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Chapter 21. Drug Metabolism

Bruce H. Migdalof, The Squibb Institute for Medical Research
New Brunswick, NJ 08903

Introduction - In this chapter selected highlights of the recent literature
on drug metabolism will be presented. The material discussed will focus on
compounds with pharmacological, toxicological, or biological activity, with
the objective of providing information germane to medicinal chemists. It
is important to point out that the state-of-the-art in this field is chang-
ing rapidly due to rapid advances in instrumentation, new methodology and
the discovery of new aspects of drug disposition.l»

Recent Books - There have been several books published on various aspects
of drug metabolism. Drug Metabolism Concepts, the publication of an ACS
symposium, discusses the enzyme systems responsible for most drug biotrans-
formations (cytochrome P-450's, P-448's, epoxide hydrase(s), etc.), their
stereospecificity and role in metabolic activation. The second volume of
the series on Progress in Drug Metabolism has been published.4 An excel-
lent volume on Interactions of Drugs of Abuse contains many excellent chap-
ters including one by Gillette on factors affecting drug interactions.®
Drug Interactions_is the second book by the same title published in the
last few years.5r7 The third volume of The Fate of Drugs in the Organism
is now available.8 The initial volume of a new series entitled Drug Fate
and Metabolism, Methods and Techniques, has also appeared.9 Other books

on more limited subjects within the field deal with pharmacokinetics in
disease states,!0 metabolic activation in mutagenesis testing,11 mass spec-
trometry applications,l and monitoring of drug levels.13

Methodology - One of the more active areas of methods development is the
pursuit of new or improved assays for drugs and their metabolites in bio-
logical samples. This is exemplified by the increasing use of radio-
immunoassay (RIA), high performance (or high pressure) liquid chromatog-
raphy (HPLC), quantitative thin-layer chromatography (QTLC), and combined
gas chromatography-mass spectrometry (GC/MS). GC/MS systems are often
equipped with dedicated computer data systems. Chemical ionization (CI),
and selected ion monitoring (SIM) procedures may provide enhanced sensitivi-
ty and specificity, and are frequently employed in the development of
GC/MS assays.

A method has been reported for the simultaneous determination of
d- and l-amphetamine in human plasma using gas chromatography-chemical
ionization mass spectrometry (GC/CIMS) of diastereoisomer derivatives.™ The
use of stable isotope-labeled drug modifications as internal standards for
the determination of drugs in biological fluids by GC/CIMS can permit quan-
titation in the picogram re%ion, as shown for methadone.l® A new technique
has been reported in which 3c-labeled and unlabeled drug were adminis-
tered in a known ratio, and metabolites in urine were detected by a com-
bination of gas chromatography/combustion/mass fragmentography.1 GC/MS
has been_applied to studies of free organic acids extracted from human
saliva.l? Autoradiography continues to be a useful tool for studying the
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distribution of drug-related entities and is being used increasingly in the
study of feto-placental transfer, 18 QTLC continues to be a popular choice
for multiple simultaneous assays, and sensitivity down to 8 ng/ml of
plasma has been attained for codeine phosphate, and 1 ng/ml for chlorphen-
iramine maleate by suitable derivatization and spectrophotometric detec-
tion.20 The method involves nitration, reduction and diazo coupling with
N-(1-naphthyl)ethylenediamine directly on thin-layer plates, and should be
applicable to the analysis of other aromatic compounds.

A radioassay has been developed for the quantitation of disulfir-
am (1) and several of its metabolites (diethyldithiocarbamate, diethyldi-
thiocarbamate glucuronide, inorganic sulfate and a protein bound 35g
fraction) from a single sample of plasma, urine, or tissue obtained after
administration of disulfiram-35S to laboratory animals.?l Although the
method is unusually complex, it nevertheless is a fine example of the po-
tential for the development of specific assays for drugs and metabolites
utilizing radiolabeled drugs.

S S

oo
NCS-SCN (CH,CH 1

(CH,CH 3o 1

2)2
Hepatic Microsomal Enzymes - Research into the nature, specificity and in-
ducibility of drug metabolizing enzymes is making steady progress. A kin-
etic method for the determinatioB of multiple forms of microsomal cyto-
chrome P-450 has been reported.2 Further support has also been obtained
for the hypothesis that drug metabolism in isolated hepatocytes correlates
better with metabolism in vivo than does metabolism in subcellular hepatic
microsomal fractions.23 Metabolism studies in isolated rat liver paren-
chymal and nonparenchymal cells showed that parenchymal rat liver cells
metabolized (acetylated) sulfadimidine, sulfanilamide, p-benzoic acid, and
isoniazid (g), but anparenchymal cells only metabolized isonaizid to an
appreciable extent. Steric factors affecting the inhibition of micro-
somal enzymes by imidazoles have been investigated.25 Spectral studies
suggest that cytochrome P-450 content in rat hepatic microsomes is de-
creased by high concentrations (2 0.14 M) of acetaminophen, a known hepato-
toxin.2® Two differentially inducible UDP-glucuronyl trﬁgsferases present
in rat liver have been separated and partially purified.

An in vitro study of epoxide hydrase activity in human liver indi-
cated that hydration of the 11 epoxides studied was catalyzed either by a
singlggenzyme, or by a group of enzymes under the same regulatory con-
trol. In another in vitro study using human liver, the intersubject
variability found in the hydroxylation of a series oﬁgsubstrates suggests
that multiple mono-oxygenases may be present in man.
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Extrahepatic Drug Biotransformation - Although the liver is the primary
site of biotransformation of most drugs, it is not the only site in many
cases. Depending upon the structure of a drug, its route of administra-
tion, and its distribution in tissues, biotransformation may occur at such
extrahepatic sites as kidney, lung, skin, intestine, and blood. Recent
publications on extrahepatic metabolism include a minireview on pulmonar{
metabolism,30 and papers on oxidative metabolism in rat small intestined
and drug biotransformation in the skin.32 The metabolism of flurazepam (3)
by the small intestine was studied in man,33 and evidence of oxidative
N-dealkylation was obtained. This appears to be the first demonstration
of metabolism of a benzodiazepine by human intestine in vivo. However,
the contribution of metabolism at this site to total metabolism is not
clear, since no quantitative determinations were made. The authors sug-
gested that imiprimine might also undergo N-dealkylation in human intes-
tine, and raised the general question as to the relative roles of the
small intestines and the liver in the metabolism of drugs. Further
studies are indicated.

Intestinal microflora may also be responsible for extrahepatic bio-
transformations, and evidence has been presented that the unusual aromati-
zation of orally administered shikimic acid (4) to benzoic acid (6), may
involve micggbial formation of cyclohexane carboxylic acid () as an in-
termediate. Such findings suggest that species differences in drug me-
tabolism may sometimes be due to differences in gastro-intestinal micro-
flora.
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Interspecies Comparative Metabolism -

Knowledge of species differences is
important in evaluating the relevance of safety and efficacy data obtained
in animals to man. The cggparative metabolism of two arylacetic acids3
l-naphthylacetic acid (7) and hydratropic acid (8) has been studied, 6
complementing earlier studies on the metabolism of_phenylacetic acid (9),
p-chlorophenylacetic acid (10) and indolylacetic acid (11). For these com-
pounds qualitative and quantitative differences were observed among the
species studied with regard to the percentage of the dose accounted for in
urine as glucuronide, glycine, glutamine and taurine conjugates. Among
the numerous papers published on the comparative metabolism of specific
drugs, one, on metoclopramide (12) metabolism, is particularly noteworthy,
since eight metabolites were identified from rg;, dog and human urine, but
only one (13) was common to all three species.
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Stereoselectivity in Drug Disposition - Diggerences have been reportqg in
the metabolism of R- gpd S-ephedrine (14), R- and S-warfarin (15}, " R-
and S-methadone (16), and the R/S ratio of unchanged drug excreted after
oral administration of a racemic amphg}amine analog (17) to rabbits varied
between 1.0 to 1.7 according to dose. An R/S ratio49f approximately 2
was observed in rat urine after administration of 17. " Racemic 17

was metabolized in vitro at a different rate than either of the Eﬁﬂix%du—
al enantiomers which were metabolized at approximately the same rate.
Differential disposition has also been demonstrated for the two enantio-
mers of cocaine in rats, ang may be a partial explanation for differences
in pharmacological effects. These observations suggest that racemates
can have pharmacological and toxicological properties different from the
individual enantiomers.
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Biotransformation to Active Metabolites - Biotransformations may result in
the formation of compounds with pharmacologic properties comparable to, or
more potent than the parent compound. One such example is the antiarrhyth
mic drug procaigamide (18), which 1is metabolized to an active acetyl
metabolite (19). The conversion of prodrugs to active substances is cx-
emplified by sulindac (20), a nonsteroidﬁé ggtiinflammatory agent which is
converted in vivo to its active form 21. 7’
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Highly reactive metabolites can also be produced, and such processes
are being studied with increasing iTEensity, since they may be responsible
for serious toxic effects of drugs. Formation of highly reactive metabo-

lites has been implicated as the cause of a wide array of toxic effects,
from hepatic necrosis to mutagenesis and carcinogenesis, and as an explan-
ation of the similar toxicities observed for compounds of very dissimilar
strucETr3§.49Reviews of the subject continue to appear in th? litera-
ture.” "’ 7’ Since the liver is the most common site for biotransforma-
tion, it is not surprising that hepatic necrosis, and malignant hepatic
tumors are among the more frequently observed toxic manifestations when
very reactive metabolites are formed. In recent years it has become in-
creasingly apparent that the most toxic metabolites rarely survive long
enough to be excreted, and studies limited to the identification of metab

lites in excreta may therefore provide misleading information. It should
also be mentioned that metabolic activation is an integral part of muta-
genicity testing.

The teratogenicity of Agtetrahydrocannabinol (THC) (22) could be al-

tered by stimulation and ing}bition of its metabolism, and an active metabo-

lite  may be responsible. In vitro studies of 7,12-dimethylbenz(a]-
anthracene (23), a potent carcinogen have shown it to undergo bioactiva-
tion %& mouse skin homogenates from mice treated with 3-methylcholan-
threne. A great deal of attention is currently focused on the biocactiva-
tion of the aspirin substitute, acetaminophen (24). When overdoses are
ingested, a normal biotransformation pathway (conjugation with glutathione)
is saturated, and a highly reactive metabolite is formed which binds irre-
v§rs§2}§4fg5?§gatic tissue and may result in extensive hepatic necro-
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Reversible Protein Binding - The reversible binding of drugs to plasma
proteins and to proteins in tissues may play an important role in the dis-
position and activity of many drugs. A comprehensiuve review of methods
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for determining protein binding has been published.57 The effect of pro-
tein binding on pharmacoginetics and therapeutic activity of antimicrobial
drugs has been reviewed. Differences in the binding of some drugggto
plasma proteins of neonates and adult humans has been demonstrated.
Species diffgrences have been observed for the binding of warfarin to plas-
ma proteins. A lack of correlation between in vitro activity (inhibi-
tion of PG-synthetase) and in vivo analgesic-antiinflammatory activity
(phenylquinone-induced writhing in mice, and carrageenan-induced edema in
rats) for indoprofen (25) and a series of6}ts analogs (26) was attributed
to differences in plasma protein binding. Evidence of non-first-order
behavior for plasma levels of tolmetin (27), a new nonsteroidal antiin-
flammatory dggg,has been reported in man and attributed to reversible tis-
sue binding.
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Pharmacokinetic-Pharmacodynamic Correlations - Pharmacokinetic evaluation
of drugs and their metabolites can provide invaluable information regarding
appropriate clinical dose regimens. Pharmacokinetic comparisons of analogs
with similar potency in pharmacological models of human disease can assist
in the selection of the compound to undergo clinical evaluation. Such
studies are especially valuable when, for example, the time course of the
pharmacological response can be related to that of the drug (and/or metabo-
lites) in blood. A variety of methods are now available for obtaining se-
rial blood microsamples from small laboratory animals angsfor the analysis
of drug and/or metabolite concentrations in the samples. Correlations of
activity ngh blood, serum and plasma conceggrations were reported fog6
S-warfarin = in rats, and thioridazine (28) ~-and chlorpromazine (29) in
man. For chlorpromazine, an even better correlatggn was reported for one
of its metabolites, 7-hydroxychlorpromazine (30). Prolactin concentra-
tions were found to correlate better than blood égvels with clinical re-
sponse following administration of thioridazine. No correlation was ob-
served between blood concentrations and antihypertensive ggtivity of the
cardioselective B -adrenergic blocking agent atenolol. (31) The kinetics
of the antiarrhythmic effect of procainamide showed a d;Bect correlation
with the kinetics of drug in saliva, but not in plasma. This indicates
that a good correlation between drug response and plasma concentrations of
the drug is not always observed, but that by including metabolites in the
analyses and by examining a variety of body fluids, such a correlation may
be found. The effect of active7?rug metabolites on plasma level-response
correlations has been reviewed, and a pharmacokinetic model for simul-
tane09§ determination of drug levels in organs and tissues has been devel-

oped.
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Novel Biotransformation Pathways and Products - The understanding of how
metabolites are formed is often as important as knowing the chemical struc-
ture of the metabolites. During the past few years there have been many
reports of novel metabolites, the biogenesis of which apparently followed
pathways not previously known. In most cases, the structures of these met-
abolites were established by spectroscopic7§e§hods. Novel biotransforma-
tion products were the subject of reviews, ~’ ~ and several other novel
biotransformations have been reported separately, including the7§eductive
cleavage of anthracycline glycosides by cytochrome c reductase. The
N-methylation of benzimidazole (32) by catechoI—O-meygyltransferase (COMT)
is the first known example of N-methylation by COMT. Metabolism of clo-
coumarol (33), a synthetic vi§§min K antagonist, by rat liver microsomes
produced the new compound 34. Metabolites reported for the hypnotic
triazolam (35) in dogs include 36, in which the methyl caygon group is

lost, presumably by an oxidation-decarboxylation pathway.

H CH2C1
34 (cis-enol form)
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