min and centrifuging (1200 

x g) for 5 min at room temperature. The organic phase (2.4 mL) was transferred 

to another polypropylene plastic-stoppered tube and back-extracted with 220 J.l.L 

0.05M HCI for 15 min followed by centrifugation (1200 x g) for 5 min at room 

temperature. The organic phase was aspirated and discarded and the 200 J.l.L 

aqueous phase was transferred to a glass-stoppered tube for derivatization. 

Hydrolysis of conjugated metabolites 

Hydroxylated metabolites of MAP (OHMAP and OHAP) appear in rat urine 

as the unconjugated form and as the glucuronide conjugate (16-18). The total 

amount of hydroxylated metabolites (both conjugated and unconjugated forms) 

could be determined following enzymatic cleavage with B-glucuronidase and 

subsequent extraction. In the absence of enzyme, only the unconjugated forms 

are determined. The differences between those values represent the amount of 

conjugated metabolites. A diluted urine sample (500 J.l.L) was treated with 100 

J.l.L of diluted enzyme solution (1: 1 0) and incubated at 37°C for 24 hr prior to 

extraction (using the procedure outlined above). The optimal conditions for 
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hydrolysis were determined by evaluating the following variables: enzyme 

concentration using different dilutions (5-, 10- and 50- fold); temperature (room 

temperature and 37°C): and incubation times (12 and 24 hours). 

Derivatization 

The 200 III aqueous fluid remaining after extraction was neutralized with 

40 III 0.25 M sodium hydroxide, followed by 50 III 0.33 M phosphate buffer (pH 

7.8),250 III acetonitrile and 25 III (-)-FlEC (3 mM for MAP and AP assays and 

1 mM for hydroxylated metabolite assay). The reaction was allowed to proceed 

for 24 hours at room temperature. After the reaction was complete, 30 III of a 

100 mM aqueous solution of glycine was added. After 30 min, the mixture was 

extracted with organic solvent (750 III of pentane for MAP and AP, and 1 ml of 

ethyl acetate for hydroxylated metabolites) by vortexing for 2 min followed by 

centrifugation (1200 x g) for 5 min at room temperature. The aqueous phase 

was discarded and the organic phast;! was evaporated for 1 hr using a 

centrifugal evaporator (Savant, Farmingdale, NY) at room temperature. The 

residue was dissolved in 300 III of 50% acetonitrile in water and 100 III 

solution was injected onto the HPlC column. 

In order to opt,imize the derivatization reaction, the following variables 

were examined: pH range (7.0-8.5) of the 0.33 M phosphate buffer; (-)-FlEC 

concentrations (0.4, 1 and 2 mM); and reaction times (1, 2, 6, 24 and 48 hours). 
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Chromatographic conditions 

HPlC was performed using a Waters 501 pump, a Waters 717 

autosampler (Milford, MA) and a Absorbosphere HS C18 column, 150 mm x 4.6 

mm 1.0., 3 mm (Alltech, Deerfield, Il). The mobile phase for the MAP and AP 

assays was sodium acetate buffer (0.02 M, pH 3.6)-acetonitrile-tetrahydrofuran 

with a composition of 54:25:21 v/v and a flow rate of 1 mLlmin. The same 

mobile phase with a slightly different composition (59:26:15 v/v ; flow rate of 0.9 

mLlmin) was used for the assay of OHMAP and OHAP. The column eluent was 

monitored on a Waters 470 scanning fluorescence detector at an excitation 

wavelength of 265 nm and an emission wavelength of 330 nm. All assays were 

conducted at room temperature. The 150 III solution samples were transferred 

to polypropylene plastic vials, conical bottom 250 III and 100 III solutions were 

injected onto the HPlC column by an autos:Ampler. About 16-20 samples were 

injected per day. 

Mass Spectrometry 

MAP, AP, OHMAP and OHAP were derivatized separately with (-)-FlEC 

using a 1 to 1 ratio of (-)-FlEC to compound. After the reaction was complete, 

the solution was extracted with ethyl acetate. The organic layer was removed, 

evaporated and submitted to mass spectrometry. 
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The HPlC fractionation of the MAP, AP, OHMAP and OHAP derivatized 

products used the same system as described in the assay except that a fraction 

collector (Dynamax FC1™, Rainin Instrument Co., Emeryville, CA) was attached 

after the detector. The collected fractions were collected, evaporated and 

reconstituted with ethyl acetate. The supernatant was separated and 

evaporated. The residue was submitted to mass spectrometry. 

Fast Atom Bombardment (FAB) mass spectrometry was performed using 

a modified MAT 311A Double Focusing Mass Spectrometer (Finnigan MAT, San 

Jose, CA). The analysis was done using a 15 kV Cs-ion gun for primary beam 

generation. The instrument was scanned from 100 to 2000 in 20 sec, at a mass 

resolution of 1000 (10% valley). Ten mg of samples were dissolved in 3 III of 

glycerol and 2 III of samples were applied to the direct insertion probe without 

further preparation. 

Standard calibration curves 

The standard solutions of MAP and AP and those of OHMAP and OHAP 

with and without enzyme were extracted and derivatized as described above. 

These curves were prepared in distilled water. Calibration curves were prepared 

by plotting peak-area ratios of compound to internal standard (MAP and AP 

enantiomers versus (+)-2,5-dimethoxyamphetamine and OHMAP and OHAP 

enantiomers versus o-aminophenol) against the concentrations of each 
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enantiomer using six different concentrations (5, 10, 25, 50, 75 and 100 ng/mL 

for each enantiomer). The data were analyzed by linear regression. 

Accuracy and precision 

Standard solutions of 10 and 75 ng/mL of the enantiomers of MAP, AP, 

OHMAP and OHAP were assayed as described above. The concentrations of 

the individual enantiomers were determined for each of 3 days from the intraday 

and interday calibration curves. 
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Results 

Optimization of the derivatization conditions 

The optimal conditions for derivatization of MAP and AP in water and the 

application to a plasma assay has been reported in Chapter II. Optimization of 

those same variables was determined for the hydroxylated metabolites in this 

study. The derivatization conditions for the hydroxylated metabolites are 

identical to those used for MAP and AP. These conditions for derivatzation are 

illustrated in Figure 3-1. Derivatization was complete after 6 hr. The optimal pH 

range was 7.5-8.2, which is consistent with previous reports (71-73) (Figure 3-1 

A). A (-)-FLEC concentration of 1 mM was sufficient for a complete reaction in 

water (Figure 3-1 B). 

Optimization of the hydrolysis conditions for metabolites 

The optimal conditions for the hydrolysis of the conjugated hydroxylated 

metabolites were evaluated and the results are illustrated in Figure 3-2. There 

are no standards available for the conjugated hydroxylated metabolites, OHAP 

and OHMAP. As a result, hydrolysis was evaluated using authentic urine 

samples collected from rats 6-12 hr following an intravenous dose of 7.5 mg 

racemic MAP per kg. The 6-12 hr collection was used since the metabolites were 

present in the greatest concentration. The optimal concentration of enzyme was 

1000 unit (10- fold dilution from the concentrated en~yme) which was sufficient 
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for concentrations of 5-100 ng/mL for the enantiomers of all metabolites. The 

optimal incubation temperature and time for hydrolysis were 37°C and 24 hr, 

respectively (Figure 3-2 A,S). 

Chromatography 

Figure 3-3 illustrates representative chromatograms of MAP and AP 

enantiomers from blank urine, blank water spiked with standards and an 

authentic urine sample collected from 6-12 hr after intravenous administration of 

7.5 mg per kg racemic MAP to one rat. Representative chromatograms for 

OHMAP and OHAP enantiomers from blank urine, blank water with enzyme, 

spiked urine and authentic urine sample (0-6 hr urine collection) are shown in 

Figure 4. The retention times of (+)-2,5-dimethoxyamphetamine, I-AP, d-AP, 1-

MAP and d-MAP were 32, 37, 39, 41 and 43 min, respectively. The retention 

times of I-OHAP, d-OHAP, I-OHMAP, d-OHMAP and o-aminophenol were 43,46, 

48, 52 and 64 min, respectively. The blank urine and blank water with enzyme 

provided clean chromatograms at the elution times for all compounds. The 

resolution of the pairs of diastereoisomeric derivatives of AP, MAP, OHAP and 

OHMAP was 1.1, 1.1, 1.2 and 1.2, respectively. Resolution is defined as the 

distance between adjacent peaks (at the maximum) divided by the average of 

the base-line width of those two peaks (74). 
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Mass Spectrometry 

To confirm the derivatized products from the reaction of MAP, AP, 

OHMAP and OHAP enantiomers with (-)-FLEC, mass spectrometric analysis was 

performed using FAB ionization. Figure 5 illustrates mass spectra of derivatized 

OHMAP and OHAP formed from a 1 to 1 molar ratio with (-)-FLEC. For the 

OHMAP derivative, the mIz 402 represents the MH+ ion for the protonated 

OHMAP-FLEC complex. The MH+ of OHAP-FLEC complex occurs at mIz 388. 

The ion at mIz 410 is a sodium adduct of the OHAP-FLEC complex. For MAP 

and AP derivatives, the MH+ of MAP- and AP-FLEC complex occur at mIz 386 

and 372, respectively (Fig. 2-2). MAP, AP, OHMAP and OHAP derivatives have 

ions at mIz 193 as their base peaks. This ion resulted from cleavage of the 

ether bond. The HPLC fractionation of those compounds was also identified 

using FAB ionization. The mass spectra of those derivatized products indicated 

that the derivative was formed from a 1 to 1 molar reaction between compound 

and (-)-FLEC. 

Standard Calibration curves 

The standard calibration curves for all compounds were linear over the 

range of 5-100 ng/mL. The parameters of the linear regression equations 

describing the relationship between peak area ratio and concentration are 

shown in Table 3-1. The curves reproduced well from day-to-day and hydrolysis 
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had no influence on the standard curve. The standard curves for MAP, AP and 

hydroxylated metabolites (hydrolyzed and nonhydrolyzed) were performed in 

water which should reflect the behavior of the extensively diluted urine samples. 

The chromatograms of diluted urine samples were as clean as those of water. 

The peak area ratios for all compounds in blank urine were the same as those in 

water. 

Accuracy and precision 

The intraday and interday variation of the assay are reported in Table 3-2. 

The intraday coefficients of variation for AP and MAP enantiomers were in the 

range of 0.9 to 5.2% and those for OHAP and OHMAP enantiomers were 1.1 to 

10.3% at concentrations of 10 and 75 ng/mL, respectively, for each enantiomer. 

The interday coefficients of variation for AP and MAP enantiomers were 3.1 to 

12.1 % and those for OHAP and OHMAP enantiomers were 5.1 to 11.6% for 

concentrations of 10 and 75 ng/mL, respectively. 



81 

Discussion 

Numerous analytical techniques have been developed for the quantitation 

of AP and its derivatives. Some of the techniques used include GC-MS (43, 74, 

75), GLC (76), HPLC (47, 48, 52, 53, 57, 77), immunoassay (74, 78, 79) and 

radiochemical techniques which employ any of the above chromatographic 

methods for separation. We were interested in developing specific and sensitive 

analytical procedures that could separate and quantitate the enantiomers of 

MAP and its metabolites. In addition, based upon our need to fraction collect the 

radiolabeled form of MAP and metabolites for certain pharmacokinetic 

experiments, we considered HPLC to be the most convenient technique. 

As reported in this chapter, we examined the use of (-)-FLEC as the chiral 

derivatization reagent to react with primary amines, AP and OHAP, and 

secondary amines, MAP and OHMAP, to form stable diastereoisomers. The 

reaction yields compounds that absorb in the UV light region and are 

fluorescent. (-)-FLEC will react with amines at room temperature in the presence 

of water (72). The ratio of (-)-FLEC concentration to the sum of all compounds 

reacting at their highest concentration was approximately 20:1. However, there 

were some endogenous amine compounds in urine that could react with (-)

FLEC. For that reason, a greater concentration of (-)-FLEC was used for urine 

samples compared to that used for water. We evaluated the concentration of 

(-)-FLEC needed for authentic urine samples (data not shown). Urine samples 
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are diluted (20-fold) in order that the concentrations of the compounds be in the 

range of 5-100 ng/mL per enantiomer. The (-)-FLEC concentration used in the 

assay of the hydroxylated metabolites (1 mM) was less than that used for the 

MAP and AP assay (3 mM) because of the application of an additional extraction 

procedure. The sample was cleaned with chloroform to separate MAP, AP and 

some interfering compounds before extraction with ethyl acetate for the 

hydroxylated metabolites assay. MAP and AP were extracted from urine using 

benzene which also co extracted some interfering compounds. After the reaction 

was complete, any excess (-)-FLEC was removed by the addition of glycine. 

The derivatized glycine was separated and discarded by extraction with ethyl 

acetate or pentane before the sample was injected onto the column. This step 

which removes excess derivatizing agent is essential to extend the life-time of 

the analytical column. 

The order of elution of individual diastereoisomers was the /-enantiomer 

preceding the d-enantiomer for all compounds, as shown in Figures 3-3 B, C and 

3-4 C, 0, and which was determined by derivatizing pure enantiomeric 

compounds. Using this analytical method, the enantiomers of MAP and its 

metabolites (AP, OHAP and OHMAP), 4 compounds or 8 enantiomers could be 

separated and quantitated. We attempted to assay all compounds in a single 

assay using a C18 column with acetate buffer-acetonitrile-tetrahydrofuran 

(53:21: 15) as the mobile phase (flow rate, 1 mUmin). The time required for 
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analysis of the 8 enantiomers was more than 1 hour, due to the dtfferences in 

polarity of the compounds. We then explored separate assays for the nonpolar 

compounds, MAP and AP and the polar metabolites, OHMAP and OHAP. A 

chloroform extract of urine permitted separation of the nonpolar and polar 

compounds, unfortunately an interferring peak was present in the chloroform 

extract which prevented us from using that procedure to assay MAP and AP. All 

attempts to eliminate that interference were unsuccessful (e.g., dtfferent 

extracting solvents, solid phase extraction). 

The major dtfficulty in derivatization with (-)-FLEC, which is generally 

characteristic of derivatization reactions, was nonspecific reaction with 

components of urine (amino acids, primary and secondary amines). These 

additional reactions resulted in extra-peaks in the chromatograms, the need to 

use higher (-)-FLEC concentration and the application of an additional extraction 

procedure for cleaning the sample. The reagents used for the reaction; (-)

FLEC, HCI, NaOH and buffer solutions should be freshly prepared or used 

within a week. After preparing a working solution, the original (-)-FLEC solution 

should be purged with nitrogen gas before storing in a desiccator at 10°C. The 

assay is time consuming as is the chromatography. For routine work and the 

processing of many samples, an autosampler is essential. 
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In spite of the above disadvantages, this analytical method allows the 

quantitative and reproducible analysis of the enantiomers of MAP and its 

metabolites from urine samples. 



Table 3-1. 
Calibration parameters of standard curves for the analysis of 

methamphetamine and metabolites in water-. 

Compound Slope Intercept r 
mllng (± SO) ng/ml (± SO) 

I-Methamphetamine 0.044 (0.003) 0.043 (0.050) 0.997 

d-Methamphetamine 0.049 (0.002) 0.032 (0.025) 0.997 

I-Amphetamine 0.057 (0.003) -0.087 (0.052) 0.997 

d-Amphetamine 0.054 (0.002) -0.039 (0.051) 0.996 

I-p-Hydroxymethamphetamine 
Hydrolyzed 0.014 (0.002) 0.002 (0.044) 0.997 
Nonhydrolyzed 0.013 (0.001) -0.003 (0.019) 0.998 

d-p-Hydroxymethamphetamine 
Hydrolyzed 0.017 (0.002) 0.028 (0.062) 0.995 
Nonhydrolyzed 0.016 (0.001) -0.019 (0.023) 0.997 

I-p-Hydroxyamphetamine 
Hydrolyzed 0.009 (0.001) 0.001 (0.028) 0.996 
Nonhydrolyzed 0.010 (0.001) -0.013 (0.026) 0.996 

d-p-Hydroxyamphetamine 
Hydrolyzed 0.012 (0.002) 0.007 (0.035) 0.996 
Nonhydrolyzed 0.014 (0.001) -0.003 (0.024) 0.995 

a Mean values are reported for 3 standard curves and each curve is based 
upon 6 concentrations. SO and r are the standard deviation and coefficient of 
determination, respectively. 
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Table 3·2 
Intra day and interday reproducibility of the analysis 

of methamphetamine and metabolites in water 

Cone. Intraday Reproducibility Interday Reproducibility 
Added Cone. Found %Bias Cone. Found %Biasb 

Compound ng/mL ng/ml(%CV)8 ng/mL(%CV)c 

I-Methamphetamine 10 11.2 (2.6) 11.9 9.9 (12.1) -0.8 
75 73.3 (2.6) -2.2 76.7 (4.4) 2.3 

d-Methamphetamine 10 9.1 (5.2) -B.9 9.4 (6.6) -6.5 
75 72.9 (1.0) -2.8 76.1 (3.8) 1.4 

I-Amphetamine 10 10.7 (1.6) 6.6 10.0 (7.4) -0.3 
75 74.8 (2.0) -0.3 76.7 (3.9) 2.3 

d-Amphetamine 10 10.5 (0.9) 5.1 10.0 (6.1) 0.2 
75 74.8 (1.5) -0.2 76.4 (3.1) 1.9 

I-p-Hydroxy 
methamphetamine 

Hydrolyzed 10 9.8 (1.1) -1.6 10.3 (6.5) 2.8 
75 73.2 (6.7) -2.4 74.0 (6.3) -1.3 

Nonhydrolyzed 10 9.4 (3.0) -6.4 9.1 (6.6) -9.3 
75 80.4 (8.6) 7.3 75.6 (9.5) 0.8 

d-p-Hydroxy 
methamphetamine 

Hydrolyzed 10 9.1 (7.6) -9.0 10.1 (9.8) 1.5 
75 75.4 (7.0) 0.5 74.6 (6.6) -0.5 

Nonhydrolyzed 10 8.9 (4.6) -10.9 8.9 (5.1) -11.2 
75 76.6 (10.3) 2.2 72.6 (10.1) -3.1 

I-p-Hydroxy 
amphetamine 

Hydrolyzed 10 10.6 (9.7) 5.8 9.9 (8.0) -1.3 
75 76.5 (7.0) 2.0 74.4 (8.8) -0.8 

Nonhydrolyzed 10 9.0 (2.4) 9.7 8.9 (8.8) -11.0 
75 79.5 (7.5) 6.0 74.2(11.1) -1.0 

d-p-Hydroxy 
amphetamine 

Hydrolyzed 10 10.3 (4.5) 3.1 10.4 (8.1) 4.2 
75 78.5 (7.1) 4.7 75.0 (8.7) 0.0 

Nonhydrolyzed 10 8.9 (1.5) -11.3 9.5 (10.0) -4.6 
75 79.1 (8.8) 5.5 76.4 (11.6) 1.9 

a Mean of 3 samples, %CV = %coefficient of variation 
b % Bias = (Found-Added)x100/Added 
C Mean of 9 samples 
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Figure 3-1. Results of experiments to optimize the derivatization procedure. Peak area of derivatized hydroxylated 
metabolites of MAP and AP from water as a function of reaction time with (-)-FLEC (1 mM) at room temperature and 
at pH 7.8. Concentration of each enantiomer was 100 ng/mL. Each value represents the mean of 2 determinations. 
Inset graph A is a plot of peak area as a function of aqueous pH (enantiomer concentration, 100 ng/mL; (-)-FLEC 
concentration, 1 mM; room temperature). Each value represents the mean of 2 determinations. Inset graph B is a plot 
of peak area as a function of (-)-FLEC concentration (enantiomer concentration, 100 ng/mL; pH 7.8; room 
temperature). Each value represents the mean of 2 determinations. Key: (e) I-p-OH-AP, (.) d-p-OH-AP, (.&) I-p-OH
MAP, (.) d-p-OH-MAP. 
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Figure 3-2. Results of experiments to optimize the hydrolysis procedure. Derivatization reactions were performed at 
room temperature for 24 hr using a (-)-FLEC concentration of 1 mM and solution pH of 7.8. The major graph is a plot 
of peak area of derivatized hydroxylated metabolites of MAP in water as a function of enzyme dilution (24 hr 
incubation at 3rC). Each value represents the mean of 2 determinations. Inset graph A is a plot of peak area as a 
function of enzyme incubation temperature (enzyme dilution, 10-fold; incubation time, 24 hr). Each value is the mean 
of 2 determinations. Inset graph 8 is a plot of peak area as a function of incubation time (enzyme dilution, 10-fold; 
incubation temperature, 3rC). Each value represents the mean of 2 determinations. Key: (e) I-p-OH-AP, (B) d-p
OH-AP, (A) I-p-OH-MAP, (+) d-p-OH-MAP. 
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Figure 3-3. Representative high performance liquid chromatograms illustrating the separation of the enantiomers 
of MAP and AP after treatment of samples and under the chromatographic conditions outlined in the text. A) blank 
urine. B) water spiked with each enantiomer at a concentration of 25 ng/mL (internal standard concentration, IS, 
500 ng/mL). C) authentic urine sample collected from one rat (6-12 hr) following an intravenous dose of 7.5 mg per 
kg racemic methamphetamine. Urine was diluted 400-fold. The concentrations of I-AP, d-AP, I-MAP and d-MAP 
are 5, 8, 13 and 16 ng/mL, respectively. (X) 
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Figure 3-4. Representive high performance liquid chromatograms illustrating the separation of the enantiomers of the 
hydroxylated metabolites of MAP after treatment of samples and under the chromatograpic conditions outlined in the 
text. A) blank urine. B) blank water containing enzyme. C) blank urine spiked with each enantiomer at a concentration 
of 25 ng/mL (internal standard concentration, IS, 1 mg/mL). D) authentic urine sample collected from one rat (0-6 hr 
collection; nonhydrolyzed) following an intravenous dose of 7.5 mg per kg racemic methamphetamine. Urine was 
diluted 20-fold. The concentrations of I-p-OH-AP, d-p-OH-AP, I-p-OH-MAP, d-p-OH-MAP are 38, 23, 130 and 78 
ng/mL, respectively. 
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CHAPTER IV. DISPOSITION KINETICS OF METHAMPHETAMINE 

ENANTIOMERS 

Introduction 

92 

Despite the long history of use, the data regarding the disposition kinetics 

of methamphetamine (MAP) are very limited. It was not until 1982 that the 

concentration-time profile of 3H-methamphetamine and its metabolites were first 

reported following the oral administration of the racemic drug to male Wistar rats 

(80). The data were expressed as total radioactivity as well as concentrations of 

individual compounds (MAP and its metabolites) in blood at different times up to 

24 hrs. The compounds that appear in the blood were identified as MAP, 

amphetamine (AP) and free and conjugated forms of p

hydroxymethamphetamine (OHMAP), p-hydroxyamphetamine (OHAP) and p

hydroxynorephedrine (OHNE). The blood and bile concentration-time profiles 

(as total radioactivity) as well as those of MAP and its metabolites show two 

distinct peaks at 2.5 and 8 hr which suggests enterohepatic circulation of these 

compounds. This phenomenon was also observed following chronic oral dosing 

of racemic methamphetamine for 7 or 14 days (81). The distribution of 

radioactivity detected by autoradiography is similar for single or multiple oral 

doses with high initial concentrations in the stomach, liver, small intestine and 

kidney. The disappearance of radioactivity is slower from brain, heart, testis, 
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brown fat, muscle and parotid salivary gland compared with other organs. The 

data also suggest the accumulation of MAP and AP in the brain following 

multiple oral doses. Only MAP was found to accumulate in the liver. In 1985, 

the same group of investigators also reported the disposition kinetics of MAP 

following an iv bolus dose of the racemic compound (82). Once again, the 

authors demonstrated the concentration-time profiles of total radioactivity as well 

as individual compounds. It was shown that the total radioactivity-time profile 

was best described by biexponential equations and the profile of each 

compound paralleled that of total radioactivity. Pharmacokinetic parameters 

were mistakenly calculated from the plasma concentration-time data of total 

radioactivity. In 1986, Yamada et al. (83) reported several factors that may 

affect urinary excretion of MAP and its metabolites in rats. After administration 

of different doses (1, 5, 10,20, and 45 mg/kg) of racemic MAP subcutaneously 

to male Sprague-Dawle~< rats, as dose increased, % dose recovery in 24 hr urine 

for OHMAP and OHAP decreased but % dose for unchanged MAP and AP 

increased. The increasing dose of MAP was suggested to inhibit a cytochrome 

P450 enzyme that was resposible for the p-hydroxylation reaction. Compared to 

subcutaneous administration, oral doses of MAP result in formation of more p

hydroxylated metabolites and decreased urinary recovery of MAP and AP. 

There are no sex differences in urinary excretion of these metabolites. However, 

strain differences were observed between Sprague-Dawley, Wistar and Donryu 
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rats; i.e., Donryu strain excreted less MAP and p-hydroxylated metabolites in 

comparison with the other strains. 

As a result of the similarity in chemical properties of AP and MAP, factors 

that alter the disposition kinetics of AP also influence MAP disposition. Beckett 

and Rowland (84) showed that the urinary excretion of MAP in man was 

dependent on urinary pH. After oral administration of 11 mg of (+)- or (-)-MAP 

to humans whose urine pH was not controlled, the urinary excretion rate of MAP 

varied with urinary pH. Under conditions of alkalinized urine (pH 8), only 0.6 to 

2% of MAP was excreted and a negligible amount of AP was found. In contrast, 

63% of the MAP dose was excreted unchanged and 6.6% as AP under acidic 

urine condition (pH - 5.0). The data also showed stereoselectivity in N

de methylation of MAP, i.e., more (+)-AP was found in urine than the (-)-isomer. 

In humans, following smoking 22 mg of MAP hydrochloride, the drug was rapidly 

transferred into the blood circulation and reached a peak concentration of 47.1 

ng/ml within 2.5 hr (85). Plasma concentrations remained at a plateau for 

another 2 hr before gradually declining. This profile suggested the possibility of 

additional drug trapped in the mucosa of the upper respiratory tract which was 

absorbed slowly over time. The terminal half-life was 11-12 hr. Cook et al. (86) 

studied the pharmacokinetics of MAP following its daily oral administration to 

humans and found no differences in most of the parameters examined. MAP 

was relatively slowly absorbed and peak plasma concentrations were obtained 
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at about 3 hr. The plasma concentration-time profile was described well by a 

one compartment model. The systemic clearance (based on 100% 

bioavailability) was 397 mllmin. The elimination half-life was 10.14 hr. The 

renal clearance which was dependent upon urine pH, renal flow and dose had a 

value of 164 mllmin. This value was greater than average glomerular filtration 

rate (125 mllmin (87» which suggested the involvement of an active secretion 

process. The percentage of the MAP dose excreted in urine was lower at a high 

dose (0.25 mg/kg) than at a low dose (0.125 mg/kg). These data support the 

above conclusion of dose-dependency. 

Concentrations of MAP in saliva were much higher than those in plasma 

at corresponding times. However, a poor correlation (I = 0.62) between the 

saliva concentration and plasma concentration was obtained. 

Previous studies in our laboratory have shown that the unbound fraction 

(fu) of d-MAP in plasma at concentrations of 0.1 - 10 Ilg/ml is in the range of 0.81 

- 0.85 (88). Blood to plasma ratio at these concentrations range from 1.14 to 

1.21. Both equilibrium dialysis and ultrafiltration techniques were employed and 

they gave similar results. A study of different factors affecting plasma protein 

binding of d-MAP (using ultrafiltration) revealed that this drug binds to plasma 

proteins rapidly. Centrifugal speed and time produced no significantly different 

results. There was a positive linear relationship between blood to plasma ratio 

over the pH range of 6.8 to 7.8, however, only slight and non-significant 
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decreases in fu were observed. I-MAP had no effect on either blood to plasma 

ratio or fu for d-MAP. 

This chapter describes serum protein binding of racemic and d-MAP 

using the ultrafiltration technique. We also employed a calculation method to 

estimate the fu of I-MAP (89). Further, the effect of dose on disposition kinetics 

of MAP was investigated using male Fisher 344 rats as the animal model. The 

disposition kinetics study of MAP in Sprague-Dawley rats was also performed to 

compare the effect of rat strains. 
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Experimental 

Serum protein binding 

Blood was collected from male Sprague-Dawley rats (200 - 300 g) using 

the "aortic stick" method which involves withdrawing blood through the 

abdominal aorta of ether-anesthesized rats. Blood is transferred to glass tubes 

and allowed to clot by standing at room temperature for 20 minutes. Serum was 

separated by centrifugation for 10 minutes and stored in polypropylene tubes. 

Working solutions of racemic MAP and d-MAP were prepared by 

dissolving the hydrochloride salts in water. Racemic 3H-MAP (Research 

Triangle Institute, Research Triangle Park, NC) in ethanol was diluted in water 

and d-3H-MAP hydrochloride (Research Triangle Institute, Research Triangle 

Park, NC) was dissolved in water to obtain the desired concentrations. 

Nonspecifc binding of drug to the ultrafiltration device (Centrifree™ , 

Amicon, Danver, MA) was evaluated in serum water which was obtained by 

ultrafiltration of blank serum at 37° for 15 minutes (1084xg). Serum water was 

removed and spiked with racemic MAP and racemic 3H_MAP to make final 

concentrations of 0.34 nmollml and -200 dpmllli. Duplicate samples of 20 III of 

spiked serum water were removed and counted for radioactivity using a 

scintillation counter (Packard Tricarb Scintillation Counter, Model 460 C). The 

remaining spiked serum water was then ultrafiltered for 15 min at 37° (1084xg) 

and 20 III of the resulting filtrate was removed and counted for radioactivity. 
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Disintegrations per minute (dpm) obtained before and after ultrafiltration of 

spiked serum water were compared and calculated to estimate the extent of 

nonspecific binding. 

Unbound fraction of drug in rat serum was measured at 3 representative 

concentrations of racemic MAP or d-MAP (0.34 and 3.35 and 67.0 nmol/ml) 

which were spiked with the corresponding radioactive drug (final concentration 

of 6500 dpmlJ,lI). Serum, 1960 J,ll, was spiked with 20 J,ll of cold MAP and 20 J,ll of 

3H_MAP. The samples were adjusted to pH 7.4 by adding 50 J,ll of 0.2 M 

phosphoric acid. Duplicate samples of 50 J,ll of the mixture were removed and 

counted for radioactivity. The sample was incubated at 37° for 15 min. 

Triplicate samples of 600 J,ll of each mixture were transferred into ultrafiltration 

devices and centrifuged (1084xg) at 37° for 15 min. Duplicate samples of 50 J,ll 

of the filtrate were removed and counted for radioactivity. 

Disposition kinetics studies 

Male Fisher 344 rats (240 - 260 g) (Harlan Sprague-Dawley, Inc., 

Indianapolis, IN) (corresponding to rat # 1,3-5,7-12, 15 and 16 in Appendix A 

Tables A-1 to A-6) were fed with standard lab chow and were allowed to 

acclimate to their environment for a week before starting the study. The right 

external jugular vein was cannulated and exteriorized for iv dosing and blood 

sampling 2 days before the study. One day before the study, rats were placed 
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into the metabolic cages and fasted overnight but allowed unlimited access to 

water. Rats were divided into 3 groups to receive 3 different doses of racemic 

MAP hydrochloride (7.5, 15 and 25 mg base/kg prepared as 3.75, 7.5 and 12.5 

mg base/ml of saline, respectively). The drug was administered as a short iv 

infusion (60 sec) followed by 1 ml of saline through the jugular vein catheter. 

Blood samples were obtained before and at selected times following dOSing. 

Approximately 0.3 ml of blood was obtained at each time, after 0.1 ml of fluid had 

been withdrawn (which was subsequently reinjected and followed by 0.3 ml of 

saline) to avoid an artifact caused by sample contaminated by saline or blood 

trapped in the catheter. Urine samples were collected at different intervals up to 

48 hr. Serum was separated from blood. Both serum and urine were stored at 

-200 before being assayed. 

The disposition kinetics study of MAP enantiomers were also performed in 

male Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN) 

(corresponding to rat # 52,44,46,48 and 50 in Appendix A Tables A-7 and A-

8). The same procedures described above were used except that only one dose 

of racemic MAP (15 mg/kg) was administered to rats. 

Analytical procedures 

Serum samples were analyzed using methods described in Chapter II for 

concentrations of enantiomers of MAP and AP (9Q). Urine samples were 
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assayed using methods described in Chapter III for concentrations of 

enantiomers of MAP, AP, and both unconjugated and conjugated forms of 

enantiomers of OHMAP and OHAP (91). 

Data analysis 

The unbound fraction of drug in serum was calculated from the ratio of 

dpm of sample after ultrafiltration to that before ultrafiltration. fu of I-MAP (fu./) 

can be calculated from fu of racemic MAP (fu. Id) and d-MAP (fu. d) (89). 

fu. I = 2 fU.ld - fu. d (1) 

Serum concentration-time data were analyzed by model-independent 

area methods using the Lagran program (92). The data in the terminal, log

linear phase of the serum concentration-time plot and urinary excretion rate-time 

plot were analyzed by linear regression to estimate k and half-life (t~). The total 

AUC was determined up to the last measured concentration-time value to which 

was added the terminal area (the ratio of the concentration at the last time on the 

regression line and the terminal rate constant obtained from the urinary 

excretion rate-time plot). Areas were determined using the linear trapezoidal 

rule. The area was used to calculate systemic clearance (CLs) from, dose/AUC. 

MRT (mean residence time) was determined by calculating the AUMC (area 

under the first moment of the plasma concentration-time curve) and dividing by 

AUC. Vss, steady-state volume of distribution, was determined from the ratio of 
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MRT and CLs. Renal clearance, CLR, was determined from the ratio of the total 

amount of substance recovered in the urine up to 48 hr to the AUC up to time 

infinity. The average of all values are reported as the arithmetic mean and 

standard deviation with the exception of half-life, which is calculated as harmonic 

mean and "pseudo" standard deviation (93). 

Fractional urinary recoveries of MAP and metabolites were calculated 

from the ratio of total amount excreted in the urine to the total dose 

administered. Disposition parameters of the /- and d-enantiomers were 

compared using Student's paired t test. Comparisons of the disposition kinetic 

parameters between groups were performed using Student's t test. A value of p 

< 0.05 was taken to indicate a statistically significant difference. 
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Results 

Serum protein binding 

There was a slight but unimportant nonspecific binding of MAP 

enantiomers to the ultrafiltration device and/or membrane. About 96.63% of the 

added radioactivity could be recovered. The pH of a serum sample could be 

controlled within 0.1 pH units and pH remained stable throughout the study 

period (30 - 45 minutes). Over the concentration range of 0.34 nmol/ml to 67.0 

nmol/ml, fu of racemic MAP was 0.81 (Table 4-1, Fig. 4-1) and that of d-MAP was 

0.85 (Table 4-1, Fig. 4-2). Calculation of fu for I-MAP using equation 1 gave a 

value of 0.78 (Table 4-1). 

Effect of dose 

The animals displayed several distinct behaviors immediately after dosing 

that included seizure, shaking and increased respiration rate. Three out of 6 

rats died following the high dose of racemic MAP (25 mg/kg) and 2 out of 6 died 

after 15 mg/kg dose. Stereotypic responses were also observed. 

Serum concentration-time profiles of the enantiomers of MAP and AP 

following 3 intravenous doses of racemic MAP are shown in Figures 4-3 to 4-5. 

Concentrations of d-MAP were similar to those of the I-isomer at the 7.5 mg/kg 

dose and these values became greater with increasing dose. AUes (± SO) of 1-

MAP following racemic MAP doses of 7.5, 15 and 25 mg/kg were 1008.84 ± 
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197.45,2468.28 ± 311.32 and 5300.00 ± 1713.39 ngehr/ml, respectively. AUCs 

of d-MAP at the corresponding doses were 1028.30 ± 215.85, 2760.22 ± 396.44 

and 6144.11 ± 2420.22 ngehr/ml, respectively (Fig. 4-6). The ratio of AUC for 

the I-/d- forms was approximately unity at a dose of 7.5 mg/kg (0.98 ± 0.04) and 

the ratio became smaller as dose increased (0.90 ± 0.03 and 0.88 ± 0.09 at 

doses of 15 and 25 mg/kg, respectively) (Fig. 4-6). 

Table 4-2 summarizes the disposition kinetic parameters of MAP 

enantiomers following different doses of racemic MAP. CLs of both enantiomers 

decreased as dose increased ranging from 63.8 to 42.0 mllminekg for I-MAP and 

62.6 to 37.7 mllminekg for d-MAP. The I-/d- ratio of CLs increased from unity at 

the lowest dose to 1.14 at the highest dose. Renal clearance values of both 

enantiomers were constant as a function of dose. However, nonrenal clearance 

(CLNR) tended to decrease with increasing dose which resulted in the increase 

in the I-/d- ratio. Both Vss and MRT of the I-enantiomer were slightly larger than 

those of the antipode at each of the three doses. The average values of Vss and 

MRT at the lowest dose are much higher than those values at the two higher 

doses. One major contribution to these differences was the error in estimating 

AUMC at the lowest dose. The I-/d- ratio for t~ was close to unity. The half-lives 

that were obtained from urinary excretion rate-time data (7 - 11 hr for I-MAP and 

7 - 10 hr for d-MAP) are longer than those obtained from the analysis of serum 

data (Table 4-2). 
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Due to incomplete serum concentration-time data for the AP enantiomers, 

the AUCs could not be calculated accurately. However, we noticed more 

substantial differences in serum concentrations of the AP enantiomers compared 

to those of the MAP enantiomers for all three doses. Serum concentrations of d

AP were almost double those of the I-enantiomer with the I-/d- ratio of AUCs 

roughly in the range of 0.44 to 0.72. 

Figure 4-7 illustrates urinary excretion rate-time plots of the enantiomers 

of MAP following three different doses of racemic MAP. The urinary excretion 

rates of MAP enantiomers following the 7.5 and 15 mg/kg doses were similar, 

however, I-MAP was excreted faster than the antipode at higher doses. 

Figures 4-8 to 4-15 illustrate the cumulative urinary excretion of MAP 

enantiomers and their metabolites as a function of time. The enantiomers of 

MAP and AP that are excreted in urine are generally recovered within the first 6 

hr following dosing. However, the majority of the enantiomers of OHMAP and 

OHAP could be recovered within 24 hr. Tables 4-3 to 4-5 summarize excretion 

data as percentage of the dose recovered following different doses of racemic 

MAP. Approximately 12% of the MAP dose (7.5 and 15 mg/kg) is excreted 

unchanged and a slightly higher percentage (16% to 19%) was recovered 

following the 25 mg/kg dose. There were no differences between the two 

enantiomers within each dose (Tables 4-3 to 4-5, Fig. 4-8, 4-16 and 4-17). A 

very small percentage of the MAP dose (3% - 5~) was excreted as AP 
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enantiomers. More d-AP can be recovered in urine than the I-enantiomer 

(Tables 4-3 to 4-5, Fig. 4-9, 4-16 and 4-17). Enantiomers of OHMAP and OHAP 

were excreted as unconjugated and conjugated forms, with the latter 

representing the greater percentage. More I-enantiomer was excreted for both 

unconjugated and conjugated forms (Tables 4-3 to 4-5, Fig. 4-18 to 4-21). 

OHMAP was found as the major metabolite recovered in urine. Approximately 

5 - 7% of each dose was recovered as OHAP, depending on the enantiomer. 

Total urinary recovery represents about 58% or 50% of each dose for the 1- and 

d- enantiomer, respectively. 

Effect of strain 

Sprague-Dawley rats response to MAP was much less intense than the 

response of the Fisher 344 rats. However, a" the responses displayed in Fisher 

344 rats was also observed in Sprague-Dawley rats. No animals died at the 15 

mg/kg dose. 

The serum concentration-time profile of d-MAP is slightly higher than 1-

MAP (Fig. 4-22). The same pattern was also observed for the urinary excretion 

rate-time plots (Fig. 4-23). Table 4-6 summarizes and compares the disposition 

kinetic parameters of MAP enantiomers in Sprague-Dawley rats to those in 

Fisher 344 rats. In Sprague-Dawley rats, the systemic and nonrenal clearance 

of the I-MAP is higher than those of d-MAP. These differences still exist when 
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these values were corrected for the unbound fraction. There are no differences 

between the two enantiomers for the t~ , MRT, CLR Vss, CLR corrected for fu and 

Vss corrected for fu. There are no differences between the two strains in any of 

the parameters except for MRT of I-MAP. However, this may result from the 

inaccuracy of the estimated values of AUMC. 

Most of AP and MAP excreted in urine can be recovered in the first 6 hr 

(Fig. 4-24), but the p-hydroxylated metabolites appear within 24 hr (Fig. 4-25 

and 4-26). The percentage urinary recoveries of MAP are summarized in Table 

4-7. Comparing these values to those obtained from Fisher 344 rats, there are 

significant differences in % recovery of 1- and d-MAP and I-AP (p < 0.05) (Fig. 4-

27 to 4-29). Sprague-Dawley rats excreted unchanged I-MAP and d-MAP to the 

extent of 14.6% and 18.0% of the dose, respectively. The I-lei- ratios of all 

metabolites are not different except for that of AP and total recovery (Fig. 4-30 to 

4-32). The I-lei- ratio of percentage dose excreted as AP in Sprague-Dawley 

rats (0.43 ± 0.11) is lower than that in Fisher 344 rats (0.64 ± 0.09). The total 

percentages of metabolites recovered in urine for I-MAP and d-MAP were 61.1 ± 

4.15% and 56.3 ± 5.65 %, respectively. These values are slightly greater than 

those of Fisher 344 rats. The I-Id- ratio in Sprague-Dawley rats is 1.09 ± 0.06 

which is significantly lower than that of Fisher 344 rats (1.18 ± 0.01). 
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Discussion 

The calculations necessary to estimate the serum protein binding of 

individual MAP enantiomers are based upon two assumptions: there is no 

significant interaction between enantiomers and the fu is constant over the wide 

concentration range studied (89). Previous studies in our laboratory have 

demonstrated that I-MAP has no effect on the binding of d-MAP (88), however, 

the effect of d- on the I-enantiomer has never been reported. Over the 

concentration range used in this study, we found a constant fu for both racemic 

and d-MAP. The differences in fu between the two enantiomers suggest slightly 

more selectivity in serum protein binding of I-MAP. 

The I-/d- ratio of most disposition parameters as well as urinary excretion 

of MAP and its metabolites deviated from unity. The latter observation suggested 

stereoselectivity in the disposition of MAP enantiomers andlor their metabolites 

after administration of a racemic mixture. Previous studies (80, 81) in Wistar 

rats suggest enterohepatic recycling of MAP and its metabolites, however, we 

did not notice this phenomenon in Fisher 344 rats nor Sprague-Dawley rats. 

As dose increased, CLs of MAP enantiomers tended to decrease. This 

trend results from the decrease in CLNR across these doses since CLR remains 

relatively constant. Assuming that the major contribution of CLNR was from 

hepatic metabolism, and since serum protein binding of MAP enantiomers is 

constant over a wide concentration range, the decrease in CLNR may result from 
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decreased hepatic blood flow and/or saturation of metabolizing enzymes. Based 

on the well-stirred model, the unbound intrinsic clearance, CLuJ, of MAP 

enantiomers can be calculated assuming a constant hepatic blood flow, e.g., 70 

ml/minekg (94). Making that approximation, the CLuJ of I-MAP at doses of 7.5, 15 

and 25 mg/kg are 346.51, 167.72 and 88.72 ml/minekg, respectively. CLuJ of d

MAP at the respective doses were 289.56, 113.73 and 62.49 mllminekg. The 

corresponding I-/d- ratios of CLu•1 were 1.20, 1.47 and 1.42. This ratio, being 

different from 1.0, suggests stereoselectivity in the metabolism of MAP. 

However, serum protein prefers to bind to I-MAP more than to the antipode, as a 

result the differences in CLNR between these two enantiomers were minimized 

(see Table 4-2). 

CLR of MAP enantiomers involves at least filtration and tubular secretion 

processes since the value of CLR is greater than the product of fu and glomerular 

filtration rate (GFR). The data suggest no stereoselectivity in the active 

secretion process. 

In accord with the decrease in CLs of MAP enantiomers when dose was 

increased, both enantiomers of MAP were excreted more as the unchanged 

form. These results agree with those found earlier in Sprague-Dawley rats (83). 

The differences in % dose excreted between enantiomers were also more 

dramatic as a result of clearance differences. 
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There were slight decreases in the excretion of the hydroxylated 

metabolites at higher doses. An increase in % dose excreted as unchanged 

MAP may result from the decrease in the p-hydroxylation pathway (which may 

contribute to the decrease in CLs). Cytochrome P450-dependent 

monooxygenase enzymes are known to be resposible for the hydroxylation of 

MAP. The decrease in activity of this enzyme may be due to the formation of a 

metabolic intermediate complex between cytochrome P450 isozyme and N

hydroxymethamphetamine (10). 

In all three doses examined, more d-AP can be recovered in urine than 

the /-enantiomer. This pattern was similar to the differences in serum 

concentrations of AP enantiomers. These differences may arise from 

stereoselective formation and/or elimination. Both cytochrome P450 and flavin 

monooxygenase enzyme systems are known to participate in N-demethylation of 

MAP (13). 

Within each dose, /-hydroxylated metabolites were excreted more than 

the antipodes. Furthermore, the /-/d- ratio of the unconjugated form is larger 

than the corresponding ratio of the conjugated form. The conjugation of OHMAP 

was stereoselective for the d-enantiomer (detail in ~hapter VI). Therefore, in 

order to have a high /-/d- ratio for unconjugated compound there must be 

stereoselective formation of /-OHMAP from racemic MAP. The formation of 

OHAP from AP has been shown to be stereoselective (11). It has been 
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proposed that the presence of /-AP in the racemic mixture may reduce the 

hydroxylation of d-AP. 

Comparing the two rat strains, Fisher 344 rats respond to MAP more 

vigorously than did the Sprague-Dawley rats. These differences were not the 

result of differences in pharmacokinetics of the drugs. Like Fisher 344 rats, the 

differences in CLs between the two enantiomers of MAP arise from 

stereoselective metabolism. Although not statistically significant different, CLR of 

MAP enantiomers in Sprague-Dawley rats are higher than those in Fisher 344 

rats. This resulted in more excretion of unchanged MAP into urine in Sprague

Dawley rats. The differences in urinary recovery between rat strains have been 

shown earlier (83). Within 24 hr, Sprague-Dawley and Wistar rats excreted 

more MAP and p-hydroxylated metabolites in comparison with Donryu rats. 

Since Fisher 344 rats excreted less MAP but similar amounts of p-hydroxylated 

metabolites compared to Sprague-Dawley rats, the urinary excretion patterns 

may also be different from Donryu rats. 

d-MAP is the pharmacologically active form in both humans and rats. Both 

species share common metabolic pathways. Major metabolites recovered in 

urine consist of unchanged MAP and OHMAP which constitute about 40 % of the 

dose. Compared to humans, p-hydroxylation of MAP is a more significant route 

in Fisher 344 rats and Sprague-Dawley rats. Humans excrete MAP mainly as 

the unchanged form and substantial quantities as OHMAP. Stereoselective N-
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demethylation of MAP enantiomers was found in humans and is likely to occur in 

the rat (discussed in Chapter VII). Both species excrete d-AP more than the 1-

enantiomer. Both filtration and tubular secretion processes are involved in renal 

excretion of MAP in both species. We found no stereoselectivity in renal 

excretion in the rats, however, stereoselectivity was proposed to occur in 

humans (84). In humans, percentage dose excreted in urine as unchanged MAP 

decreased as dose increased from 0.125 to 0.25 mg/kg; whereas the opposite 

results were found in Fisher 344 rats. 

In summary, we have reported the disposition kinetics of MAP 

enantiomers following the administration of racemic MAP. There are slight 

differences in serum protein binding between two enantiomers. There are no 

differences in disposition kinetics between Fisher 344 and Sprague-Dawley rats. 

The increase in dose results in a decrease in CLNR as well as in the % dose 

recovered in urine as MAP metabolites. The results also suggest that multiple 

stereoselective pathways are involved in the elimination of MAP and formation 

and/or elimination of MAP metabolites. 
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Table 4·1 
Unbound fraction of racemic and d- and i-enantiomers of MAP at different 

serum concentrationsa 

Concentration fu 
racemic d-

67.0 nmollml 0.80 (0.01) 0.86 (0.02) 

3.35 nmollml 0.83 (0.02) 0.85 (0.01) 

0.34 nmollml 0.81 (0.04) 0.83 (0.01) 

Mean 0.81 0.85 

a Mean of 3 values. Standard deviations are given in parenthesis 
b Calculated from equation 1 

0.78 



Table 4-2 
Disposition parameters of the enantiomers of MAP following 

different iv doses of racemic MAP in Fisher 344 rats 

Parameter 

CLs (ml/minekg) 
7.5 mg/kg8 

15 mg/kgb
, e 

25 mg/kgC 

CLR (milmine kg) 
7.5 mg/kg8 

15 mg/kgb 

25 mg/kgC 
CLNR (mllminekg)' 

7.5 mg/kg8 

15 mg/kgb
, e 

25 mg/kgC 
Vss (Ukg) 

7.5 mg/kg8 

15 mg/kgb 

25 mg/kgC 

ty. (hr)d 
7.5 mg/kg8 

15 mg/kgb 

25 mg/kgC 

MRT (hr) 
7.5 mg/kg8 

15 mg/kgb 

25 mg/kgC 

8 Mean of 5 animals 
b Mean of 4 animals 
C Mean of 3 animals 

I-MAP d-MAP 

63.8(11.7) 62.6 (11.3) 
51.3 (6.47) 46.0 (6.64) 
42.0 (12.5) 37.7 (14.7) 

8.13 (3.18) 8.02(3.05) 
5.62 (0.79) 5.46 (0.84) 
7.14 (4.09) 7.42 (3.58) 

55.6 (8.78) 54.5 (10.2) 
45.6 (5.99) 40.6 (6.24) 
34.8 (9.86) 30.2 (12.0) 

[18.8 (13.9)]9 [15.9 (9.25)] 9 

7.10 (2.69) 5.45 (1.68) 
6.74 (1.97) 4.67 (1.21) 

12.2 (4.51) 10.8 (3.44) 
7.03 (0.74) 7.34(1.19) 
14.1 (9.63) 8.49 (1.56) 

[4.81 (3.50)] 9 [4.18 (2.34)] 9 

2.33 (0.89) 2.04 (0.83) 
2.83 (1.14) 2.22 (0.71) 

d Harmonic mean and "pseudo" standard deviation (93) 

Ratio 
I-/d-

1.02 (0.04) 
1.12 (0.04) 
1.14 (0.11) 

1.04 (0.06) 
1.12 (0.04) 
0.93 (0.16) 

1.03 (0.03) 
1.13 (0.05) 
1.18 (0.12) 

[1.10 (0.22)] 9 

1.33 (0.50) 
1.55 (0.67) 

1.12(0.09) 
0.97 (0.17) 
1.01 (0.00) 

[1.08 (0.20)] 9 

1.20 (0.51) 
1.39 (0.65) 

e Significantly difference between 1- and d-enantiomer (p < 0.05) 
f Calculated as the difference, CLs- CLR, within each animal. 
9 The values in parentheses were not used in analysis. 
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Table 4-3 

Percentage of an iv dose of racemic MAP (7.5 mg/kg) recovered in urine as the enantiomers 

of MAP and its metabolites in Fisher 344 ratsa 

Compound % Dose Recovered in Urine Ratio Statistical 

/- d- /-/d- Comparison 

Methamphetamine 12.4 (2.54) 12.S (2.40)6 1.01 (0.03) NS 

Amphetamine 3.38 (0.73) 4.05 (0.62) 0.83 (0.07) <O.OS 

p-Hydroxymethamphetamine 

Unconjugated 2.92 (1.16) 1.97 (0.88) 1.49 (0.08) <O.OS 

Conjugated 31.7 (7.94) 2S.0 (3.98) 1.26 (0.1S) <O.OS 

Total 34.6 (7.83) 27.0 (3.99) 1.27 (0.14) <0.05 

p-Hydroxyamphetamine 

Unconjugated 0.64 (0.21) 0.40 (0.21) 1.77 (0.43) < 0.001 

Conjugated 6.09 (1.48) 5.S1 (1.42) 1.11 (0.03) <O.OS 

Total 6.73 (1.47) S.91 (1.35) 1.14 (0.03) <0.05 

Total 57.2 (10.S) 49.0 (7.71) 1.1S (0.09) 0.05 

a Each value is the mean of five animals. Standard deviations are given in parenthesis 
b Mean of four animals 

~ 

~ 

~ 



Table 4-4 

Percentage of an iv dose of racemic MAP (15 mg/kg) recovered in urine as the enantiomers 

of MAP and its metabolites in Fisher 344 rats8 

Compound % Dose Recovered in Urine Ratio Statistical 

1- d- /-/d- Comparison 

Methamphetamine 11.0 (1.20) 12.0 (1.66) 0.93 (0.10) NS 

Amphetamine 3.01 (0.59) 4.66 (0.51) 0.64 (0.09) <0.05 

p-Hydroxymethamphetamine 

Unconjugated 4.37 (1.62) 2.59 (1.14) 1.72 (0.19) <0.05 

Conjugated' 31.4 (6.59) 21.8 (4.54) 1.44 (0.05) <0.05 

Total 35.8 (5.99) 24.4 (3.79) 1.46 (0.06) <0.05 

p-Hydroxyamphetamine 

Unconjugated 0.93 (0.22) 0.71 (0.19) 1.34 (0.31) NS 

Conjugated 6.55 (1.82) 6.76 (1.74) 0.96 (0.05) NS 

Total 7.48 (1.71) 7.47 (1.56) 1.00 (0.05) NS 

Total 57.3 (8.02) 48.5 (6.69) 1.18 (0.01) <0.001 

8 Each value is the mean of four animals. Standard deviations are given in parenthesis 
...... ...... 
(J1 
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Table 4-5 

Percentage of an iv dose of racemic MAP (25 mg/kg) recovered in urine as the enantiomers 

of MAP and its metabolites in Fisher 344 ratsa 

Compound % Dose Recovered in Urine Ratio Statistical 

/- d- /-/d- Comparison 

Methamphetamine 16.3 (7.79) 19.3 (6.48) 0.82 (0.14) NS 

Amphetamine 4.07 (0.96) 5.70 (1.81) 0.73 (0.07) NS 

p-Hydroxymethamphetamine 

Unconjugated 1.94 (0.84) 0.97 (0.33) 1.95 (0.21) NS 

Conjugated 30.2 (4.89) 19.2 (4.20) 1.59 (0.10) <0.05 

Total 32.1 (4.43) 20.2 (4.04) 1.61 (0.11) <0.001 

p-Hydroxyamphetamine 

Unconjugated 0.42 (0.15) 0.29 (0.11) 1.47 (0.08) <0.05 

Conjugated 5.09 (1.27) 5.11 (1.76) 1.03 (0.16) NS 

Total 5.51 (1.26) 5.40 (1.71) 1.05 (0.16) NS 

Total 58.0 (14.3) 50.6 (13.8) 1.15 (0.03) <0.05 

a Each value is the mean of three animals. Standard deviations are given in parenthesis 
~ 

~ 

m 

• 
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Table 4-6 
Comparison of the disposition parameters of MAP enantiomers between 
Sprague-Dawley and Fisher 344 rats following an iv dose of racemic MAP 

(15 mg/kg) 

Parameter I-MAP d~MAP Ratio 
I-/d-

CLs (mllmin/kg) 
Sprague-Dawley8 55.8 (20.4) 48.7 (17.9) 1.15(0.04) 
Fisher 344b 51.3 (6.47) 46.0 (6.64) 1.12 (0.04) 

CLR (mllmin/kg) 
Sprague-Dawlet 8.26 (3.41) 8.78 (3.67) . 0.94 (0.06) 
Fisher 344b 5.62 (0.79) 5.46 (0.84) 1.12 (0.04) 

CLNR (mllmin/kg) 
Sprague-Dawley8 47.6 (17.1) 39.9 (14.6) 1.20 (0.06) 
Fisher 344b 45.6 (5.99) 40.6 (6.24) 1.13 (0.05) 

Vss (Ukg) 
Sprague-Dawlet 5.28 (2.32) 5.79 (2.73) 0.92 (0.13) 
Fisher 344b 7.10 (2.69) 5.45 (1.68) 1.33 (0.50) 

CLslfu (mllmin/kg) 
Sprague-Dawlet 71.6 (26.2) 57.3 (21.0) 1.25 (0.04) 

CL~u (mllmin/kg) 
Sprague-Dawley8 10.6 (4.37) 10.3 (4.32) 1.02 (0.06) 

CLN~U (mllmin/kg) 
Sprague-Dawley8 61.0 (22.0) 47.0 (17.1) 1.30 (0.07) 

Vsslfu (Ukg) 
Sprague-Dawley8 6.77 (2.98) 6.81 (3.21) 1.00(0.14) 

t~ (hr) C 

Sprague-Dawlet 0.92 (0.03) 1.51 (0.23) 0.67 (0.30) 
Fisher 344b 0.89 (0.38) 0.99 (0.41) 0.91 (0.05) 

MRT (hr) 
Sprague-Dawlet 0.93 (0.40) 1.14 (0.39) 0.80 (0.11) 
Fisher 344b 2.33 (0.89) 2.04 (0.83) 1.20 (0.51) 

8 Mean of 5 animals 
b Mean of 4 animals 
C Harmonic mean and "pseudo" standard deviation (93) 



Table 4-7 

Percentage of an iv dose of racemic MAP (15 mg/kg) recovered in urine as the enantiomers 

of MAP and its metabolites in Sprague-Dawley ratsa 

Compound % Dose Recovered in Urine Ratio Statistical 

/- d- /-/d- Comparison 

Methamphetamine 14.6 (2.07) 18.0 (3.28)8 0.82 (0.07) <0.05 

Amphetamine 1.83 (0.36) 4.37 (0.84) 0.43 (0.11) <0.05 

p-Hydroxymethamphetamine 

Unconjugated 8.80 (7.00) 4.74 (3.62) 1.88 (0.30) NS 

Conjugated 27.6 (8.36) 20.9 (4.03) 1.29 (0.25) <0.05 

Total 36.4 (2.08) 25.7 (2.02) 1.42 (0.08) < 0.001 

p-Hydroxyamphetamine 

Unconjugated 1.89 (1.69) 1.00 (1.18) 2.42 (1.07) <0.05 

Conjugated 6.32 (2.19) 7.21 (1.76) 0.87 (0.13) NS 

Total 8.21 (2.50) 8.21 (2.14) 0.99 (0.13) NS 

Total 61.1 (4.15) 56.3 (5.65) 1.09 (0.06) NS 

a Each value is the mean of five animals. Standard deviations are given in parenthesis 
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OJ 



119 

1.0 -,--------------------., 

-- -0.8 "'1' -
::? -c z 

0.6 -::J 
0 
CO 
Z 
::J 
Z 
0 0.4 -~ 
U 

~ 
u. 

0.2 -

O.O;---.-I-~I~-~I--r-I-~I--~I--r-I~ 

o 10 20 30 40 50 60 70 80 

CONCENTRATION (nmollml) 

Figure 4-1. The unbound fraction of racemic MAP at different serum 

concentrations. Each point is the mean of 3 determinations and the cross-

hatched vertical bars represent the standard deviation. The solid line is the 

linear regression analysis of the data.(Y = -2.78x10-4 X + 0.82; P = 0.48; r = 

0.53) 
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Figure 4-2. The unbound fraction of d-MAP at different serum concentrations. 

Each point is the mean of 3 determinations and the cross-hatched vertical bars 

represent the standard deviation. The solid line is the linear regression analysis 

of the data. \f = 3.17 x10-4 X + 0.84; P = 0.43; r = 0.61) 
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Figure 4-3. Serum concentration-time profiles (semi-log axes) of the 1- and d-

enantiomers of MAP and AP after racemic MAP administration (7.5 mg/kg) to 

Fisher 344 rats. Each point represents the average of five animals, and the 

cross-hatched vertical bars represent the standard deviation of the mean. The 

lines represent the connection of points. 
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Figure 4-4. Serum concentration-time profiles (semi-log axes) of the /- and d-

enantiomers of MAP and AP after racemic MAP administration (15 mg/kg) to 

Fisher 344 rats. Each point represents the average of four animals, and the 

cross-hatched vertical bars represent the standard deviation of the mean. The 

lines represent the connection of points. 
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Figure 4-5. Serum concentration-time profiles (semi-log axes) of the 1- and d-

enantiomers of MAP and AP after racemic MAP administration (25 mg/kg) to 

Fisher 344 rats. Each point represents the average of three animals, and the 

cross-hatched vertical bars represent the standard deviation of the mean. The 

lines represent the connection of points. 
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Figure 4-6. Area under the serum concentration-time curves of MAP 

enantiomers (V-axis on left; solid lines) and the I-lei- ratio at different doses (V-

axis on right; dashed line). Each point is the average of 5. 4 and 3 animals for 

the dose of 3.75, 7.5 and 12.5 mg/kg, respectively. The cross-hatched vertical 

bars represent the standard deviation. The lines represent the connection of 

points. 
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Figure 4-7. Urinary excretion rate of MAP enantiomers (semi-log axes) after 

different doses of racemic MAP to Fisher 344 rats. The lines represent the 

connection of pOints. The cross-hatched vertical bars represent the standard 

deviation of the mean. Number of animals were 5, 4 and 3 at doses of 7.5, 15 

and 25 mg/kg, respectively. 



6000 

-"5 
E 5000 .s 
z 
0 

~ 4000 
0::: 

~ 
~ 3000 
~ z 
iE 
~ 
w 2000 > 

~ 
~ 
~ 1000 
~ u 

0-+----1.. 

6 hr 12 hr 24hr 

TIME (hr) 

48 hr 

c=J I-MAP7.5 
~ d-MAP7.5 
~ I-MAP15 
IIIIIIII d-MAP15 
~ I-MAP25 
IITIlIIlIl d-MAP25 

126 

Figure 4-8. Cumulative urinary excretion of MAP enantiomers as a function of 

time following different iv doses of racemic MAP to Fisher 344 rats. The cross-

hatched vertical bars represent the standard deviation of the mean. Number of 

animals were 5, 4 and 3 at doses of 7.5,15 and 25 mg/kg, respectively. 
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Figure 4-9. Cumulative urinary excretion of AP enantiomers as a function of 

time following different iv doses of racemic MAP to Fisher 344 rats. The cross-

hatched vertical bars represent the standard deviation of the mean. Number of 

animalswere 5,4 and 3 at doses of 7.5,15 and 25 mg/kg, respectively. 
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Figure 4-10. Cumulative urinary excretion of OHMAP enaniiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic MAP (7.5 mg/kg) to Fisher 344 rats. Each point is the mean of 5 

animals and the cross-hatched vertical bars represent the standard deviation of 

the mean. The solid lines represent the connection of paints. 
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Figure 4-11. Cumulative urinary-excretion of OHMAP enantiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic MAP (15 mg/kg) to Fisher 344 rats. Each point is the mean of 4 animals 

and the cross-hatched vertical bars represent the standard deviation of the 

mean. The solid lines represent the connection of pOints. 
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Figure 4-12. Cumulative urinary excretion of OHMAP enantiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic MAP (25 mg/kg) to Fisher 344 rats. Each point is the mean of 3 animals 

and the cross-hatched vertical bars represent the standard deviation of the 

mean. The solid lines represent the connection of points. 
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Figure 4-13. Cumulative urinary excretion of OHAP enantiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic MAP (7.5 mg/kg) to Fisher 344 rats. Each paint is the mean of 5 

animals and the cross-hatched vertical bars represent the standard deviation of 

the mean. The solid lines represent the connection of points. 
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Figure 4-14. Cumulative urinary excretion of OHAP enantiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic MAP (15 mg/kg) to Fisher 344 rats. Each point is the mean of 4 animals 

and the cross-hatched vertical bars represent the standard deviation of the 

mean. The solid lines represent the connection of points. 
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Figure 4-15. Cumulative urinary excretion of OHAP enantiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic MAP (7.5 mg/kg) to Fisher 344 rats. Each point is the mean of 5 

animals and the cross-hatched vertical bars represent the standard deviation of 

the mean. The solid lines represent the connection of points. 
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Figure 4-16. Total percentage of dose excreted in the form of AP and MAP 

enantiomers following different iv doses of racemic MAP to Fisher 344 rats. The 

cross-hatched vertical bars represent the standard deviation of the mean. 

Number of animals were 5, 4 and 3 at doses of 7.5, 15 and 25 mg/kg, 

respectively. 
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Figure 4-17. The total urinary excretion ratio between enantiomers (/-/d-) of AP 

and MAP following different iv doses of racemic MAP to Fisher 344 rats. The 

cross-hatched vertical' bars represent the standard deviation of the mean. 

Number of animals were 5, 4 and 3 at doses of 7.5, 15 and 25 mg/kg, 

respectively. 
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Figure 4-18. Total percentage dose excreted in urine in the form of 

unconjugated, conjugated and total OHMAP enantiomers following different iv 

doses of racemic MAP to Fisher 344 rats. The cross-hatched vertical bars 

represent the standard deviation of the mean. Number of animals were 5, 4 and 

3 at doses of 7.5, 15 and 25 mg/kg, respectively. 
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Figure 4-19. The total urinary excretion ratio betwen enantiomers (I-/d-) of 

OHMAP in the form of conjugated, unconjugated and total OHMAP following 

different iv doses of racemic MAP to Fisher 344 rats. The cross-hatched vertical 

bars represent the standard deviation of the mean. Number of animals were 5, 4 

and 3 at doses of 7.5, 15 and 25 mg/kg, respectively. 
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Figure 4-20. Total percentage dose excreted in urine in the form of 

unconjugated, conjugated and total OHAP enantiomers following different iv 

doses of racemic MAP to Fisher 344 rats. The cross-hatched vertical bars 

represent the standard deviation of the mean. Number of animals were 5, 4 and 

3 at doses of 7.5, 15 and 25 mg/kg, respectively. 
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Figure 4-21. The total urinary excretion ratio betwen enantiomers (I-/d-) of 

OHAP in the form of conjugated, unconjugated and total OHAP following 

different iv doses of racemic MAP to Fisher 344 rats. The cross-hatched vertical 

bars represent the standard deviation of the mean. Number of animals were S, 4 

and 3 at doses of 7.5, 15 and 25 mg/kg, respectively .. 
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Figure 4-22. Serum concentration-time profiles (semi-log axes) of the 1- and d-

enantiomers of MAP and AP after racemic MAP administration (15 mg/kg) to 

Sprague-Dawley rats. Each point represents the average of five animals, and 

the cross-hatched vertical bars represent the standard deviation of the mean. 

The lines represent the connection of paints. 
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Figure 4-23. Urinary excretion rate of MAP enantiomers (semi-log axes) after 

racemic MAP administration (15 mg/kg) to Sprague-Dawley rats. Each point is 

the mean of 5 animals and the cross-hatched vertical bars represent the 

standard deviation of the mean. The lines represent the connection of points. 
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Figure 4-24. Cumulative urinary excretion of MAP and AP enantiomers as a 

function of time following racemic MAP administration (15 mg/kg) to Sprague-

Dawley rats. Each point is the mean of 5 animals and the cross-hatched vertical 

bars represent the standard deviation of the mean. The solid lines represent the 

connection of points. 
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Figure 4-25. Cumulative urinary excretion of OHMAP enantiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic MAP (15 mg/kg) to Sprague-Dawley rats. Each point is the mean of 5 

animals and the cross-hatched vertical bars represent the standard deviation of 

the mean. The solid lines represent the connection of points. 
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Figure 4-26. Cumulative urinary' excretion of OHAP enantiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic MAP (15 mg/kg) to Sprague-Dawley rats. Each point is the mean of 5 

animals and the cross-hatched vertical bars represent the standard deviation of 

the mean. The solid lines represent the connection of points. 
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Figure 4-27. Comparison of total percentage of dose excreted in the form of AP 

and MAP enantiomers following iv administration of racemic MAP (15 mg/kg) to 

Fisher 344 (n = 4) and Sprague-Dawley (n = 5) rats. The cross-hatched vertical 

bars represent the standard deviation of the mean. 
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Figure 4-28. Comparison of total percentage dose excreted in urine in the form 

of unconjugated, conjugated and total OHMAP enantiomers following iv 

administration of racemic MAP (15 mg/kg) to Fisher 344 (n = 4) and Sprague-

Dawley (n = 5) rats. The cross-hatched vertical bars represent the standard 

deviation of the mean. 
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Figure 4-29. Comparison of total percentage dose excreted in urine in the form 

of unconjugated, conjugated and total OHAP enantiomers following iv 

administration of racemic MAP (15 mg/kg) to Fisher 344 (n = 4) and Sprague-

Dawley (n = 5) rats. The cross-hatched vertical bars represent the standard 

deviation of the mean. 
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Figure 4-30. Comparison of the total urinary excretion ratio between 

enantiomers (/-/d-) of AP and MAP following iv administration of racemic MAP 

(15 mg/kg) to Fisher 344 (n = 4) and Sprague-Dawley (n = 5) rats. The cross-

hatched vertical bars represent the standard deviation of the mean. 
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Figure 4-31. Comparison of the total urinary excretion ratio between 

enantiomers (/-/d-) of OHMAP in the form of conjugated, unconjugated and total 

OHMAP following iv administration of racemic MAP (15 mg/kg) to Fisher 344 (n 

= 4) and Sprague-Dawley (n = 5) rats. The cross-hatched vertical bars represent 

the standard deviation of the mean. 
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Figure 4-32. Comparison of the total urinary excretion ratio between 

enantiomers (/-/d-) of OHAP in the form of conjugated, unconjugated and total 

OHAP following iv administration of racemic MAP (15 mg/kg) to Fisher 344 (n = 

4) and Sprague-Dawley (n = 5) rats. The cross-hatched vertical bars represent 

the standard deviation of the mean. 
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CHAPTER V. DISPOSITION KINETICS OF AMPHETAMINE ENANTIOMERS 

Introduction 

The biological literature has evidenced considerable interest in recent years 

in the differences betvveen enantiomers of xenobiotics with regard to metabolic, 

pharmacokinetic and pharmacodynamic behaviors. These differences have been 

vvell known for selected compounds for some time but recent advances in analytical 

capabilities have permitted a thorough examination of many more enantiomeric 

compounds. As a result of differences in pharmacokinetic and pharmacodynamic 

characteristics, racemic drug mixtures are now often thought of as being a fixed 

combination. An examination of the disposition kinetics of a compound vvhich is 

measured as the racemate may be quite misleading in itself (35, 95) and further may 

lead to a misinterpretation of the concentration-response relationship. The 

advantages to examination of the disposition kinetics of the enantiomers following 

administration of a racemic mixture have been thoroughly revievved (96 - 99). Until 

recently the major limitation to such studies has been the lack of the prerequisite 

analytical technique for the separation of enantiomers from biological fluids. 

Amphetamine (AP), a chiral drug, is a B-phenylethylamine derivative that 

possesses cardiovascular, psychomotor stimulant, hyperthermic and anorexigenic 

activity. There is an extensive literature concerned with the pharmacodynamics and 

pharmacokinetics of AP indicating differences betvveen these enantiomers with 
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regard to pharmacological effects and metabolic pathway (e.g., 100 - 106). d-AP 

has greater central activity than the I-isomer (103 - 106); hovvever, there is only 

limited and incomplete information concerning the disposition kinetics of AP 

enantiomers. The disposition of AP in humans and animals has been shovvn to 

depend on urinary pH (107 - 113). Plasma concentrations are higher and urinary 

recovery is greater for I-AP compared to the d-isomer following racemic 

administration to humans (107, 108). There vvere no significant differences in the 

plasma elimination half-life of a given enantiomer under alkaline urine conditions 

vvhen the enantiomer was given individually or following its measurement after 

administration of the racemic mixture. These data suggest that the enantiomers do 

not compete with each other for elimination pathways. HO\N9ver, there are 

significant differences in the half-lives of the individual enantiomers after racemic AP 

administration under either acidic or basic urine conditions. The enantiomers appear 

to have the same apparent volume of distribution following oral dosing but this 

assumes identical systemic bioavailability (108). The pattern of AP metabolism in 

the rat is different from that in humans and other species (7, 23, 31, 102, 114). 

Aromatic hydroxylation has been found to be the major metabolic pathway in rats, 

vvhereas deamination is the major pathway in other species. After oral or 

intraperitoneal administration of AP to the rat, about 60% of the racemic or I-isomer 

dose and about 50% of the d-isomer dose vvere excreted as the p-hydroxylated 

metabolites. In humans, the major metabolite found in urine is benzoic acid and its 
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conjugate (approximately 20% of racemic or d-isomer dose and 13% of I-isomer 

dose) (20). 

As part of a larger study designed to examine the disposition and toxicity of 

the enantiomers of methamphetamine, it was necessary to characterize the 

formation and subsequent elimination of AP, vvhich is a metabolite of 

methamphetamine. For that reason \I\Ie conducted the present study to examine the 

plasma and urine disposition kinetics of the enantiomers of AP following intravenous 

administration of the racemate to rats. 



Experimental 

Chemicals 

154 

Aniline sulfate, (-)-1-(9-f1uorenyl)ethyl chloroforrnate [(-)-FLEC], glycine and 

2-aminophenol \/Vere purchased from Aldrich Chemical Company (Milwaukee, WI); 

racemic amphetamine sulfate and B-glucuronidase type H-2 from Sigma Chemical 

Company (St.Louis, MO). (+)-2,5-Dimethoxyamphetamine hydrochloride, /- and d

amphetamine sulfate and racemic 3H-amphetamine \/Vere generously supplied by the 

Research Triangle Institute (Research Triangle Park, NC) through the National 

Institute on Drug Abuse. All solvents \/Vere HPLC grade. 

Serum protein binding 

Serum was prepared using the same procedures described in Chapter IV. 

Working solutions of racemic 3H_AP and racemic AP vuere prepared by dissolving 

the sulfate salts in water. 

Nonspecific binding of drug to the ultrafiltration device (Centrifree™, Amicon, 

Danver, MA) was evaluated in serum water using the methods described in Chapter 

IV. Serum water was spiked with racemic AP and racemic 3H_AP to make the final 

concentrations of 50 ng/ml (0.37 nmollml) and 50 dpmlJ.l1. Disintregations per 

minute (dpm) obtained before and after ultrafiltration of spiked serum water \/Vere 

compared and calculated to estimate the extent of nonspecific binding. 
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Unbound fraction of drugs in rat serum was measured at 3 representative 

concentrations of racemic MAP (0.37, 3.70 and 73.96 nmollml). Serum, 1980 fll, 

was spiked with 20 fll of a solution of racemic AP. The samples v.oere adjusted to pH 

7.4 by adding 50 fll of 0.2 M phosphoric acid. A sample of 100 fll of the mixture was 

removed for assay. The sample was incubated at 37° for 15 minutes. Triplicate 

samples of 600 fll of each mixture v.oere transformed into ultrafiltration devices and 

centrifuged (1084xg) at 37° for 15 minutes. A sample of 100 fll of the filtrate was 

removed for assay. All samples v.oere analyzed using the enantio-specific HPLC 

methods described below. 

Phannacokinetic study 

Male Sprague-Dawley rats v.oeighing 280 to 330 g (Harlan Sprague Dawley 

Inc., Indianapolis, IN) v.oere used in this study (correspond to rats # 31 to 35 in 

Appendix A Tables A-9 and A-10). The right external jugular vein was cannulated 

and exteriorized for intravenous dosing and blood sampling 2 days prior to the 

study. Each rat received a short-term intravenous (iv) infusion of racemic 

amphetamine sulfate (15 mg base/kg, 5 mg base Iml of saline) for a period of 90 

seconds which was follov.oed by 1 ml of saline administered via the jugular vein 

catheter. Blood samples v.oere collected before and at the following time after 

dosing: 0.083, 0.25, 0.5,1,2,3,4,5,6,8,12 and 24 hours. Approximately 0.3 ml of 

blood was obtained at each time, after 0.1 ml of fluid had been withdra\Nl1 (which 
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was subsequently reinjected and follovved by 0.3 ml of saline) in order to avoid an 

artifact caused by sample contaminated by saline or blood trapped in the cannula. 

Urine samples vvere collected during the following intervals: 0-6, 6-12,12-24 and 24-

48 hours. Serum was separated from blood and both serum and urine samples 

vvere stored at -20°C before being assayed. 

Analytical procedures 

The optical isomers of AP and its major metabolites in serum and urine vvere 

determined using different stereoselective HPLC methods developed in our 

laboratory (Chapter II and III) (90, 91 ).A11 concentrations and amounts are reported 

as the free base. 

Assay 1: AnalysiS of d- and /-AP in serum: Samples or standards (0.1 ml) vvere 

mixed with 50 III of aniline sulfate solution (100 ng base/ml water, internal standard) 

and alkalized with 200 III of 0.2 M carbonate buffer (pH 10.6). The samples were 

then extracted with 2 ml of ethyl acetate, and the aqueous layer discarded. 

Assay 2: Analysis of d- and /-AP in urine: Fifty III of a (+)-2,5-

dimethoxyamphetamine hydrochloride solution (500 ng/ml water, internal standard) 

was added to 0.5 ml of sample or standard. The mixture was alkalized with 0.5 N 

sodium hydroxide (100 Ill) and then extracted with 2.5 ml benzene. 

Assay 3: Analysis of d- and /-p-hydroxyamphetamine and their conjugates in urine: 

Urine samples, hydrolyzed urine samples, or standards (0.5 ml) vvere alkalized with 
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0.5 N sodium hydroxide and extracted with 2.5 ml chloroform. A fixed volume of the 

aqueous solution was removed and to Vllhich was added 50 III of a 2-aminophenol 

solution (1 mg/ml water, internal standard). The aqueous mixture was extracted with 

2.5 ml ethyl acetate. The hydrolysis of conjugated p-hydroxyamphetamine was 

achieved by adding 100 III of (1:10 dilution in water) B-glucuronidase enzyme 

solution and incubating at 37°C for 24 hours before extraction. 

The organic layer in each of the above 3 methods was back-extracted with 

200 III 0.05 N hydrochloric acid. The aqueous layer was removed and neutralized 

with 40 III of 0.25 N sodium hydroxide. The mixture was buffered with 50 III 0.33 M 

phosphate buffer (pH 7.8) for the reaction of AP and its metabolites with a chiral 

fluorescent derivatization reagent, (-)-FLEC. Acetonitrile (250 Ill) and 25 III of (-)

FLEC (1, 3 and 1 mM for assays 1, 2 and 3, respectively) were added and the 

reaction was allowed to proceed overnight at room temperature. Thirty III of a 

glycine solution (100 mM in water) was added after the reaction was complete in 

order to react with excess (-)-FLEC reagent. The derivatized products were 

extracted with 750 III pentane (for d- and I-AP) or ethyl acetate (for d- and I-p

hydroxyamphetamine). The organic layer was removed and evaporated to dryness 

in a centrifugal evaporator (AS 160, Savant, Farmingdale, NY). The derivatized 

compounds were reconstituted with 50% acetonitrile (in water) before being injected 

onto a 3 micron C18 column (Adsorbosphere HS, AI Itech , Deerfield, IL). The mobile 

phase consisted of 0.2 M acetate buffer (pH 3.6), acetonitrile and tetrahydrofuran in 
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the proportions, 46:39:15, 54:25:21 and 59:26:15 for assays 1,2 and 3, respectively. 

The column effluent was monitored with a fluorescence detector (assays 1 and 3: 

Perkin-Elmer 650-1 OM, Perkin-Elmer, Norwalk, CT; assay 2: Waters 470, Millipore, 

Milford, MA) with excitation and emission wavelengths of 265 and 330 nm, 

respectively. 

Data Analysis 

Serum concentration-time data and urinary excretion rate-time data vvere 

analyzed by model-independent area methods and/or by compartmental analysis, 

assuming that all processes of disposition follovved first-order kinetics. The data in 

the terminal, log-linear phase vvere analyzed by linear regression to estimate the 

terminal disposition rate constant (kn) and half-life (t~=0.693/kn). The total area 

under the serum concentration-time curve (AU C) was determined upto the last 

measured concentration-time value to vvhich was added the terminal area using the 

LAGRAN program (92). The terminal area was calculated by dividing the 

concentration at the last time (on the regression line) by the terminal rate constant. 

The area was used to calculate systemic clearance (CLs=iv dose/AU C) and the 

apparent volume of distribution (VAuc=CLslkn). The steady-state volume of 

distribution (Vss) was determined from the ratio of the mean residence time and CLs. 

Mean residence time was determined by calculating the area under the first moment 

of the serum concentration-time curve (i.e., concentration x time vs. time; AUMC) 
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and dividing by AUC. The former calculation was performed by the LAGRAN 

program. Renal clearance (CLR) was determined from the ratio of the total amount 

of substance recovered in the urine up to 6 hr to the corresponding AUC. The 

urinary excretion rate vs. time data vvere analyzed by linear regression to estimate 

the terminal disposition rate constant (kn). 

The serum concentration-time data vvere also analyzed by compartmental 

analysis employing the ADAPT" program (115). Initial estimates for the disposition 

parameters of several possible models vvere obtained from the RSTRIP program 

(116). The serum concentration-time data vvere analyzed using the differential 

equations appropriate for the model and a vveighting scheme based upon the 

analytical variance for the range of concentrations (i.e., coefficients of variation of 

20% and 12% at the lovvest and highest concentrations, respectively, for /-AP and 

15% and 11 % respectively, for d-AP). The most appropriate model was chosen on 

the basis of the F-test with comparisons being made at the 5% level of confidence 

(117). The parameters of the equation vvhich best described the data vvere corrected 

for the infusion time (90 seconds)' (87) and AUC, terminal half-life, clearance and 

distribution volume vvere obtained from those parameters. The average of all values 

are reported as the arithmetic mean and standard deviation with the exception of 

half-life vvhich is calculated as the harmonic mean and "pseudo" standard deviation 

(93). 
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Fractional urinary recoveries of AP and metabolites vvere calculated from the 

ratio of total amount excreted in the urine and total dose administered. Disposition 

parameters of the d- and l-enantiomers vvere compared using Studenfs paired t

test. 
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RESULTS 

There was no nonspecific binding of AP enantiomers to the ultrafiltration 

device and lor membrane. The pH of serum could be controlled within 0.1 pH units 

and pH remained stable throughout the study period (30 - 45 minutes). d-AP binds 

to serum protein more than /-AP. The unbound fractions of /-AP at concentrations 

of 0.18, 1.85 and 36.98 nmollml \Nere 0.78, 0.85 and 0.87, respectively. The 

respective unbound fractions of d-AP \Nere 0.67, 0.70 and 0.76 (Table 5-1, Fig. 5-1). 

The enantiomeric ratio (/-/d-) of unbound fraction at the same concentrations were 

1.16, 1.21 and 1.15. 

The animals displayed several distinct behaviors which included shaking and 

increased respiration rate immediately after dosing. Those responses \Nere follo\Ned 

by sniffing and/or licking around the cage. These stereotypic responses have been 

previously reported (106, 118, 119). 

The serum and urine concentration data \Nere obtained with the use of 

several sensitive enantiomer-specific methods developed in this laboratory for the 

purpose of characterizing AP (and methamphetamine) and metabolite disposition in 

animals (Chapter II and III) (90, 91). These methods have sensitivities in the low 

ng/ml range. Linear and reproducible standard curves \Nere obtained over the 

concentration range (per enantiomer) of 7.5 to 250 ng/ml (assay 1) and 5 to 100 

ng/ml (assays 2 and 3). The interday coefficients of variation at the 10\Nest standard 
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concentrations \Nere approximately 7% (in urine) and 15% (in serum) for /- and d-AP 

and 8% for /- and d-p-hydroxyamphetamine, respectively. 

The average serum concentration-time data for the AP enantiomers could be 

described by a biexponential equation (Fig. 5-2) and this was the case for the 

majority of the individual animal data sets. Figure 5-2 also indicates that the d

enantiomer had higher concentrations than the /-enantiomer throughout the time 

course of the experiment. The serum concentrations of each enantiomer \Nere quite 

reproducible among the animals as noted by the relatively small standard deviations 

in Figure 5-2. The percentage coefficients of variation of the serum concentrations at 

a given sample time for /-AP and d-AP ranged from 9-37% and 11-29%, 

respectively. Although blood samples \Nere obtained for 24 hours following dosing, 

the serum concentrations after 8 hours \Nere below the 10\Nest concentration used in 

the standard curve (7.5 ng/ml). While the analysis of the serum data suggests a 

relatively short elimination half-life for AP of about 1 hr (Table 5-2), the urinary 

excretion rate-time data (Fig. 5-3) indicate an apparently longer half-life (ca., 6 hr). 

The latter data are quite limited,' hO\Never, for an accurate determination of a 

terminal half-life which is further compromised by the relatively long sample 

collection interval (Le., 12 hr). Consistent with the serum data, the d-enantiomer had 

greater excretion rate values compared to /-AP during the entire experimental period 

and this was seen in each animal. 
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Table 5-2 summarizes the analysis of the disposition kinetics of the AP 

enantiomers. The parameter values presented in this table are based upon area 

(i.e., model-independent) analyses only. The total area under the serum 

concentration-time curves appeared to be quite complete and there were small 

differences (with the exception of 1 animal) in the total area on the basis of the 

serum or urine half-lives. There were statistically significant differences between the 

enantiomers for CLs" CLR , CLNR" Vss and MRT. The l-enantiomer had greater 

values for systemic, renal and non renal clearances and steady-state volume of 

distribution. V\lhen these parameters were corrected for the unbound fraction, only 

unbound systemic clearance and unbound nonrenal clearance were significantly 

different. Half-life and MRT of d-AP were greater than that of I-AP. V\lhen these 

parameter values are expressed as ratios (/-enantiomerld-enantiomer) there was 

little variation among the animals with coefficients of variation of about 3 to 4% with 

the exception of half-life (13% CV). 

Renal clearance accounts for about 25% of total clearance vvhile nonrenal 

clearance represents the difference or about 75%. The urinary recoveries of the 

enantiomers of AP and its metabolites are summarized in Table 5-3. The cumulative 

urinary recovery of unchanged AP is shovvn in Figure 5-4. The p-hydroxylated 

metabolite was excreted in both unconjugated and conjugated forms, with the latter 

representing the greater percentage. Approximately 32% to 40% of the dose is 

recovered as the p-hydroxylated metabolite, depending upon the enantiomer. Total 
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urinary recovery represents 64% or 58% of the dose for the 1- and d-enantiomers, 

respectively. All comparisons beMieen the enantiomers shown in Table 5-3 are 

statisiically different with the exception of unchanged AP Vllhich is close to being 

significantly different (p=O.054). The I-form of p-hydroxyamphetamine is excreted to 

a greater extent than the d-enantiomeric form. As noted in Table 5-2, Vllhen 

expressing the results as the ratio of the enantiomers within each animal, there is 

sma" variation among the animals with the coefficients of variation being about 3% 

with the exception being the ratio of the unconjugated p-hydroxyamphetamine 

enantiomers (17% Cv). 

Figure 5-5 illustrates the cumulative urinary recovery of the different forms of 

p-hydroxyamphetamine and Figures 5-6 and 5-7 summarizes a" of the excretion 

data by presenting the percentage of the dose recovered. 
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Discussion 

The ratios of the pharmacokinetic parameters and urine recovery values for 

the enantiomers of AP and its metabolites differ from one \Nhich suggest that there 

are stereoselective differences in the disposition of AP enantiomers after 

administration of the racemic mixture. Previous pharmacokinetic studies in 

Sprague-Dawley rats have been performed following administration of racemic AP 

and measurement of the plasma concentrations of total racemate (120, 121) or 

following administration of the d-isomer (122 - 124). Most studies, with the 

exception of that of Cho et al. (121), report only half-life. We have re-analysed the 

data in those publications in order to compare pharmacokinetic parameters. The 

parameter values reported here fall within the wide range of values previously 

reported. For example, the average CLs of d- and I-AP reported here are 65.6 and 

50.8 mllminekg, respectively; \Nhereas, the estimates from previous reports range 

from 23.7 to 96.8 mllminekg. The large variation in this parameter may be due to 

differences in routes of administration, analytical procedures, sample collection time 

and age of the animals (112). 

It has been reported that there are no differences in total urinary excretion of 

AP enantiomers \Nhen individual isomers vvere administered (20). Hovvever, vve 

observed slight differences in both serum concentrations and total excretion of AP 

enantiomers after administration of racemic AP. These stereoisomeric differences 

could be explained by differences in plasma protein binding and/or Vss and/or CLs. 
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It has been found earlier that the fraction of d-AP that binds to plasma protein 

was approximately 40% (125) and there are no differences in binding behNeen 

enantiomers to either <X.1-acid glycoprotein or human serum albumin. HOVllever, in 

vitro study using rat serum shoVlled that d-AP binds more to serum protein than did l

AP. This stereoisomeric differences may contribute to the differences in serum 

concentration. 

Both enantiomers of AP have large volumes of distribution with the value of l

AP being greater than that of d-AP. HOVllever, when Vss values Vllere corrected for 

the unbound fraction, the enantiomeric ratio (/-/d-) became closer to unity. The 

results suggest that the differences in Vss may result from the IOVller availability of 

free d-AP (i.e., greater plasma protein binding) to distribute into tissues. Mer 

intraperitoneal administration of racemic rH]Ap (126), AP concentration rose rapidly 

in plasma, kidney, lung, heart, fat folloVlled by brain and muscle. Peak tissue 

concentration varied over a 20-fold range with the highest value in kidney, lung and 

liver, intermediate in brain and heart and 10Vllest in muscle and fat. Maickel et al. 

(120) and Lewander (122) found that AP is extensively bound to brain tissue with a 

brain to plasma ratio of 7-8:1. Within the rat brain, d-AP is untformly distributed 

throughout various areas (127, 128). Stereoisomeric differences in distribution has 

been shovvn following the administration of d- or l-rH]-AP, the d-enantiomer 

accumulated to a greater extent than the l-enantiomer in brain, liver and heart (23). 

HOVllever, similar data following the administration of racemic AP have not been 
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reported. Based upon these results it is possible that the enantiomers compete for 

binding to tissue sites or there is preferential stereoselective binding of the I-isomer 

to other tissues. 

The results of the present study indicate that both the systemic clearance and 

unbound systemic clearance of I-AP was higher than that of d-AP. Both renal and 

nonrenal excretion contribute to the disposition of AP (20, 30). Metabolic clearance 

contributes the most to CLs, with CLR representing about 25% of CLs. The value of 

CLR of AP (15.37 and 12.48 mVminekg for 1- and d-AP, respectively) is higher than 

that of the filtration process of the unbound drug estimated from values reported in 

the literature. Glomerular filtration of the unbound drug [product of unbound fraction 

of the drug and glomerular filtration rate (129, 130)] has a value of about 4.15 and 

3.55 mVminekg for I- and d-AP, repectively, and therefore active tubular secretion 

may be involved in renal excretion. The higher renal clearance of I-AP compared to 

d-AP may arise from the differences in the degree of plasma protein binding. 

If we assume that all nonrenal clearance is due to hepatic elimination, 

unbound intrinsic clearance of I-AP and d-AP can be calculated assuming a well

stirred model of the liver and hepatic blood flow of about 70 mVminekg (131). The 

value for unbound intrinsic clearance for I-AP (200.06 ± 82.06 mVmin-kg) was 

significantly higher than that for d-AP (106.26 ± 24.58 mVminekg). These data 

suggest that there are stereoselective differences in the hepatic metabolism of AP. 
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A? undergoes hepatic metabolism via aromatic and aliphatic hydroxylation 

and oxidative deamination. In the rat, aromatic hydroxylation in the para-position is 

the major metabolic pathway and this metabolite is recovered in urine primarily in the 

conjugated form. Studies in vitro (132) and in vivo (31, 133) suggested that the 

hydroxylated metabolites are conjugated with glucuronic acid and that the 

conjugation is specific to the aromatic hydroxyl group (17). 

The observation that the urinary recovery of I-p-hydroxyamphetamine is 

greater than that of the d-isomer, supports the above suggestion of stereoselective 

differences in hepatic metabolism. There are tvvo possible pathways that may 

contribute to this difference; stereoselective differences in aromatic hydroxylation of 

A? or differences in B-hydroxylation of p-hydroxyamphetamine. Jonsson 

investigated the in vitro hydroxylation of A? enantiomers to p-hydroxyamphetamine 

using rat liver microsomes (11). While the values for VMAX vvere about the same, 

there was a considerable difference in the KM values with the d-isomer being about 

2.4 x 10.0 M compared to 1.1 x 10-6 M for I-A? The author suggested that the 

presence of I-A? in the racemic mixture may reduce the hydroxylation of d-AP; 

hovvever, no evidence has been presented to support that contention. The alternate 

suggestion is that hydroxylation at the B-carbon by dopamine B-hydroxylase is 

stereoselective with preference for the d-isomer (23, 101). Hovvever, this pathway is 

quantitatively too small to account for the differences noted in the elimination of p

hydroxyamphetamine (17). 
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Under our HPLC conditions, we were unable to detect peaks in urine 

corresponding to norephedrine and p-hydroxynorephedrine. Those compounds 

appear early in the chromatogram. This observation is consistent with data from 

previous reports indicating that both metabolites represent only 0.3% of the dose 

(20). Following oral administration of p-hydroxyamphetamine to the rat, only 1-4% 

of dose was excreted in urine as p-hydroxynorephredrine (32, 133). Furthermore, in 

a study of the metabolism of d-AP in rats, Goldstein and Anagnoste (23) shovved 

that norephedrine could not be detected and that only d-p-hydroxyamphetamine is 

converted to d-p-hydroxynorephedrine. Following intraperitoneal administration of 

racemic fH]AP (126), p-hydroxynorephredrine can be detected in heart, liver, brain, 

kidney and lung with the highest concentration in the heart. 

Comparing our results in rats to those in human, there are some marked 

differences betV\ieen these two species. After racemic AP administration to humans 

the concentration of /-AP in plasma and its total recovery in urine is higher than d

AP (108), vvhereas, the opposite results vvere seen in rats. There are no differences 

in volume of distribution betV\ieen enantiomers in humans but /-AP has a significantly 

higher volume in rats. No differences in serum t~ vvere observed in rats but there 

are significant differences in humans (108). 

In summary, advances in analytical technology make it possible to 

simultaneously separate and quantitate enantiomers of AP. The present study 

demonstrates the existence of stereoisomeric differences in the disposition kinetics 
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of the enantiomers of AP. Several stereoselective mechanisms may be involved 

\Nhich include stereoselective metabolic clearance, renal clearance, serum protein 

binding and tissue binding. Further studies are needed to explore these 

mechanisms. 



Table 5-1 
Unbound fraction of 1- and d-enantiomers of AP at different serum 

concentration8 

Concentration fu 
1- d-

36.98 nmollml 0.87 (0.07) 0.76 (0.05) 

1.85 nmol/ml 0.85 (0.06) 0.70 (0.05) 

0.18 nmol/ml 0.78 (0.04) 0.67 (0.06) 

Mean 0.83 0.71 

8 Mean of 3 values. Standard deviations are given in parenthesis. 
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Table 5-2 
Disposition parameters of the enantiomers of amphetamine following an intravenous dose of 

racemic amphetamine (15 mg/kg)· 

Parameter I-amphetamine d-amphetamine Ratio 
I-/d-

CLs (mllminekg) 65.6 (9.25) 50.8 (6.88) 1.29 (0.04) 

CLR (mllminekg)b 15.4 (2.55) 12.5 (2.02) 1.23 (0.04) 

CLNR (mllminekg)b 47.7 (6.24) 35.9 (3.70) 1.32 (0.05) 

Vss(Ukg) 4.33 (0.71) 3.84 (0.55) 1.12 (0.04) 

CLs Ifu (mllminekg) 79.0 (12.5) 71.5 (10.8) 1.10 (0.03) 

CLR Ifu (mllminekgt 18.5 (3.55) 17.6 (3.28) 1.05 (0.03) 

CLNR Ifu (mllminekg)b 57.5 (8.69) 50.6 (6.01) 1.13 (0.05) 

V ss Ifu (Ukg) 5.21 (0.96) 5.41 (0.87) 0.96 (0.03) 

tU (hrt 0.96 (0.13) 1.12 (0.09) 0.87 (0.11) 

MRT(hr) 1.11 (0.13) 1.21 (0.12) 0.87 (0.04) 

a Each value is the mean of 5 animals. Standard deviations are given in parentheses. 
b Mean of 4 animals. 
C Harmonic mean and "pseudo" standard deviation (93). 
d NS = not significantly different. 

Statistical 
Comparison 

<0.01 

<0.05 

<0.05 

<0.01 

<0.05 

NSd 

<0.05 

NSd 

NSd 

<0.01 

-"" 
""'-I 
I\) 



Table 5-3 
Percentage of an intravenous dose of racemic amphetamine (15 mg/kg) recovered in urine as the 

enantiomers of amphetamine and its p-hydroxylated metabolites· 

Compound 

Amphetamine . 

p-Hydroxyamphetamine 

Unconjugated 

Conjugated 

Total 

Total 

% Dose Recovered in urine 
1- d-

24.3 (1.16) 25.6 (1.52) 

4.77 (0.74) 2.80 (0.65) 

35.2 (9.16) 29.7 (7.00) 

39.9 (9.28) 32.2 (7.33) 

64.2 (11.1) 57.7 (8.20) 

Ratio 
I-/d-

0.95 (0.03) 

1.74 (0.25) 

1.19(0.04) 

1.24 (0.02) 

1.11 (0.04) 

a Each value is the mean of 4 animals. Standard deviations are given in parentheses. 

Statistical 
Comparison 

0.054 

<0.05 

<0.05 

<0.05 

<0.05 

...... 
--..J 
c.l 
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Figure 5-1. The unbound fraction of 1- and d-AP at different serum 

concentrations. Each point is the mean of 3 determinations and the cross-

hatched vertical bars represent the standard deviation. Each line represents the 

linear regression analysis of the data. (/-AP: Y = 0.00161X + 0.810, p = 0.50 , r 
= 0.50; d-AP: Y = 0.00203X + 0.681, P = 0.16 , r = 0.94). 
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Figure 5-2. Serum concentration-time profiles (semi-log axes) of the 1- and d-AP 

after racemic AP administration (15 mg/kg). Each point represents the average 

of five animals and the cross-hatched vertical bars represent the standard 

deviation of the mean. The solid lines represent the nonlinear regression fit to 

the data. One point shown in parentheses (/-AP) was not used in the analysis. 

The equations of the lines are: d-AP, C = 17.6e-3·57t + 8.9ge-o·62t
; I-AP, C = 

16.6e-5.45t + 9.32e-o·72t• 
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Figure 5-3. Urinary excretion rate of AP enantiomers (semi-log axes) after 

racemic AP administration (15 mg/kg). Each point represents the average of 

four animals and the cross-hatched vertical bars represent the standard 

deviation of the mean. The lines represent the connection of points. 
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Figure 5-4. Cumulative urinary excretion of AP enantiomers as a function of time 

after racemic AP administration (15 mg/kg). Each point represents the average 

of four animals and the cross-hatched vertical bars represent the standard 

deviation of the mean. The lines represent the connection of points. 
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Figure 5-5. Cumulative urinary excretion of OHAP enantiomers (conjugated, 

unconjugated, and total) as a function of time after racemic AP administration 

(15 mg/kg). Each point represents the average of four animals and the cross-

hatched vertical bars represent the standard deviation of the mean. The lines 

represent the connection of points. 
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Figure 5-6. Cumulative percentage of the dose excreted in urine as AP 

enantiomers as a function of time after racemic AP administration (15 mg/kg). 

Each point represents the average of four animals and the cross-hatched 

vertical bars represent the standard deviation of the mean. The lines represent 

the connection of paints. 



60 

50 

c 40 w 
(ij 
~ 
(.) 

~ 30 
w 
en o c 
?fl. 20 

10 

0 I-OHAP Total 

• d-OHAP Total 
0 I-OHAP Unconjugated 

• d-OHAP Unconjugated 
b. I-OHAP Conjugated ... d-OHAP Conjugated 

o ,-=-----.-------~------r_----~,_----_. 
o 10 20 30 40 50 

TIME (hr) 

180 

Figure 5-7. Cumulative percentage of the dose excreted in urine as OHAP 

enantiomers (conjugated, unconjugated, and total) as a function of time after 

racemic AP administration (15 mg/kg). Each point represents the average of 

four animals and the cross-hatched vertical bars represent the standard 

deviation of the mean. The lines represent the connection of points. 
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CHAPTER VI. DISPOSITION KINETICS OF p-HYDROXYMETHAMPHETAMINE 

ENANTIOMERS 

Introduction 

The metabolism of amphetamine (AP) and methamphetamine (MAP), two 

widely abused drugs, have been extensively studied in animals and humans. 

Aromatic hydroxylation of AP and MAP yields p-hydroxyamphetamine (OHAP) 

and p-hydroxymethamphetamine (OHMAP), respectively. MAP can be N

demethylated to form AP. Studies in vitro have also demonstrated the 

demethylation of OHMAP to form OHAP (8). When MAP was administered to 

rats the major metabolites found were MAP, AP, OHMAP, OHAP, norephedrine 

and p-hydroxynorephedrine (6). Thus, OHAP could possibly be formed from the 

aromatic hydroxylation of AP and/or N-demethylation of OHMAP. Whereas the 

former pathway has been reported in vivo (e.g., Chapter V), the existence of the 

latter pathway in vivo has never been established. 

Since OHMAP is relatively polar, which is likely to prevent its transport 

across the blood brain barrier (81), its clinical significance as a central stumulant 

would appear to be minimal. However, the compound appears to be clinically 

important due to its peripheral effects. The latter was demonstrated by its 

derivative, OHAP, which has tyramine-like sympathomimetic effects such as 

hypothermia (134) and mydriasis. The latter observation has allowed the 
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compound to be used as a diagnostic tool in Horner's syndrome, a sign of a 

lesion in the neck which consists of blepharoptosis, miosis and anhidrosis (135). 

The pupose of this study was to characterize the disposition kinetics of 

OHMAP enantiomers following administration of the racemic form. The N

demethylation of OHMAP to form OHAP could be evaluated by the results of 

these experiments. 



Experimental 

Animal study 
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Male Sprague-Dawley rats (250 - 290 g) (Harlan Sprague Dawley Inc., 

Indianapolis, IN) (corresponding to rat # 61 to 65 in Appendix A Table A-11 and 

A-12) were fed with standard lab chow and were allowed to acclimate to their 

environment for a week before starting the study. The right external jugular vein 

was cannulated and exteriorized for iv dosing and blood sampling 2 days before 

the study. One day before the study, rats were placed into the metabolic cages 

and fasted overnight but allowed unlimited access to water. Each rat recieved 

an iv bolus dose of racemic OHMAP hydrochloride (20 mg/kg as the base), 

followed by 0.5 ml of saline administered via the jugular vein catheter. Blood 

samples were obtained before and at selected times after dosing. Approximately 

0.3 ml of blood was obtained at each time, after 0.1 ml of fluid had been 

withdrawn (which was subsequently reinjected and followed by 0.3 ml of saline) 

to avoid an artifact caused by sample contaminated by saline or blood trapped in 

the cannula. Urine samples were collected during selected intervals up to 48 hr. 

Serum was obtained, and serum and urine stored at -20°C before being 

assayed. 
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Analytical procedures 

The optical isomers of OHMAP and OHAP in serum and urine were 

determined using a method described in Chapter III (91) which was developed 

for the assay of enantiomers of OHMAP and OHAP in urine samples. Serum 

samples (0.1 ml) were assayed for the unchanged OHMAP and OHAP 

(unconjugated) and urine samples (0.5 ml) were 'assayed for unconjugated and 

conjugated forms of OHMAP and OHAP. The standard curves used to 

quantitate each enantiomers of OHMAP and OHAP were in the concentration 

range (per enantiomer) of 25 - 500 ng/ml and 10 - 100 ng/ml for serum and 

urine, respectively. 

Data analysis 

Serum concentration-time data and urinary excretion rate-time data were 

analyzed by model-independent area methods and/or by compartmental 

analysis, assuming that all processes of disposition followed first-order kinetics. 

The data in the terminal, log-linear phase were analyzed by linear regression to 

estimate the terminal disposition rate constant (kn) and half-life (t~=O.693/kn)' 

The total area under the serum concentration-time curve (AUG) was determined 

upto the last measured concentration-time value to which was added the 

terminal area using the LAGRAN program (92). The terminal area was 

calculated by dividing the concentration at the last time (on the regression line) 

by the terminal rate constant. The area was used to calculate systemic 

clearance (GLS = iv dose/AUG) and the apparent volume of distribution 
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(VAUC=CLsfkn). The steady-state volume of distribution (Vss) was determined 

from the ratio of the mean residence time and CLs. Mean residence time (MRT) 

was determined by calculating the area under the first moment of the serum 

concentration-time curve (Le., concentration x time vs. time; AUMC) and dividing 

by AUC. The former calculation was performed by the LAGRAN program. Renal 

clearance (CLR) was determined from the ratio of the total amount of substance 

recovered in the urine to the total AUC. The urinary excretion rate vs. time data 

were analyzed by linear regression to estimate the terminal disposition rate 

constant (kn). 
The serum concentration-time data were also analyzed by compartmental 

analysis employing the PCNONLIN program (136). The most appropriate model 

was chosen on the basis of the F-test with comparisons being made at the 5% 

level of confidence (117). The average of all values are reported as the 

arithmetic mean and standard deviation with the exception of half-life which is 

calculated as the harmonic mean and "pseudo" standard deviation (93). 

Fractional urinary recoveries of OHMAP and metabolites were calculated 

from the ratio of total amount excreted in the urine and total dose administered. 

Disposition parameters of the d- and /-enantiomers were compared using 

Student's paired t-test. 
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Results 

The animals displayed some distinct behaviors such as pupil dilation, 

muscle relaxation and urination. Some animals were also noted to salivate and 

have erections. All rats returned to normal within 3 - 4 hours after drug 

administration. 

We employed the assay method developed for analyzing enantiomers of 

OHMAP and OHAP in urine samples to quantitate those compounds in serum. 

The method is able to quantitate the compound at concentrations as low as 25 

ng/ml from a sample volume of 0.1 ml. There were no chromatographic peaks 

corresponding to the enantiomers of OHAP in any of serum or urine samples 

which suggested the lack of formation of OHAP from OHMAP in rats. 

The average serum concentration-time data for OHMAP enantiomers 

could be described by a biexponential equation (Fig. 6-1). The AUC of 1-

OHMAP (2012.71 ± 238.90 ng.hr/ml) is slightly greater than that of d-OHMAP 

(1807.52 ± 232.01 ng.hr/ml). The serum concentrations of each enantiomer 

were quite reproducible among the animals, as noted by the relatively small 

standard deviations (Fig 6-1). The percentage coefficients of variation of the 

serum concentrations at any given sample time for both enantiomers were in the 

range of 14-33 %. 

Table 6-1 summarizes the analysis of the disposition kinetics of the 

OHMAP enantiomers. The CLs of d-OHMAP (93.5 ml/min.kg) is significantly 
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greater than that of the I-enantiomers (83.9 ml/minekg) and this trend was found 

in every animal (Fig 6-2). The I-/d- ratio of CLs is 0.89. There are no differences 

in CLR between the two enantiomers. However, CLNR of d-OHMAP, which is 

calculated from the difference between CLs and CLR, is significantly greater than 

its antipode. Vss of d-enantiomer is consistantly higher than the I-isomer in all 

animals (Fig 6-3), however, the difference is not statistically significant. There 

are no differences in t112 and MRT between the two enantiomers. Although the 

analysis of the serum data suggests a relatively short elimination half-life (0.63 

and 0.70 hr for 1- and d-OHMAP, respectively), the urinary excretion rate-time 

data (Fig. 6-4) indicate an apparently longer half-life (9 and 10 hr for 1- and d

OHMAP, repectively). 

Table 6-2 summarizes the percentages of OHMAP and its metabolites 

recovered in urine. Although the assay method can quantitate both OHMAP and 

OHAP enantiomers, no significant amount of OHAP enantiomers could be 

detected in urine at any sampling interval. Most of the unconjugated OHMAP 

enantiomers could be recovered Within the first 6 hours of dosing, while for the 

conjugated OHMAP enantiomers, recovery is complete within 12 - 24 hours (Fig. 

6-5). Rats excreted more unchanged I-OHMAP (34%) than d-OHMAP (29 %). 

In contrast, more conjugated d-OHMAP (57 %) was recovered compared to the 

conjugated I-OHMAP (52 %). However, the total percentage recoveries of both 

enantiomers are similar (- 86%). 
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Discussion 

OHMAP is one of the major metabolites of MAP found in rats (- 31% 

dose) and humans (-15% dose) (6). This metabolite cannot be recovered in the 

guinea pig or dog following MAP administration (6, 7). Therefore, the rat is the 

best animal model to study the disposition kinetics of this compound. 

We postulated that following an iv dose of OHMAP, the compound would 

be excreted unchanged, conjugated and demethylated to OHAP. These forms 

are comparable to the metabolic products of OHMAP obtained following the 

administration of MAP (Chapter IV). OHMAP was found to be conjugated mainly 

as the glucuronide and subsequently excreted into urine (31, 32). The 

conjugated OHMAP can also be found in bile after MAP administration (30). In 

this study, substantial amounts of both unchanged and conjugated OHMAP were 

recovered in urine. Approximately twice as much is found as conjugated 

OHMAP compared to the unconjugated. 

The finding that the AUC of I-OHMAP is slightly greater than that of d

enantiomer suggests that there are stereoisomeric differences in distribution 

and/or clearance. Unfortunately, there is no information regarding plasma 

protein binding of this compound. We have found earlier that only 15 - 20 % of 

MAP binds to serum protein in vitro and that the binding of d- is slightly higher 

than I-MAP (Chapter IV). Since OHMAP is more polar than MAP, its extent of 

binding to serum protein may be lower which, in general, suggests that plasma 
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protein binding may not play a significant role in stereoisomeric differences. 

However, we also observed only slight differences in the AUC between the two 

enantiomers; it is possible that the stereoselective serum protein binding to /

OHMAP may contribute to these differences. 

Vss of d- is consistently greater than that of /-OHMAP suggesting that the 

d- enantiomer distributes into tissues more extensively than /-OHMAP. This may 

result from the lower availability of free /-enantiomer (i.e., greater plasma protein 

binding) to distribute into tissues and/or there is stereoselective tissue binding 

with a preference for the d-enantiomer. The differences in CLs between the two 

enantiomers also contribute to the differences in their AUCs. The differences 

result largely from the nonrenal sources. The values of CLR of both enantiomers 

are much greater than glomerular filtration rate (-5 mllminekg) (127, 128) which 

suggests the involvement of tubular secretion. Therefore, the similarity in CLR 

values between the two enantiomers can not rule out the possibility of 

stereoselective serum protein binding since stereoselective secretion pathways 

may also be involved. The CLNR of d-OHMAP is significantly greater than that of 

/-OHMAP. These results are in agreement with the higher percentage recovery 

in urine of conjugated d-OHMAP compared to /-OHMAP. The differences may 

be described either by the differences in serum protein binding and/or 

stereoselective metabolism of the compound. These issues need further 

investigation. 
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Overall, the data suggest that there are stereoselective disposition 

kinetics of OHMAP enantiomers in rats. Our previous results following the 

administration of racemic MAP to rats showed that about 36% of the dose can be 

recovered as total (conjugated and unconjugated) /-OHMAP in urine and about 

26 % of the dose as d-OHMAP (/-/d- ratio = 1.42). Comparing these findings to 

the results following an iv dose of racemic OHMAP in this study, the /-/d- ratio as 

total % dose recovered in urine was about 1 (Fig. 6-6). These data suggest that 

the differences in percentage dose recovered as OHMAP enantiomers following 

MAP administration resulted only from stereoselective formation of OHMAP from 

MAP. 

In vitro studies showed that OHMAP can be demethylated to OHAP by rat 

liver microsomal enzymes (8). The same reaction was also demonstrated for 

MAP. The N-demethylation of both OHMAP and MAP have the same apparent 

Michaelis constants (Km) value (about 1 mM). It has been suggested that the 

demethylation of MAP and OHMAP are catalyzed by the cytochrome P450-

dependent mono-oxygenase system and partly by the flavin-containing mono

oxygenase system. However, demethylation of MAP can be enhanced by 

phenobarbital pretreatment but that of OHMAP was depressed. These 

differences suggested the involvement of different forms of the cytochrome P450 

enzymes. In our study, although we were able to recover OHMAP and its 

metabolites as much as 85% of the administered dose, we were unable to 
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observe the de methylation product (OHAP) of OHMAP in serum and urine 

samples. Furthermore, some of the conjugated OHMAP may undergo biliary 

excretion. These results suggest that this reaction in vivo is quatitatively minor 

or absent. One possibility for the lack of activity may be due to the much lower 

enzyme activity of demethylation compared to renal clearance and conjugation 

reactions in vivo. 

In conclusion, there are small differences in the disposition kinetics of 

OHMAP enantiomers following an iv dose of racemic OHMAP. Both Vss and CLs 

of d-OHMAP are greater than that of /-OHMAP. OHMAP is excreted mainly 

unchanged and conjugated. There were no demethylation metabolites (OHAP) 

of OHMAP presented which is different from the results reported in vitro. 
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Table 6-1 
Disposition parameters of the enantiomers of p-hydroxymethamphetamine 

following an iv dose of racemic p-hydroxymethamphetamine (20 mg/kg) 
[mean (SD)t 

Parameter /-OHMAP d-OHMAP 

CLs (ml/minekg)b 83.85 (11.00) 93.54 (13.15) 

CLR (milmine kg) 28.74 (10.17) 27.71 (8.35) 

CLNR (mllminekg) b 55.11 (5.27) 65.84 (8.27) 

Vss (Ukg) 3.15 (0.84) 4.23 (1.76) 

t112 (hrt 0.63 (0.00) 0.69 (0.00) 

MRT(hr) 0.62 (0.12) 0.73 (0.19) 

8 Mean of 5 animals 
b Significantly different between enantiomers (p < 0.05) 
C Harmonic mean and "pseudo" standard deviation (93) 

Ratio (/-/d-) 

0.89 (0.04) 

1.03 (0.09) 

0.84 (0.06) 

0.78 (0.17) 

0.91 (0.10) 

0.87 (0.17) 
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Table 6-2 
Percentage of an iv dose of racemic p-hydroxymethamphetamine 

(20 mg/kg) recovered in urine as the enantiomers of 
p-hydroxymethamphetamine and its conjugated product [Mean (SD)t 

Compound % Dose Recovered in Urine Ratio Statistical 
1- d- I-/d- Com~arison 

Unconjugated 33.71 (7.85) 29.34 (6.05) 1.15 (0.10) <0.05 

Conjugated 52.25 (11.28) 56.97 (10.20) 0.91 (0.07) <0.05 

Total 85.96 (5.26) 86.31 (7.21) 1.00 (0.03) NS 

a Mean of 5 animals 
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Figure 6-1. Serum concentration-time profiles (semi-log axes) of the 

enantiomers of OHMAP after iv administration of racemic OHMAP (20 mg/kg). 

Each paint represents the average of five animals, and the cross-hatched 

vertical bars represent the standad deviation of the mean. The solid and dashed 

lines represent the nonlinear regression fit to the data. The equation of the lines 

are: d-OHAP, C = 77.38e"10.98t + 7.14e"1.05t ; I-OHAP, C = 63.80e"10.07t + 5.28e'{)·93t. 
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Figure 6-2. Comparison of CLs for each enantiomer of OHMAP in each animal. 

The number cited is the animal number. 
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Figure 6-3. Comparison of Vss for each enantiomer of OHMAP in each animal. 

The number cited is the animal number. 
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Figure 6-4. Urinary excretion rate of OHMAP enantiomers (semi-log axes) after 

iv administration of racemic OHMAP (20 mg/kg). The solid lines represent the 

connection of points. Each point represents the average of five animals. The 

cross-hatched vertical bars represent the standard deviation of the mean. 
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Figure 6-5. Cumulative urinary excretion of OHMAP enantiomers (conjugated, 

unconjugated, and total) as a function of time following iv administration of 

racemic OHMAP (20 mtJ/kg). The solid lines represent the connection of pOints. 

Each point represents the average of five animals. The cross-hatched vertical 

bars represent the standard deviation of the mean. 
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Unconjugated Conjugated Total 

p-Hydroxmethamphetamine 

Figure 6-6. Ratios of the total urinary excretion of the enantiomers (/-/d-) of 

OHMAP in the form of unconjugated, conjugated and total OHMAP following iv 

administration of racemic OHMAP (20 mg/kg). The cross-hatched vertical bars 

represent the standard deviation of the mean of 5 animals. 



CHAPTER VII. MODELING AND SIMULATIONS OF THE DISPOSITION 

KINETICS OF METHAMPHETAMINE ENANTIOMERS AND 

METABOLITES IN RATS 

Introduction 
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Methamphetamine (MAP), a widely abused drug, exists as two 

enantiomeric forms, i.e., d- and /-enantiomers. It has been shown that there are 

stereoisomeric differences in both the pharmacodynamics and pharmacokinetics 

of this drug. d-MAP is approximately 10-times more potent than the antipode in 

its central stimulating effects (4). The metabolic pathways of this drug involve 

several reactions, e.g., N-demethylation, aromatic hydroxylation, f3-

hydroxylation, deamination and conjugation. FollOwing MAP administration, the 

metabolic products found were amphetamine (AP), p-hydroxymethamphetamine 

(OHMAP), p-hydroxyamphetamine (OHAP), norephedrine (NE), p

hydroxynorephedrine (OHNE) and deamination products such as benzoic acid 

and other ketone derivatives (6, 7). When racemic MAP was administered, 

enantiomers of AP, OHMAP, OHAP, NE and OHNE can be found since all the 

compounds retain the chiral carbon center. 

The serum concentration-time profiles of AP enantiomers following the 

administration of racemic AP to rats can be best described by a biexponential 

equation (Chapter V). Section B of Figure 7-1 illustrates a disposition model for 
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AP. AP can be described by a two-compartment model (AP1 and AP2). AP can 

be excreted unchanged into urine (APu) and hydroxylated to OHAP which can 

be subsequently excreted as such or further conjugated and excreted into urine. 

Other elimination pathways may also be involved but were not quantitatively 

accounted for in our study. Section A of Figure 7-1 represents the disposition 

scheme of MAP. MAP concentration-time data were best described by a one

compartment model. MAp· can be excreted unchanged into urine and 

hydroxylated to OHMAP which will be subsequently excreted as such or further 

conjugated and excreted into urine. MAP can be demethylated to AP which will 

be subsequently eliminated according to the disposition pathways of AP. 

Although in vitro studies show that OHAP can also be formed from OHMAP (8), 

this reaction does not exist in vivo (Chapter VI). 

Following iv administration of racemic AP (15 mg/kg) to rats, the 

concentration-time profile of the d-enantiomer was slightly higher than that of the 

/-enantiomer (Fig 7-2). The /-/d- ratio of the AUCs was 0.82 (Table 7-1). When 

racemic MAP was administered intravenously, the concentration-time profiles of 

d-AP were much higher than the antipode (Fig. 7-3). The differences between 

the AUCs of both enantiomers were magnified; the /-/d- ratio was 0.39 (Table 7-

1). The changes in the /-/d- ratio following MAP administration compared to that 

following AP adminstration, were also found for other parameters. FollOwing 

racemic AP administration, the /-/d- ratio of percentage of dose excreted as AP 
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was 0.95 and that excreted as OHAP was 1.24. The respective ratios became 

0.43 and 0.99, when racemic MAP was administered (Table 7-1). 

Basica"y, the deviation of enantiomeric ratios of certain parameters from 

unity suggests the involvement of stereoselective processes. We have reported 

earlier that there are stereoselective differences in renal clearance as we" as 

aromatic hydroxylation of AP (Chapter V). We also found stereoisomeric 

differences in metabolic pathways of MAP such as aromatic hydroxylation and 

possibly N-demethylation (Chapter IV). Therefore, we hypothesized that the 

additional stereoselective pathways involved in the disposition of MAP 

(compared to stereoselective disposition pathways of AP) are the major 

contributors to the changes in the enantiomeric ratios following MAP 

administration described above. This chapter attempts to test this hypothesis by 

using several models and simulations based upon the pharmacokinetic 

parameters obtained following MAP (Chapter IV) and AP (Chapter V) 

administration to rats. 
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Methods 

Table 7-2 summarizes pharmacokinetic parameters of MAP and AP 

obtained following iv administration of racemic MAP and AP (Chapters IV and V) 

that were used in the simulation models. The simulations were performed 

according to the scheme in Figure 7-1. Based upon previous findings (Chapter 

VI), KM3 is equal to zero. Unless otherwise indicated, the elimination rate 

constant of MAP (KMAP) in Table 7-2 was used in the simulation. Several 

methods listed in Table 7-3 were employed to estimate the formation rate 

constant of AP (KM2). Different simulation models were created using this value. 

Method I The fraction of the administered dose that undergoes N-

demethylation (fM2) was calculated from the AUC ratio of AP following the iv dose 

of MAP and AP (Eq. 1). All AUCs and doses are calculated in molar terms. 

8 AUCAP~MAP DoseAP 
'M2 = • AUC AP ~AP DoseMAP 

Eq. 1 

KM2 was calculated from the product of fM2 and KMAP. 

Method II From Chapter V we know that the quantitation methods 

employed resulted in total urinary recoveries (as % enantiomer dose) of 64.2% 

and 57.7% for I-AP and d-AP, respectively, following iv AP dosing. When 

racemic MAP was administered (Chapter IV), the percentage of the enantiomer 

dose recovered in urine was 10.03% and 12.56% for I-AP and d-AP, 

respectively. Based upon these findings, the percentage of the dose forming 1-
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and d-AP from the corresponding MAP enantiomers can be calculated as 

follows: 

, __ % Dose excreted as AP and AP metabolites fol/owing MAP dose E 2 
'M2 q. 

% Dose excreted as AP and AP metabolites fol/owing AP dose 

Method III fM2 was calculated from the ratio of total AP that was excreted 

unchanged in urine following MAP administration to that following AP 

administration (Eq. 3) 

" = % dose excreted as unchanged AP following MAP E 3 
M2 % dose excreted as unchanged AP following AP q. 

Method IV fM2 was calculated from the ratio of total OHAP that was 

excreted in urine (free and conjugated) following MAP adminstration to that 

following AP administration (Eq. 3) 

" = Total % dose excreted as OHAP following MAP 
M2 Total % dose excreted as OHAP following AP 

EqA 

Method V KM2 was estimated by simultaneously fitting the concentration-

time profiles of MAP enantiomers and the corresponding AP enantiomers 

obtained following an iv dose of racemic MAP (Chapter IV), assuming that both 

MAP and AP data were best described by a one-compartment model. Equations 

5 and 6 are the integrated equations that were used to fit the MAP and AP data, 

respectively. 

Eq.5 
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Eq.6 

where KMAP and KAP are the elimination rate constants for MAP and AP, 

respectively. VMAP and VAP are volume of distribution of the respective 

compounds. >f is the administered dose. The results from the data fitting 

include the estimation of KM2J KMAP, KAP, VMAP and VAP• All these estimated 

parameters were used together with other microconstants in Table 7-2 for 

simulations. 

Method VI First, this method employed equation 5 to fit the 

concentration-time data of MAP and to estimate VMAP and KMAP• The value of 

KMAP was then substituted into equation 6. Equation 6 was used to fit 

concentration-time data of AP enantiomers which were obtained following an iv 

dose of racemic MAP. The values of KM2J KAP and VAP were estimated. 

Method VII This method employed the same procedures described in 

method VI except for the equation that was used to fit the AP data. In this 

method AP was assumed to be described by a two-compartment model (Eq. 7) 

AP = K m2XO(K21- a ) e-at + Km2X O(K21-P) e-P 
Ve(P-a)(KMAP -a) Ve(a-P)(KMAP -P) 

+ Km2XO(K21-KMAP) e-KMAPt 

Ve ( a -KMAP )(P- KMAP) 

Eq. 7 

where VC,AP is the distribution volume of AP in the central compartment, a and P 

are rate constants of AP disposition. KMAP was obtained from fitting equation 5 to 
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the MAP data. All other parameters except for KM2 were obtained from the AP 

study (Chapter 5). These parameters were plugged into equation 7 and the data 

were fit with this equation. KM2 was estimated form this data fitting. 

Method VIII The procedures used in this method were the same as those 

in method VI. However, instead of using the average of MAP and AP data, the 

data from individual rats were pooled and fit to the equations. 

Method IX The procedures used in this method were the same as those 

in method VII. However, instead of using the average of MAP and AP data, the 

data from individual rats were pooled and fit to the equations. 

After obtaining the necessary parameters, the simulations were 

performed using the PCNONLIN program (136). The following differential 

equations corresponding to the model described in Figure 7-1 were employed. 

dMAP 
dt = -(KM2 + Ko)MAP 

dAP1 ---cit = KM2 • MAP +K21 .AP2- (K10 +K12 )AP1 

dAP2 ----cit = K12 • AP1- K21 • AP2 

dAPu = Ku • AP1 
dt 

dOHAP = KM4 .AP1 
dt 

Note that Ko were used for the summation of KM1, KU1 and K01. 
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Results 

The simulated concentration-time profiles using 9 different models are 

shown in Figures 7-4 to 7-12. All models gave good estimates for the 

concentration time profile of d-AP except for models IV and IX. Whereas model 

IV overestimates the concentrations, model IX underestimates the 

concentrations at early times. Models I, V, VII and VIII provide estimates for the 

concentrations of /-AP. Models III and IX underestimate the concentrations at 

early times and model VI underestimates the later concentrations. Models II and 

IV overestimate the concentrations. 

The comparisons of observed and predicted values obtained from these 

different models are summarized in Table 7-4. The predicted percentages of 

MAP dose that was excreted as AP for model III and that excreted as OHAP in 

model IV are not applicable since the calculations are based upon these 

observed values. 

The values of KM2 obtained from different models vary relatively little (4-

fold and 2.5-fold for /- and d-MAP; respectively). The estimated KM2 for formation 

of /-AP are in the range of 0.08 to 0.32 and that for d-AP are in the range of 0.14 

to 0.35. The /-/d- ratio of KM2 is always less than one. 

The predicted AUe values for both enantiomersobtained from different 

models are close to those observed. The predicted /-/d- ratio for AUe ranges 

from 0.33 to 0.63. 
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There is an almost three-fold difference between the lowest (1.97%) and 

highest (5.01%) predicted percentages of the dose excreted as /-AP. The 

corresponding lowest and highest values for the d-enantiomer are 3.69 to 8.98, 

respectively. The /-/d- ratio ranges from 0.42 to 0.77. 

The predicted percentage of the dose of MAP excreted as /-OHAP varies 

from 2.98 % to 7.31 %. The corresponding values for the d-enantiomer are 

4.64 % and 11.29 %. The /-/d- ratio is in the range of 0.54 to 0.89. 
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Discussion 

Several models were employed to describe the differences in the AUe 

values of the AP enantiomers and the changes in the enantiomeric ratios (I-/d-) 

of OHAP and AP excreted in urine following iv administration of racemic MAP 

compared to those following racemic AP administration. 

Although some models (e.g., models IV and IX) do not estimate the 

concentration-time profile very well, the estimation of AUe values, especially its 

/-/d- ratio, for both enantiomers are very close to those observed. These ratio 

values are much less than that obtained following administration of racemic AP. 

Theoretically, if there were no stereoisomeric differences in the formation of AP 

enantiomers following MAP administration, the differences in AUes as well as 

the /-/d- ratio of metabolites excreted in urine should be identical to those 

following racemic AP administration. These data suggest that there is 

stereoselectivity in N-demethylation. 

There are two enzyme systems involved in the demethylation of MAP, i.e., 

cytochrome P450-dependent monooxygenase, and flavin-containing 

monooxygenase. Most of the estimation methods (except for method V) in this 

study show that KM2 for the d-enantiomer is greater than that of the /-enantiomer 

which suggests preferential enzymatic demethylation of d-MAP. This is different 

from what has been reported earlier in humans. Studies in humans, using a 

series of N-alkylated amphetamines whose a-carbon proton was replaced by 
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deuterium, demonstrate the retardation of N-dealkylation of the d-isomer but no 

effect on the I-isomer (14). Therefore, it is possible that the demethylation in two 

species involve different isozymes. 

The finding that the I-/d- ratio for AUes obtained from each model is lower 

than the ratio of the corresponding KM2 values also support the existence of 

stereoselectivity in N-demethylation. The factors that contribute to the lower 

AUC ratio include stereoselective N-demethylation of MAP as well as 

steroselective plasma protein binding, renal and nonrenal clearance of AP. 

It has been shown earlier that there is stereoselectivity in renal clearance 

of I-AP in rats (Chapter V). The enantiomeric ratio (/-/d-) of the percentage of AP 

dose excreted unchanged was 0.95. These differences were magnified following 

MAP administration (/-/d- ratio = 0.42). The simulation results obtained from 

examining different models also suggest the same trend. Therefore, the 

magnification of these differences seems to mainly result from stereoselective 

formation of AP. 

An opposite direction for the I-/d- ratio was observed for OHAP. The I-/d

ratio of percentage dose excreted as OHAP decreased from 1.24 following AP 

administration to 1.00 following MAP adminstration. This decrease has been 

shown in all simulation models. Thus, the stereoselective formation of AP from 

MAP was the major cause of this differences. 
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It can be seen that the enantiomeric ratio of the urinary recovery of 

certain metabolites can be changed in any direction depending upon the number 

and the nature (enantioselectivity) of stereoselective metabolic pathways 

involved. 

The results of all the models developed in this study do not entirely agree 

with the experimental results. In general, the concentration-time profile of d-AP 

can be predicted well with most of the models, whereas that of I-AP can be 

predicted well with methods I, V, VII and VIII. All models overestimate the I-/d

ratio of AP that was excreted in urine, however, there is an underestimate of the 

I-/d- ratio for OHAP (Fig. 7-13). These deviations may result from a change in 

enzyme activity that involves the metabolism of AP following MAP 

administration, and/or individual animal and experimental variation. 

The unusual behavior of the aromatic hydroxylation of AP has been 

reviewed earlier by Caldwell et al. (17). An in vitro study in a rat liver microsome 

preparation demonstrated lower activity than expected for this reaction (137). At 

high concentrations of AP the binding spectrum of AP to cytochrome changes 

from Type I to Type II which suggests substrate inhibition (138). Jonsson (11) 

demonstrated that there is stereoselectivity in the hydroxylation of AP in rat liver 

microsomes with a maximum velocity for the d-isomer being 1.32 times greater 

than the I-isomer. It was proposed that the presence of I-AP in the racemic 

mixture may reduce the hydroxylation of d-AP. Because the blood levels of AP 
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enantiomers following MAP administration are much smaller (as well as 

differences in enantiomers concentrations) than those following AP, the activities 

of enzymes involved in hydroxylation may be different. Furthermore, it has been 

shown that N-hydroxymethamphetamine, the metabolic intermediate of MAP, 

inhibits aromatic hydroxylation of MAP in vitro. The involvement of this 

intermediate in aromatic hydroxylation of AP is unknown. 

In summary, stereoselective N-demethylation of MAP plays a major role in 

the magnification of AUC differences between AP enantiomers following racemic 

MAP administration compared to those seen after AP administration. The 

enantiomeric ratios (I-/d-) of percentage of dose excreted as AP and OHAP in 

urine were also different. All simulation models employed support these 

findings. 
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Table 7-1 
Comparison of parameters obtained follOwing the administration of 

racemic MAP (n = 5) to that following racemic AP (n = 5) 

Parameter MAP administration AP administration 
1- d- I-/d- 1- d- I-/d-

AUC of AP (ng.hr/ml) 179.2 443.9 0.39 1950 2509 0.82 

% Dose excreted as AP 1.82 4.35 0.43 24.3 25.6 0.95 

% Dose excreted as 8.21 8.2 0.99 39.9 32.2 1.24 
OHAP 



Table 7-2 
Pharmacokinetic parameters of MAP and AP in rats 

(from Chapters IV and V) 

Parameter 

Methamphetamine: 8 

VMAP (ml) 

KMAP (h(1) 

Amphetamine: 8 

VC,AP (ml) 

a (h(1) 

p (h(1) 

K10 (h(1) 

K12 (h(1) 

K21 (h(1) 

KM4 (h(1) 

KU2 (h(1) 

K02 (h(1) 

8 Mean of 5 animals 

/-

851.10 

1.1254 

519.83 

5.9531 

0.7922 

1.7624 

2.3069 

2.6759 

0.7032 

0.4288 

0.6304 

d-

847.50 

0.9868 

457.07 

5.3926 

0.7004 

1.5699 

2.1172 

2.4060 

0.5055 

0.4019 

0.6625 

214 
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Table 7-3 
Summary of methods used to estimate the formation rate constant of AP 

(KM2) following iv administration of racemic MAP 

Method Basis of Calculation 

AUC ratio 

II Urinary recovery of AP and AP metabolites in urine 

III Urinary recovery of unchanged AP 

IV Urinary recovery of total OHAP formed 

V Simultaneous fit of MAP and AP data 

VI Fit of MAP data and substitute parameter values obtained for AP into 

equation (1 compartment) 

VII Fit of MAP data and substitute parameter values obtained for AP into 

equation (2 compartment) 

VIII Fit of MAP pooled data and substitute parameter values obtained for 

AP into equation (1 compartment) 

IX Fit of MAP pooled data and substitute parameter values obtained for 

AP into equation (2 compartment) 



Table 7-4 
Summary of parameters obtained from different calculation methods and model simulations 

Method KM2 AUe (nmol-hr/ml) % Dose excreted as AP % Dose excreted as 
OHAP 

1- d- I-Jd- I- d- I-Jd- 1- d- I-Jd- 1- d- I-Jd-

Observed - - - 1.33 3.28 0.39 1.82 4.35 0.42 8.21 8.20 1.00 
I 0.11 0.19 0.58 1.37 3.44 0.40 2.40 4.99 0.48 3.94 6.29 0.63 
II 0.18 0.21 0.82 2.16 3.84 0.56 3.80 5.57 0.68 6.23 7.00 0.89 
III 0.08 0.17 0.50 1.04 3.00 0.35 NA NA NA 2.98 5.47 0.54 
IV 0.23 0.25 0.92 2.85 4.50 0.63 5.01 6.53 0.77 NA NA NA 
V 0.21 0.28 0.75 1.33 3.25 0.41 4.46 6.54 0.68 7.31 8.23 0.89 
VI 0.32 0.35 0.91 0.99 3.05 0.33 3.74 8.98 0.42 6.13 11.29 0.54 
VII 0.11 0.19 0.61 1.39 3.33 0.42 2.45 4.84 0.51 4.02 6.09 0.66 
VIII 0.19 0.25 0.76 1.20 3.08 0.39 4.08 6.42 0.64 6.69 8.08 0.83 
IX .. 0.09 0.14 0.64 1.12 2.54 0.44 1.97 3.69 0.53 3.24 4.64 0.70 

--_ .. - ~- -- - ._- -- -

I\) 
~ 

0> 
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Figure 7-1. Schematic diagram illustrating a compartmental model describing 

the disposition pathways of MAP (A) and AP (8). 
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Figure 7-2. Serum concentration-time profile of AP enantiomers following a 

short iv infusion of racemic AP (15 mg/kg). Each point represents the average of 

five animals and the cross-hatched vertical· bars represent the standard 

deviation of the mean. The solid lines represent the nonlinear regression fit to 

the data. One point shown in parentheses (/-AP) was not used in the analysis. 

The equations of the lines are: d-AP, C = 17.6e-3.s7t + 8.99e.{)·62t, l-AP, C = 
16.6e-s.45t + 9.32e.{)·nt. 
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Figure 7-3. Serum concentration-time profile of AP enantiomers following a short 

iv infusion of racemic MAP (15 mg/kg). Each point represents the average of four 

animals and the cross-hatched vertical bars represent the standard deviation of 

the mean. The solid lines represent the connection of points. 
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Figure 7-4. Comparison between observed (symbols) and predicted (lines) 

serum concentration-time profiles of AP enantiomers following racemic MAP 

administration (15 mg/kg) using Method I. 
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Figure 7-5. Comparison between observed (symbols) and predicted (lines) 

serum concentration-time profiles of AP enantiomers following racemic MAP 

administration (15 mg/kg) using Method II. 
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Figure 7-6. Comparison between observed (symbols) and predicted (lines) 

serum concentration-time profiles of AP enantiomers following racemic MAP 

administration (15 mg/kg) using Method III. 
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Figure 7-7. Comparison between observed (symbols) and predicted (lines) 

serum concentration-time profiles of AP enantiomers following racemic MAP 

administration (15 mg/kg) using Method IV. 
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Figure 7-8. Comparison between observed (symbols) and predicted (lines) 

serum concentration-time profiles of AP enantiomers following racemic MAP 

administration (15 mg/kg) using Method V. 
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Figure 7-9. Comparison between observed (symbols) and predicted (lines) 

serum concentration-time profiles of AP enantiomers following racemic MAP 

administration (15 mg/kg) using Method VI. 
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Figure 7-10. Comparison between observed (symbols) and predicted (lines) 

serum concentration-time profiles of AP enantiomers following racemic MAP 

administration (15 mg/kg) using Method VII. 
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Method VIII 
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Figure 7-11. Comparison between observed (symbols: open= /-AP, closed= d-

AP) and predicted (lines) serum concentration-time profiles of AP enantiomers 

following racemic MAP administration (15 mg/kg) using Method VIII. 
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Figure 7-12. Comparison between observed (symbols: open= /-AP, closed= d-

AP) and predicted (lines) serum concentration-time profiles of AP enantiomers 

following racemic MAP administration (15 mg/kg) using Method IX. 
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Figure 7-13. The residual of predicted to observed enantiomeric ratio (/-/d-) of 

percentage of MAP dose (15 mg/kg) recovered in urine as AP and OHAP. 
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CHAPTER VIII. THE INFLUENCE OF ACTIVATED CHARCOAL ON THE 

DISPOSITION KINETICS OF INTRAVENOUS RACEMIC METHAMPHETAMINE 

Introduction 

As a result of its effective adsorbent property, activated charcoal has 

been used to prevent the absorption of many orally ingested xenobiotics, 

especially in instances of overdose. Numerous studies have also proven its 

effectiveness for enhancing the elimination of certain drugs that have already 

been absorbed. The latter mechanism has been referred to as "gastrointestinal 

dialysis" (139). Drugs whose elimination is enhanced by this process include 

indomethacin (140), propanolol (141), dapsone (142), diazepam (143), 

theophylline (144), morphine (145), etc. 

Methamphetamine (MAP) is a central stimulant drug that is widely abused 

by populations in several countries. The d-isomer is about 10 times more potent 

than the I-isomer in its central stimulating effect. The metabolic processes that 

MAP undergoes consist of several stereoselective pathways such as the 

formation of the active metabolite amphetamine (AP), aromatic hydroxylated 

metabolites p-hydroxymethamphetamine (OHMAP), p-hydroxyamphetamine 

(OHAP), p-hydroxynorephedrine, p-hydroxylation products, norephedrine and 

deaminated metabolites (6). 
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Habitual use or massive oral doses of MAP may result in a toxic 

psychosis characterized by paranoia, delusions, hallucinations, or bizarre violent 

behavior; some of which may lead to suicidal or homicidal actions (146). The 

minimal lethal dose varies with age and animal species (146). One human died 

following a 1.5 mg/kg dose of MAP (147). To this day there have been no well 

controlled studies in animals or humans to evaluate the most efficient mode of 

overdose treatment. An in vitro study demonstrated that AP can be effectively 

adsorbed by activated charcoal (148). The use of activated charcoal together 

with cathartics may be effective for up to 12 hours in patients intoxicated with 

sustained-release or resin-complexed capsules of amphetamines (146). 

The purpose of this study was to examine the influence of oral activated 

charcoal on the disposition of MAP given iv in order to evaluate this form of 

treatment for MAP toxicity. 
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The in vitro adsorption studies was conducted by placing 1 ml of activated 

charcoal suspension (Actidose-aqua™, Paddock Laboratories, Minneapolis, MN; 

equivalent to 208 mg of activated charcoal) into 8 ml of 0.1 M phosphate buffer 

(pH 6.0). Five hundred III of different concentrations of racemic 

methamphetamine hydrochloride solution (10 - 160 mg/ml), and 500 III of [3H]_ 

methamphetamine hydrochloride solution (approximately 2.3x105 cpm) 

(Research Triangle Institute, Research Triangle Park, NC) were added to the 

mixture. The control mixture consisted of 9.5 ml of 0.1 M phosphate buffer and 

500 III of rH]-methamphetamine hydrochloride solution (approximately 2.3x105 

cpm). All samples were shaken in a temperature-controlled water bath (370 C) 

until equilibrium was attained (6 hr). The samples were centrifuged and an 

aliquot of the supernatant solution (200 Ill) was removed and counted for 

radioactivity using a liquid scintillation counter (Packard Tricarb Scintillation 

Counter, Model 460 C). 

The time necessary for MAP to be adsorbed by activated charcoal and 

reach equilibrium was determined using different incubation times (1, 2,4,6, 12 

and 24 hr) and different concentrations of methamphetamine hydrochloride (10-

80 mg/ml). 
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Animal studies 

Male Sprague-Dawley rats (290 - 330 g) (Harlan Sprague-Dawley, Inc., 

Indianapolis, IN) (correspond to rats # 42 to 50 in Appendix A Tables A-7, A-8, 

A-13 and A-14) were fed with standard lab chow and were allowed to acclimate 

to their environment for a week before starting the study. The right external 

jugular vein was cannulated and exteriorized for iv dosing and blood sampling 2 

days before the study. One day before the study, rats were placed into the 

metabolic cages and fasted overnight but allowed unlimited access to water. 

Rats were divided into two groups (5 for control and 4 for treatment group). Rats 

in the treatment group were treated with activated charcoal orally (Actidose

Aqua™; 1 g/kg) 10 minutes before a short iv infusion (over 90 seconds) of MAP 

(15 mg/kg as the base). Rats in the control group were treated with water 

(equivalent volume to activated charcoal solution) 10 minutes before MAP 

dosing. Blood samples were collected before and at 0, 0.083, 0.25, 0.5, 1, 2, 4, 

5, 6, 8 and 12 hours after the MAP dose. Approximately 0.3 ml of blood was 

obtained at each time, after 0.1 ml of fluid had been withdrawn (which was 

subsequently reinjected and followed by 0.3 ml of saline) to avoid an artifact 

caused by sample contaminated by saline or blood trapped in the cannula. 

Urine samples were collected before and at 6, 12, 24, 30, 36 and 48 hours after 

the MAP dose. Serum was separated from blood. Both serum and urine were 

stored at -200 before being assayed. 
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Analytical procedures 

Serum samples were analyzed using methods described in Chapter II (90) 

for the enantiomers of MAP and AP. Urine samples were assayed using 

methods described in Chapter III (91) for enantiomers of MAP, AP, and both 

unconjugated and conjugated forms of the enantiomers of OHMAP and OHAP. 

Data analysis 

The percentage of methaphetamine hydrochloride adsorbed by activated 

charcoal was determined by comparing cpm of the sample to that of the control 

mixture. The Freundlich adsorption isotherm was constructed according to the 

equation (149): 

.!£ = kcP 
m 

where x is the mass of adsorbate adsorbed per unit mass m of adsorbent, c is 

concentration of nonadsorbed drug at equilibrium, and k and p are constants 

that can be evaluated from the results of the experiment. When plotting 

log (xlm) versus log (c), the constant log (k) is the intercept on the ordinate, and 

P is the slope of the line. 

The disposition kinetic parameters CLs, k, t1/2, Vss, MRT and AUC were 

calculated using the methods described in chapter IV. 
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Results 

In vitro studies suggest that activated charcoal rapidly adsorbs MAP; an 

equilibrium had been reached within 6 hr (Fig. 8-1). A Freundlich isotherm is 

shown in Figure 8-2. The equation describing the adsorption isotherm is: (xlm) = 
0.0678ec°.488 (I = 0.986). 

Rats in both study groups displayed similar behaviors which included 

shaking, increased respiration rate and stereotypic behavior. 

Serum concentration-time profiles of the enantiomers of both MAP and AP 

in the two study groups are similar as illustrated in Figures 8-3 and 8-4. Serum 

concentrations of the d-enantiomer of both MAP and AP are higher than the 

corresponding antipodes. However, larger differences in concentration were 

observed between AP enantiomers compared to MAP enantiomers. The 

disposition kinetic parameters of MAP enantiomers in both study groups are 

summarized in Table 8-1. The AUC of I-MAP is significantly lower than the 

antipode in both groups. There are no differences in any of these parameters 

when comparing the two groups. CLs of I-MAP is significantly higher than the d

isomer in both groups and the I-/d- ratio is greater than one. Half-life of d-MAP is 

longer than I-MAP but significant differences were observed only for the 

charcoal-pretreated group. We observed a relatively longer half-life when 

plotting urinary excretion rate-time data. The half-lives of 1- and d-MAP in the 
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control group are (mean ± SO) 11.34 ± 4.35 and 8.86 ± 4.43 hr, respectively. 

The respective values in the charcoal-pretreated group are 10.61 ± 1.10 and 

8.85 ± 0.88 hr. There are no differences in Vss between the two enantiomers 

and the I-/d- ratio is approximately unity. MRT of d-MAP is longer than the 1-

enantiomer which results in a I-/d- ratio slightly less than unity. 

Figures 8-5 and 8-6 illustrate urinary excretion rate-time plots of MAP 

enatiomers in control and charcoal-pretreated rats, respectively. The 1-

enantiomer was excreted in urine at a faster rate than the d-isomer in both 

groups. The percentages of the MAP dose recovered in urine as the unchanged 

drug and as metabolites are summarized in Tables 8-2 and 8-3 for the control 

and charcoal-pretreated groups, respectively. Comparing these two groups, 

there are significant differences in % recovery of both total/-OHMAP and total d

OHMAP. In charcoal-pretreated rats less OHMAP (28.96 % and 19.81 % for l

and d-OHMAP, respectively) can be recovered in urine compared to rats in the 

control group (36.36 % and 25.68 % for 1- and d-OHMAP, respectively). 

However, there are slight but not significant differences, in % recovered in urine 

as unconjugated and conjugated OHMAP between in the two groups (Fig. 8-7 to 

8-9). The I-/d- ratios for all forms of OHMAP in the two groups are similar (Fig. 

8-10). The % recoveries of unchanged d-MAP in both groups are slightly higher 

than the I-enantiomers and larger differences were observed between AP 

enantiomers (Fig. 8-11 to 8-13). The I-/d- ratio of MAP in both groups is about 
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0.8 but those of AP are about 0.5 (Fig. 8-14). Approximately 8% of MAP dose 

was excreted as OHAP enantiomers, most of which is in the conjugated form 

(Fig. 8-15 to 8-17). Although the /-/d- ratio of unconjugated OHAP is much larger 

than unity, that of conjugated OHAP is lower than one and contributes to the 

near unity value for the /-/d- ratio of total OHAP (Fig. 8-18). 
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Discussion 

The Freundlich isotherm has been used to examine the efficacy of 

activated charcoal to adsorb MAP in vitro. It was suggested that this isotherm 

compared to that of Langmuir, provides· a better estimate of the antidotal 

effectiveness of activated charcoal in vivo (150). We found that MAP can be 

effectively adsorbed by activated charcoal. Based upon the isotherm obtained, 

0.0678 mg of MAP can be adsorbed by 1 mg of activated charcoal at an 

equilibrium concentration of 1 mg/ml MAP. High surface area activated charcoal 

(1600 m2/g) at a dose of 1 g/kg was chosen for in vivo study to assure sufficient 

adsorptivity for a systemic dose of MAP. 

Based upon data reported in the literature, gastrointestinal dialysis could 

occur when activated charcoal was given either before (e.g., 140) or after the 

drug (e.g., 141). Since intoxicated patients usually have high levels of drug in 

the body when seeking treatment (and it is difficult to maintain high steady state 

concentrations of MAP in the rat), we administered activated charcoal via 

intubation 10 minutes before an iv dose of racemic MAP. This treatment 

regimen resulted in no enhancement of MAP elimination by activated charcoal. 

The mechanisms of gastrointestinal dialysis involve adsorption of drug 

that diffuses from the body into the gastrointestinal lumen and prevention of 

reabsorption. The concentration gradient of the drug between the body and the 

gastrointestinal lumen is also maintained because the concentration of 
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rediffusible drug in the gastrointestinal fluid is kept to neary zero which will allow 

continuing diffusion. The other mechanism involves interruption of 

enterohepatic recycling of drug that is excreted into bile before being reabsorbed 

into the body. The drug may be present in unchanged form or in a conjugated 

form which is enzymatically hydrolyzed in the gastrointestinal tract (139). The 

transport of drug into the gastrointestinal lumen that is driven by a concentration 

gradient depends on physical properties (e.g., lipophilicity and molecular size) 

as well as pharmacokinetic properties of the drug (151). Any factors that 

increases the concentration gradient of free drug between the body and 

gastrointestinal lumen could facilitate the diffusion, e.g., small volume of 

distribution (152), low total body clearance (153) and low plasma protein binding 

(154). 

Although drug enantiomers display similar physical properties, disposition 

kinetics may differ which may lead to a differential effect of charcoal-induced 

elimination. Huang (155) found that the Aue of R-disopyramide was decreased 

by oral activated charcoal but no changes were noted for the antipode. The 

author suggested that the lower hepatic extraction ratio of the R- compared to 

the S-enantiomer may contribute to such a disparity. Similar findings were also 

observed for quinidine and its isomer, quinine (156). While elimination of 

quinidine can be enhanced by charcoal, that of quinine was not altered. These 

differences were, at least in part, due to a larger hepatic extraction ratio as well 
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as larger volume of distribution of quinine (156). Both enantiomers of MAP 

have high total body clearance and large volume of distribution. Based upon the 

above speculations, the lack of an activated charcoal effect on MAP disposition 

was not surprising. Furthermore, the differences in disposition kinetic 

parameters between the two enantiomers are so small that the stereoselective 

effect of activated charcoal on drug elimination was not observed. 

With regard to the effect of activated charcoal in interupting enterohepatic 

recycling, the compound must undergo biliary excretion. MAP is slightly 

excreted into bile (30) and, therefore, this pathway may not be involved. We 

found that total urinary recovery of OHMAP enantiomers decreased in rats 

pretreated with activated charcoal. Since a substantial amount of conjugated 

OHMAP can be found in bile following MAP administration (30), it is possible 

that charcoal interups enterohepatic recycling of this compound. OHMAP exerts 

only minimal central stimulating effect (81). The decrease in OHMAP levels in 

the body may not reduce toxicity as a result of MAP overdose. 

The results obtained from rats in this study may not rule out the possible 

use of activated charcoal for the treatment of MAP toxicity in humans. Evidence 

was demonstrated in a case report in 1-year-old female infant who ingested an 

unknown amount of MAP hydrochloride and phenobarbital. According to the 

investigators, peritoneal dialysis was able to remove the drugs effectively (157). 

It was speculated that the drug that is removed effectively by peritoneal dialysis 
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may be able to be removed by activated charcoal. However, further study is 

needed to prove this contention (139). 

In conclusion, results of an in vitro study shows that MAP can be 

effectively adsorbed by activated charcoal. Activated charcoal given 10 minute 

before an iv dose of racemic MAP did not enhance the elimination of the drug in 

vivo. High clearance and large volume of distribution of the drug may contribute 

to this ineffectiveness. Further study is needed to examine the role of activated 

charcoal in the treatment of MAP toxicity in humans. 
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Table 8-1 

Comparison of pharmacokinetic parameters of MAP enantiomers in 

charcoal-pretreated (n= 4) and control (n = 5) groups of rats following an iv 

dose of racemic MAP (15 mg/kg) [Mean (SO)] 

Parameter I-MAP d-MAP Ratio (/-/d-) 

AUC (ng.hr/ml) 

Control8 2510.69 (945.00) 2887.04 (1108.2) 0.86 (0.06) 

Charcoal8 2424.60 (834.04) 2720.59 (951.39) 0.89 (0.01) 

CLs (ml/min-kg) 

Control8 55.82 (20.42) 48.70 (17.88) 1.17 (0.08) 

Charcoal8 57.36 (23.41) 51.14 (20.67) 1.12 (0.01) 

t~ (hr) b 

Control 0.92 (0.03) 1.51 (0.23) 0.67 (0.30) 

Charcoal8 0.75 (0.01) 1.12 (0.03) 0.69 (0.17) 

Vss (Ukg) 

Control 5.28 (2.32) 5.79 (2.73) 0.96 (0.19) 

Charcoal 5.57 (2.64) 5.96 (2.94) 0.94 (0.04) 

MRT(hr) 

Control8 0.93 (0.40) 1.14 (0.39) 0.81 (0.12) 

Charcoal8 0.81 (0.60) 0.96 (0.13) 0.84 (0.03) 

8 Significant difference between /- and d-enantiomer (p < 0.05) 

b Harmonic mean and "pseudo" standard deviation (93). 



Table 8-2 

Percentage of an iv dose of racemic MAP (15 mg/kg) recovered in urine as the enantiomers of MAP and its 

metabolites in the control group (n=5) [Mean (SO)] 

Compound % Dose Recovered in Urine Ratio (/-/d-) Statistical 

. l- ei- Comparison 

Methamphetamine 14.65 (2.07) 18.02 (3.28) 0.82 (0.07) p< 0.05 

Amphetamine 1.83 (0.36) 4.37 (0.84) 0.43 (0.11) p< 0.05 

p-Hydroxymethamphetamine 

Unconjugated 8.80 (7.00) 4.74 (3.62) 1.88 (0.30) NS 

Conjugated 27.56 (8.36) 20.94 (4.03) 1.29 (0.25) P < 0.05 

Total 36.36 (2.08) 25.68 (2.02) 1.42 (0.08) P < 0.001 

p-Hydroxyamphetamine 

Unconjugated 1.89 (1.69) 1.00 (1.18) 2.42 (1.07) p< 0.05 

Conjugated 6.32 (2.19) 7.21 (1.76) 0.87 (0.13) NS 

Total 8.21 (2.50) 8.21 (2.14) 0.99 (0.13) NS 

Total 61.05 (4.15) 56.29 (5.65) 1.09 (0.06) NS 

~ 
t.) 



Table 8-3 

Percentage of an iv dose of racemic MAP (15 mg/kg) recovered in urine as the enantiomers of MAP and its 

metabolites in the charcoal-pretreated group (n=4) [Mean (SO)] 

Compound % Oose Recovered in Urine Ratio (/-/d-) Statistical 

l- ei- Comparison 

Methamphetamine 15.81 (4.69) 18.30 (5.03) 0.86 (0. OS) P < 0.05 

Amphetamine 2.70 (0.94) 4.47 (1.S9) 0.61 (0.03) P < 0.05 

p-Hydroxymethamphetamine 

Unconjugated 6.66 (4.21) 3.04 (2.09) 2.29 (1.08) NS 

Conjugated ·22.30 (5.07) 16.77 (3.36) 1.32 (0.06) P < 0.05 

Total 28.96 (3.93) 19.81 (1.67) 1.46 (0.09) P < 0.05 

p-Hydroxyamphetamine 

Unconjugated 2.06 (1.33) 1.18 (1.09) 2.05 (0.64) P < 0.05 

Conjugated 6.80 (3.27) 7.73 (2.12) 0.8S (0.22) NS 

Total 8.87 (3.00) 8.91 (1.42) 0.98 (0.21) NS 

Total 5S.34 (9.65) 51.48 (7.54) 1.09 (0. OS) NS 

I\) 
J:o,. 
J:o,. 
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Figure 8·1. Percentage of different MAP concentrations adsorbed by activated 

charcoal as a function of time 
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Figure 8-2. Freundlich adsorption isotherm describing the adsorption of MAP 

onto activated charcoal (Actidose-aqua™, 208 mg) at pH 6.0. The equation of 

the line is: (xlm) = 0.0678eC°.488 (r = 0.986). 



247 

100 
-~. I-MAP 
_-y-o d-MAP 
_I-AP 
-d-AP 

10 
c:- \, E ::::: 
0 
E \\ c: - \ 
0 

1 z 
0 
0 
:! 
::::> 
0::: w en 

0.1 

0.01 -fI----.-----..-----I----..-----r----. 

o 2 4 6 8 10 12 

TIME (hr) 

Figure 8-3. Serum concentration-time profiles (semi-log axes) of MAP and AP 

enantiomers following racemic methamphetamine administration (15 mg/kg) to 

the rats in the control group. Each point is the mean of five rats and the cross-

hatched vertical bars represent the standard deviation of the mean. All lines are 

connection of points. 
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Figure 8-4. Serum concentration-time profiles (semi-log axes) of MAP and AP 

enantiomers following racemic methamphetamine administration (15 mg/kg) to 

the rats pretreated with activated charcoal (Actidose-aqua™, 1 g/kg). Each point 

is the mean of four rats and the cross-hatched vertical bars represent the 

standard deviation of the mean. All lines are connection of points. 
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Figure 8-5. Urinary excretion rate (semi-log axes) of MAP enantiomers after 

racemic MAP administration (15 mg/kg) to the rats in the control group. The 

solid and dashed lines represent the connection of points. The cross-hatched 

vertical bars represent the standard deviation of the mean (n = 5). 
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Figure 8-6. Urinary excretion rate (semi-log axes) of MAP enantiomers after 

racemic MAP administration (15 mg/kg) to the rats pretreated with activated 

charcoal (Actidose-aqua™, 1 g/kg). The solid and dashed lines represent the 

connection of points. The cross-hatched vertical bars represent the standard 

deviation of the mean (n = 4). 
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Figure 8-7. Cumulative urinary excretion of OHMAP enantiomers in the form of 

unconjugated, conjugated and total OHMAP as a function of time after racemic 

MAP administration (15 mg/kg) to rats in the control group. The solid lines 

represent the connection of points. The cross-hatched vertical bars represent 

the standard deviation of the mean (n = 5). 
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Figure 8-8. Cumulative urinary excretion of OHMAP enantiomers in the form of 

unconjugated, conjugated and total OHMAP as a function of time after racemic 

MAP administration (15 mg/kg) to rats pretreated with activated charcoal 

(Actidose-aqua™, 1 g/kg). The solid lines represent the connection of pOints. 

The cross-hatched vertical bars represent the standard deviation of the mean (n 

=4). 



D I-OHMAP control 
~ d-OHMAP control 

40 ~ I-OHMAP charcoal-pretreated 
I!i!IIl!I d-OHMAP charcoal-pretreated 

35 

W 30 z 
a:: 
;::) 

z 25 
c 
W 

/ij 20 
0:: 

~ 
W 15 
en o c 
'#. 10 

5 

o -I-----L-U.~ 
Unconjugated Conjugated Total 

HYDROXYMETHAMPHETAMINE 

253 

Figure 8-9. Comparison of total percentage dose excreted in the form of 

unconjugated, conjugated and total OHMAP enantiomers after racemic MAP 

administration (15 mg/kg) in control (n = 5) and charcoal-pretreated groups (n = 

4). The cross-hatched vertical bars represent the standard deviation of the 

mean. 
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Figure 8-10. Comparison of total urinary excretion ratio of enantiomers (/-/d-) 

of unconjugated, conjugated and total OHMAP after racemic MAP administration 

(15 mg/kg) in control (n = 5) and charcoal-pretreated groups (n = 4). The cross-

hatched vertical bars represent the standard deviation of the mean. 
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Figure 8-11. Cumulative urinary excretion of MAP and AP enantiomers as a 

function of time after racemic MAP administration (15 mg/kg) to rats in the 

control group. The solid lines represent the connection of points. The cross-

hatched vertical bars represent the standard deviation of the mean (n = 5). 
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Figure 8-12. Cumulative urinary excretion of MAP and AP enantiomers as a 

function of time after racemic MAP administration (15 mg/kg) to rats pretreated 

with activated charcoal (Actidose-aqua™, 1 g/kg). The solid lines represent the 

connection of points. The cross-hatched vertical bars represent the standard 

deviation of the mean (n = 4). 
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Figure 8-13. Comparison of total percentage dose excreted in the form of MAP 

and AP enantiomers after racemic MAP administration (15 mg/kg) in control (n = 

5) and charcoal-pretreated groups (n = 4). The cross-hatched vertical bars 

represent the standard deviation of the mean. 
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Figure 8-14. Comparison of total urinary excretion ratio of enantiomers (/-/d-) 

of MAP and AP after racemic MAP administration (15 mg/kg) in control (n = 5) 

and charcoal-pretreated groups (n = 4). The cross-hatched vertical bars 

represent the standard deviation of the mean. 
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Figure 8-15. Cumulative urinary excretion of OHAP enantiomers in the form of 

unconjugated, conjugated and total OHAP as a function of time after racemic 

MAP administration (15 mg/kg) to rats in the control group. The solid lines 

represent the connection of points. The cross-hatched vertical bars represent 

the standard deviation of the mean (n = 5). 
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Figure 8-16. Cumulative urinary excretion of OHAP enantiomers in the form of 

unconjugated, conjugated and total OHAP as a function of time after racemic 

MAP administration (15 mg/kg) to rats pretreated with activated charcoal 

(Actidose-aqua™, 19/kg). The solid lines represent the connection of points. 

The cross-hatched vertical bars represent the standard deviation of the mean (n 

= 4). 
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Figure 8-17. Comparison of total percentage dose excreted in the form of 

unconjugated, conjugated and total OHAP enantiomers after racemic MAP 

administration (15 mg/kg) in control (n = 5) and charcoal-pretreated groups (n = 

4). The cross-hatched vertical bars represent the standard deviation of the 

mean. 
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Figure 8-18. Comparison of total urinary excretion ratio of enantiomers (/-/d-) 

of unconjugated, conjugated and total OHAP after racemic MAP administration 

(15 mg/kg) in control (n = 5) and charcoal-pretreated groups (n = 4). The cross-

hatched vertical bars represent the standard deviation of the mean. 



Appendix A Table A-1 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(7.5 mg/kg) administration 

TIME RAT 10, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 6.81 0.00 869.59 895.18 
0.25 27.56 31.96 714.48 728.23 
0.50 24.80 40.33 400.43 405.75 
1.00 25.34 45.74 221.19 210.04 
2.00 17.16 35.32 80.71 84.70 
4.00 11.91 14.20 14.28 

TIME RAT 11, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 15.18 11.47 1031.97 1082.29 
0.25 33.17 40.24 614.79 650.14 
0.50 28.14 47.61 397.84 421.17 
1.00 22.82 45.96 168.41 187.33 
2.00 10.13 18.91 37.09 43.88 
4.00 8.74 9.30 10.78 

TIME RAT 12, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 13.19 10.32 1104.41 1142.41 
0.25 30.44 34.70 643.33 675.03 
0.50 28.46 45.16 398.26 426.48 
1.00 . 16.72 36.24 147.81 162.93 
2.00 14.96 21.18 55.29 60.28 
4.00 8.45 10.25 11.58 
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Appendix A Table A-1 (continued) 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(7.5 mg/kg) administration 

TIME RAT 15, CONCENTRATION (ng/ml) 
(h) /-AP d-AP I-MAP d-MAP 

0.08 30.30 25.28 1207.86 1226.35 
0.27 36.25 43.73 690.25 698.42 
0.50 33.30 54.80 544.38 503.59 
1.00 26.20 44.99 183.23 186.91 
2.00 17.72 31.58 69.03 69.54 
4.00 8.27 10.61 14.39 13.94 
6.00 7.44 7.35 6.61 8.76 

TIME RAT 16, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 9.91 8.53 2437.77 2649.53 
0.25 45.64 43.57 789.19 817.74 
0.50 42.17 49.76 577.78 604.92 
1.00 29.59 54.52 216.16 224.00 
2.00 19.60 36.02 75.65 77.34 
4.00 5.61 12.19 14.19 14.74 
6.00 5.32 6.55 7.00 8.81 

264 



Appendix A Table A-2 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(15 mg/kg) administration 

TIME RAT 1, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 14.91 6.74 2778.80 2889.00 
0.25 29.33 40.87 1905.40 2066.00 
0.50 66.42 100.41 1422.20 1587.00 
1.00 118.04 200.30 851.10 982.00 
2.00 28.85 114.20 271.10 403.00 
4.00 27.80 32.70 56.00 
6.00 6.40 5.70 14.20 
8.00 25.90 

TIME RAT 3, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 18.45 16.03 2820.40 2965.00 
0.25 48.44 67.69 1505.10 1603.00 
0.50 77.86 84.20 1159.20 1323.00 
1.00 33.52 145.90 510.90 648.00 
2.00 31.73 101.50 166.70 240.00 
4.00 37.60 31.00 45.30 
6.00 7.30 7.90 
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Appendix A Table A-2 (continued) 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(15 mg/kg) administration 

TIME RAT 4, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 98.30 80.30 2550.90 2668.74 
0.25 113.30 121.30 1831.30 1939.29 
0.50 116.60 154.70 1185.60 1304.61 
1.00 99.70 180.20 628.60 727.96 
2.00 45.60 111.00 181.50 229.78 
4.00 11.60 32.50 30.10 40.28 
6.00 5.40 17.80 14.30 22.25 
8.00 7.20 11.90 9.80 16.91 

12.00 5.80 5.20 7.82 

TIME RAT 9, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 
0.25 
0.50 
1.00 
2.00 
4.00 
6.00 
8.00 

12.00 

36.60 
86.90 
79.20 

116.40 
58.50 
13.30 

34.98 
104.50 
243.10 
231.70 
142.20 
55.00 
27.80 
20.70 
10.50 

3354.60 
2073.60 
1099.50 
661.60 
203.30 
43.80 

3519.00 
2207.00 
1226.00 
747.00 
247.50 

54.00 
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Appendix A Table A-3 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(25 mg/kg) administration 

TIME RAT 5, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 36.84 20.43 5782.71 5956.04 
0.25 102.45 77.77 3911.54 4111.70 
0.50 149.19 183.73 3276.42 3400.18 
1.00 184.35 261.41 1974.97 2282.00 
2.00 152.61 413.81 1242.80 1843.55 
4.00 31.31 89.95 155.52 289.24 
6.00 28.18 14.60 46.51 
8.00 13.86 24.72 

12.00 7.19 20.95 

TIME RAT 7, CONCENTRATION (ng/ml) 
(h) I-AP d-AP I-MAP d-MAP 

0.08 0.00 0.00 4843.15 5038.70 
0.25 88.41 92.88 3404.75 3519.35 
0.50 121.29 2485.12 2685.96 
1.00 131.44 184.90 1599.56 1800.41 
2.00 60.08 176.13 494.93 668.03 
4.00 55.88 88.60 130.63 
6.00 26.67 31.41 49.40 
8.00 17.93 13.37 32.65 

12.00 5.74 
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Appendix A Table A-3 (continued) 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(25 mg/kg) administration 

TIME RAT 8, CONCENTRATION (ng/ml) 
(h) /-AP d-AP I-MAP d-MAP 

0.08 20.98 15.83 3941.88 3906.34 
0.25 92.40 99.74 3404.62 3502.36 
0.50 131.89 162.71 1860.79 1995.71 
1.00 90.80 174.68 955.81 1055.33 
2.00 117.17 217.47 345.21 470.27 
4.00 14.38 57.46 48.71 85.68 
6.00 10.92 17.07 10.57 
8.00 5.47 13.92 9.37 
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Appendix A Table A-4 

Urinary recovery of enantiomers of methamphebnine and its metabolites in 
urine following racemic methamphetamine administration (7.5 mg/kg) 

Rat 10, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6 h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 595.79 64.72 25.09 14.85 
d-Methamphetamine 582.14 81.28 27.46 14.31 
I-Amphetamine 127.00 22.79 7.40 0.00 
d-Amphetamine 128.68 47.04 16.15 5.66 
I-p-Hydroxymethamphetamine 

Unconjugated 27.45 63.18 16.21 7.95 
Conjugated 411.22 845.26 567.42 118.97 
Total 438.68 908.44 583.64 126.92 

d-p-Hydroxymethamphetamine 
Unconjugated 12.32 32.64 13.55 13.06 
Conjugated 257.04 624.71 445.48 100.94 
Total 269.36 657.35 459.02 114.00 

I-p-Hydroxyamphetamine 
Unconjugated 13.33 8.87 2.49 1.17 
Conjugated 90.88 141.85 78.41 14.01 
Total 104.20 150.72 80.90 15.19 

d-p-Hydroxyamphetamine 
Unconjugated 4.47 6.16 1.91 0.85 
Conjugated 67.74 146.01 57.73 13.85 
Total 72.21 152.17 59.64 14.70 
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Appendix A Table A-4 (continued) 

Urinary recovery of enantiomers of methamphebnine and its metabolites in 
urine following racemic methamphetamine administration (7.5 mg/kg) 

Rat 11, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6 h 6-12 h 12-24 h 24-48h 

I-Methamphetamine 882.56 67.63 42.58 25.63 
d-Methamphetamine 819.10 78.45 44.62 20.74 
I-Amphetamine 139.15 15.34 8.24 0.00 
d-Amphetamine 173.26 29.23 16.71 6.53 
I-p-Hydroxymethamphetamine 

Unconjugated 96.43 92.74 48.06 7.35 
Conjugated 929.04 701.84 742.78 144.84 
Total 1025.47 794.58 790.84 152.19 

d-p-Hydroxymethamphetamine 
Unconjugated 56.13 64.03 38.24 10.64 
Conjugated 603.80 546.58 558.35 121.31 
Total 659.93 610.60 596.59 131.95 

I-p-Hydroxyamphetamine 
Unconjugated 22.75 18.03 7.58 0.99 
Conjugated 219.40 117.72 96.69 19.47 
Total 242.14 135.75 104.27 20.46 

d-p-Hydroxyamphetamine 
Unconjugated 13.92 12.34 3.87 1.19 
Conjugated 198.97 106.51 92.23 19.51 
Total 212.89 118.84 96.10 20.70 
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Appendix A Table A-4 (continued) 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (7.5 mg/kg) 

Rat 12, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6h 6-12 h 12-24 h 24-48h 

I-Methamphetamine 713.94 59.79 29.68 31.99 
d-Methamphetamine 714.05 68.92 31.47 29.80 
I-Amphetamine 213.46 22.84 11.93 0.00 
d-Amphetamine 219.40 30.49 14.52 10.78 
I-~Hydroxymethamphetamine 

Unconjugated 51.98 156.80 58.28 11.26 
Conjugated 340.93 419.58 442.01 99.89 
Total 392.91 576.38 500.29 111.14 

d-~Hydroxymethamphetamine 

Unconjugated 30.01 113.77 43.03 13.65 
Conjugated 297.37 432.37 472.07 108.36 
Total 327.38 546.14 515.10 122.01 

I-~Hydroxyamphetamine 

Unconjugated 12.42 33.81 9.73 1.84 
Conjugated 90.62 84.02 67.75 19.51 
Total 103.05 117.84 77.48 21.35 

d-~Hydroxyamphetamine 

Unconjugated 6.00 32.22 6.42 1.55 
Conjugated 75.85 72.40 67.28 18.50 
Total 81.85 104.63 73.70 20.05 



272 

Appendix A Table A-4 (continued) 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (7.5 mg/kg) 

Rat 15, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 653.74 42.18 20.74 10.65 
d-Methamphetamine 0.00 48.11 21.24 9.72 
I-Amphetamine 212.82 22.25 11.46 0.00 
d-Amphetamine 236.23 32.13 14.36 6.53 
I-p-Hydroxymethamphetamine 

Unconjugated 132.31 29.23 21.16 5.49 
Conjugated 434.59 834.48 754.67 100.22 
Total 566.89 863.71 775.82 105.71 

d-p-Hydroxymethamphetamine 
Unconjugated 82.85 18.17 17.66 9.22 
Conjugated 286.04 640.82 626.25 92.97 
Total 368.89 658.99 643.91 102.19 

I-p-Hydroxyamphetamine 
Unconjugated 34.51 5.60 4.66 0.69 
Conjugated 113.11 171.92 147.87 17.94 
Total 147.62 177.52 152.53 18.63 

d-p-Hydroxyamphetamine 
Unconjugated 21.71 2.09 2.85 0.66 
Conjugated 89.30 152.10 136.58 18.36 
Total 111.01 154.20 139.42 19.02 
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Appendix A Table A-4 (continued) 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (7.5 mg/kg) 

Rat 16, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 520.29 41.77 42.13 27.15 
d-Methamphetamine 503.47 51.60 43.61 27.86 
I-Amphetamine 218.29 22.74 13.81 0.00 
d-Amphetamine 227.20 32.72 20.98 8.95 
I-p-Hydroxymethamphetamine 

Unconjugated 49.53 28.92 15.98 6.47 
Conjugated 613.39 716.05 577.68 134.16 
Total 662.92 744.96 593.67 140.62 

d-p-Hydroxymethamphetamine 
Unconjugated 25.43 18.17 12.62 9.86 
Conjugated 423.14 574.74 502.19 124.60 
Total 448.57 592.92 514.80 134.46 

I-p-Hydroxyamphetamine 
Unconjugated 15.96 5.27 2.71 1.03 
Conjugated 155.93 138.01 101.99 20.17 
Total 171.88 143.28 104.70 21.20 

d-p-Hydroxyamphetamine 
Unconjugated 6.15 2.07 1.29 0.85 
Conjugated 136.45 133.22 100.40 21.69 
Total 142.60 135.29 101.69 22.54 
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Appendix A Table A-5 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (15 mg/kg) 

Rat 1, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6 h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 724.24 233.24 62.72 17.30 
d-Methamphetamine 901.96 332.86 67.51 31.23 
I-Amphetamine 170.66 75.94 9.47 0.00 
d-Amphetamine 295.70 142.04 20.67 15.77 
I-p-Hydroxymethamphetamine 

Unconjugated 426.84 97.58 31.01 14.68 
Conjugated 463.09 1355.15 870.81 662.46 
Total 889.92 1452.73 901.82 677.14 

d-p-Hydroxymethamphetamine 
Unconjugated 200.31 51.31 20.24 27.13 
Conjugated 124.32 1009.28 606.46 499.82 
Total 324.63 1060.59 626.69 526.95 

I-p-Hydroxyamphetamine 
Unconjugated 96.64 12.50 4.27 1.85 
Conjugated 191.64 284.73 140.08 114.77 
Total 288.28 297.23 144.35 116.63 

d-p-Hydroxyamphetamine 
Unconjugated 53.93 5.68 3.48 1.25 
Conjugated 186.32 291.69 155.68 122.04 
Total 240.25 297.38 159.15 123.28 
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Appendix A Table A-5 (continued) 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (15 mg/kg) 

Rat 3, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 846.78 251.37 98.88 39.41 
d-Methamphetamine 886.80 291.56 97.98 40.46 
I-Amphetamine 190.09 127.08 49.18 0.00 
d-Amphetamine 288.24 173.45 65.94 19.54 
I-p-Hydroxymethamphetamine 

Unconjugated 182.71 68.14 30.73 10.64 
Conjugated 766.53 1659.50 1321.96 419.07 
Total 949.24 1727.64 1352.69 429.71 

d-p-Hydroxymethamphetamine 
Unconjugated 84.02 46.07 15.50 19.89 
Conjugated 453.09 1264.25 917.70 278.35 
Total 537.12 1310.32 933.20 298.24 

I-p-Hydroxyamphetamine 
Unconjugated 45.53 14.18 7.00 1.74 
Conjugated 236.43 366.03 231.45 67.73 
Total 281.96 380.21 238.46 69.47 

d-p-Hydroxyamphetamine 
Unconjugated 36.80 11.84 3.99 1.30 
Conjugated 207.30 395.97 244.91 73.07 
Total 244.09 407.81 248.90 74.37 
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Appendix A Table A-5 (continued) 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (15 mg/kg) 

Rat 4, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6 h 6-12 h 12-24 h 24-48h 

I-Methamphetamine 762.12 189.44 75.13 21.88 
d-Methamphetamine 745.57 191.09 79.76 18.29 
I-Amphetamine 232.02 111.47 40.11 0.00 
d-Amphetamine 325.38 125.40 47.20 11.88 
I-p-Hydroxymethamphetamine 

Unconjugated 153.64 42.53 98.69 47.55 
Conjugated 820.93 935.81 906.42 320.64 
Total 974.57 978.34 1005.11 368.19 

d-p-Hydroxymethamphetamine 
Unconjugated 91.28 24.32 45.20 33.43 
Conjugated 486.17 710.64 735.86 244.05 
Total 577.45 734.97 781.07 277.48 

I-p-Hydroxyamphetamine 
Unconjugated 47.82 8.79 12.91 22.89 
Conjugated 230.48 185.86 196.82 29.39 
Total 278.30 194.65 209.73 52.27 

d-p-Hydroxyamphetamine 
Unconjugated 32.88 7.82 12.21 23.08 
Conjugated 194.30 212.03 186.56 37.75 
Total 227.18 219.85 198.77 60.83 
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Appendix A Table A-5 (continued) 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (15 mg/kg) 

Rat 9, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6 h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 1125.36 261.41 80.10 31.01 
d-Methamphetamine 1127.99 277.48 91.24 32.12 
I-Amphetamine 219.57 51.62 22.15 8.70 
d-Amphetamine 340.01 90.74 46.32 14.91 
I-~Hydroxymethamphetamine 

Unconjugated 89.80 96.55 469.36 64.55 
Conjugated 518.93 1145.95 1144.55 281.73 
Total 608.74 1242.50 1613.91 346.28 

d-~Hydroxymethamphetamine 
Unconjugated 40.98 74.58 325.84 55.08 
Conjugated 294.79 760.37 836.25 219.94 
Total 335.77 834.96 1162.10 275.02 

I-~Hydroxyamphetamine 

Unconjugated 28.17 25.05 67.89 7.94 
Conjugated 114.33 188.89 191.10 46.42 
Total 142.50 213.94 258.99 54.36 

d-~Hydroxyamphetamine 

Unconjugated 15.66 20.61 74.22 9.12 
Conjugated 99.57 209.92 239.07 57.22 
Total 115.24 230.53 313.29 66.34 



278 

Appendix A Table A-6 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (25 mg/kg) 

Rat 5, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 1255.52 405.15 75.70 92.17 
d-Methamphetamine 1979.40 616.18 0.00 173.97 
I-Amphetamine 405.79 149.17 37.47 25.20 
d-Amphetamine 487.28 209.97 60.44 64.64 
I-p-Hydroxymethamphetamine 

Unconjugated 134.73 225.91 98.06 83.38 
Conjugated 1140.46 2312.27 781.87 732.72 
Total 1275.19 2538.18 879.92 816.11 

d-p-Hydroxymethamphetamine 
Unconjugated 48.41 103.71 43.43 59.34 
Conjugated 530.23 1419.76 513.03 470.99 
Total 578.64 1523.47 556.46 530.33 

I-p-Hydroxyamphetamine 
Unconjugated 36.77 35.08 14.44 16.34 
Conjugated 269.76 313.48 66.61 102.48 
Total 306.53 348.56 81.05 118.82 

d-p-Hydroxyamphetamine 
Unconjugated 19.97 25.63 10.99 17.63 
Conjugated 171.16 273.53 71.49 107.09 
Total 191.14 299.16 82.48 124.72 
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Appendix A Table A-6 (continued) 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (25 mg/kg) 

Rat 7, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 4614.28 449.92 132.45 73.11 
d-Methamphetamine 4865.20 568.13 154.77 84.30 
I-Amphetamine 875.67 133.70 40.69 17.40 
d-Amphetamine 1362.14 200.25 56.29 22.13 
I-p-Hydroxymethamphetamine 

Unconjugated 218.73 101.87 86.83 40.58 
Conjugated 2700.79 2102.31 2083.36 426.47 
Total 2919.52 2204.19 2170.19 467.05 

d-p-Hydroxymethamphetamine 
Unconjugated 82.18 51.89 52.17 35.54 
Conjugated 1489.94 1660.70 1404.89 345.20 
Total 1572.11 1712.59 1457.06 380.74 

I-p-Hydroxyamphetamine 
Unconjugated 61.22 24.41 14.25 6.95 
Conjugated 619.29 409.06 248.90 67.05 
Total 680.52 433.47 263.14 73.99 

d-p-Hydroxyamphetamine 
Unconjugated 36.34 14.52 12.44 5.76 
Conjugated 559.46 450.28 273.07 89.31 
Total 595.80 464.80 285.51 95.07 
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Appendix A Table A-6 (continued) 

Urinary recovery of enantiomers of methamphetmine and its metabolites in 
urine following racemic methamphetamine administration (25 mg/kg) 

Rat 8, AMOUNT EXCRETED (nmole) 
COMPOUND 0-6h 6-12 h 12-24 h 24-48 h 

I-Methamphetamine 2458.79 416.68 117.01 43.62 
d-Methamphetamine 2802.73 507.93 170.82 63.15 
I-Amphetamine 602.02 159.21 48.51 18.48 
d-Amphetamine 769.13 186.59 83.50 25.73 
I-p-Hydroxymethamphetamine 

Unconjugated 109.09 18.72 45.72 34.35 
Conjugated 1427.96 1978.46 2336.39 589.87 
Total 1537.06 1997.18 2382.11 624.21 

d-p-Hydroxymethamphetamine 
Unconjugated 36.43 17.14 34.00 33.65 
Conjugated 755.19 1215.57 1570.10 463.90 
Total 791.62 1232.71 1604.10 497.56 

I-p-Hydroxyamphetamine 
Unconjugated 32.28 4.34 7.06 5.64 
Conjugated 328.34 313.48 308.98 97.33 
Total 360.62 317.82 316.05 102.97 

d-p-Hydroxyamphetamine 
Unconjugated 16.58 4.08 6.05 6.78 
Conjugated 321.81 278.37 435.57 126.56 
Total 338.38 282.45 441.62 133.34 



Appendix A Table A-7 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(15 mg/kg) administration 

TIME RAT 42, CONCENTRATION ~na/mQ 
(h) I-AP d-AP I-MAP d-MAP 

0.08 2.73 5.87 9159.49 9323.82 
0.33 52.14 67.51 1460.92 1549.44 
0.50 71.97 102.56 1633.71 1749.78 
1.00 72.26 133.17 751.21 895.44 
2.00 32.29 93.36 219.77 321.45 
4.00 10.00 41.00 22.70 54.17 
5.00 3.96 24.04 9.76 26.73 
7.23 1.21 8.01 3.29 16.06 

TIME RAT 44, CONCENTRATION ~na/mQ 
(h) I-AP d-AP I-MAP d-MAP 

0.08 13.61 17.43 2137.61 2187.14 
0.25 60.31 74.83 1516.02 1570.91 
0.50 99.15 148.58 1394.71 1465.13 
1.00 80.73 152.47 619.69 689.79 
2.00 42.36 97.30 150.92 209.93 
4.00 6.80 31.20 16.92 28.27 
5.00 2.73 14.61 6.28 12.39 
6.00 1.67 9.52 3.49 9.86 
8.00 6.19 8.74 
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Appendix A Table A-7 (continued) 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(15 mg/kg) administration 

TIME RAT 46, CONCENTRATION {ng/mll 
(h) /-AP d-AP I-MAP d-MAP 

0.08 7.51 13.29 2690.09 2695.21 
0.25 71.78 103.30 2017.80 2064.06 
0.50 92.46 159.95 1845.56 1892.66 
1.00 102.34 213.14 931.52 1005.05 
2.00 37.13 112.98 247.35 295.10 
4.00 7.12 34.69 22.75 37.78 
6.32 5.84 4.94 
8.55 10.25 8.13 13.96 

TIME RAT 48, CONCENTRATION {ng/ml~ 
(h) /-AP d-AP I-MAP d-MAP 

0.10 3.73 9.44 3141.38 3167.36 
0.25 52.98 75.52 2130.38 2354.27 
0.50 117.29 196.07 1814.58 1901.11 
1.00 98.09 203.13 837.19 1008.84 
3.17 22.24 94.90 147.28 246.72 
6.50 25.85 45.71 65.14 
8.32 22.95 33.29 47.31 
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Appendix A Table A-7 (continued) 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers after racemic methamphetamine 

(15 mg/kg) administration 

TIME RAT 50, CONCENTRATION {n{;l/m!} 
(h) I-AP d-AP I-MAP d-MAP 

0.08 46.24 29.50 2144.38 2214.03 
0.25 76.30 94.67 1686.31 1753.46 
0.50 113.22 173.72 1253.43 1333.98 
1.00 76.45 163.71 498.45 583.89 
2.00 23.86 80.99 117.59 164.40 
4.00 8.11 41.93 23.25 38.97 
5.00 2.33 18.22 7.94 14.54 
6.00 1.80 11.54 3.60 7.96 
8.00 5.31 5.85 
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Appendix A Table A-a 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

RAT 42. AMOUNT EXCRETED !nmole~ 
COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 1631.97 77.16 24.25 10.76 6.29 10.92 
d-Methamphetamine 2020.21 177.94 43.95 14.54 8.09 15.39 
I-Amphetamine 178.77 15.15 0.95 0.68 
d-Amphetamine 420.48 73.93 14.69 2.84 1.69 1.36 
I-p-Hydroxymethamphetamine 

Unconjugated 674.27 241.75 240.88 16.72 13.73 24.87 
Conjugated 1639.66 1529.00 883.45 117.11 66.75 15.74 
Total 2313.93 1770.76 1124.32 133.83 80.48 40.61 

d-p-Hydroxymethamphetamine 
Unconjugated 359.77 179.03 204.21 17.92 18.30 30.69 
Conjugated 906.51 1053.89 727.30 112.46 70.73 19.37 
Total 1266.28 1232.92 931.51 130.38 89.03 50.06 

I-p-Hydroxyamphetamine 
Unconjugated 41.25 16.51 29.24 1.64 1.50 
Conjugated 321.25 120.26 111.73 31.11 2.83 
Total 362.50 136.77 140.97 32.75 4.33 

d-p-Hydroxyamphetamine 
Unconjugated 9.94 9.42 30.55 1.34 1.84 1.82 
Conjugated 357.51 247.18 170.08 18.01 7.18 3.01 
Total 367.45 256.60 200.62 19.35 9.02 4.83 
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Appendix A Table A-a (continued) 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

RAT 44, AMOUNT EXCRETED ~nmole~ 
COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 1991.57 56.83 23.78 7.87 4.95 4.65 
d-Methamphetamine 2288.44 106.15 58.87 11.14 6.00 5.60 
I-Amphetamine 281.77 14.28 8.74 1.47 0.98 0.76 
d-Amphetamine 591.60 65.51 28.44 3.20 2.31 1.67 
I-p-Hydroxymethamphetamine 

Unconjugated 450.03 98.30 80.92 9.42 6.26 2.27 
Conjugated 1737.61 1308.01 1617.73 213.19 35.18 1.13 
Total 2187.64 1406.32 1698.65 222.61 41.44 3.40 

d-p-Hydroxymethamphetamine 
Unconjugated 197.59 70.41 62.94 11.71 11.67 
Conjugated 860.49 898.68 1319.26 206.33 38.39 
Total 1058.07 969.08 1382.21 218.04 50.06 

I-p-Hydroxyamphetamine 
Unconjugated 136.45 30.73 11.15 2.63 1.69 
Conjugated 225.23 376.01 244.40 20.32 
Total 361.68 406.74 255.55 22.95 

d-p-Hydroxyamphetamine 
Unconjugated 13.75 21.60 6.73 1.03 0.67 
Conjugated 362.52 272.11 208.78 21.10 0.89 
Total 376.28 293.70 215.50 22.13 1.56 
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Appendix A Table A-8 (continued) 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

RAT 46, AMOUNT EXCRETED ~nmole~ 
COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 1833.06 171.99 50.22 38.42 15.82 8.89 
d-Methamphetamine 1891.61 248.32 68.38 47.33 19.40 11.95 
I-Amphetamine 180.44 38.40 10.87 6.03 2.72 1.76 
d-Amphetamine 639.67 105.99 34.24 12.05 6.77 3.94 
I-p-Hydroxymethamphetamine 

Unconjugated 303.76 237.45 84.72 18.82 9.56 6.21 
Conjugated 1535.98 1849.43 1404.13 289.50 152.93 0.60 
Total 1839.74 2086.88 1488.85 308.32 162.50 6.80 

d-p-Hydroxymethamphetamine 
Unconjugated 135.14 140.61 47.01 13.51 9.52 
Conjugated 980.21 1341.10 1286.69 266.91 142.84 
Total 1115.35 1481.72 1333.70 280.43 152.36 

I-p-Hydroxyamphetamine 
Unconjugated 76.25 41.86 15.43 2.90 1.88 
Conjugated 618.55 435.50 360.57 60.35 19.13 
Total 694.80 477.36 376.01 63.25 21.00 

d-p-Hydroxyamphetamine 
Unconjugated 23.50 20.61 4.84 1.49 1.12 
Conjugated 476.57 485.78 432.46 73.95 26.54 
Total 500.07 506.39 437.29 75.45 27.66 
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Appendix A Table A-a (continued) 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

RAT 48, AMOUNT EXCRETED ~nmole~ 
COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 2635.36 50.35 36.18 10.30 10.09 6.73 
d-Methamphetamine 3330.57 147.58 86.74 13.95 11.34 8.03 
I-Amphetamine 296.24 16.16 9.11 1.67 1.13 1.04 
d-Amphetamine 674.24 57.19 43.15 4.98 3.22 2.06 
I-p-Hydroxymethamphetamine 

Unconjugated 1641.73 820.53 168.75 21.19 8.20 
Conjugated 93.48 471.54 1554.88 487.12 247.73 
Total 1735.21 1292.07 1723.63 508.31 255.94 

d-p-Hydroxymethamphetamine 
Unconjugated 1096.93 494.78 99.26 15.81 9.98 
Conjugated 80.41 411.55 1293.30 436.51 256.98 
Total 1177.34 906.33 1392.55 452.32 266.96 

I-p-Hydroxyamphetamine 
Unconjugated 612.27 137.64 16.53 0.71 0.86 
Conjugated 26.66 262.39 468.65 105.40 
Total 638.93 400.03 485.18 106.11 

d-p-Hydroxyamphetamine 
Unconjugated 346.49 128.30 13.68 0.72 0.37 
Conjugated 124.03 259.90 556.80 152.58 51.21 
Total 470.52 388.20 570.47 153.30 51.58 



288 

Appendix A Table A-a (continued) 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

RAT 50, AMOUNT EXCRETED ~nmole~ 
COMPOUND Q..6h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 2306.76 67.95 54.95 8.73 7.68 6.47 
d-Methamphetamine 2854.31 119.95 109.51 12.46 9.28 7.30 
I-Amphetamine 286.45 18.32 14.21 1.50 1.31 0.87 
d-Amphetamine 401.56 71.08 51.46 5.08 3.50 3.07 
I-p-Hydroxymethamphetamine 

Unconjugated 644.74 150.06 109.90 10.94 8.13 4.62 
Conjugated 1570.39 889.04 1453.28 240.46 105.14 0.22 
Total 2215.14 1039.10 1563.18 251.40 113.27 4.85 

d-p-Hydroxymethamphetamine 
Unconjugated 232.55 82.28 61.61 8.89 8.20 6.07 
Conjugated 897.00 631.51 1292.26 232.66 119.89 3.97 
Total 1129.56 713.79 1353.87 241.56 128.08 10.04 

I-p-Hydroxyamphetamine 
Unconjugated 212.75 41.44 27.87 2.24 1.53 0.88 
Conjugated 585.77 137.95 234.76 35.93 7.67 
Total 798.52 179.39 262.63 38.17 9.20 

d-p-Hydroxyamphetamine 
Unconjugated 101.16 22.83 15.08 1.25 0.71 0.51 
Conjugated 454.52 230.59 412.45 67.78 19.31 
Total 555.69 253.42 427.52 69.03 20.03 
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Appendix A Table A-9 

Serum concentration-time data of amphetamine (AP) enantiomers after 
racemic AP administration (15 mg/kg) 

TIME 

TIME RAT 31, CONCENTRATION (ng/ml) 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 
5.00 
6.00 
8.00 

I-AP d-AP 

2602.34 
1496.32 
1008.10 
518.45 
275.86 
127.10 

3151.66 
1804.31 
1286.33 
636.30 
374.81 
200.81 

RAT 32, CONCENTRATION (ng/ml) 
~AP ~AP 

3001.39 
1845.64 

1508 
823.28 
357.33 
145.07 
79.11 
35.77 
9.49 

3524.28 
2168.66 
1815.36 
1009.43 
435.43 
206.47 
111.62 
61.93 
34.04 
5.67 
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Appendix A Table A-9 (continued) 

Serum concentration-time data of amphetamine (AP) enantiomers after 
racemic AP administration (15 mg/kg) 

TIME 

TIME RAT 33, CONCENTRATION (ng/ml) 

0.08 
0.25 
0.50 
1.00 
2.00 
4.00 
5.00 
6.00 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 
5.00 
6.00 
8.00 

/-AP d-AP 

2803.37 
1817.45 
791.33 
646.51 
157.21 
25.36 
15.93 

6.4 

3298.83 
2207.96 
1049.91 
825.99 
231.33 

47.98 
40.83 
20.28 

RAT 34, CONCENTRATION (ng/ml) 
~AP ~AP 

2094.92 
1473.05 
906.39 
618.38 
260.04 
138.74 
66.89 
45.92 
16.25 
6.71 

2457.8 
1736.74 
1126.07 
788.74 
363.22 
198.31 
99.17 
68.63 
29.66 

9.51 
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Appendix A Table A-9 (continued) 

Serum concentration-time data of amphetamine (AP) enantiomers after 
racemic AP administration (15 mg/kg) 

TIME RAT 35, CONCENTRATION (ng/ml) 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 
5.00 
6.00 
8.00 

/-AP d-AP 

2668.62 
1303.27 
841.69 
477.32 
181.64 
102.28 
46.12 
25.45 
12.57 
5.59 

3041.14 
1503.02 
1054.05 
604.31 
241.85 
151.88 

72.1 
43.88 
21.22 
6.76 
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Appendix A Table A-10 

Urinary recovery of enantiomers of amphetamine and its metabolites in 
urine following racemic amphetamine administration (15 mg/kg) 

COMPOUND 
I-Amphetamine 
d-Amphetamine 
I-p-Hydroxyamphetamine 

Unconjugated 
Conjugated 
Total 

d-p-Hydroxyamphetamine 
Unconjugated 
Conjugated 
Total 

COMPOUND 
I-Amphetamine 
d-Amphetamine 
I-p-Hydroxyamphetamine 

Unconjugated 
Conjugated 
Total 

d-p-Hydroxyamphetamine 
Unconjugated 
Conjugated 
Total 

RAT 31, AMOUNT EXCRETED (nmole) 
0-6 h 6-12 h 12-24 h 24-48 h 

3992.45 296.68 70.49 31.61 
4152.76 349.17 85.28 35.08 

319.03 
2902.18 
3221.22 

140.79 
2370.47 
2511.26 

155.25 
2874.51 
3029.76 

76.57 
2119.63 
2196.20 

86.41 
1614.10 
1700.50 

64.64 
1413.43 
1478.06 

371.91 
29.02 

400.93 

378.85 
21.69 

400.55 

RAT 32, AMOUNT EXCRETED (nmole) 
0-6 h 6-12 h 12-24 h 24-48 h 

3904.12 219.23 64.08 37.35 
3878.75 244.15 84.99 46.37 

606.26 
2683.30 
3289.55 

364.47 
2065.50 
2429.97 

124.16 
2897.84 
3021.99 

59.93 
2466.13 
2526.06 

54.46 
1886.19 
1940.65 

23.21 
1597.46 
1620.68 

16.03 
735.10 
751.13 

9.48 
760.14 
769.62 
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Appendix A Table A-10 (continued) 

Urinary recovery of enantiomers of amphetamine and its metabolites in 
urine following racemic amphetamine administration (15 mg/kg) 

COMPOUND 
I-Amphetamine 
d-Amphetamine 
I-p-Hydroxyamphetamine 

Unconjugated 
Conjugated 
Total 

d-p-Hydroxyamphetamine 
Unconjugated 
Conjugated 
Total 

COMPOUND 
I-Amphetamine 
d-Amphetamine 
I-p-Hydroxyamphetamine 

Unconjugated 
Conjugated 
Total 

d-p-Hydroxyamphetamine 
Unconjugated 
Conjugated 
Total 

RAT 33, AMOUNT EXCRETED (nmole) 
0-6 h 6-12 h 12-24 h 24-48 h 

3738.11 180.30 124.75 52.95 
3943.47 198.00 145.22 62.91 

452.36 
2315.22 
2767.58 

251.01 
1754.91 
2005.92 

39.91 
1093.37 
1133.28 

15.93 
892.82 
908.75 

61.30 
984.81 

1046.11 

31.10 
1039.72 
1070.83 

RAT 34, AMOUNT EXCRETED (nmole) 

70.37 
165.49 
235.86 

71.81 
191.01 
262.82 

0-6 h 6-12 h 12-24 h 24-48 h 
3393.93 207.20 123.92 34.22 
3678.16 249.77 145.48 41.44 

585.73 
1357.01 
1942.74 

275.14 
1169.97 
1445.11 

162.76 
1605.23 
1767.99 

70.53 
1382.78 
1453.31 

104.25 
801.67 
905.92 

58.16 
676.69 
734.85 

20.71 
201.77 
222.48 

11.55 
233.05 
244.60 
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Appendix A Table A-11 

Serum concentration-time data of p-hydroxymethamphetamine 
enantiomers after racemic p-hydroxymethamphetamine administration 

(20 mg/kg) 

TIME ____ ---..;RA...;...;.;T __ 6;;...,;1..:.. • .;;.C.;;.O.;..;.N.;;.C~EN;..;.T.;...;RA...;;....;.;T __ IO.;..N~(n~g~/m;.;.;.I)'__ 
(h) /-OHMAP d-OHMAP 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 

7236.69 
1587.88 
599.76 
532.44 

98.70 
59.47 
20.98 

6151.56 
1283.40 
461.97 
418.70 

77.48 
50.22 
25.54 

TIME ____ -..;..RA~T...;6..;;;.2.:...C;...O;;...;N..;..C;;...;E-N--T--RA----T--IO--N~(~n~g/~m~I)~ 
(h) I-OHMAP d-OHMAP 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 

7308.16 
1365.93 
996.12 
340.35 
105.70 
55.35 
11.88 

6367.72 
1247.58 
879.70 
320.36 
117.51 
66.26 
29.93 

TIME ____ ---..;RA...;...;.;T_6;;.,;;3..:.. • .;;.CO~NC..;;..E~N __ T.;...;RA...;;....;.;T __ IO;;...;N~(n~g~/m~I)'__ 
(h) /-OHMAP d-OHMAP 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 

3696.52 
1950.15 
797.85 
434.13 

87.74 
47.37 
16.29 

2786.75 
1601.08 
692.82 
399.36 
65.18 
59.50 
31.41 
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Appendix A Table A-11 (continued) 

Serum concentration-time data of p-hydroxymethamphetamine 
enantiomers after racemic p-hydroxymethamphetamine administration 

(20 mg/kg) 

TIME ____ ....;.RA..;;...;..;;T....;.6;...;.4~, C;;..O;;..;N..;.;C;;..;;E;;.;.N;;..;;T..;..RA;;....;;..;.;TI;..;;;;O..;.;N~(;..;.:,n91t,,;,,;/m~I ... ) _ 
(h) /-OHMAP d-OHMAP 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 
5.00 

5075.09 
1474.63 
798.42 
578.74 
174.91 
41.73 
25.75 
16.61 

4638.98 
1383.82 
734.49 
567.61 
153.19 
42.14 
19.66 
13.55 

TIME _____ RA~T;....6_5...:.., ...;.C...;.O..;..N...;.C_E;....NT_RA_T_IO..;..N--..(n...ll9:.,../m_I,-) _ 
(h) /-OHMAP d-OHMAP 

0.08 
0.25 
0.50 
1.00 
2.00 
3.00 
4.00 

8020.80 
2098.57 

777.19 
400.21 
141.25 
47.75 
19.00 

7480.57 
1842.06 
680.51 
364.29 
127.21 
48.00 
15.66 
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Appendix A Table A-12 

Urinary recovery of enantiomers of p-hydroxymethamphetamine in urine 
following racemic p-hydroxymethamphetamine administration (20 mg/kg) 

Rat 61, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6 h 6-12 h 12-24 h 24-30 h 30-36 h 

I-p-Hydroxymethamphetamine 
Unconjugated 4196.94 176.22 127.75 46.62 21.52 
Conjugated 6777.22 2796.17 1353.31 357.63 101.99 
Total 10974.16 2972.39 1481.07 404.26 123.52 

d-p-Hydroxymethamphetamine 
Unconjugated 3809.76 152.42 123.33 50.05 23.78 
Conjugated 5989.44 3644.11 1596.31 464.39 155.16 
Total 9799.20 3796.53 1719.64 514.44 178.94 

Rat 62, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6 h 6-12 h 12-24 h 24-30 h 30-36 h 

I-p-Hydroxymethamphetamine 
Unconjugated 5594.32 287.22 140.11 36.60 28.88 
Conjugated 2669.10 1766.90 2276.41 435.98 243.14 
Total 8263.43 2054.12 2416.52 472.58 272.02 

d-p-Hydroxymethamphetamine 
Unconjugated 5271.96 254.87 131.07 34.16 29.57 
Conjugated 2715.53 1982.38 2919.60 509.48 304.62 
Total 7987.50 2237.25 3050.67 543.64 334.19 

Rat 63, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6 h 6-12 h 12-24 h 24-30 h 30-36 h 

I-p-Hydroxymethamphetamine 
Unconjugated 6268.71 211.90 134.07 37.80 43.43 
Conjugated 2269.73 1613.94 1011.21 236.73 259.68 
Total 8538.44 1825.84 1145.28 274.53 303.12 

d-p-Hydroxymethamphetamine 
Unconjugated 4927.84 180.28 123.50 33.11 43.93 
Conjugated 2647.67 1829.77 1353.59 329.12 352.90 
Total 7575.51 2010.05 1477.08 362.22 396.83 

~ .. 
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Appendix A Table A-12 (continued) 

Urinary recovery of enantiomers of p-hydroxymethamphetamine in urine 
following racemic p-hydroxymethamphetamine administration (20 mg/kg) 

Rat 64, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 

I-p-Hydroxymethamphetamine 
Unconjugated 3744.20 220.52 116.88 39.16 26.95 
Conjugated 3367.89 2588.19 2213.49 185.21 58.88 
Total 7112.09 2808.71 2330.37 224.38 85.83 

d-p-Hydroxymethamphetamine 
Unconjugated 3513.14 181.30 109.70 38.75 26.37 
Conjugated 2391.36 2968.09 2645.66 229.78 54.88 
Total 5904.50 3149.39 2755.36 268.53 81.25 

Rat 65, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 

I-p-Hydroxymethamphetamine 
Unconjugated 4541.30 179.59 107.56 44.69 30.92 
Conjugated 3124.69 3500.98 1872.74 241.08 169.15 
Total 7665.98 3680.57 1980.30 285.77 200.07 

d-p-Hydroxymethamphetamine 
Unconjugated 3658.48 134.84 86.41 43.45 38.96 
Conjugated 2529.12 4365.45 2593.54 343.73 239.46 
Total 6187.61 4500.29 2679.95 387.18 278.42 
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Appendix A Table A-13 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers following racemic methamphetamine 
(15 mg/kg) administration in rats pretreated with activated charcoal 

(Actidose-aqua™, 1 g/kg) 

TIME RAT 43, CONCENTRATION {ng/m!} 
(h) I-AP d-AP I-MAP d-MAP 

0.08 18.16 20.25 1654.64 1694.19 
0.25 67.08 89.70 1300.25 1342.78 
0.50 89.46 141.20 1068.34 1108.26 
1.00 74.44 138.28 467.50 521.61 
2.00 40.73 94.37 134.31 172.68 
4.00 10.80 36.64 18.92 30.27 
5.00 5.87 18.53 7.35 14.84 
6.00 5.39 15.00 1.97 10.92 
8.00 1.81 5.42 1.44 4.22 

TIME RAT 45, CONCENTRATION {ng/m!} 
(h) /-AP d-AP I-MAP d-MAP 

0.08 19.34 21.17 5635.44 5593.69 
0.25 113.23 149.94 1899.87 1959.33 
0.50 136.15 221.85 1767.20 1854.63 
1.00 107.40 204.99 770.25 869.31 
2.00 50.36 120.18 169.24 231.87 
4.00 17.30 56.46 32.20 53.58 
5.00 5.55 24.83 8.85 17.85 
6.00 2.97 14.89 4.58 11.43 
8.00 5.19 5.42 
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Appendix A Table A-13 (continued) 

Serum concentration-time data of methamphetamine (MAP) and 
amphetamine (AP) enantiomers following racemic methamphetamine 
(15 mg/kg) administration in rats pretreated with activated charcoal 

(Actidose-aquaTlA, 1 g/kg) 

TIME RAT 47, CONCENTRATION ~ng/mQ 
(h) I-AP d-AP I-MAP d-MAP 

0.08 17.60 25.60 4492.52 4477.16 
0.25 64.00 93.78 3345.16 ·3424.43 
0.50 109.20 168.55 1931.86 2048.96 
1.00 147.36 244.97 1206.94 1364.35 
2.08 97.35 208.10 402.96 539.95 
4.10 19.34 61.71 42.08 69.11 
6.20 2.89 16.11 7.53 15.01 

TIME RAT 49, CONCENTRATION ~ng/mQ 
(h) I-AP d-AP I-MAP d-MAP 

0.08 30.41 17.19 4472.23 4514.25 
0.25 114.59 112.89 3384.30 3730.33 
0.50 122.36 158.79 1336.21 1422.29 
1.00 96.19 165.43 602.96 682.97 
2.00 35.42 95.28 167.75 214.09 
4.00 13.76 46.82 34.11 47.47 
5.00 7.78 28.17 12.88 21.34 
6.00 2.91 13.21 3.76 8.92 
8.00 1.66 6.42 4.10 
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Appendix A Table A-14 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

to rat pretreated with activated charcoal (Actidose-aqua™, 1 g/kg) 

RAT 43, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6 h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 1679.90 43.27 23.38 7.31 5.20 6.07 
d-Methamphetamine 1798.65 69.25 36.19 9.08 6.20 6.49 
I-Amphetamine 195.98 26.38 11.25 1.86 1.33 1.09 
d-Amphetamine 279.30 54.96 23.46 3.25 2.19 1.74 
I-p-Hydroxymethamphetamine 

Unconjugated 267.48 40.24 39.46 8.44 3.69 2.23 
Conjugated 1206.31 1027.33 1050.24 251.24 59.05 1.05 
Total 1473.79 1067.57 1089.70 259.68 62.74 3.28 

d-p-Hydroxymethamphetamine 
Unconjugated 134.77 25.52 32.95 9.64 8.02 
Conjugated 774.60 734.03 802.19 219.05 61.38 
Total 909.37 759.55 835.15 228.69 69.40 

I-p-Hydroxyamphetamine 
Unconjugated . 110.07 24.84 7.46 1.74 1.16 1.37 
Conjugated 472.95 240.88 367.81 51.78 11.19 
Total 583.02 265.72 375.27 53.52 12.35 

d-p-Hydroxyamphetamine 
Unconjugated 56.08 16.66 3.29 1.10 0.81 0.88 
Conjugated 457.30 317.35 371.33 73.84 24.48 
Total 513.37 334.01 374.62 74.94 25.29 



301 

Appendix A Table A-14 (continued) 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

to rat pretreated with activated charcoal (Actidose-aqua™, 1 g/kg) 

RAT 45, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 2865.23 92.27 36.74 10.91 7.62 7.42 
d-Methamphetamine 3277.18 135.07 55.01 13.82 8.46 7.85 
I-Amphetamine 389.04 34.76 13.26 2.72 1.48 1.31 
d-Amphetamine 597.92 77.42 29.07 5.16 2.75 2.26 
I-p-Hydroxymethamphetamine 

Unconjugated 1137.55 109.21 49.79 10.12 6.42 6.52 
Conjugated 1251.25 1388.30 1084.40 217.00 65.90 3.41 
Total 2388.80 1497.50 1134.19 227.13 72.31 9.93 

d-p-Hydroxymethamphetamine 
Unconjugated 219.64 54.69 28.36 10.29 10.88 14.76 
Conjugated 838.44 952.92 954.55 215.32 62.21 2.94 
Total 1058.07 1007.61 982.91 225.61 73.09 17.70 

I-p-Hydroxyamphetamine 
Unconjugated 210.82 38.76 9.59 3.34 
Conjugated 994.90 354.85 304.87 36.42 
Total 1205.72 393.60 314.46 39.76 

d-p-Hydroxyamphetamine 
Unconjugated 68.00 15.64 2.21 1.43 1.96 
Conjugated 732.04 412.26 375.95 60.34 
Total 800.04 427.90 378.16 61.77 5.55 
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Appendix A Table A-14 (continued) 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

to rat pretreated with activated charcoal (Actidose-aqur:ATI." 1 g/kg) 

RAT 47, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 1522.31 136.98 60.31 21.86 14.62 9.73 
d-Methamphetamine 1958.28 189.21 80.67 29.02 17.08 13.89 
I-Amphetamine 520.28 40.61 16.62 4.56 2.46 1.82 
d-Amphetamine 873.12 75.26 36.05 8.38 5.75 3.18 
I-p-Hydroxymethamphetamine 

Unconjugated 971.22 457.12 296.85 25.45 9.98 6.41 
Conjugated 433.79 476.48 994.54 233.21 95.16 26.88 
Total 1405.01 933.60 1291.39 258.66 105.13 33.29 

d-p-Hydroxymethamphetamine 
Unconjugated 436.06 258.79 196.31 20.62 11.03 12.08 
Conjugated 300.38 285.64 868.84 224.18 101.77 39.83 
Total 736.44 544.43 1065.15 244.81 112.79 51.91 

I-p-Hydroxyamphetamine 
Unconjugated 362.29 154.44 83.42 5.60 0.96 
Conjugated 201.78 150.78 302.95 42.14 3.04 
Total 564.07 305.22 386.37 47.74 4.00 

d-p-Hydroxyamphetamine 
Unconjugated 222.13 129.62 68.82 4.91 0.79 0.77 
Conjugated 137.75 174.02 383.76 68.53 3.70 2.84 
Total 359.88 303.64 452.57 73.44 4.49 3.61 
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Appendix A Table A-14 (continued) 

Urinary recovery of enantiomers of methamphetamine and its metabolites 
in urine following racemic methamphetamine administration (15 mg/kg) 

to rat pretreated with activated charcoal (Actidose-aqua™, 1 g/kg) 

RAT 49, AMOUNT EXCRETED (nmole) 

COMPOUND 0-6h 6-12 h 12-24 h 24-30 h 30-36 h 36-48 h 

I-Methamphetamine 3209.46 42.06 29.12 8.07 7.02 5.58 
d-Methamphetamine 3534.90 70.73 52.76 12.84 8.86 5.95 
I-Amphetamine 351.18 27.51 17.41 3.39 1.58 0.83 
d-Amphetamine 562.92 71.80 41.08 7.31 2.87 1.32 
I-p-Hydroxymethamphetamine 

Unconjugated 531.74 54.50 47.60 13.75 6.92 1.94 
Conjugated 1583.67 741.16 1387.85 160.80 71.33 6.53 
Total 2115.42 795.66 1435.45 174.55 78.24 8.47 

d-p-Hydroxymethamphetamine 
Unconjugated 278.20 33.48 33.21 13.52 9.66 4.64 
Conjugated 953.35 531.72 1101.76 284.01 77.50 10.66 
Total 1231.55 565.19 1134.97 297.53 87.16 15.30 

I-p-Hydroxyamphetamine 
Unconjugated 214.19 20.21 16.65 3.13 1.44 0.67 
Conjugated 328.67 196.93 107.91 7.32 
Total 542.86 217.14 124.56 10.45 

d-p-Hydroxyamphetamine 
Unconjugated 106.11 10.79 9.86 2.02 0.83 0.58 
Conjugated 389.81 274.93 413.45 85.95 14.33 
Total 495.92 285.72 423.32 87.97 15.17 
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