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AUSTRACT

The metabolism and pharmacokinetics of ( °C)-theophylline
have been studied after intravenous doses of 100mg to healthy
volunteers keeping to their usual diets, after 7 days abstention
from methylxanthine-containing foods and beverages and again after
such abstention while ingesting theophylline and caffeine in
tablet form. The metabolism of orally administered (14C)-the0phylline
has also been investigated. Metabolites were separated and
quantitated by ion-exchange column chromatography, ion-exchange
paper chromatograpﬁy and liquid scintillation counting. Three
major metabolites were found in urine in addition to theophylline,
namely 3-methylxanthine, 1,3-dimethyluric acid and 1-methyluric
acid, and two minor metabolites were detected but not identified.

The kinetics of the elimination of the metabolites were
studied after intravenous administration, and theophylline,
1,3~dimethyluric acid and 1-methyluric acid were eliminated by
first-order kinetics while that of 3-methylxanthine was described
by Michaelis-Menten kinetics. .

Abstention from methylxanthine-containing foods and
beverages led to a significant decrease in the elimination half-
life of 1%
describing -the elimination of theophylline, 3-methylxanthine and

C due to increases in the pharmacokinetic constants

1,3-dimethyluric acid. When the methylxanthine content of the
methylxanthine-containing foods and beverages was replaced by
theophylline and caffeine in tablet form the pharmacqkinetics and
metabolism of intravenously administered (140)-the0phylline were
unchanged from those seen on the volunteers usual diets.

The metabolism and pharmacokinetics of intravenously
administered (14C)-theophylline ethylenediamine (aminophylline)
have also been studied. The nature and elimination kinetics of the
metabolites identified were the same as those observed after the
intravenous administration of (14C)-theophylline. Abstention from
methylxanthine-containing foods and beverages had no effect on the
disposition of intravenously administered (140)-aminophylline.

The implications of the results are discussed with reference
to pharmacokinetics and drug metabolism,drug-diet interrelations and

the effects of dietary methylxanthines on drug metabolism.
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Ethical approval for the studies with radiolabelled theophylline and
aminophylline was obtained from the ethical committee of St. Mary's

Hospital and Medical School.

Informed consent was obtained from all volunteers in each study. Details

of the volunteers who received 100mg (10uCi) 1lkC--‘(:heophylline: orally are

given below.

Volunteer TJIM JC ME KL JD RLS

Age 24 30 36 22 24 4
Weight (kg) 67 87 72 70 56 90

The radiochemical purity of the [140]-theophylline was confirmed by

thin layer ascending chromatography in isoproprancl and 5% ammonia (4:1)

and ion-exchange paper chromatography in butanol, acetic acid, water (4:1:1).
The stability of the intravenous preparations was checked similarly. A
single radioactive peak was observed in both systems with Rf's of 0.56 and
0.75 respectively. Reverse isotope dilution confirmed the radiochemical purity
to be >99%.

For the intravenous studies the drugs were infused over a ten minute

period into the brachial vein in the antecubital fossa of the left arm
through a Millex-GS 0.22uM millipore filter (Millipore SA, 67 Molsheim-France)
and via an Abbocath 18G intravenous cannula (Abbott Laboratories Ltd.) with

), AHS/International, Herstal/

a three way tap (K75a stopcock, Pha\rmaseal(R
Belgique) and kept open with lithium heparin-saline 0.9%. A time zero

blood sample was taken immediately following the completion of the ten minute

infusion from the right antecubital vein.

The reproducibility of the analytical procedure was confirmed by carrying
out random duplicate analyses on urine samples, variation between these

duplicate determinations being less than 5%.
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CHAPTER 1

Introduction
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The Methylxanthines

Source and History: Caffeine, theophylline and theobromine are three
closely related alkaloids that cccur in certain plants widely
distributed throughout the world (Table 1.1). From earliest times
man has prepared beverages from agueous extracts of these plants.

The dried seeds of Coffea arabica contain between 0,7 to 2.0% caffeine

and it is from these that coff'ee is made, The average cup of coffee

~

contains between 100 and 150 mg caffeine, approximately a therapeutic

doses The dried leaves of Thea sinensis contain both theophylline

and sbout 2% caffeine, and are used to prepare teaes (Cocoa, obtained

from the seeds of Theobroma cacao, contain both caffeine and thecbromine

and a cup of coOcoa may contain as much as 200 mg theobromine. Maté&,

the national drink of many South American countries contains caffeine.
Additionally some so-called sof't drinks, particularly the cola flavoured
drinks contain caffeine, A 360 ml.(120 g) bottle of a cola drink
contains 35 to 55 mg caffeine, as they are msde from the nuts of the

tree Cola acuminata. These cola nuts, the guru nuts chewed by the

natives of Suden, contain about 2% caffeine. More than a billion
kilograms of coffee are consumed annually in the United States alone,
There is little doubt that the popularity of the methylxanthinew~
containing beverages depends on their stimulant action, although
‘wmost people are unaware of any stimulation. The degree to which an
individuel is stimulated by a given amount of caffeine varies. Some
persons have the ability to drink several cups of coffee in the
evening and yet "sleep like a log". However, there are rare
individuals who are so sensitive to caff'eine that a single cup of
coffee will cause an almqst toxic response; Decaffeinated coffee,

containing only 1 to 6 mg caffeine per cup, may be an acceptable
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Table 1.1

THE NATURAL AND DIETARY SOURCES OF THE

METHYLXANTHINES

~

Dietary Source

fethylxanthine Natural Source
Theophylline; 1 ,3= Thea sinensis
dimethylxanthine

Caffeine; 1,3,7- Coffea arabica
trimethylxanthine Thea sinensis

Theobroma cacao

Cola acuminata

Theobromine 3,7- Theobroma cacao

dimethylxanthine

Tea

Tea
Coffee
Chocolate
Cocoa

Cola drinks

Chocclate

Cocosa
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replacement for such individuals.

The methylxanthine-containing beverages can cause problems in
the therepeutic management of certain patients, as they are a
dietary source of a stimulant of the C.N.S., as well as possessing
other important pharmacological properties (Table 1.2). For this
reason they may often be denied to individuals with hypertension
because of their action on the cardiovascular and nervous systems.
Obviously, in a dise;se in which sedation may be an important facter,
stimulation by & methylxanthine would be undesirable. Over-
indulgence in these beverages may lead to a condition that could be
regarded as one of chronic¢ poisoning. Central nervous system
stimulation causes restlessness and disturbed sleep; persistent
myocardial stimulation can be reflected in premature systoles and
tachycardia. The essential oils of coff'ee may cause some
gastrointestinal irritation, and diarrhoea is a common symptom.

The high tannin content of tea and cocoa on the other hand can
cause constipation,

There is no doubt that a certain degree of tolerance (Colton
et al., 1968) and of psychic dependence (habituation) develops to
the methylxanthine beverages, This is likely even in individuals
who do not partake to excess, with withdrawal symptoms of headache,
fatigue and irritability developing on its abstention (Goldstein
et al., 1969; Johnson et al., 1972).

An acquired tolerance to two actions of caffeine has been
demonstrated unequivocally in man, namely, diuresis (Eddy and Downs,
1928) and parotid gland secretion (Winsor and Strongin, 1933).

An acquired tolerance to the diuretic effects of theobromine and

theophylline has also been shown (Eddy and Downs, 1928); Although



Table 1.2 THE RELATIVE PHARMACOLOGICAL ACTIVITY OF THE METHYLXANTHINES
X ONS AND SMOOTH SKEIETAL
YANTHINE | RESPIRATORY S elipueied MUSCLE MUSCIE  DIURESIS
- STIMULATION RELAXATION  RELAXATION
CAFFEINE 1= 3 3 3 1 3
THEOPHYLLINE 2 1 1 1 2 1
THEOBROMINE 3 2 2 2 3 2

g

= most active.

gl
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acquired tolerance to the central nervous effects of caffeine has not
been demonstrated convincingly in man (Goldstein et al., 1965) the
sleep disturbing properties of this alkaloid are clearly more marked
among non=users than among habitual users of coffee (Goldstein, 1964).
However, tolerance to caffeine in man appears to be of low
magnitude. This is suggested by demonstrations that the tolerant
individuals respond when the dose is raised only twofold or threefold
(Eddy and Downs, 1928; Winsor and Strongin, 1933). Furthermore,
many habitual coffee drinkers experience distressing signs and
symptoms, including extrasystoles, when their daily consumption of
ceffeinated beverages is approximately doubled (Hawk, 1929) and
habitual coffee drinkers also appear to maintain higher arterial
blood pressures and lower heart rates than abstainers (Hadley, 1945).
Caffeine has also been demonstrated to be a determinant of the
frequency of coffee consumption, such that thehigher the caffeine
content of a cup of coffee, the less frequent is its consumption
(Kozlowski, 1976).
However, the morning cup of tea or coffee is so much a part
of the European and American dietary habit fhat one seldom looks
upon its consumption as a drug habit, and there is no direct
evidence that the practice is in any way harmful in average
consumers. The feeling of well-being and the increased performance
it affords, although possibly attained at the expense of decreased
efficiency later in the day, are experiences that few would care

to give up.
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Chemistry

Caffeine, theophylline and theobromine are methylated
xanthines, Caffeine is 1, 3,7-trimethylxanthine; theophylline,
1, 3-dimethylxanthine; and theobromine, 3, 7~dimethylxanthine.
The structural formulas of purine, uric acid, xanthine and the
three pharmacologically important xanthine derivatives are shown
in figure 1+.1. The oxypurines may form enol derivatives by
migration of hydrogen to the oﬁygen substituentse. This is
illustrate by the so-called lactim (hydroxy) structure of uric
acid, which is formed by enolisation of the lactam (oxy) form.
However, the lactam (oxy) form is the predominant tautomer (Figure
1.2.). Some physical properties of the methylxanthines are
listed in Table 1.3.

ihe methylxanthines are only sparingly soluble in water
(Table 1.3) and have therefore been combined with a large number of
agents to increase their water solubility for parenteral administration
(Table 1.4). Theophylline and caffeine have also been shown to
form stable complexes with a variety of compounds (Tables 1.5 and
1.6). The solubility properties of theophylline can be altered by
a variety of agents but the agent with which it is most frequently
combined for therapeutic use is ethylenediamine, to yield
aminophylline (Figure 1.3).

Aninophylline (Theophylline ethylenediamine)

The first therapeutic use of a xanthine derivative (theobromine
sodium salicylate) was as a diuretic in heart failure by Babcock in
1891. 1In 1895 Askanazy stated that diuretin could relieve the pain
of angina pectoris, and the effects of xanthine derivatives in the
treatment of this condition was verified by Breuer (1902). It was
noted, however, that diuretin, being insoluble caused gastro-

intestinal disturbances and attempts were made to find other xanthine
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Table 1.3 SOME PHYSICAL PROPERTIES OF THE METHYLYANTHINES

PARAMETER THEOPHYLLINE CAFFEINE THEOBROMINE
Mol, weight ] 180417 194419 180.17
Melting point 270 = 274,.°C 238°c 3577

Solubility (mg/ml)

Water 8.3 21.7 0.5

Boiling Water Highly - 667 6467
Ethanol 12.5 1545 0.45
Chloroform 9.09 181.8. Almost insoluble
Ether Sparingly' 1.89 Sparingly
pka 8.6 1.2 9.9

pkb 13.5 -

1145

£e



Theobromine or
theophylline

Theophylline

Theophylline

Caloium or strontium hydroxide plus
saligylic acid.

Monoethanolamine, triethanolamine,
glucamine, methylglucamine, ethylglucamine

Diethanolamine

Pable 1.4 A SUMMARY OF SUBSTANCES USED TO SOLUBILISE METHYLXANTILNES
METHYLXANTHINE SOLUBILISING AGENT REFERENCE
Caffeine Acid Sodium metaphosphate German Patent, 1907
Theophylline Piperazine, ethylenediamine, hexamethyl German Patent, 1907.

diamine, lysidine.
Theophylline Sodium salicylate, sodium benzoate, German Patent, 1922.
potassium benzoats.
N-Acetyltheo- Sodium salicylate, lithium salicylate, German Patent, 1922.
bromine
gmmonium salicylate, potassium salicylate.
Theobromine Sodium salicylate. German Patent, 1922.

Austrian Patent, 1933.

UsS» Paten‘t’ 19320

German Patent, 1933.

ve



Teble 1.4 cont.

METHYLXANTHINE SOLUBILISING AGENT REFERENCE
Theophylline Diethanolanine German Patent, 1933.
Caffeine Mandelic acid

Theophylline, theo-

bromine and caffeine

Theophylline

Theophylline
Theophylline
Theophylline

Theobromine or

theophylline

Caffeine, theo-
bromine or theo-

phylline

Adenosine

Primary and secondary aliphatic

monoamines.

Piperazine, ethylenediamine

Mono-, di~, and tri~isopropanolamine
Mono-aminopolyhydric alcochols

Sodium salicylate, strontium

selicylate, calcium salicylate.

N-Methylbenzamide, N~N'-Dimethylbenzamide,
p-Toluylic dimethylamide,«~,p=, and X
Pyridine carboxylic diethylamide

German Patent, 1944.

Belgian Patent, 1942.

German Patent, 1943.

U.S3. Patent, 1909.
U.S. Patent, 4927.
U.S. Patent, 1939

Brit. Patent, 192%4.

Brit. Patent, 1937.

62



Table 1.4 cont.

METHXLXANTHINE SOLUBILISING AGENT REFERENCE
Theophylline Aminoisobutanol Steinberg and Jensen,]945.
Theophylline 2-carbamoylphenoxyacetic acid (sodium German Patent, 1961.

salt)
Theophylline Nicotinamide Reiss, 1961; Cohen, 1966,
Theophylline Choline, sodium aocetate. Martindale, 1972,

92



Tavle 1.5 SOME STABLE COMPLEYES OF THEORHYLLINE

Sulphosalicylic acid
Benzyl Alcohol

o<_ and B Naphthalene Acetate

COMPOUND REFERENCE
Saccharin Brit. Patent, 1968.
Pnenobarbital U.8. Patent, 1935.
Papeverine Mossini, 1939.
Caffeine

Reiss, 1961.
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pable 4.6 SOME STABLE COMPLEXES OF CAFFEINE

COMPQUND REFERENCE

Benzoie Aecid Higuchi and Zuck, 1953a
Aspirin
p-Hydroxybenzoic acid
m-Hydroxybenzoic acid ‘ -
Higuchi and Zuck, 1953b
Salicylic acid
Salicylate Ion
Butyl Paraben
Sulphathiazole
Sulphadiazine
p~-Aminobenzoic acid
Higuchi and Zuck, 1954

Benzocaine

Phenobarbital

R e NI N NP L NI P L ) Soat? Nt N e e N NI AN

Barbital
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AMINOPHYLLINE
H,C
3 \N/\ /N\\
™~
o?Z \\/ N Ethylenediamine Water
CH,
em———— 4‘2
MOL. WT. 456
Theophylline
Figure 1.3 THE COMPOSITION OF AMINOPHYLLINE ACCORDING TO

THE BRITISH PHARMACOPOEIA
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derivatives which were more solible. Dessauer in 1908 introduced
theophylline ethylenediamine, a mnore soluble preparation, and this
stimulated further interest in the xanthine derivatives for the
treatment of heart disease. Smith, Miller and Grabner (1925)
compared the action of various.xanthines on coronary ﬂlood flow

in the isolated rabbit heart and found that theobromine increased
the flow from 15 - 20%, theophylline 30 - 40% and theophylline
ethylenediamine by 60 = 80%. Fowler, Hurevitz and Smith (1935)
studied the effects ;f theophylline ethylenediamine on experimentally
prcduced cardiac infarction in dogs and concluded that it was
capable of improving collateral coronary circulation.

Cheyne-Stokes respiration occurs frequently in congestive heart
failure, and by interferiné with the patients rest and sleep,
prevents improvement in the cardiac condition. Vogl (1932) was the
first to use the xanthine derivatives (theophylline ethylenediamine)
in the treatment of this condition. He found that by intravenously
administering the drug it would abolish Cheyne-Stokes respiration
in patients within a short time. His work was confirmed by many
others, particularly Smith and his coworkers (1935;1938). Marais
and McMichael (1937) claimed that the effect of theophylline
ethylenediamine on Cheyne-Stokes respiration was due mainly to the
ethylenediamine and that the theophylline itself was inactive. They
found that 1 of 3 cases could be relieved by the administration
of ethylenediamine alone. Later studies, particularly those of
Nathanson and Fitzgibbon (1939) who repeated the experiments of
Marais and McMichael, demonstrated that contrary to the above

findings, ethylenediamine was completely ineffective in
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abolishing Cheyne-Stokes breathins, and that theophylline was the
aotive agent in theophylline ethylenediamine, and this has been
the accepted explanation sinoce.

The xanthine derivatives were used primarily for diuresis until
Smith and his associates showed that these drugs were effective in
dileting the coronary arteries. On the basis of this work,
theophylline and theophylline ethylenediamine were used in congestive
heart feilure (Smith et al., 1935; Smith et al., 1926; Smith, 1928).
The value of the xanthine derivatives, particularly of
theophylline ethylenediamine in the treatment of congestive heart
failure has since been verified by many workers.

While studying the effeot of theophylline ethylenediémine
in the treatment of congestive heart failure and Cheyne~Stokes
respiration, it was found that it was also effective in relieving
an attack of bronchial asthma (Hermann and Aynesworth, 1937). In
the older age group of patients, a paroxysm of shortness of breath
may be the result of bronchial asthma, emphysema or coronary artery
diseases In such patients, with gquestionable cardiac status,
adrenalin may precipitate left ventricular failure or other serious
cardiac complications. (Smith and Paul, 1938). Theophylline
ethylenediamine therefore became the drug of choice at this time and
was administered either as an intravenous solution or as a rectal

suppository.

Pharmacological Properties

Caffeine, theophylline and theobromine share in common several
pharmacological actions of therapeutic interest. They stimulate
the oentral nervous system, act on the kidney to produce diuresis,
stimulate cardiac muscle, and relax smooth muscle, notably bronchial

muscle. Because the various methylxanthines differ markedly in the
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intensity of their actions on various structures, one particular
methylxanthine is usually more suiltable than the others for any
specif ic therapeutic effect. Table 1.2 denotes the relative

potencies of the methylxanthines in producing their various effeots.



33

Metabolism of the Xanthines ard licthylxanthines

Xanthines: The extent of degrad:tion of the purine ring system
varies greatly from species to g)ecies. In man and other primates,
the principal excretory product resulting from purine catabolism
is uric acid, in which the purine ring system remains intact,
whereas in some marine invertebrates, ammonia and carbon dioxide
are the end productse Table 1.7 illustrates the metabolic route
for the degradation of purines.
Methylxanthines: The major metabolic pathways of caffeine, theophylliné
.and theobromine are illustrated in figure 1.4. .Since the development
of the enzymatic uricase method for the determination of uric acid,
&ll studies have indicated that there is no appreciable increase
in true uric acid excretlon upon ingestion of caffeine,
theophylline or theobromine. Increases in the excretion of material
which give colour with uric acid reagents after the ingestion of
caffeine and theophylline can be attributed to the presence of
the chromogenic methyluric acids. After the ingestion of theobromine,
the major excretory products found in urine are 7-methylxanthine,
3-methylxanthine, and unchanged theobromine. Small amounts of 7~
methyluric acid are also excretede.

Theophylline differs from theobromine in that both of the
methyl groups are on the pyrimidine ring, leaving the imidazole
ring unsubstituteds The main excretory products are 1, 3~
dimethyluric acid, {-methyluric acid, 3-methylxanthine and
unchanged theophylline. The oxidation of theophylline without
demethylation appears to be the major metabolic pathway. In
addition, a portion of the theophylline is demethylated at position
one to‘give 3-methylxanthinees Two possible pathways for the

formation of {-methyluric acid are (1) demethylation of
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T
HN/\/N\ ENZYME SPECIES
I Xanthine
Y >
o’ N/\N
H H
H,0
"'02 Xanthine Man and other
ﬁ H,0, Oxidase primates
\
O /I > Uric acid
02 Primates other than man
Uricase and in some reptiles
CO,
H
L N
o N H
H
Allantoin
H,0
Allantoinase | Some teleost fish
oHN COOH NH,
/L /L J
Allantouc acnd
H20
Allantoicase | Most fishes and amphibia
] i
/c\ * /C\
Urea Glyoxylic acid
2H20 [OJ

Some marine invertebrates

4NH3 +2C0,  CO, + HCOOH

Table 1.7 THE FINAL STEP OF PURINE CATABOLISM IN VARIOUS SPECIES
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1,7-DIMETHY LXANTHINE | H
HSC\ N
=0
Vi
0 N N
\ H
H

CAFFEINE
"‘3

3
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Figure 1.4 THE MAJOR METABOLIC ROUTES OF THE DIRTARY METHYLXANTHINES,

CAFFEINE (CLOSED ARROWS), THEOPHYLLINE (OPEN ARROWS)
AND THZOBROMINE (DOTTED ARROVS)
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1 ,3-dimethyluric acid or (2) direct oxidation of {-methylxanthine.
Although this latter compound has not been identified as one of tha
excretory products of theophylline metabolism, it may be an
intermediate. Studies on theophylline metabolism by the rat liver
microsomal system (Lohmann and Miech, 1976) have shown {-methylxanthine
to be generated, ond that this metabolite is a substrate for xanthine
oxidase and that its conversion to 4-methyluric acid is blocked by
allopurinol. However, the urine content of 1 ,3-dimetinyluric acid

and {-methyluric acid in man, has been shown to be directly related
(Jenne et al., 1976) suggesting that the former may give rise to the
latter.

It is clear that theobromine and tneoohylline follow somewhat
differant pathways of metabolism. The major products of theophylline
mztabolism in man are methyluric acids while the major products of
theobromine metabolism are methylxzanthines.

1-metayluric acid and 4-methylxanthine are the major metabolites
found in urine af'ter caffeine ingestion, with smaller amounts of
1 ,7=-dlmethylxanthine, 7-methylxanthine, 1,3-dimethyluric acid and
unchanged caff'eine. Caf'teins is almost completely metabolised not
only in man but in most other spzcies in which it has been studied
(Pabls 1.8). Tha plasma elimination half-life of caffeine in man
and six other species is glven in Table 1.9.

That demetnylation of caffeine, thecphylline and theobromine
in man dozs not prozeed bzyond thz monomethylxanthines is supported
by tne Facts that no accumulation of xantnine in urine 1is observed
and that inzignificant, if any, increases in uric acid excretion

oscur (Sornish and Christazn, 155/).
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Table 1.8
EXCRETION OF UNCHANGED CAFFEINE AFTER ITS ORAL
ADMINISTRATION TO VARIOUS SPECIES
% DOSE
SFECIES UNCHANGED REFERENCE
Man 0.5 = 1.5 Axelrod and Reichenthal, 1952
11.5 Cornish and Christman, 1957
0.5 = 1.5 Schmidt and Schoyerer, 1966
Rat 2.0 Usanova and Shnol, 1958
9.0 Rao et al., 1973
Lt Arnaud, 1976
Mouse . 3.0 = 6.0 Burg and Stein, 1572
Rabbit 133
Pig 6.0 Cunningham, 1970
Squirrel 40 =~ 6.0 Burg et al., 1974
Monkey
Dog Trace Axelrod and Reichenthal, 4952
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Table 1.9
PLASMA ELIMINATION HALF-LIFE OF GAFFEINE IN
VARIQUS SPEGIES
SPECIES PLASMA tZ(HRS) REFERENCE
Man 345 Axelrod and Reichenthal, 4952
Rhesus Monkey 2el; Burg e_t;a_;'l._., 1974
2.8

Squirrel Monkey 11.0 Burg et al., 1974
Pig 10.0 = 15.0 Cunningham, 1970
Dog 5.0 Axelrod and Reichenthal, 1952
Rat 2.0 . Czok et al., 1969
Mouse 0.6 Burg and Werner, 1972
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Clirnical Pharmacologzy of Thesophylline

The wide variability of c¢linical response observed in patients
receiving theophylline therapy has led t0 numerous studies
attempting to correlate the observed clinical response to
differing theophylline plasma levels. These studies have shown
that trere 1s a direct relation between theophylline plasma levels
and tone observed clinical response. However, there is a narrow
margin between the therapeutic and toxic levels of theophylline
such that relatively small variations in plasma levels can cause
wide variations in the clinical response. For effective bronchodilation
z serum or plasma concentration of about 1%Pg/ml is of'ten required
(Green, 1969; Jackson et al., 1964; Jenne et al., 1972; Mitenko
and Ogilvie, 1973; Nicholson ard Chick, 1973%; Weinberger and
Bronsky, 1974) although Miterko and Ogilvie (15973) showad.a dose~
related improvement in pulmonary function in the range 5 to ZQPg/ml
plasma. At plasma levels above ZQPg/ml serious toxic éffects occur
(#einberger et al., 1976; Zwillich et al., 1975; Jacobs et al., 1576)
such as agitation, convulsion (Bresnick et al., 1948; lcKee and
Hazgerty, 1957) persistent nausea and vomiting or anorexia (Jehne
ot al., 1972). |

Mitenko and Ogilvie (1973) and Jenne et al. (1572) quantitated
the pharmacokinetic parameters for theophylline in humans, and
dosage schedules based upon average values for these perameters have
teesrn widely recommended (Piafsky znd Ogilvie, 1575). Howsver, many

vztients receiving such rezimens develop steady-state plasma
- L=l o

4+

reopnylline levels outside the tnerapeutic range (Weinbsrger

X

I

[}

T al., 1576) and are tnerefore exposed to potentially toxic or

subtherapeutic therapy, both of which repregent z nhazard.
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What factors are responsible for the individual variation in
response to theophylline therapy? While various pharmacokinetic
parameters for theophyiline have been determined, little overall
difference has been noted between normal individuals and asthmatics.
It is theophylline's widely varying elimination kinetics, manifested
in terms of a variable B -phase half-life, and peak plaswa levels,
wnich account for the observed clinical variability in response.

As only about 1C% of an administered dose of theophylline is

excreted from the body in unchanged form (Cornish and Christman, 1957;
Jenne et al., 1976; Desiraju et al., 41977) and as the plasma
clearance of theophylline is much smaller than liver blood flow,
irdividual variation in the rate of theophylline metabolism is
probably responsible for the clinical variabiliiy in response.
Therefore, the clinical response to theophylline will be primarily
dependent on factors influencing the activity of the hepatic
microsomal enzyme system. Factors known to influence drug metabolism
are listed in Table 41.10 and those that have been demonstrated to
influence theophylline metabolism (in terms of changes in its plasma

elimination half-life) are listed in Table 1.11.
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Table 4.10

FACTORS KNOWN TO INFLUENCE DRUG METABOLISM

{. Genetic Factors
Species
Strain
Race (Caucasian, Oriental, Negroid etc.)

Sex

2. Environmental Factors

a) Pharmacological variables

Acute or chronic administration
Bicavailability

Dose, size and form

Presence of other drugs

Routes of administration

Development of tolerance
b) Dietary variables

Malnutrition, starvation, oObesity
Protein/carbohydrate balance
Method of cooking

Food additives (intentional and unintentional)

3. Miscellaneous Factors
Age
Disease
Hormone balance (Pregnancy, estrous cycle)
Body weight
Others



Table 1.11

GROUP OR
~ PACTOR

Asthmatic Children

Hospitalised Patients

' Asthmatic Children
Asthmatic Children
© Smokers

Smokers

Adult Asthmetics

Charcoal Broiled
Beef Diet

High Protein Low
Carbohydrate Diet

Pulmonery Diseased
Adult Patients

THEOPHYLLINE ELIMINATION RATES IN VARIOUS GROUPFS

NORMAL GROUP

5.8
7.2
7.0
Laly

6.0

HALF-LIFE (HRS.)
AFFECTED GROUP

2.65

346
3okt
3.7
A
o3
43
Lal

REFERENCE

Maselli et al., 1970
Jenne et al., 1975
Loughnan et al., 1976
Ellis et &l., 1976

Jemne et al., 1975

Hunt et al., 1976
Mitenko and Ogilvie, 1973

Kappas et al., 1978
Kappas et al., 1976

Jenne et 9_1., 1972

A%



Tot.le 1.11 cont.

GROUP OR HALF-LIFE ( HRS.)
FACTOR NORMAL GROUP ATFECTED GRQUP
Hospitalised Smokers 6.0 5.9
Phencbarbitone 540 6.4
Adult Males with Chronic- 741
Qbstructive Airways
Disease
Infants with Theo- 8.8
phylline Poisoning
ObeSlty 6.0 8.6
Obese Smokers 9.0 8.2
Troleandomycin L6 1143
Administration
Congestive Heart 8.6 16e1 = 649
Failure
Acute Pulmonary 9.2 18.6
Qedema
Apneic Infants 19.9

REFERENCE

Piafsky et al., 1977a
Elwood et al., 1978

Vaucher et al., 1977

Gal et al., 1978
Gal et al., 1978

Weinberger et al., 1976

Jenne et al., 1977

Piafsky et al., 1974

Giecoia et al., 1976

£



Table 4 .11 cont.
GROUP OR

FACTOR

Elderly Patients with
Acute Pulmonary Qedema

Hepatic Cirrhosis

Cirrhosis

Female suffering from
Seizure, Theophylline
Neurotoxicity, Chronic
Alcoholism, Jaundice

& Increasing Ascites

Apneio Premature

Newborns

HALF~LIFE ( HRS.)

NORMAL GROUP

6.7

6.7

9.2

AFFECTED GROUP

22.9

25.6

30.0

5lie5

30.2

REFERENCE

Piafsky et al., 1977c

Piafsky et al., 1977d

‘

ct+

Piafsky et al., 1975

Lawyer et al., 1978

Aranda et al., 1976

147
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Factors Affecting Drug Metabolism

When a drug enters the body, one of three events may occure.
Firstly, it may be metabolised by enzymes, secondly, be changed
spontaneously without the involvement of enzymes or thirdly it could
" be excreted from the body in its unchanged form. The majority of
drugs do in féct undergo enzyme-catalysed biotransformations in the
body and the biochemical reactions that'constitute the study of drug
metaﬁolism are numerous and diverse. The principal routes
of drug metabolism were defined in detail by Williams (1959).

Most drugs undergo metabolism in the body in two phases (Table 1.12).
The first phase involves reactions that can be classified as oxidations,
reductions and hydrolyses. 'These reactions are catalysed by enzymes,
many of which are located in the endoplasmic reticulum of the liver
cell. The oxidative metabolism of many drugs and also of steroid
hormones is carried out by these enzymes. If liver is homogenised
and the homogenate centrifuged at 9,000 «~ 12,000 x g for 30 minutes,
the supernatant collected and centrifuged at 105,000 x g for one
hour, the sediment thus collected contains particles of fragmented
endoplasmic reticulum, or microsomes. These microsomes contain a
haemoprotein(s) known as cytochrome P450, which acts as the terminal
oxidase for a variety of oxidative reactions that drugs undergo.

The term P450 refers to the ability of the reduced form of the
haemoprotein to react with carbon monoxide, yielding a complex with
absorption peak at 450nm.

In the second phase reactions of drug metabolism, the products
of the first phase undergo synthetic reactions again catalysed by
enzymes occuring mainly in the liver but also to some extent in other
tissues. These synthetic reactions are commonly referred to as

conjugations and many kinds of molecules normally present in the body
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Table 41.42 GENBRAL PATHWAYS OF DRUG MSTABCLISM

Phase I Reactions:-

1. Oxidations
hydroxylations
dealkylations
oxide formation
desulphuration
dehalogenation
alcohol oxidation

aldehyde oxidation

2. Reductions
aldehyde reduction
azoreduction

nitroreduction

3. Hydrolyses

deesterification

deamidation

Phase II Reactions:-

glucuronic acid cenjugation
acetylation

metnylation

mercapturic acid formation
sulphate conjugation

various amino acid conjugations
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can react with drugs or drug metabolites to form so-called conjugates
(Table 1.13). Any factor that influences the phase I or phase II
enzymes can subsequently affect the rate and route of drug metabolism.

Genetic Factors Affecting Drug Metabolism

The rate and Mmanner in which an individual metabolises drugs is
partly determined by his or her genetic inheritance. The genes
concerned can be conveniently divided into two groups, those of large
effect and those of small effect.

Genes of large effect

These are genes which, on their own, can determine a recognisable
character in an individual. Their recognition enables the identification
of different phenotypes within a given population and therefore the .
existence of polymorphism. That is, a frequency distribution curwve
of a large enough population sample, with respect to a measurable
pharmacological variable (peak plasma levels, plasma half-life, ratio
of unchanged drug to metabolites in urine) shows discrete groups
corresponding to different phenotypes. These frequency distribution
curves are celled multimodal or discontinuous (Figure 1.5). Such
genes influence drug me tabolism by determining the amount and/or
the activity of particular enzymes. The frequency with which such a
genetically determined polymorphism ocecurs depends upon the particular
gene frequency within the population studied. Such gene frequencies
differ among different population groups and can lead to an uneven
world distribution.

Several examples of polymorphic control of a drug metabolic pathway
have been identified (Table 1.14), the most widely quoted example being
that of isoniazid acetylation (Evans et al., 1960). Rapid inactivation
(acetylation) is inherited as a dominant character which confers high

levels of the inactivating acetyltransferase enzyme in homozygous

individualse.
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Table 1.13

SOME GOMPQUNDS KNOWN TO ACT AS CONJUGATING

-

AGENTS IN DRUG METABOLISM

Glucuronic acid . Ornithine
Sulphate Glutamine
Glutathione Taurine
Methylation Glucose
Acetylétion

Mercapturic acid

Glycine
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Table 1 o4 z{-

DRUGS WHOSE METABOLISM IS DETERMINED BY GENES OF LARGE EFFECT

- DRUG

MECHANISM OF

COMIENTS REFERENCE
MZTABOLISY

Isoniazid Acetylation Rapid inactivation of the drug is inherited Bonicke and Reif', 1953;
as a dominant character which confers the Bonicke and Lisboa, 1957.
presence of large amounts of the Evans et al., 1960
acetyltransferase concerned !

Sulphamethazine Acetylation Authors demonstrated a coincidence of Evans and White, 1964

and acetylation between isoniazid and

Hydrallazine sulphamethazine in vivo and hydrallazine
in yitro

Hydrallazine Acetylation Slow inactivators of isoniazid require Zacest and Koch-Weser, 1972
smaller doses of hydrallazine for blood Perry et al., 1967
pressure control, show toxic signs more
commonly and develop antinuclear antibodies
with the drug

Phenelzine Acetylation Slow inactivators appear to be more

susceptible to the drugs unwanted side
effects

Evans et al., 1965

0§



Table 1 .14 cont.

MECHANISM OF

DRUG COMMENTS REFERENCE
METABOLISM

Sulphamethoxy- Acetylation Slow inactivators appear to be more White and Evans, 1968

pyridazine susceptible to the drugs unwanted side effects

Dapsone Acetylation Slow inactivators appear to be more Gelber et al, 1971
susceptible to the drugs unwanted side effects

Diphenylhydantoin Hydroxylation Autosomal dominant trait in which affected - Kutt et 2l., 1964
individuals develop toxicity at "ordinary"
dose levels, correlated to extremely high
blood levels

Debrisoguine Hydroxylation Ratio of debrisoquine and its major metabolite

in urine was bimorphically distributed in
study population. Family studies indicated
that the alicyclic L=hydroxylation of the
drug is controlled by a single autosomal gene
and that a defect in this metabolic step is

caused by & recessive

Mahgoub et _e&., 1977

LS



Table 4 .14 cont.

DRUG

WECHANISM OF

COLLIENTS REFERENCE
METABOLISM
Phenacetin Dealkylation Unusuel reaction in two sisters. Deficient Shahidi, 1968
in liver microsomal enzyme for
dealkylation. Alternative metabolic route,
deacylation followed by hydroxylation, )
generates toxic metabolite causing haemolysis
and methaemaglobinemis
Phenacetin and Deélkylation The alicyclic hydroxylation defect that has Sloan et al., 1973
Guanoxan and aromatic previously been demonstrated for debrisoquine
hydroxylation metabolism carries over to the oxidative
metabolism of phenacetin and guanoxan
Suxamethonium Hydrolysis In rare individuals the drug induces neuro- Harris, 1964

muscular blockade of several hours duration.
Many of these individuals possess an
atypical plasma cholinesterase which is
respongible for the metabolism of the drug.
The atypical cholinesterase hydrolyses
various substrates at considerably reduced

rates

Kalow, 1962




Table 1414 cont.

DRUG

MECHANISM O
METABOLISM

COMLENTS

REFERENCE

Sparteine

N-oxidation

-

Conversion to dshydrosparteine is determined
by two autosomal allegic genes at a single
locus, where non-metabolisers are homozygous
for an autosomal recessive gene. The defect
does not extend to either amobarbital

metabolism or the conversion of clozapin

to its N-oxide

Eichelbaum et al., 1978

Amobarbital

C-hydroxylation
and

N-glucosidation

Velunteers of oriental origin produce more of
the N-glucoside than of the hydroxylation
product. However, in Caucasians the reverse
holds true. A possible deficiency in the
N-glucoside pathway in both groups inherited
as a recessive trait controlled by a single

pair of allelic autosomal genes

Kalow et al., 1978

€8



This acetylation polymorphism affects the metabolism of other drugs
(Table 1.14). However, sulphanilamide and p-aminobenzoic acild
which appear in urine in agetylated form, do not show this
polymorphism and presumably a different enzyme 1is responsible for the
acetylation of these drugzs. (Evans and White, 1964). The gene
responsible for rapid isoniazid inactivation is thought to be of
mongoloid origin, as its population frequency is greatest among
BEskimos and Japaness and lowest among some Mediterranean Jews
(Motulsky, 1964).

The adrenergic blocking agent, debrisoquine, undergoes significant
hepatic first-pass metabolism, the extent of which is varilable,
and has recently been shown to be subject to genetic control. This
drug is metabolised by hydroxylation mainly in the alicyclic 4
position, bui also, to a smaller extent, in the aromatic 5-, 6-,
7- and 8- positions (Angelo et al., 1978; Mahgoub et al., 1977).
The alicyclic 4~hydroxylation of debrisogquine in man is polymorpaic, since
one group excrete some 30 — 40% of an oral dose of the antihypertensive
as the 4~hydroxy metabolite, while a much smaller group excrete only
3 = L% in this form., The extent to which a subject effects the 4~
hydroxylation of the drug appears to be an inherited characteristic
(Mahgoub et al., 1977) under the control of a single autosomal gene,
with the defeet in the metabolic step belng caused by a recessive
allele. Furthermore, there is a correlation bestween the hypotensiv;
response 0 debriso;uine and the extent of its metabolism in
normotensive subjects (Angelo et al., 1975)s The hypotensive responses
are most mwarxed in subjescts who ars poor metabolisers of the drug and
the convarse appears to hold for extensive metabolisers (Lancaster

et al., 1978).
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Genes of small effect

The metabolism of most oxidised drugs follow a continuous
unimodal distribution (Vesell, 41972). Such curves ars typical of
variables whieh are multifactorially determined., Thus genes of small
eff'ect do not producas recognisable characters on their own but,
acting together, a large number of them contribute to individual
deviation in a normally distributed population (Figure 1.5).

Although inheritance is a determinant of drug metabolism, the degree
to which it is responsible for the variability within a population

is uncertain. Indeed, as environmental influences differ both from
one population to another and from one individual to another, it will

be expected that the apparent heritability will also differ somewhat.

Environmental Fagtora Affectinz Druz Metabolism in Man

During the 41960's it became clear that the phenomenon of
enzyme induction, that being the ability of some compounds to
stimulate the synthesis of drug-metabolising enzymes, could be of
clinical significance in man (Conney, 1967). Table 1.15 lists some
of those drugs known to induce druz metabolism in man. Several
studies demonstrated that drugs of the phenobarbitone class of inducers
could produce olinically important interactions with other drugs by
increasing their oxidative metabolisme Such interactions are of
the greatest importancs with drugs which require regulation within
narrow plasma congentration limits, for example anticoagulants,
antiepileptics, hj?oglycaemics and theophylline. Phenobarbitone has
been shown to increase the rate of metabolism of theophylline in vitro
(Jenne, 1975; Williams et al., 1975; Lohmann and Meich, 1976) but
studies in normal male subjects have shown no siznificant effects of

_ phenobarbitone on theophylline kinetics (Piafsky et al., 197m).



Teble 1.15 SOME DRUGS KNOWN TO CAUSE MICROSOMAL ENZYME INDUCTION IN MAN

Inducer

Drug Affected

Reference

Barbiturates

Dichloralphenazone

Tricyclic Antidepressants

Griseof'ulvin

Phenytoin

Digitoxin

Anticoagulants

Coumarin Type Anticoagulants

Alexanderson et al., 1969
Hemmer et al., 1967
Busfield et al., 1963

Kristensen et al., 1969
Morselli et al., 1971

- Jelliffe and Blankenhorn, {1966

Burns and Conney, 1965
Cucinell et al., 1965
Dayton et al., 1961

Goss and Cickhaus, 1965
Robinson and MacDonald, 1966

Breckenridge et al., 1971
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Table 145 cont.

Inducer Drug Aff'ected Reference

Antipyrine

Carbamazepine Coumarin type enticoagulants Hansen et al., 1971

Griseofulvin Coumarin type anticoagulants Catalona and Cullen, 4966

Phenylbutazone Aminopyrine Chen et al., 1962

Glutethimide Glutethimide Schmid et al., 1964
Warferin MacDomald et al., 1969
Dipyrone Remmer, 4962

Chloral Hydrate Bishydroxycoumarin Cucinell et al., 1966

LS
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Inhibition of metabolism by drugs which are themselves substrates
of the cytochrome P450 enzyme system also occurs in clinical practice
(Table 1.16). For example, diphzrylhydantoin metabolism is inhibited
by a number of drugs and warfarin metabolism can also be inhibited
by several drugs (Breckenridge and Orme, 1974 ). Troleandomycin, a
maerolide antibiotic, has been shown to inhibit theophylline clearance
(Weinberger et al., 1977) probably by either decreasing hepatic uptake
or altering enzymatic degradation in the liver, and another antibiotic,
chloramphenicol, ha; been reported to inhibit the metabolism of a
variety of co-administered drugs (Christensen and Skovsted, 1969;
Petitpierre and Fabre, 1970).

Environrental Chemicals

The effects of non-dfug inducing agents present in the environment
on drug metabolism lms also been studiede A number of environmental
chemicals, particularly insecticides and industrial toxins have been
shown to affect drug metabolism in both man and animals (Conney and
Burns, 1972). Table 1.7 lists some environmental chemicals known to
affect drug metabolism in man.

Socially Used Drugs

The "socially accepted" drugs tobacco, fermented beverages,
the oral contraceptive pill and the méthylxanthine—containing beverages,
have all been shown to have significant effects on drug metabolism.
Cigarette smoke contains 3-methylcholanthrene, 3~k benzo(a)pyrene
and other polycyclic hydrocarbons and these substances as well as
nicotine are all drug metabolising enzyme inducers in animals (Wenzel
and Broadie, 1966; Yamamoto, et al., 1966; Mitoma et al., 1968).
The activity of benzo(a)pyrene hydroxylase for example is increased
in the lungs, livers, intestines and placentas of human cigarette
smokers (Welch et al., 1969). In vitro studies (Miech and Lohmann,
1975) have shown that pretreatment of rat liver microsomes with 3

methylcholanthrere can increase the rate of theophylline degradation,



Table 1.16 SOME DRUGS KNOWN TO CAUSE INHIBITION OF DRUG METABOLISM IN MAN

Inhibitor

Drug Affected Reference
Disulphiram ( Antipyrine Vesell et al., 1971
( Warfarin Rothstein, 1968
2 Phenytoin Olesen, 1966
Sulthiame Phenytoin ( Olesen and Jensen, 1969
g Hansen et al., 1968
Dicoumarol ( Phenytoin Hansen et al., 1966
E Tolbutamide Kristensen and Hansen, 1967
Chloramphenicol E Tolbutamide Christensen and Skovsted, 1969
( Chlorpropamide Petitpierre and Fabre, 1970
Sulphaphenazole Tolbutamide E Christensen et al., 1963
( Schulz and Schmidt, 1970
Para-Aminosalicylete Isoniazid Hanngren et al., 1970
Allopurinol ( Antipyrine Vesell et al., 1970
2 Dicoumarocl
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Table 1.16 conte.

Inhibitor Drug Affected Reference
Nortriptyline ( Antipyrine
( Dicoumarol
Troleandomycin Theophylline Weinberger et al., 1977

09



Table 1417

. ENVIRONMENTAL CHEMICALS KNOWN TO AFFECT DRUG METABOLISM IN MAN

Agent

Drug Affected

Comments

Reference

1« Insecticides

Chlorinated hydrocerbons | Antipyrine Antipyrine half=lives in male Kolmodin et al., 1969
Lindane ‘ workers in an insecticide
D.D.T. factory were significantly
Chlordane shorter than in off'ice
Endrin workers from the same factory
Dieldrin (77 + 2.6 hours, 13.1 +
7.5 hours respectively.
D.D.T» Phenylbutazone D.D.T. factory workers with Poland et al., 1970

DeDsTs and DeDeEe levels
twenty times those of
controls, eliminated phenyl-

butazone faster than controls.

L9



Table 1.17 conte.

Agent

Drug Affected

Comuments

Reference

Aroclor 1016

Antipyrine

Five workers occupationally exposed

to Aroclor 41016 showed signifi-
cantly lower mean antipyrine halfw
lives (10.8h) than the mean halfw-
life in non-PCB's-exposed normal

subjeeots

Alvares and Kappas, 1977

Lindane

Phenylbutazone

A decrease in the plasma
eliminetion helf'-lives of

phenylbutazone. in workers

Kolmodin~Hedman, 1973

D.D.Ts

Antipyrine

The accelerated elimination of
some drugs induced by
chlorinated pesticides was long-
lasting, the antipyrine half-life
in 45 conifer workers exposed to
D.D.T. being 9.8 + 2.8hr during
the spraying season.and 40.9 +

3.8 hr 8 months after exposure

Alvares et al., 1975; 1976

c9



Table 1.47 conte

Agent

Drug Affected

Comments

Ref'erence

2. Heavy Metels
Lead

Antipyrine

Exposure to lead in industry
shown to prolong antipyrine halfe-
life, although only clinically
overt poisoning produces a

degree of impairment likely to

be clinically signifiicant

¢

Alvares et al., 1975; 1976

€9
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stimulation of caffeine metabolism in the rat, in vivo, by 3=

methylcholanthrene also occurs (Aldridge 2t al., 1977). The plasma

theophylline half-life of adult cizarette smokers is.less than that

of normal adult non-smokers (Jenne et al., 1975; Hunt et al., 13976).
The efi'ects of these "socially accepted" drugs on drug metabolism

are summarised in Table 1.18.

Nutritional Factors Affecting Drug Metabolism

lany aspects of the impact which nutrition may have on drug
metabolism have been studied (Campbell, 1977; Conney et al., 1977) and
there is ample evidence that it is a significant detezrminant of drug
action (Table 1.19). Both the overall nutritional status of an
individual and the composition of nis diet can afflect drug metabolism.
Three types of dietary influence have been discerned. The first
arises from variations in macronutrient intake (the balance of protein,
carbohydrate and fat in the diet) the second results from variations
in micronutrient intake (vitamins and minerals etc.) and the third
from anutrient chemicals present in food stuffs per se (colourings,
flavourings, antioxidants, preservatives etc.) or produced as a result
of cooking processes.

The metabolism of theophylline, as assessed by its plasma
elimination half-life, is increased in noraal volunteers by changing
from a low carbohydrate, high protein diet (tF 5.2h) to a high
carbohydrate, low protein diet (t} 8.1k) (XKappas et al., 1976).

When beef is cooked by broiling over charcoal, steroids in the meat
are converted to polycyclic aromatic hydrocarbons which are powarful
inducers of the drug metsbolising enzvmes (Lijinsky and Shubik, 196!).
Dists rich in charcoal broilsd beefl accelzrate the metabolism of a
rangs of drugs in animals and man (Conney at al., 1977). Feeding a
charcoal-broiled beef diet to human volunteers for five days decrzases

the plasma elimination half-life of theophylline (Kappas et al., 1978).



Table 1.10

SOCTALLY-ACCEPTED DRUGS KNOWN 10 AFIECT DRUG METABOLISM IN MAN

AGENT

DRUG AFVECTED

COMLENTS

REFERENCE

1+ Cigarette smoke

3-methylcholanthrena
3-l, benzo(a)pyrene
Nicotine

Various polycyclic

hydrocarbons

Prepoxyphene

A dose of either 65mg in 807
of patients or 32mg in 20% was

less eftf'ective among smokers

Boston Collaborative Drug
Surveillance Progranm,

1973a

Chlordiazepoxide

and Diazepam

A strong assoclation between
adverse reactions to the two
drugs and smoking. The
frequency of drowsiness was
highest in non-smokers,
intermediate in light smokers

and lowest in heavy smokers

Boston Collaborative Drug
Surveillarc e Program,

1973b

Chlorpromazine

Among recipients of the drug

in a psychiatric population,

the frequency of drowsiness was

highest in 130 non-smokers (16%)

Swett, 1974
Jick, 1974

$9



Teble 1.18 cont.

AGENT

DRUG AFFECTED

COMMENTS

REFERENCE

intermwediate in 204 light
smokers (11%) and lowest in
72 heavy smokers (3%)

Nicotine Cigarette smokers have faster Beckett and Triggs, 1967;
elimination rates both for Beckett et 2l., 1971
nicotine and other drugs

Theophylliine Plasma elimination half-life Jenne et al., 1975
is significantly shorter in Hunt et al., 1976
smokers than in non-smokers Piafsky et al., 1977

Antipyrine Antipyrine clearance was Vestal et al., 1975

ingreased by 25% in moderate
smokers, but heavy smoking

produced no further increase

An increase of 23% was seen in
the antipyrine half-life of 8
subjects who stopped smoking
and were restudied two months

later

Hart et al., 1976




Table 1.48 coente.

AGENT

DRUG AFFECTED

COMMENTS

REFERENCE

Phenacetin

Plasma concentretion of
phenacetin in smokers was lower
than that in non-swmokers,
whereas the ratio of the con-
centration of N-acetyl-p-
eminophenol (APAP) to that of
phenacetin was inereased
severalfold in the smokers. No
difference in the plasma
elimination half-life or in
the amount of APAP excreted
was found between smokers

and non-smokers

Kuntzman et ale., 1977
Pantuck et al., 197L

2+ Fermented Beverages

Alcohol

Tolbutamide,
Warfarin and

Phenytein

All three drugs show
accelerated clearance rates
in heavy drinking, unenmployed,

male alcoholics when compeared

Iber, 1577

L9



Table 1.48 cont.

AGENT

DRUG AFFECTED

COMMENTS

REFERENCE

to both normal subjects and
to patients with cirrhosis who

are not drinking

Antipyrine Long-term ethanol injestion Vesell et al., 1971
inoreased metabolism of drugs
in some, but not all subjects
Ethanol, Chronic administration of Misra et al., 1971
Pentobarbitone ethanol accelerestes elimination

and Meprobamate

of the three drugs

Phenobarbitone
and

Meprobamate

Acute doses large enough

to maintein blood
concentrations in the region
0.5 = 1.0 mg/ml prolong the
helf~lives of the two drugs

Rubin et al., 1970
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Table 1 .18 cont.

AGENT

DRUG AFFECTED

COMMENTS

REFERENCE

3. Steroid oral

contraceptive

Antipyrine

Slows the elimination of
antipyrine by increasing the
volume of distribution (after
long term use) and apparently
decreasing the rate of
metabolism.

Increases total liver size
and inhibits antipyrine

metabolism.

O'"Malley et al., 1972
Carter et al., 1974; 1975

Homeida et al., 1976




Table 1.19

NUTRITIONAL FACTORS KNOWN TO AFFECT DRUG METABOLISM IN MAN

FACTOR

DRUG AFFECTED

COMMENTS

REFERENCE

41+ Macronutrient Intake

Malnutrition

Antipyrine

Antipyrine half-life was shortened
in undernourished subjects who
were smokers and drank alecohol

and exposed to various pesticides.
However, half the subjeots with
severe protein/calorie malnutri-

tion had half=lives prolonged by
12-13%.

Krishnaswamy and Naidu, 1977

.

Testosterone and

Estradiol

Metabolism of labelled
testosterone and estradiol
altered in young women with

anorexia nervosa.

Fishman and Bradlow, 1977

Obesity

Theophylline

Plasma elimination halfelife

prolonged.

Gal et al., 1978

oL



Teble 4.49 conte

FACTOR

DRUG AFFECTED

COMMENT'S -

REFERENCE

Protein/Carbohydrate

Balance

Antipyrine and
Theophylline

The average plasma half-life of
antipyrine and theophylline
decreased by 1% to 36%
respectively when the diets of
normal volunteers were cpanged from
their custohary diets to diets that
contained high protein and low
carbohydrate., When shifted to a
high carbohydrate low protein

diet the average half-lives
increased 63% and L3% respectively

Conney et al., 1977

2. Anutrients
Charcoal broiled
beef containing

various indoles

Antipyrine

Plasma half-life significantly
decreased on feeding volunteers
8 charcoal=broiled beef containing

diet for 4 days.

Conney et al., 1976

LL



Table 1.419 cent.

FACTOR

DRUG AFFECTED

COMMENTS

REFERENCE

Phenacetin

A similar diet decreased plasma
levels of phenacetin without
altering plasma concentrations of
its major metabolite, N-acetyl-p-
aminophenol, or the plasma half-
life of phenacetin. Suggests that
such a diet enhances phenacetin
metabolism in the gastro-intestinal
tract and/or during its first-pass
through the liver.

Pantuck et al., 1976

Theophylline

Mean plasma half-life decreased by
22% after subjects were fed the
charcoal broiled beef-containing
diet. Considerable variation in
degree of responsiveness to the
diet.

Kappas e

B

» 1978

2l
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Many plant foods may also cause enzyme induction, notably cabbage

and Brussel sprouts which contain a number of indoles (indole=3-

acetonitrile, indole~3=~carbinol and 3,3'=diindolylmethane) which are

potent inducers of aryl carbon hydroxylase in the rat (Loub et al., 1975).

Animal studies have demonstirated extensive and varied changes in

drug metabolism caused by calorific deprivation (Campbell and Hayes,

1974), whereas Reidenberg (1977) has shown that the half-life values

for a group of five drugs was normal in obese, but otherwise healthy

volunteers, and unchanged by fasting. However, mean theophylline

‘plasma half~lives have been shown to be longer in obese subjects

(t% 8.6h) than in normals (t% - 6h) (Gal et al., 1978).

Otker Factors

Table 1.20 lists a number of other factors which have been shown
to affect drug metebolism.

Various drug-metabolising enzyme systiems are impaired in the
neonate (Vest and Rossier, 1963; Nyhan and Lambert, 1965). Prolonged
plasma theophylline half=lives of 19.9 hours have been reported
in both newborn infants (Loughnen et al., 1976) end in apneic
infants (Giacoia et al., 1576).

Disease states can markedly change an individuals basal,
genetically determined rate of drug elimination. Since the liver
is tke primary site of mefabolism for the majority of drugs, any
factor casusing lmpairment of liver function or hepatic blood flow rate
may be expected to affect the extent and rate of drug metabolism, A
severe reduction in hepatic blood flow caused by cirrhosis has been
reported to reduce both the plasma clearance and half-life of
theophylline (Piafsky et al., 1975). Prolonged theophylline half-
lives have also been reported in patignts with acute pulmonary
oédema (Piafsky et al., 1974) and a patient with severe congestive

heart failure showed a marked increase in theophylline half-life which



Table 1,20

MISCELLANEQUS FACTORS KNOWN TO INFLUENCE DRUG METABOLISM IN MAN

FACTOR AND EFFECT

DRUG AFFECTED REFERENCE
1. Age a) Neonate: It has been recognised for Acetanilide Vest, 1959
some time that young humans may be Rane and Sjoquist, 1972
more sensitive to drugs than are Chloramphenicol Weiss et al., 1960
adﬁlts. Many of the drug-metabolising Pethidine Rudofsky apd Crawford, 1966
mierosomal enzymes are absent or Caldwell et al., 1978
present in negligible amounts in early Promazine Rudofsky and Crawford, 1966
life. Theophylline Loughnan et al., 1976
Giacoila ég_éij, 41976
Sulphobromopthalein Wichmann et al., 1968

Para-aminobenzoic acid

Vest and Salzberg, 1965

b) 01d Age: The effeect of old age on

drug metabolism has not been
extensively studied but recent work
suggests that some elderly patients

mzy have defective enzyme activity

Antipyrine
Phenylbutazone
Amobarbital
Aminopyrine

Warfarin

0'Malley et al., 1971

0'Malley et al., 1977

YL



Table 1.20 conte.

FACTOR AND EFFECT

DRUG AFFECTED

REFERENCE

2. Disease States a) Liver disease: As the liver

is the major site of drug metabolism, any
damage to the integrity of the liver will
influence drug metabolism. This is

usually menifested in terms of impairment
of drug wetabolising enzyme systems, with

prolonged pharmacological drug effects.

Chloramphenicol
Tolbutamide
Rifamycin
Prednisone

Antipyrine

Theophylline

Konin et al., 1959
Ueda et al., 1963
Acocella et al., 1962
Cooksley et al., 1971
Branch et Ei" 1973
Andreasen et al., 1974
Piafsky et &l., 1575
Zwillich et al., 1975

b) Kidney disease: Certain

pathways of drug metabolism are

impaired in patients with uraemia, The
mechanisms are unclear. By contrast
metabolism of some drugs may be

enhanced due to the reduction in protein
binding, particularly those which are

-highly protein bound.

Sulphafurazole
Phenytoin

Reidenberg et al., 1969
Lund et al., 1971

6L



Teble 1 .20 cont.

FACTOR AND EFFECT

DRUG AFFECTED

REFERENCE

3. Route of Administration: After oral

administration peak blood levels of

parent drug and its pharmacologically
active metabolite, 4-hydroxypropranolol,
occur at about one hour after
administration. After intravenous
administration no 4~hydroxypropranolol
is seen in blood because the first~pass
contribution of the liver has been by-

passed.

Propranoclol

Paterson et al., 1970

9L
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returned to normal as the patients haemodynamic status improved
(Jerme ot al., 1974). Hepatic dysfunction, congestive heart disease
and cor pulmonale werevdiagnoses commonly found in a series of
patients with serum thecphylline concentrations over 25uz/ml who
manifested theophylline toxicity while receiving i.v. aminopnylline
(Zwillich et al., 1975).

Random intrapatient variation in theophylline kinetics has
also been demonstrated in asthmatic adult smokers (Hunt et al., 1976)
and asthmatic children {Leung et al., 1977).

These and many other factors represent the diverse ways in which
drug metabolism can be altered and the study of factors affecting
drug metabolism is becoming increasingly important as a means of
inveatigation to maximise the therapeutic effects of drugs and

minimise the risk of toxicity.
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Aims and Scope of the Thesis

The major metabolic pathways followed by theophylline were
elucidated by Cornish and Christman, (1957) and have since been
confirmed by other workers (Thompson, et al., 1976). However, the
ingestion of large amounts of methylxanthines in tea, coffee,
chocolate and cola drinks might be expected to influence the
disposition of theophylline, a s these chemically related
methylxanthines share some of the metabolic pathways of theophylline
(Figure 1.4; Cornish and Christman, 1957; Sved et al., 1976).
Although some workers have commented on the desirability of withdrawing
methylxanthine-containing beverages for 24 hours prior to studies of
theophylline disposition, this has been recommended on analytical
grounds to reduce interference with the assay by dietary constituents,
rather than as a systematic study of the influence of diet on

1l"C_l:e.bel:l.ecl

theophylline disposition. Therefore, with the aid of
theopnylline it is possible to determine the metabolic fate of

the drug without interferepce from dietary methylxanthiﬁes and by

the colleetion of serial urine samples, to relate the kinetics of
theophylline metabolism to its overall elimination.

The optimum therapeutic effect of theophylline is related to
plasma concentrations between about 10 - EO}Pg/ml. Little therapeutic
effect is observed below this level with toxic effects occurring
above this range. However, the therapeutic effectiveness of
theophylline is hindered by wide inter-individual variations in
plasma levels encountered in patients on identical dose regimehs.

As theophylline is eliminated from the body principally by metabolism,
inter-individual differences in the rate and extent of metabolism of
the drug will account for the observed variations in both plasma-

- levels and in the plasma elimination half-lives of theophylline.

The large inter-individual variations which occur in drug metabolism
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in man are determined by a variety of interacting genetic,
environmental and physiological factors. Recently, attention has
focused on the influence of diet on drug metabolism, and with
respect to theophylline this may be significant due tc the widespread
ingestion of large amounts of chemically related methylxanthines.
Therefore, with the aid of(1hb)1abelled theophylline, it is possible
to determine the influence of the methylxanthine~containing beverages
on theophylline metabolism and to assess the extent to which they are
responsible for the observed variations in theophylline disposition.
As theophylline is poorly soluble in agueous media, it is
frequently combined with agents to.enhance its water solubility for
parenteral administration. The most widely used agent is ethylene-~
diamine, which in combination with theophylline yields aminophylline,
.and it is frequently assumed that theophylline ard aminophylline
are pharmacologically equivalent. However in view of the apparent
chemical differences beiwesn the two compounds and due to the
widespread therapeutic use of aminophylline, a comparison of its
metabolism and urinary kinetics with that of theophylline will provige
valuable evidence as to0 the equivalence or non-equivalence of the two

compounds.
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CHAPTER 2

Materials and Methods
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terials and Methoda

Compounds Compounds were purchased as follows: theophylline as
anhydrous crystals (m.p. 27500), (Sigma Chemical Co., Kingstén—upon~
Thames, U.K.), 3-methylxanthine (m.p. 350°C) and uric acid (m.p.
490°G), (Aldrich Chemical Go., Gillingham, Dorset, U.Ke), 1=
rethylxanthine (m.p. 35000), 3~methyluric acid (m.p. 35000), (Fluka
A.G., Buchs, Switzerland), 1-methyluric acid (m.p. approx AOOOC) and
4,3-dimethyluric acid (m.p. 350°C),(Adams Chemical Go., Round Leke
Beach, Ill., U.S.A.). 8—(1AC)-Theophylline, specific activity 34mCi/
mmol, was purchased from the Radiochemical Centre, Amersham, U.K.

Experimental Protocol

Oral Administration

Adult healthy male volunteers received (1hb)-theophylline
(1COmg ¢ 19PCi) orally in a hard gelatin capsule. Urine s amples were
collected and pooled at 24 hours and 48 hours.

Intravenous Administration:~ Theophylline: Hormal Diet

Four male subjects were given an intravenous infusion over a
ten minuteperiod of (1 l"C)-thaophylline (100mg : 10},10:1) which was
dissolved in sterile normal saline (0.9% w/v) with the aid of O.2N
NHQPH and sterilised by ultrafiltration. Urine samples were coilected
at regular intervals for 48 hours and blood samples at O, 5, 10, 15,
30, 45, 60, 90, 120 minutes and then hourly to either 7 or 8 hours.

: Methylxanthine—deprived diet

In the second part of this study the same four volunteers
absiained from the intake of foods containing methylxanthines (coffee,
tea, cola drinks and chocolate) for seven days prior to the intravenous
irfusion of (1AC)-theophylline (100mg 19PCi). It has been shown that
five to nine days are required for caffeine to d isappear from the

“blood of Mnormal" coffee drinkers (Sved, Hossie and McGilveray, 1976;

Warren, 1969). Blood and urine samples were collected as described

above. Volunteers did not resume their normal diets until after the
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last urine ccllection.

Methylxanthine-Supplemented diet

The d iets of three male volunteers, who had participated in
the previous studies, were supplemented by adding six bottles per day
of Pepai-cola (35 to 55mg caffeine per bottle) to their normal intake
of methylxanthine-containing beverages. This diet was maintained for
a period of seven days prior to the intravenous infusion of 100mz
(19Pci) (143)—th30phylline. Serial urine and blood samples were
collected as described previously.

Caffeine/Theophylline Replacement diet

Methylxanthine-containing foods and beverages were withdrawn
from the diets of three male volunteers. Their normal daily intake of
ceffeine and theophylline from these sources was estimated and replaced
by the alternative ingestion of caffeine tablets (Pro~Plus, Ashe
Laboratories Ltd., Leatherhead, U.Ko )Jor theophylline tablets

(uelin, Riker Laboratories, Loughborough, U.K.). This diet was maintained
for a period of seven days prior to the intravenous infusion of 100mg
(19Fci) (1AC)—theophylline. Serial urine and blood samples were

collected a2s described previously.

Aminophylline

(1hb)—Aninophylline injeotion was prepared from 8—(1hC)-
theophylline and ethylenediamine as described in the British
Pharmaceutical Godex (1963), sterilised by ultrafiltration and
administered t0 three male volunteers by intravenous infusion over
a ten minute period (125mg aminophylline, 1%pci; being equivalent to
100mgz thedphylline). The volunteers were iﬁvestigated on both their
normal die+ts and on a methylxanthine-deprived diet according to the
protocol deseribed above. Serial urine and blood samples were

collected as described previously .
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Treatazert of Urine Samples

The volume, pH and radioactive content of each sample was
determined before storage at —ZOOC until required for further
analysis.

Dowex 248-100 Anion Exchange Column Chromatography

Dowex 2X8-100 anion exchange resin (Sigma Chemical Co., Poole,

Dorset) was treated to the following clean-up procedure:~

1) wash with distilled water 200m1 30 minutes
2) wash with 1N NaOH 200ml 60 minutes
3) wash with distilled water 200ml 30 minutes
4) wash with 1N HCl 200ml 60 minutes
5) wash with 1N HC1l 200ml 60 minutes

The resin was then packed as an aqueous slurry into a clean glass
burette (int. diam. 1.0cm) 40 a height of 7.5 = 10.0cm with a glass
wool plug above and below the resin bed.

"Cn-column"Conditioning

1) The resin was conditioned with 50ml 6NHCLl followed by
2) a water wash to neutrality
3) immediately prior to use a further 200ml distilled water
was passed down the column.
By this procedure, xanthines are not retained by the column and
are washed through with water, while uric acids are retained and
require elution with acid.

Application of Urine

A volume of urine containing some 350,000dpm was adjusted to
ol 7.1 = 7.2 and transferred to the pre-conditioned column with the
2id of an egual volume of water. The eluate was collected and the
column washed with water until the radicactivity eluting from the
" column approached background, this required 200 - 250ml. The column

w23 then eluted with 0.05N HCLl until the radiocactivity eluting from
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the column again apuroached background, this required 300 - 350ml
(see Figure 2.1). The total recovery of radiocactivity from tke
column approached 95 - 100% of that aspplied to the column. The two
fractions were then concentrated by rotary evaporation and used for
ion~exchange paper chromatography.

By this procedure, the urine was divided into a water fraction
(xanthine containing) and an acid fraction (uric acid containing).
This separation is essential as all published thin-laysr and paper
chromatograohic systems for the separation cf theophylline and its
metabholites report identical Rf values for both 3-methylxanthine
and 1,3-dimethyluric acid.

Ion~Bxchange Paper Chromatozraphy

Vhatman DE 81 ion-exchange paper was soaked in Tris-phosphate
buffer (0.2M) pH 6.6 and air dried.

Samples from the Dowex—concentrated fractions are applied in
the normal way and developesd wilth n-butanol-glacial acetic acid-water
(Lk:1:1 by vol.).

Standard compounds were visualised under U.V. light (254nm) and
Rf values were theophylline 0.75; 1-methylxanthine 0.64; 3~
methylxanthine 0.56; 1,3-dimethyluric acid 0.59; 1-methyluric acid
0.38 and 3-methyluric acid 0.32.

Ezdiozhemieal Techniques

<1A

The C) content of urine and otler solutions was determined
by liquid scintillation counting using either a dioxan-basad

scintillator or a Triton/toluesne bassd seintillator, with a Packard

Iri-Carb liguid scintillation spectrometer, Model 3385. Radioactivity
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matograms was located by radiochromatogram scanning
(Packard Model 7209 Scanner) and quantitated by scintillation counting

(caldwell et al., 1975).
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Treatment of Blood Samples *

Blood samples were centrifu ed imnediately after collection at
3,500 rpme The total (“*c) content of plasma was then determined by
liquid scintillation counting using a Triton/toluene based scintillant.

Reverse Isotope Dilutions

Theophylline or 3-methylxanthine (1g) (dissolved in methanol) was
added to urine (50ml). The mixture was evaporated to dryness, the
residue taken up in 4 small volume of methanol and filtered. The
filtrate was then treated with ether to precipitate the compound,
which was filtered and recrystallised from hot water to constant
specific radioactivity. The presence of {-methyluric acid and 1,3= .
dimethyluric acid in urine samples was also confirmed by reverse isotope
dilution. A small amount of either compound was dissolved in boiling
water. On cooling, the crystals formed were filtered and then re-

crystallised from hot water to constant specific activity.

Kinetig Analysis of Urinary Metabolite Data

1+ Hanes-type plots for the elimination of theophylline and its

metabolites

All metabolite data were plotted according to one of the linearised

forms of the Michaelis=Menten equation

S Km
.‘_,= v-—-. + VL S sesenens (1)
max max

where S 1s the substrate concentration, v is the observed rate of
metabolite formation, Km is the Michaelis constant and Vmax is fhe
theoretical maximum rate of the metabolic processe Applied to the
conditions of this study, S is the amount of unmetabolised theophylline
in the body, v is the rate of appearance in the urine of a given
metabolite (which, in the case of theophylline metabolites, is assumed
to be rate limited by formation, and therefore reflects the rate of

formation), Km is the apparent in vivo Michaelis constant (expressed

ags the amount of drug in the body rather than as a concentration)
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undlvmux is the theoretical maxiram rate of metabolite formuLion
(amount per unit time).

According to equation (1) a plot of S/v versus S should be linear
with a slope of 1/V'max and an intercept of Km/Vmax, permitting the
determination of Viax and Km. Data which does not show Michaelis-
Menten kinetics but are apparent first-order, will yield a slope of

zero in a S/v versus S plot since:-

-

v = kS ceenee (2)

and therefore

S/v=1/k ceeece (5)

where k 1s the apparent first-order formation rate constant.

24 Determination of Elimination Rate Constants for Theophylline and

its Metabolites by the "Sigma-Minus" Method. (Cummings et 2&.,1967)

In this method a first-order rate law 1is assumed for all the
processes involved in the elimination of the drug and its metabolites.
The drug is considered to undergo elimination by excretion of uncke nged

drug with the rate constant k_, and by the simultanecus formation of

D
a number of metabolites M, M', M'' _.., with the rate constants kF,
k'F, k'} ceey respectively. The overall rate_constant for the

elimination of drug by all routes is K, where:-

- 1 te
K=ky+ky+k PR cesaas (4)

The metabolites are considered to be instantaneously equilibrated
in the body water and to undergo no further metabolism. They are
cxereted unchanged with the rate constunts k , k'U, k'h «e., respectively.

The elimination of the drug and the excretion of its metabolites

may be represented as follows:-
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"
k! 1 k'U t
F—> MWy "y
K
Dy
ks ' k' 1
B > MU B >MU
. ‘
D
>3y

The following equations for these processes are presented with
respectto the unchanged drué, but they may also be applied to the
metabolites when the appropriate rate constants are substitutede In
these equationsze

D = Amount of drug in the body at zero time,

(]

Amount of drug in the body at time t,

U.'IU
i

= Amount of drug excreted in the urine at time t,

Amount of metabolite formed at time t,

n

Amount of metabolite in the body at time %,

Amount of metabolite excreted in the urine at time t

& o o P
(]

3o that D =D_ + D_+ MF and MF = Mh + MU

)

) B 8} )

thus EEB = — KDy eeeineens (5) %
dt )

In respect of the excretion of unchanged drug, the "Sigma-minus"
method consists of plotting the amount of drug which is ultimately
excreted (DU£) minus the cumulative amount of drug (DU) excreted in
time t, against time after drug administration, where the dose is

equal to DO;
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k. De -Kt
D o eeeeee  (6)

Dje= Dy K

in kDDo
SO ln (DUQ'O-DU) =.-I—{-—' -I(t sevsevees (7)

To enable a plot of the above type it is necessary to first
determine the amount of drug which is ultimately excreted (DUGQ in the
unchanged form. This is achieved by a plot of the logarithm of the
rate of excretion of the drug against the mid-point of the collection

periode This plot generates a straight line which is described by

dD

U
—— = k "K Seam e
1n Er: 1n DDB t (8)

which has an intercept on the ordinate equal to kDDo and & slope

equal to =K,

(DU“J is calculated by estimating the rate of drug elimination at
the end of the last collection period and dividing by the slope of the
line:

Rate at time ¢
Slope

collected +

Equations of the same form as (8) are also obtained for the

metabolites.

*x
Only the total radiocactive content of plasma was estimated. Therefore

no further analysis of plasmwa data was performed.
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CHAPTER 3
Metabolism of Orally

Administered (140)—Theophylline
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Introduction

The major metabolic pathways of the methylxanthines, caffeine,
theophylline and theobromine were elucidated by Cornish and Christman
(1957) and the metabolism of theophylline has since been confirmed
by various workers (Thompson et al., 1974; Jenne et al., 1976;

Desiraju and Sugita, 1977).

However, in the-investigations cited above, theophylline and its
metabolites were idéntified by ultraviolet spectrophotometry techniques.
Thus the presence of other U.V. absorbing materials present in urine
might be expected to interfere with the estimation of theophylline and
its metabolites., Furthermore, the ingestion of large amounts of
methylxanthines (caffeine, theophylline and theobromine) in tea, coffee,
chocolate and cola drinks might also influence both the disposition
of theophylline and the estimations of its metabolites in urine
since these chemically related methylxanthines share some of the
metabolic pathways of theophylline (Cornish and Christman, 1957; Sved
et E}., 1976). Many workers have therefore commented on the desirability
of withdrawing methylxanthine-containing beverages prior to studies on
theophylline disposition, and this has been recommended on analytical
grounds to reduce interference with the assay by dietary constituents.

However, with the aid of (14C)-theophylline it is possible to
determine the metabolism of theophylline without interference in the
assay by endogenous methylxanthines. This should enable a more
accurate quantitative estimate of theophylline and its metabolidies,

arising from an orally administered dose, than those previously reported.
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Resul ts

Oral (14C)—Theophyllino

After the oral administration of 4100mg (1QPCi) (14C)—theophylline
to six healthy male volunteers, 72.3% (6.1 = 83.5% Mean and range)
of the dose was excreted in the urine after 24 hours and 87.2% (81.1 -
96.49%) after 48 hours (Table 3.1).

Ion—-exchange paper chromatography of the concentrated aqueous
eluates obtained after Dowex 2X8 = 100 anion exchange column
chromatography (See Ch.2) showed two major radioactive peaks, with Rf
values 0.55 and 0.74. One very minor radioactive peak with Rf 0;13
was observed in all but two of the subjects (Figure 3.1). The two
mejor peaks corresponded %o 3~-methylxanthine and theophylline, whose
presence was confirmed by reverse isotope dilution, while the minor
peak was not identified. Chromatograms of the acid éluates obtained
from the same Dowex column as above (see Ch.2) showed two radioactive
peaks, with Rf values of 0.37 and 0.57, corresponding to 1~methyluric
acid and 1,3-dimethyluric acid respectively (Figure 3.2) and confirmed
by reverse isotope dilution.

The quantitation of theophylline and its metabolites in 0-24 hour
uriné is given in Table 3.1 and these are compared with results
published by other laboratories employing different methods of analysis
(Table 3.2). Thus the major metabolite in all six subjects studied
was the 8-hydroxylated product, 1,3-dimethyluric acid, which aécounts
for 30.7 z 2.5% (Mean z S.D.) of the dose. N-demethyiation in the 1
position gives rise to 3-methylxanthine (14.2 L 2.4%) and the 8
hydroxylated/3-N demethylated product, 1-methyluric acid accounts for
a further 15.2 it 5.8% of the dosee. Therefore the major routes of

metabolism after the oral administration of (140)-the0phylline involve



Table 3.1 QUANTITATION OF THEQPHYLLINE AND ITS METABOLITES IN 0-24 HOUR URINE OF VOLUNTEERS
AFTER THE ORAL ADMINISTRATION OF 100mg (10pCi) THEOPHYLLINE

SUBJECT 7.J.M. | J.C. M.F. K.L. J.D. R.L.S. | MEAN | s.D. e D
METABOLITE

THEOPHYLLINE 10,27 | 14.5 N 11 1 117 10.9 11.0 | 2.3 0.29 n-s
1,3-DIMETHYLURIC ACID 3543 3064 31.0 30.1 27.8 29.3 30.7 245 0.77 n-s
1 -METHYLURIC ACID 22,2 2244 1he2 8.7 1143 1241 15.2 | 5.8 0.93 0.01
3-METHYLXANTHINE 16.5 1445 15k 15.8 13.2 9.9 1he2 | 2.4 0.62 n-s
UNKNOWN XANTHINE - - 2.1 2.5 2.0 2.0 1o | 441 - -
TOTAL 0-24 HOURS 8345 81.8 70.2 6843 6549 6o 72.3 | 8.3

TOTAL 24,-48 HOURS 12.9 12.6 1541 16.0 15.9 17.0 1449 1.8

TOTAL 96.4 9ol 85.3 8l43 81.8 81 .1 87.2 6.6

*All figures expressed as % of the dose recovered as that compound in the 0-2) hour urine
ik
r = correlation coefficient between % of the dose excreted as a particular metabolite and the overall

elimination of total radiocactivity in the 0-24 hour urine

€6
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Figure 3.1 D= 81 TON-EXCHANGE PAPER RADIOCHROMATOGRAM SCAN OF THE
CONCENTRATED DOWEX 2 X8-100 ANION EXCHANGE COLUMN VIATFR
ELUATE (ORAL (wc)-THm PHYLLINE)
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Table 3.2

QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES BY VARIQUS AUTHORS

3MeX

1,3-diMeU

1-MeU

phylline administered to two subjects at a dose
of 5 or 7mg/kg.

Analysis and Protocol Reference
11 14 31 15 Ion-exchange column chromatography, ion-exchange Present study
. paper chromatography. 100mg (1 l*c)-theOphylline .
» » " * A
10 12 26 12 Oral. Reverse isotope dilution
10 13 35 19 Ion-exchange column chromatogrephy, u.v. Cornish and
absorption. 2x500mg taken orally over & 4 hour Christman, 1957
period.
14 9 by 12 Paper chromatography and scintillation counting. Ellison st 2l.,
' Administered as 100mg (1O?PCi) Fenetylline 1970
(SH-theOphylline).
8 36 40 17 High-pressure liquid chromatography. Patients Jenne et al.,
administered 800 or 1,200mg aminophylline/24 hours | 1976
in divided doses, either in a plain form or as a
slow-release preparation.
10 9 L6 19 High-pressure liquid chromatography. Amino-

Desiraju et al.,

1977

96
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N-demethylution and 8-hydroxylat -on, with only 11.0 z 2.3% of the
dose being excreted unchanged ir 24 hours.
Discussion

Although the oral route is the most convenient route for the
administration of most drugs, the absorption of the xanthine alkaloids
(caff'eine, theophylline and theobromine) from the gastro-intestinal
tract can be erratic (Ritchie, 1975) probably a cosequence of their
poor aqueous solubility (2% for caffeine, 1% for theophylline and
less than 0.1% for theobromine). These results suégest that, at least in
the six volunteers studied, theophyllihe is readily absorbed after oral
administration, although the rate constant for absorption camnot be
calculated from these studies.

The largest interindividual variation in the metabolism of orally
administered (140)-theophy11ine is in its conversion to 1-methyluric
acid, via the formation of 1,3-dimethyluric acid (see Ch.4). This
metabolite accounts for between 8.7 - 22.4% of the dose, a two and
a half fold difference between the six volunteers. However, the
amounts of this metabolite excreted by each voluntecr caorrelates
(p£0.01) with the overall amount of total radioactivity each volunteer
excretes in their 0-24 hour urine samples. Thus the 8-=hydroxylation,
N-demethylation of (140)-theophy11ine to 1-methyluric acid appears to
be the major determinant of the overall elimination of radioactivity
following oral (140)-theophy11ine. Two of these subjects R.L.S.and
J.D., who excrete small amounts of {-methyluric acid (12.1 and 11.3%
respectively) are also known to be slow metabolisers of debrisoquine
(Mahgoub et al., 1977) which is eliminated from the body both un-
changed and as its h-hydroxylated metabolite. Perhaps the metabolite
defect in these two subject;, namely that of alicvclic hydroxylation,
extends to the o;idation of a wider range of drugs, in this instance

the 8-hydroxylation, N-demethylation of theophylline. That it is the
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N-demethylation step which is privcipally affected is illustrated by the
amounts of 1,3-dimethyluric acid vhich these t wo subjects excrete. The
amounts of this metabolite, formed by hydroxylation of the 8-position
of theophylline, are comparable with those excreted by the other four
subjects (Table 3.2). Thus it is the lower levels of the N~demethylated
product in these subjects which account for the overall lower recovery
of radiocactivity in the urine.

However, subject-K.L., who also excretes small amounts of -
methyluric acid (8.7%) has been phenotyped as an extensive metaboliser
of debrisoquine. This subject is also a smoker énd perhaps the
differential induction of the two pathways (alicyclic hydroxylation
and N-demethylation) caused by the cigarette smoke is responsible for
the observed difference in drug metabolism by this subject. That
the N-demethylation of theophylline to 3-methylxanthine is not
affected to the same extent in these subjects suggests that enzyme(s)
responsible for catalysing the two N-demethylation reactions are
different, Whether there is a significant genetic component as a
determinant of theophylline metabolism is being investigated in a
parallel studye.

The quantitation of theophylline and its metabolites by the
analytical procedure employed in this study, compare well with those
reported for theophylline metabolism using different analytical
techniques (Table 3.2). The one inconsistent figure in this table is
the value of 36% assigned to 3-methylxanthine by Jenne et al.,(1976).
This value 15 approximately twice that of other published data, and
in this study they report a 116% recovery of theophylline and its
metabolites in 24 hour urine samples. This overestimation in the
recovery of 3~-methylxanthine might arise from two errorse The first
involves interference in the high pressure liquid chromatographic
assay by other u.v. absorbing material in urine; the second involves

the estimation of theophylline and its metabolites arising from
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sources other than that of the dose administerods Van Gennip et al
(1973) reported that children ex:rete large quantities of 3-
methylxanthine in their urine, and that this arises from the dietary
intake of methylxanthines, as does the presence of {-methylxanthine,
a metabolite of caffeines. As the patients studied in the Jenne
experiments apparently did not abstain from the dietary ingestion of
methylxanthines prior to the study, and as they were already on
maintainance aminophylline therapy, it is reasonable to assume that
the theophylline and metabolites quantified in the O~24 hour urine
samples arose from sources other than that of the single administered

1l"'G-labelled the ophylline

doses This stresses the value of employing
in a study of its disposition in man, which enables the determination
of theophylline and its metabolites without interference from
endogenous methylxanthinese

The estimates of theophylline and its metabolites by reverse
isotope dilution (Table 3.2) in urine samples are consistently lower
than the values obtained by the ion-exchange procedures.s This is
probably due to the "diluting" of the radioactive metabolites by the

presence of cold material in the urine, and arising f rom the dietary

intake of non-labelled methylxanthines,.
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CHAPTER 4
Metabolism and Pharmacokinetics of
Intravenously Administered (140)-“heophylline

to Volunteers con their Normal Llieils
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Introduction

In the preceeding chapter the first study of theophylline
metabolism in man using (1AC)-lebelled drug was reported. This
obviates the analytical problems associated with the presence of un—
labelled methylxanthines derived from the diet. However, whilst such
a study cnables an accurate quantitative estimate of theophylline and
its metabolites in 0-24 hour pooled urine samples, it gives no
indication of the rate at which these metabolites are formed and
eliminated from the body. Knowledge of the kinetic aspects of drug
metabolism is as iﬁportant as def'ining the qualitative aspects (Ch.7).

Therefore, af'ter the intravenous administration of (140)-
theophylline and the subsequent collection of regular urine samples,
by determining the amounts of theophylline and its metabolites in each
sample, a more detailed picture of theophylline metabolism will emerge.

A qualitative comparison of theophylline metabolism after both
oral and intravenous administration will also be possible. By the
intravenous administration of (140)-the0phylline, any interindividual
differences in the rate of drgg absorPtion, which might affect the

rate of metabolisi, are precluded.



Results

12 . .
Intravenous ( C)=Theophylline:- Normal Diet
Aftar the intravenous adminigirotion of 100 myg (1?PCL> (1hC -
X , - , +
theophylline to four healthy male volunieers, 7646 = 5.7% {lMean - S.D.)

of the administered radiocactivity was recovered in the urine after

24 hours and 85.3 & 3.7% after 48 hours (Table L4.e1).

Table L4.}:~ Recovery of radioactivity in urine following the

intraverous administration of (14C)-theophylline

SUBJECT - TedeM. J.Ce L.AV. C.A.L. MEAN | S.D.
0-2l, Hrs. 8.6 | 78.4 | 8149 77.3 | 76.6 | 5.7
24=L8 Hrse. 14..9 3.1 8e1 8.7 8.7 | 4.8
Total 83.5 81.5 90.0 8.0 €5.3 Se7

*All values expressed 2s % of dose administered.

Ton~exchange paper chromatography of the concentrafed &zuecus
eluates obtained after Dowex ZX8-100 anicn exchange chromatography
of the urine samples showed two major redicective peaks with the same
Rf wvalues as those obtained after oral theophylline and corresponding
to j-methylxanthine.and theophylline. However, all four volunteers
excreted smell amounts of an unknown métabolite with Rf 0.13, which
was also present in the urine of subject R.L.S. after oral
administration of theophylline (Figure 41). Ion~exchange paper
radicchrcmatogram scanning of the acid eluates showed two major
radioactive peaks corresponding to 1-methyluric acid and {-3,
dimethyluric acide However, a minor peak Rf 0.70, which was not
identified, ﬁas also found in the urine of all four volunteers

(Figure 4.2).
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Figure 4.1 DE 81 ION-EXCHANGE PAPER RADTOCHROMATOGRAM SCAN OF TIHE
CONCENTRATED DONEX 2 X8-100 ANION EXCHANGE GOLUMN WATER
1
ELUATE (INTRAVENOUS ( LFC)-THEOPHYLLINE)
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Figure 4.2 DE 81 TON-EXCHANGE PAPER RADIOCHROMATOGRAM SCAN OF
THE CONCENTRATED DOWEX 2X8-100 ANTON EXCHANGE COLUMN
1
ACID ELUATE (INTRAVENOUS ( Z*c)-THEOIDWLLINE)
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Quantitation of theophylline and its metabolites in serial
urine samples are given in the Appendix. The cumulative excretion
patterns of theophylline and its metabolites in each volunteer are
illustrated in PFigure L.3.

Quantitation of theophylline and its metabolites in the total

2}, hour urine of each volunteer is given in Table 4.2

Table 4.2 Quantitation of theophylline and its metabolites in
0-24h urine following the intravenous administration

of (140)-the0phylline.

SUBJECT r.J. M| J.c. | L.aw. | c.AL. | MEAN S.D.
METABOLITE

”
THEO PHYLLINE 7.5 |11.14 647 L9 7.51 2,65
3~METHYLX- 15.8 116419 | 1744 | 19.04 | 47413 | 145
ANTHINE
1 :3"

DIMETHYLURIC 30,07 {26.03 27.88 34.62 29.65 3.70
ACID

1-METHYLURIC 12.90 1 18.75 25.00 16463 18432 5470
ACID

UNKNOWN

XANTHINE 1.67| 0.95 | 1.08 | 1.09 | 1.20 | 0.32
UNKNOWN
URIC ACID 0.61 | 5.31 | &ttt | 0.35 | 2.60 | 2.49

L]
All values expressed as % of dose administered.
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ACID (SQUARES) AND 1,3-DIMETHYLURIC ACID (TRIANGLES).



107

The following empirical relationships were found between the

4« There <is an inverse relationship between the fraciional urine
content of 3-methylxanthine and 4,3=~dimethyluric acid (Figure 4.4).

2. The amounts of 1,3-~dimethyluric acid and {-methyluric acid
excretzd in urine are directly correlated (Figure 4e5).

The amounts of theo phylline and its metabolites excreted in urine
were not affected by the urinary pH (Subject C.A.L.). However, it
has been reporied that there is a strong and highly statistically
significent positive correlation btetween the renal clearance of
theophylline and urine flow rate (Levy and Koysooko, 1976). These
observations are confirmed in the present studies and Figure Le6
shows the relationship between the urine flow rate and the amount of
unchanged theophylline excreted, expressed as a percentage of the

dose remaining in the body.
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Urinary Kineties

The cumulative excretion plots for theophylline and its
metabolites (Figure 4e3) show thet the rates of excrétion of
theéphylline, 1,3=dimethyluric acid and 1~methyluric acid decline
at a constant rate with time after administration of (140)-theophylline
This is reflected in the curvi-linear nature of the cumulative
excretion plots, and is indicative of typical first~order elimination
rate processes. However, the rate of excretion of 3-methylxantnine
prbcéed; at a2 constant rate for about {12 hours post-administration.
Only after this period of time does its rate of excretion start to
decline. This is reflected in the straight line nature of the
cumulative excretion plot for 3~methylxanthine (Figure L.7) 2nd ic
an indication of zero-order elimination rate.processes.

.All the urinary excretion data were therefore subjected to Hanes-
type plots, a2s deseribed in the meihods. This anelysis enabled the
determinaticon of first-order elimination rates constants for
theophylline (kgl), 1 ,3-dimethyluric acid (kzﬁu), 1—methyiuric
acid (kig) and for the unknown metabolites (kgl); and the determination
X

. . . MY
of the two Michaelis parameters for 3-methylxanthine (V and Km™™).

max
Data from subject C.A.L. is used to provide an example of this type
of analysis (Figure 4.8). Table 4.3 summarises the varicus
elimination rate constants for theophylline and its metabolites in thne
four volunteers, together with the time taken for each volunteer to
excrete 50% of the administered rediocactivity in urine (t3).

Although the "Sigma-minus" method for the determination of the
rate of elimination of a drug from the body, by all processes, (K),
assumes elimination by first~order processes, this method of anslysia
was also carried out on the datas This enabled scme comparison between

the two analytical procedures to be made, and these will be

discussed in Chapter 7. Table L4.). lists those parameters determined
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CUMULATIVE EXCRETION OF TH®OPHYLLINF AND 3-
METHYLXANTHINE TO ILLUSTRATE THE CONSTANT RATE OF
EXCRETION OF 3-METHYLXANTHINE OVER THE O-12H
PERIOD POST DOSING. SUBJECT T.J.M.

Figure 4.7
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Table L3 PHARMACOKINETIC PARAMETERS DESCRIBING THE URINARY ELIMINATION OF

(o) pEOPHYLLINE
SUBJECT T.J.Me J.cC. © C.A.L. L.A.W. MEAN S.E..
sz 0.005 0.016 0,007 0.007 0.009 0.002
DHU , .
kD) 0.026 0.027 0.032 0.025 0.028 0.002
MU '
ko 0.011 0.021 0.016 0.022 0.018 0.003
1:21 0.0017 0.008 0.0013 0.00L 0.00L, 0.002
Py
3N .
Vmax 0.7, 113 1038 1.30 ' 1614 O.14
b
K K 3.4 21.7 3649 29,6 22,8 7.3
t3 1343 8.4 8.9 8.4 9.8 142

MU U ‘ - . . .
kil’ kgl s kgg, kel are the first-order rate congtants deseribing the urinary elimination of

theophylline, 1 ,3-dimethyluric acid, 1-methyluric acid and the unknown metabolites respectively;

MX . < . . . . X
KmBMX and'Vigi are the Michaelis constants describing the urinary elimination of 3-methylxanthine;

t% is the time teken for 50% of the administered dose uo be recovered in the urine,



Table L.l PHARMACOKINETIC PARAMETERS DESCRIBING THE URINARY ELIMINATION OF
(1AC)-THEOFHYLLINE DETERMINED BY THE "SIGMA-MINUS" METHOD.

LLL

PARAMETER mK(h-1) **kn(h-1)
SUBJECT
J.Ce 0.23 0.023
C.A.L. 0.18 0.009
L.AW. 0.16 0.009
T.J.M. 0.11 ’ 0.008
MEAN 0.7 0.012

. :
K = rate of elimination of theophylline by all routes.

**kD = rate of excretion of unchanged drug only.
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by thz "Sigma-minus" method for the four volunteers. Again data from
subjzct C.A.L. is employed to provide an example of this type of
analysis (Figure 4.9).

Using the kinetic parameters defined above and listed in Table 4.3,
it becomes possible to0 construct an eguation which describes the
elimination of theophylline from the body, following its intravenous

zdpinistration to man:-~

MX
(v s
_ T , ,DMU MU U max

B (kel * x<el + kel + kel) S+ ;;3ﬁi+s seeses (1)

&6

e LT DMU MU U . P4 . R
wWhere X o, kel s kel and kel are the previously defined first-order

2limination rate constants; Vzii and ijMX are the previously defined
Michaelis constants; S is the amount of theophylline remaining in the
body at time t; and the overall elimination rate of theophylline is

given by g%. Equation (1) can be ,simplified such that the

elimination of theophylline can be described by the mixed-order

aguation shown below: -~

-

]

B.S
= - — LI A 2
A.S + Tas (2)

=17

wnere A 1s the combined first~order elimination rate constant and B

zni C are the apparent Vmax and Km of the proczss(es) by which 3-

£

ethylxanthine 1s eliminated.

Eguation (2) can be resadily integrated to give t in terms of St,

C

B
t =g o) 1n (A.C+B+A.So) + o 1o (so) -
B 1n (A.G+B+A.S,) + S 1 (8,)  eeene. (3)
A(A.C+B) Py A.C+B £

wisre 3 1s th2 amount of drug in ths body at t = 0, i.e. the

Substitution of the kinetic parameters from Table 4.3 into
sguation (3) and solution with a digital computer gave the results

snown in Figure 4.10.
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Figure .10 ATTEMPT TO FIT THE TIME COURSE OF TOTAL '%g ELIMINATION,
FOLLOWING THE INTRAVENOUS ADMINISTRATION OF (“*c)-
THECFHYLLINE TO A FHARMACCKINETIC MODEL CONSISTING CF
3-METHYLYANTHINE ELIVINATION BY MICHARLIS-MENTEN
KINETICS AND APPARENT FIRST-CRDER PROCESS FOR 1,3-
DIMETHYLURIC ACID, 1-METHYLURIC ACID THEOPHYLLINE AND
THE UNKNOWN METABOLITE ELIMINATION
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From equation (3), the elimination half~life (t3) for any given
value of S can be calculated:-

. B A.C+B+A.S C_ 1n (2 )
vz T A{A.C+B) in E.CiBiiA.8 " E.CiB (2) eeeeee (4)

It can be secn that t¥ is dependent upon the body load from which

the measurements are begun, and is therefore not constant, as is the
case where elimination is solely by first-order processes. Again
substitution of the average kinetic parameters from Table 4.3 into
equation (4) with varying values of S, gives rise to a graph of t}
ag&inst-S of the shape shown in Figure L«%1.

This sigmecid curve is characteristic of mixed-order elimination

(Rowland, 1977), ard the minimum and maximum t} values are given by:-
; 12 _C '
mine. tz = 0.693 W as S approaches zero

max. t% = 0.593 as S approaches infinity

bt =

Discussion

The metabolic fate of (1LC)-the0phy11ine after its intravenous
administretion to four healthy male volunteers remained essentially the
same as that af'ter its oral administration. There appear to be no
significant rcute differences in the metabolism of (1&0)-theophylline.
‘Thus it is converted to three major metebolites, 1,3=dimethyluric acid,
{-methyluric acid and 3-methylxanthine. However, two minor metabolites
are excreted in the urine of each volunteer after intravenous
edministration, one having the properties of a basic compcound and the
second the properties of an acid. At present these metabolites have
not been identified, but recently several unovel metabolites have been
identified in the urine of various species following methylxanthine
administration, (Table 4.5; Figure lts42)e TFurthermore, both ribo-
nucleosides and ribonucleotides are formed with analogues of purines
and pyrimidines, probably by the same enzyme system (in the soluble

fraction of the cell) responsible for synthesising nucleosides and
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Table 4.5

. SOME NbVEL PRODUCTS OF METHYLXANTHINE METABOLISM

REFERENCE

METHYLXANTHINE METABOLITE
" .

Caffeine In the rat 1,3,7-trimethyldihydrouric acid (I) accounts Reo et al., 1973
for 1.3% of the dose and appears in equilibrium with its Arnaud, 1976
open chain N~formyl analog (II)
346,8=-trimethylallantoin (III) accounts for 11.4% of Rao et al., 1973
the dose in the rat
N-methylurea (IV) and NN'-dimethylurea (V) account for Arnaud, 1976
less than 0.5% of the dosé in rats
A sulphur containing metabolite, isolated and Kamei et al., 1975
identified in the urine of the horse, raebbit, rat and
mouse a8 = (7+1 (1,3-dimethylxanthinyl)) methyl
sulphoxide (VI). In mouse urine the corresponding
sulphide and sulphone were also identified

Theobromine In the urine of rats 36% of the dose identified as Arnaud, 1978

L~emino~5(N-rwethylformylamine) 3-methyluracil (VII).
This is formed via the formation of 3,7-dimethyldi-

hydrouric acid.




Table 4.5 conte

METHYLXANTHINE

METABOLITE

REFERENCE

Theophylline

Caffeine has been shown to be a biotransformation
produst of theophylline in premature newborns treated
with theophylline for apnes. Caft'eine was
authentified by high-pressure liquid chromatography

and mass spectrometry

Baltassat et al.,

1978 a, b

]

I, II, I11, Iv, Vv, VI and VI1 refer to the structures
of the various compounds which are illustrated in

Figure 16-01 2e

ne
.
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_ nucleotides of the naturelly occuring purines and pyrimidines. Many
anzlngues of theae compounda of intzrest as anti-cancer agents have
been studied, and in almost every instance the biclegically active
compounds are the phosphorylated ribonucleoside derivatives (Montgomery,
1965). This type of reaction is exemplified by the conversion of 6-
mercaptopurine to a ribonucleotide by reaction with 5-phosphoribosyl
1-pyr0ph65phate (PRPP), catalysed by a purine phosphoribosyl transferase
(Lukens and Herrington, 1957) (Figure L4.13). Allopurinol (Figure 4.13)
used in the treatment of gout, undergoes = similar reaction.

The structural similarity between these compounds and theophylline
are clearly evident. Furthermore, it is the nitrogen atom in position
nine of the imidazole ring in these compounds which participates in the
reaction with PRPP. This position remzins free in theophyliline to
pérticipate in such a reastion, but wnether the methyl group in position
thrée, or the carbonyl groups in positions +wo or six hinder the reaction
is nct knowme Alternative}y, purines, pyrimidines and scme of their
analogues my react withe< ~D-ribose-{-rhosphate; the phosphate group
is split out and a ribonucleoside results. This type of reaction is
catalysed by a nucleoside phosvhorylase, of which theophylline might
be a substrate.

The possible natures of the two ﬁnidentified metabolites in the
present study are therefore numercus, with the potential opening of the
imidazole ring, as observed by Arnaud (1978) after the administration of
thecbremine to the rat, offering further interesting alternatives.

The rate of elimination of theophylline, 1,3-éimethyluric acid and
{~methyluric acid have been shown to be described by first-order
kinetics. However, the rate of elimingtion of Z-methylxanthine remeins
constant for a pericd of about 12 hours post administration, after which

it declines at & concstant rate with timee This observetion can
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be explained by one or both of' two processese Eitker the rate of
'formation of 3~rethylxanthine is’capaciny limited, that is the enzyme
system which catalyses the 4-N demethylation of theophylline is
saturated; or the rate of excretion of 3-methylxanthine is capacity
limited. The former explanation appears to be more acceptable as Van
Gennip et al. (1973) have shown that, at least in the children they
studied, ﬁan can excrete relatively large amounts of 3~methylxanthine
in urine over & 24 hour periods Methylated xanthines could theoretically
be formed endogenously from 1-methyladenine, 3-methyladenine and 7-
methylguanine, components of transf'er RIA (ycPharlane and Lee, 1970;
Craddock, 1970). However, any excessive methylxanthinuria is probably
of dietary origin, for when the dietary methylxenthines are omitted from
the diet the excretion decreases to very low levels or even zero (Van
Gennip et al., 1973).

It therefore appears thet man has a limited capacity for the
conversion of theophylline to 3-methylxanthine, and that this reaction
is prcbably rate-limiting for the overzll eliminastion of ;heOPhylline.
This finding is supported by the observations of Jemne et al. (1976)
who noted an inverse correlation between the adjusted serum theophyliine
concentration and the frection of 3-methylxanthine in the urine. Thus
as more 3-eethylxanthine appears in the urine, indicating removal of
theophjlline from serum by the process of metabolism, lower serum
concentrations of theophylline are observed. On the basis of these
findings Jerne et al. (1976) concluded that the 1-N demeihyletion cf
thecophylline was the dominant reesction determining serum theophyliline
concentrations. The present study readily explains the basis of their
findingse.

The rate of theophylline elimination has previously been assumed
to be directly propcrtional to its serum concentration (Mitenke and

Ogilvie, 1973; Ellis 33‘52.; 1976) that is elimination by first-crder

-
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proeeszses. Vaucher et ol. (1977) hove stated that the disappenrance of
theophyiline from serum follows first~crder kinetics even at high serum
theophylline levels. While this is usgually typical for drug
elimination, some drugs do exhibit saturation of elimination mechanisms
(Table 4.5) as concentrations in the body increase, éesulting in
disproportionate incresses in their rates of elimination., In contrast
to the work of Vaucher et al. (1977) AWéinberger and Ginchansky. (1977)
while investigating the pharmacokinetics of theophylline in children )
discovered that increases in dcsage were associated with serum
concentrations which inereased to a greater degree than was predicted
by assuming first-crder kinetics. Their data supported the presence
of &ose—dependent kinetics for theophylline elimination. They
subsequently fitted their data to the Michaelis-Menten model over
the range for which data was obtained and derived a plot relating steady-
state serum thecphylline concentrations against doses

However, present resulis suggest the eliminetion of theophylline is
now best described by parallel first~crder and Michaelis-Menten kinetiss.
The mathemstical model describing theophylline and subsequent determin-
&tion of urinery half-life variations with dose, has important ciinical
implicetionse Such a system is charascterised by apperent overall first=-
order eliminztion at concentrations w2ll below Km sinee S <X km and
saturation effects do not become evident. It also approaches a first-
order process when the concentration is well above Km since k.S =>
vﬁax° This situation expleins the observations and conclusions of
Vgucher‘gz'gg. (1977). Hovwever vetween these two extremes the apperent
elimineation half-lif'e of theophylline continually changes with
corcentration (Figure 4.11).

The consequences of both saturable and non-saturable drug

elimination are illustrated in Figure L.l4. In a non=saturzble



Table )-’-l 6

EVIDENCE FOR CAPACITY-LIMITED DRUG-METABOLISM *

DRUG

COMMENTS

REFERENCE

Salicylio acid

Intensive investigation of capacity-limited formation

of salicylurate

Capacity-limited formation of salicyl phenolig

glucuronide

Complete model to explain salicylate pharmacokinetiocs

Levy et al., (1969)
Levy and Yamada {4970)

Levy (1971)
Levy et al., (1972)

Levy et al., (1972)

Salicylamide

Conjugation with sulphate limited by the availability
of sulphate

Effect of capacity-limited metabolism on plasma levels
of unchanged drug

Levy and Matsuzawa (1966)

Barr a nd Riegelman (1968)

Phenacetin and
salicylamide or

salicylic acid

Biotransformation interaction

Levy and Yamada (1971)
Levy and Regardh (1971)

p~Aminobenzoic
acid

Percent acetylation related to dose, rate of

administration and nutritional factors

Drucker et al., (1964)

ot



Table L.6 cont.

DrUG COMMENTS REFERENCE

Dipnenylhydantoin Changes in elimination half~lif'e and apparent volume of Deyton et el., (1967)

Pienylbutazone distribution with dose ‘

Biscounacetate

Prchenecid

Bishydroxycoumarin Elimination kinetics in several species Nagazshima et al., (1968)

Warfarin Elimination kiretiecs in several species Nagashima et al., (1969)

Novobiocin Elimination half-life dependent on dose in adults and Wagner et el., (1968)
children

Heparin Chenge in elimination half~life and spparent volume of Estes et al., (1969)
distribution with dose

Tetracycline Apparent increase in elimination half~life af'ter Dolvisio et al., (1969)
multiple dosing .

Acetanilide Formation of l4=hydroxyacetanilide shcwn to obey Shibasaki et al., (1968)

\ Michaelis~Menten kinetics
Diphenylhydantoin Intravenous administration in man indicated dose- Suzuki et al., (1970)

dependent kineties 4id not ocour

Blum et al., (1971)

Lel



Table 4.6 contd.

DRUG COMMENTS REFERENCE
Oral administration in man indicated dose-deperdent Arnold and Gerber (4970)
kinetics did occur
Studies in mice and rets indicated duse-dependent Gerber and Arnold (4969)
kinetics did occur Gerber et 2l., (1971)
Human and rat data fit with integrated form of Gerber and Wagner (1972)
Michaelis<Menten equation

Amylobarbitone Influence of dose on distributicn and elimination Balasubrameniam et al.,

kinetics

(1970)

*Table adapted from and references cited in the review by Wagner 1974.

2€l



133

Elimination Half -Life

Plasma

Body Load (Dose)

Figure L.14 THE CONSEQUENCES OF BOTH SATURABLE AND NON-SATURAELE
DRUG ELINMINATION AS EXBMPLIFIFD BY CHANGES IN THE
PLASMA ELIMINATICN HALF-LIFE WITH DOSE. CURVE A
REPRFSENTS ELIMINATION BY FIRST-ORDER PROCESSES ONLY.
CURVE B REPRYSENTS ELIMINATION BY ZERO-ORDER FROCESSES
ONLY. CURVE C REPRESENTS ELIMINATION BY MIXED-ORDER

FROCESSES.
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elininting system (Casze A) or when S&Km in & saturable system, the
plateau concentrction is propertional to the dose S, ard the half-

life is independent of concentration. By contrast, in a saturable
ays;em as S approaches Km, theplateau concentration rises disproportion-
ately with changes in S (Cases B and C). In Case B (thet described by
Weinberger and Ginchansky (1977) for theophylline elimination) where

the non-saturable process in a negligible component of elimination,

the increase is rapid and since the elimination half-life also .increases
as S'approaches Km each new plateau concentration takes longer to reach.
In Case C (that described by present data for theophylline elimination)
where there is a significant non-saturasble as well as a saturable procéss
elimination kinetics become firsi—order as S exceeds Km. The elimination
of phenytoin (Gerber and Wagnesr, 1972) in man appears to closely
appfoximate Case B; the elimination of salicylic acid in man (Levy and
Tsuchiya, 41972) and of theophylline more closely approximates Casse C.
With all three druzs, saturation of the enzymes cccurs within the

dosage range normally administered, thereby making it difficult to
predict the outcome when the dosege regimen i1s altered. The same
sitvation will hold for any drug whose Km lies within the therapesutic
plasma concentration range and that range is narrow, with a minor
increase in the dose causing a disproporticnatz increase in toxicity.
The implications of both first-Orde; and capacity-limited drug

elimination are summarised in Tables 4.7 and 4.8



Teble 4.7 Consequences of first~order drug elimination
{1« Biological half-life is independent of dose
2. Composition of excretion products is independent of dose
3. Area under blood level versus time curves are proporticnal

4e

5e

to the amount of drug absorbed

The principle of superimposition applies; that is both plasma
concentration/amount absorbed; and excretion rate of unchangzd
drug/amount ebsorbed versus time are independent of dose

Absorption kineticc have no effect on points 1 to 3

Table 4.8 - Implications of capacity-limited drug elimiration

2.

S

Lo

He

Decline of drug levels in the body is not exponcontizl
Time requirad to eliminate 50% of a dose increaseg with
increasing dose

Area under blood level versus time curve is not proportional
to the amount of drug absorbed

Composition of excretion products can be affected by dose
"and dosage form

Competitive inhibition of the capacity-limited process

by other drugs that are mretabolised by the same enzyme
system or that reguire the same rate-limiting substence

is likely.



The resuits, therefors, offer scme cxplanation for the observed
wide inter-individual variation in théoPhylline disposition. Dilferences
in the vardicus dose ragimens suggested rfor theophylline therapy will
in themselves result in varying thecphylline plasma levels and
eliminaiion rates. In addition to those environmental factors already
defined as effectingz theophylline disposition (Chapter 1, Table 1.41),
some genefic component nust also be expected to influence drug dispositicne.
The larze inter-individual variation in thec phylline disposition cbserved
in patients on the same dose regimens might principally be a result of
differences i the rates of 3-methylxanthine formatione Thus inter-
individusl differences in the genetically determined Michaelis-Menten
paraceters describing the conversion of theophylline to 3-methylxanthine,
the major determinant of theophylline serum levels within the therapeuti
dose rﬁnge, will cubstantially influence the overell rate of elimination
in any individusi. Tndividuals with relatively high rates of 3-
methylxanthine formation (high Vmax) will eliminate theophyliine et a
faster rate than indivicduals who form 3-methylxanthine at a slower rate
(low‘vmax). That is individuals with lower Km's for this reaction
will becoms saturated at substrate concentrations lower than
individuals with high Kn's. This supposition is supported by the
correlation observed between the Michaelis-denten parameters for 3-
methylxanthine elimination amd the overall urinary elimination t% of
radiocactivity (Table 4e3). The subject with the lowest Km and vmax
(7o) exhibits the longest elimination t}, whereas the remaining three
subjects all exhibit similer Km, Vv and t3's.

There is a significant inverse relationship observed between the
fracticnzl urine content of 1,3-dimethyluric acid and 3=-methylxanthine
(Figure L.%)s. This implies that the enzymes responsible for the
generation of these metabolites are competing for the common precursor,
theophyllines Thus, when relatively high levels of 1,3=dimathyluric

acid are excreted, lower levels of 3-methylizanthine are found in urine,



ond the converse ic true. ¥What FPactors are responesible for determinirg
the reletive activities of these itwo pathmays? Asrthe capacity for ths
production of 3-methylxanthine becomes saturated, it anpears that the
alternate pathway for the metabolisu of thecphylline can ccmpensate, and
thus more substrate is channeled down this second pathway. This is
rellected in the urine content of the two products of these pathways
such that as levels of 3-pethylxanthine reach & maximum, fracticnally
more 1,3-dimethyluric acid is produced. As substrate levels fall, the
conversion of theophylline to 3-methylxanthine is no longer saturated,
and the relative amounts of substrate being channeled down each pathway
changes such that fractionally more 3-methylxanthine is recovered in
urine than 1,3-dimethyluric acid. This implies that at non-saturable
levels of thcophylline, the preferential pathway is 1-N-demethylation,
but at saturable substrete levels the B-hydroxyiation pathway takes over
as the dominant pathway of thecphyllire metabolis=m.

There is also eshibited & direct rela
content of 1,3=direthyluric acid and {~methyluric acid. Ag more | 3=
direthyluric acid is produced, subsequently more {-methyluric acid is
produced (Figure L4.5). This may mean that the former gives rise to the
latter, but whether the intervening 3-N—demethylation step is rate~
limiting, as suggested by Jenne et al. (1576) is debatable. Certesinly
kinetic analysis of the data in this study shows no evidence of
saturetion. This point is of interest in that the only other apparent
rcute for the formation of 4-methyluric acid is via the formation cf
4-methylxanthine as an intermediate, with such a repid conversicn to
1-methyluric acid that it does not appear in urine. This is consistent
with the fact that {1-methylxanthine has a high effinity for xanthirne
oxidase, comparable to xénthine itself, in contrast to 3~methylxaunthine,
which is not a substrate for this enzyme {¥renitsky et al., 1972).
Furthermore, it has been demonstrated in rat liver slices that the
appearance of 1-methylxanthine, with a concominant fall in 4-methyluric

3
H

acid, only occurs following the addition of the xanthine cxidsase
b S .
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inhibitor, allepurinol. The absence of 3-methylzenthine as a metabelite
in rat urine svgzests & species diff'erence in thezophylline metabolicsm,
Hewever . as relztively large amounts of 4-methylranthing havs been
found in urire follcwing caffeine administration (Cornish and Christman,
1957) arnd 25 yet {=-methylxanthine has not been identified in urine
following theophylline administration, the mcst likely route of 1
methyluric acid forrmetion is via the preceding formation of 1,3~
dimethyluric acid.

The proposed mathematical model desgribing the elimination of
theophylline provides a good fit with the observed and computer-
generated decline curves (Figure L4.10). However, this model does no%
take into account the urine flow-rate dependence of thecphylline »enal
excretione. A closer fit between the observed deta and computere

generated data might be achieved if the above factor was incorporated

into the original mathematical model.
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CHAPTER 5
Metabolism and Fharmacokinetics of
Intravenously Administered (140)—Theophylline

to Volunteers on Various Diets
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Introduction

The optimum theranentic effect of theophylline is related to plasma
concentrations bejween about 10-29rg/ml (Green 1969; Jackson et al.,
196L; Jenne et al., 1972; Mitenko and Cgilvie, 1973; Nicholscn and
Chick, 1973; Weinberger and Bronsky, 1974) although Mitenko and Ogilvie
(1973) shqwed a dose-related improvement in pulmonary function in the
range of 5—2%Pg/ml plasma. However, the therapeutic effectiveness of
theophylline is hindered by wide inter-individual variations in plasma
levels encountered in patients on identical dose regimens. As
theophylline is eliminated from the bedy principally by metabolicm,
inter-individual differences in the rate and extent of metabolism of
the drug will account for the observed variations in both plasma levels
and in the plasma elimination half-lives of theophylline, The large
inter-individua2l variations which occur in drug metabolism in man
ere determinad by & veriety of interacting genetic, environmental and
physiological factors (see Ch.1). Recently, attention has focused on
the diet as a determinant of drug metabolism, and with respeet to
theophylline thic may be significant due to the widespread ingestion
of large amounts of chemically related methylxanthines.

Therefore with the aid of (1AC)—theophylline it is possible %o
determine the metabolic fate of theophylline without interference from
endOgeﬁous methylxanthires as described in the preceeding chapter.
However, whilst the use of (1&C)-theophylline enables an accurate
guantitative estimate of theophyllire and its metabolites arising
solely from the administered dose, it does not preclude the inter-
ference of dietary methylxanthines on the rate of theophylline
metzbolism. Therefore, those kinetic parzmeters determined in the
presence of endogenous methylxanthines may not necessarily reflect the
true rate of the metebolic processes. As the metabolism of theopﬂylline
has been shown to be best described by parallel first-order and

-

Michazelis-Menten kiretics (Ch.}) it might be expected that elterirg

the body load of methylxanthines will cause changes in the kinetic
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parametsrs, since such a mixed-order system will be expected to
exhibit dose-dependency (Wagner, 1574; Rowland, 1977).

Thus, sgain with the aid of (1AC)~theophylline it is possible
to determine th; eff'ect of the methylxanthine-containing foois on
theopnylline metaboiism, and to assess the extent to which they
influence the rate of theophylline metabolism and the extent to which
they ere responsible for the observed variat%ons in theophylline

disposition.

Results

The quantitation of (146)—theophylline and its metabolites in
serial urine samples after the intravenous.administration of 100mgz
(1?fci) (140)~theophylline tc healthy male volunteers on a ceffeins/
theophylline replacement diet, methylxanthige—supplemented diet and
2 methylxanthnine-deprived diet are given in the Appendix.

Quuniitation of (1LC)—theophylline and its wetabollies and the
total radioactivity excreted in the total 0-24 hour urine of each
volunteeq on each of the above three diets is given in Téble 5el
end compared to the resulis obteined in volunteers cn their ncrm=l
diets. Statistical analysis of the data in Table 5.1 was carried out
by perf'orming an analysis of variance with a digital computer.

The metabolic pattern observed in 21l volunteers remained
essentially the same on all the diets studied, the only qualitative
difference being that the small amounts of the unknown acid metabolite
could not be detected in any of the volunteers on a methylxanthine-
deprived diet. After the administration of (140)-theoyhylline to
four volunteers on a methylxanthine-deprived diet 85.8 ¥ 2.65
(Mean % S.D.) of the dose was recovered in the 0-24 hour urine,
significantly greater (p< 0.C4) than that recoverzd on a volunteers
normtal diet. This increase was accounted for by significant increases

in the 0-24 hour urinary recovery of both 3-methylxanthine (p<<0.01)

and 1,3-dimethyluric acid (p<<0.01) (Figure 5.1).



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN O - 2, HOUR URINE

FOLLOWING THE INTRAVENOUS

!
Table 5.4 ADMINISTRATION OF (1+C)-THEOPHYLLINE TO0 VOLUNTEERS ON VARIOUS DIETS

SUBJECT T.J.M. C.A.L. J.C. L.AJW. MEAN

DIET

N R XD XS | N R XD X8 |N R XD XS |N R XD ¥ |UN R XD XS

METAROLITE
THEOFHYLLINE 7.5 5.9 9.8 9.6] 4.9 7.9 9.2 1445 | 1141 1046 10.9 13.9] 6.5 = Sef = 7.5 8.5 8.8 12.7
3-METHYL~ ' . . - )
.{.I:F\IN{IP"E 1508 16.14. 20.3 1/.2 19.0 18.7 22.8 1705 16.2 18.14- 18010- 1707 17014- - 22.5 - 17.1 17.8 21 .0 17.5
§EPIEIRYL 5000 500k 3503 3123 | 3he6 3140 38.3 3602 | 26,0 2946 Zhuk 18[00 = 3ok = [29.7 30.3 36uk 3341
lgng“YLURIC 1209 1145 1523 12.5 | 1646 1405 16,8 17.0 | 18.8 18.0 19.2 13.4/25.0 = 20,6 = [18.3 14.7 18.0 14.3 [
UNKINCWD ) - - -
YATEINE 147 2.0 2.2 4.8] 1.1  0d1 1.1 09 1.0 0O« 0.9 141 0.9 1.2 0.7 1.3 0.9
EgEngN URIC 0c6 0.4 =~ 0.8} 0.4 1.0 = 1.3 5.3 1.5 = 2.4 41 - - - 2.6 0.9 -~ 1.4
TOT:L RADIO-  Heg o 7.4 82,8 72 | 77.3 72.9 88.7 87.6 | 78.4 78.0 Bl.k 78.9(81.9 87.1 76.6 72.8 85.8 80.0

ACTIVITY

N = Neprmzl diet

R = Caffeine/theophylline replacement diet

XD . Methylxanthine-deprived diet' AS = Methylxanthine-supplemented diet
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w p<0.01

cf.normal diet
w

EREY

A
a A
A

theophyiiine 3-methy! 1,3 -dimeth -
xanthine urTcea i!i lri'é‘eé'éﬂ total "C

Figure 5.1  QUANTITATION OF THROPHYLLINE AND ITS METABOLITES
(MEAN VALUES 2 S.D.) EXCRETED BY VOLUNTEERS ON A
NORMAL (OPEN BARS), METHYLYANTHINE-REPLACEMENT (HATCHED
BARS), METHYLXANTHINE-DEPRIVED (CLOSED BARS) AND
METHYLYANTTINE-SUPPLEMENTED (TRIANGULATED BARS) DIETS.
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The recovery of total radicactivity and of m;tabolites in 0-24
hour urine of volunteers on a caf'feing/thecphylline replacement diet
or a methylxanthine-supplemented diet was not significantly different
from thet gbser;ed in voluateers on their normel diets.
The relationships described in Chapter 4 after the intravenous
administretion of (140)—theophyllino to volunteers on their normal

diets were also observed in the volunteers in each of the three

experimental diets, namely:=

4« The fractional urine content cof 1,3-dimethyluric acid
and 3-methylxanthine (Figure 5.2)

2. The rate of elimination of 1,3-dimethyluric acid and
1-methyluric acid (Figure 5.3)

3. The urine flow=rate dependency of theophylline

elimiration (Figure 5..)

The phermacokinetic parameters describing the urinery eliminetion
of (14C)-theophylline ard its metabolites in volunteers on a caffeine/
theophyllinex-eplacement diet, methylxanthine-deprived diet and a
methylxanthine-supplemented diet are given in Table 5.2 and compared
to the results obtained in volunteers on their normal diets.

Statistical analysis of the data in Table 5,2 was carried out by
performing an analysis of variance wiﬁh a digital computer. Again,
the only statistically significant differences observed between those
parameters determined on a volunteers normal diet and those on the
three experizental diets werc in paremeters determined in voluntesrs
on a methylxanthine-deprived diet. On such a diet both the Vmax and
Ka of the Michaelis-Menten expression describing the elimination of
3-methylxanthine and the first-order rate constant describing the
elimination of 1,3-dimethyluric acid were all significantly higher
from those values obtained on the volunteer's normal diets (p<0.001;

pc0.0; p<C.04 respectively). These increases also accounted for
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Figure 5.2 THE FRACTTONAL URINE CONTENT OF 3-METHYLYANTHINE AND
1,3-DIMETHYLURIC ACID AFTER THE INTRAVENOUS ADMINISTRATICN
OF (“*c)-mmomm,mm (1COmg; 1CuCi) TO A VOLUNTEER ON A
METHYLXANTIINE-DEPRIVED DIET. SUBJECT L.A.W.
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Figure 5.3 THE RELATTONSHIP BETWEEN THE AMOUNTS OF 1,3-DIMETHYLURIC
ACID EXCRETED IN URINE AFTER THE INTRAVENOUS ADMINISTRATION
OF (“*c)-THEomYLLINE (1COmg; 1C}ACi) TO A VOLUNTEER ON A
METHYLYANTHINE-DEPRIVED DIET. SUBJECT C.A.L.
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Figure 5.4 THE URINE FLOW-RATE DEPENDENCY OF THEORHYLLINE EYCRETION
AFTER THE INTRAVENOUS ADMINISTRATION OF (“*c)-
THEOPHYLLINE (100mg; 1C}xCi) TO A VOLUNTEER ON A
METHYLXANTHINE-DEPRIVED DIET. SUBJECT L.A.W.



PHARMACOKINETIC PARAMETERS DESCRIBING THE URINARY ELIMINATION OF (1AC)-THEOPHYLLINE TO

Table 5.2 YOLUNTEERS ON VARIOUS DIRTS
PHARMACOKINETIC PARAMETRRS
SUBJECT T , DMU,, =4 MU 0 3K 3K
- v, , = bad ¥, )
prer |k, (07 | T | ki (ee) | kg 7 | v (me/he) | e () t3(h)
N 00005 00026 0.011 0-0017 0‘72}‘ 301 1.7).3
DT R 0,005 0.024 0.008 0.002 0.71 2.0 15445
XD 0.009 0.03 0,014 0,002 1464 5344 8.7
XS 0,006 0.024 0.010 0.002 0.87 el 12.0
N 0.016 0.027 0.0 0.,0C8 1.13 2.7 8.4
o XD 0,014 0.042 0.02 0.0 2.08 5844 6.0
XS 0.016 0.027 0.015 0.002 1.16 2.6 9.6
GA.L R 0.006 0.026 0.013 - 142 <5 10,7
s XD 0.M1 0.043 0.017 0.0015 2.27 575 6.9
XS 0.016 0.036 0.019 0.002 154 39.7 6.8
LA N 0.007 0.025 0,022 0.004 1430 29,6 8el.
XD 0.007 0.039 0.022 0.002 2.29 5245 662
N 0.009 0.028 0001 8 0.00}-‘. 1 .1 z{ 22.8 9.8
XD 0.010 0.039 0.019 0.002 2412 5349 7.0
XS 0.013 0.029 0.015 0.002 1419 2e6 9.5
r* 0.58 0.81 0.89 0.05 0.86 0.85
P - 0.05 0.001 0.001 Nede 0.001 0.001

E
correlaticn coefficient between pharmacokinetic paramcters and urinary t%

gt
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the significant decrease in the urinary elimination half-life of totel
radiozctivivy observea in volunteers on a methylxanthine~deprived
diet (p< 0.02).

Table 5.2 also lists the correlation between the various
pharmecckinetic parameters describing the urinary elimination of
(140)—the09hylline and the urinary elimination half-life of total
redioactivity on all diets.

By employing the values obtained for the apparent Km of the
Michaelis—Menten expression describing the elimination of 3-methyl-
xanthine (Tsble 5.2) it becomes possible to estimate the degree of
saturation of the enzyme system responsible for +the theophylline/

3-methylxanthine conversion according to the equation derived by

Wagnér (1973):~

-

C0.C

P . e
Rl

% saturation =

——

where Km is the previously defined Michaelis constant for 3-mathyl-
xanthine elimination and G 1s the amount of substrate in fﬁe body
(expressed either in absolute *erms or as 2 concentration). Figure 5.5
shows the relationship between the administered dose or body load of
methylxanthines and the % saturation of the enzyme system, using the
megn Km value obtained in the voluntee;s on a methylxanthine-
deprived diet. Assuming the apparent Xm value obtained on volunteers
methylxanthine-deprived diet to be a closer estimate of the actual ¥m
than that determined in the presence of dietary methylxanthines (see
introduction and discussion for justification) and substituting the
observed % szturation calculated on each volunteers normel diet into
the 2bove equation the apparent C0 on each volunteers normal diet can
be calculated (where Co represents the body load of methylxanthines

in each volunteer prior to the administered dose). This value and the

% saturation of the enzyme system in each voluniesr on & normal and
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Figure 5.5 RELATIONSHIP BETWEEN THE % SATURATION OF THE ENZYNE(S)
RFSPONSTBLE FOR THE CONVERSION OF THEOPHYLLINE TO
3-METHYL¥ANTHINE AND THE BODY LOAD OF METHYLYANTHINES
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. methylxanthine~deprived diet is givsr in Table 5.3,

Table 5.3 Psrcentage saturation of the enzyme system(s) responsible
for the conversion of theophylline to 3-methylxanthine in

volunteers on their normel and methylxanthine-deprived diets.

DIET NORMAL METHYLXANTHINE-
DEPRIVED
% Co(mg) %

Km . . Km .

SUBJECT Saturaticn |Theoretical Saturation
T.J. M. 31 97.0 1,727 B3.4 65.2
JeCe 2.7 82.2 270 58.4 £35.1
LQAIVJ‘ 2906 ?7-2 178 52.5 65.6
C.A.L. 36.9 73.0 155 575 6345

There 1s a direct correlation between the percentage increase in
the Vmax observed in volunteers on a methylxanthine-deprived diet and
the subsequent percentage decrease in the urinary elimination hal{-
life of‘total radicactivity (p<0.05) (Figure 5.6).

Table 5.4 lists the personal details of the volunteers

in the study and their estimated dietary methylxanthine
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Figure 5.6 RELATTONSIIP BETWEEN THE % INCREASE IN THE V___

FOR 3-METHYLYANTHINE AND THE % DECRMASE IN THE URINARY
ELIMINATION HALF-LIFE



Table 5.4 PERSONAL DETAILS AND DIETARY METHYLXANTHINE INTAKE OF THE SUBJECTS

Average dally consumption

Subject  Age  Wt(kg) Smoldng Tea Coffec Cola Chocolate bars Estimated daily .
(cigarettes) (cups) (oups) (cups) (50 g blocks) Caffeine intake (Mg)
T.J.M. 2 67 0 3 3 0.5 1 500
J.C. 20 87 10 2 6 o 0 7Q0
L.A.W. 27 82 0 2 2 0 1 350
. &
~~ \V3]
C.A.L. 21 75 0 3 1 0 1 300

»
Estimated caeffeine content: coffee 90-120mg/cup; tes 50mg/cup; cclg 55mg/cup; chocolate 50mg/50g block,
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Discussion

. The removal of methylxanthine-ccntaining foods from the diets of
volunteers receiving intravenous (140)-theophylline results in
significant increases in both the rate and extent of (1hC)-theophy11ine
metabolism. In Chapiter 4 it was shown that the metabolism of (1hc)_
theophylline was saturable, and that its elimination could be described
by parallel first~order and Michaelis-Mentén kinetics. Cne of the
odnséquences of such a mixed-order system for the elimination of (1AC)—
théophylline is that it would be expected to exhibit dose-dependency
(Figure L4.14). The present results on the deprivation of dietary
methylxanthines on the elimination of (140)-theophyllineare consistent
witb the latier being dose-~dependent. ‘

How does the deprivation of methylxanthines from the diet of .
volunieers cause an inerease in the rate and extent ©
theophylline metabolism? The dietary methyl:ianthines share common
pathways of metabolism (Figure 41.4). Furthermore, the mechanisms of
biotransformation are common to all three methylxanthines, namely
N-demethylation and C-oxidations It is possible then that theophylline,
caffeine and theobromine are substrates for a common enzyme system(s).
Thus the bresence or absence of one methylxanthine would be expected
to affect the metabolism of another. This clearly occurs in the case
of theophylline when methylxanthines are removed from the diet. In
addition, theophylline has been shown to be a metabolite of caffeine in
men (Cornish and Christman, 1957; Midha et al., 1977) such that the
ingestion of caffeine alone will result in the presence of theophylline.
Thus two possible interrelated mechanisms are probably responsible for the
observed effeets of dietary deprivation of methylxanthines on (140)-theo-

phylline metabolism. The presence of chemically related methylxanthines
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which share both common mechanisms and pathueys of metabolism will
irhibit tlhecphylline metabolism on = vqlunteers normal diet and
theophylline generated as a metzbolite of caffeine will be present
in eddition to the administered therapeutic dose. Consequently the
absence of dietary methylxanthines removes a scurce of metebolic
inhibition and as the metebolism of (1AC)-th90phylline is dose-
dependent, the rate of elimination of the administered dose increasese.
That the observed eff'ects of the dietary deprivaetion of the methyl-
xanthine-containing beverages is due to the presence in these beverages
of the chemically related caffeine, theophylline and theobromine
and not by any of the five hundred or more other compounds identified
in these beverages, 13 substantiated by the resulis obtained in
volunteers on a caffeine/thsophylline replacement diet. Both the
metabolic and pharmacokinetic aspects of (1LC)—tbe09hylline disposition
on such a2 diet were not sigrificantly difterent fronm its disposi%ion
on the volunteers normal diets (Tables 5.1 2nd 5.2; Figure.5.1). Thus
when methylxanthines are removed from the diet and replaced'by their
ingestion in tablet form, the metabolism and elimination of (1hb)-
theophylline is the same as that on the volunteers normal diets.
The dietary inteke of methylxenthine-containing beverages can
merkedly influence +the disposition of an intravenous dose of (1hc)-
» theophylline. The clinical implications of such an observaticn are
numerous. The necessity to individualise dose regimens to maximise
the therapeutic effectiveness of theophylline is already well
established (Piafsky and Ogilvie, 1975). Present data suggest the
patients who consume large quantities of dietary methylxanthines would
eliminate a therapeutically administered dose of theophylline slower
than those patients who oﬁly ingest small amounts of the methylxanthine-
containing beverages. This is supported by estimations of the degree
of saturation of the enzyme-system(s) responsible for the conversion

of theophylline to 3-methylxanthine, and in the theoreticel body load
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of' substrate avuilsble to the system(s) when the volunteers ure on
their normal diets (Tuble 5.3)e Subjeof TeJ.M., who exhibits the
longest urinary elimination half-lif'e of the four volunteers, has a
bedy load of almest 1.75g. The remsining volunteers carry a body load
-of between 155 and Z7Omg, and consequently exhibit substantially
shorter urinary elimination half--lives (Table 5.2). Furthermore, the
removal of‘methylxanthines from the diet has its greatest effect on the
subject who, on his normal diet, carried the highest body load of
substrate (subject T.J.M.). This is reflected in the correlation
between the percentege increase in Viii ohserved in the wvolunteers on
& methylxanthine-deprived diet and the subsequent decrease in the
urinary elimination half-life (Figure 5.6). Thus, subject T.J.M.
exhibits an increase of 249% in the Viay for 3-methylxanthine, with a
decrease-of 34.6% in the urinary elimination half-life. Conversely,
subject C.A.L. carried the lowest body lcad on his ncormel diet, alco
exnibits the smallest increase in the Vmax tor 5-mezbylxan?hine and..
the smzllest decreace in the urinary elimination half-life.

Therefore, patients who consume large amounts of methylxanthines
mignt require their dose regimens to be adjusted accordingly. It is
Buggested trat such patients require either a smaller dose or the sare
dose administered less frequently. It must also be teken into account
that other factors are known to influence theophylline disposition
(Table 1.11) and make a corresponding dosage adjustment. Clearly,
knowledge of the extent to which patients are exposed to determinants
of drug metebolism (smoking habits etc.) would be valuable to provide
effective therapeutic management of patients receiving those drugs
whose effectiveness is directly related to their serum or plasma
concentration and wnere the therapeutic range is relatively narrow.
With such inflormation, and with e knowledge of the degree to which each
individuzl f'actor can influence drug disposition, a simple nomogren

could be constructed as an aid to the initial dose regimen required.
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Vhen the volunteers were piaced on & methylxanthine-supplemznted
dieﬁ, both the rate and extent of (1AC)-theophylline metabclism
remaired the same as that on a volunteer's normal diet. For drugs
which are eliminated solely by first-order processes, an increase in
substrate levels would not be expected to alter the rate of drug
eliminatién. However, theophylline is eliminated by parallel first-
order and Michaelis-Menten kinetics, and a change in substrate levels
would be expected to be reflected in changes in its overall rate of
elimination (Wagner, 1974; Rowland, 1977).  The present results can be
interpreted in the light of our knowledge of mixed-order elimination.

If the Km of the saturable'prOcess (in this case the conversion
of theophylline to 3-methylxanthine) lies within the therapeutic dose
rangs then one wauld expect to see changes in the overall elimination
kinetics over this dese range. Clezrly the Km for the above process
does lie within the therapeutic dose range (Mean Km = 5heCmg). However,
depending upon ithe individuals body loed of methylxanthines, those
kinetic parameters determined in volunteers on their normal diets
could lie on the plateau section of the relationship between the
urinary elimination half-life and body load (Figure 5.7). Thus
decreases in the body load (methylxanthine-deprived diet) will have
profouhd effects on the observed elimination kinetics of theophylline,
whereas increases in the body load (methylxanthine-supplemented diet)
might have far less discernable effects. As the dose increases the
contribution of the saturable process to the overall elimination of
(140)-theophylline becomes negligible and the first-order rate processes
become the principal determinant of overall elimination (i.e. when 83>
Km; Wagner,1974).

The volunteer in whom the methylxanthine-supplewmented diet has the

greatest effect is subject C.A.L. This subject excretes 87.6% of the

-
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RELATTONSHIF BETWEEN THE URINARY ELIMINATION HALF-LIFE
OF TOTAL 1AC AND THE BODY LOAD OF METHYLXANTHINES.
CLOCED CTRCLES REPRESENT RELATIONSHIF DETERMINED BY
EMPLOYING PARAMETERS FROM VOLUNTERRS ON A NORMAL

DIET. OFEN CIRCLES REPRESENT RELATIONSHIP DETERMINED
BY EMPLOYING PARAMETERS FROM VOLUNTEERS ON A

METHYLYANTHINE-DEPRIVED DIET.
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adreinictored dose in the 0-2, hour urine on such a diet, compared to
oenly 77.3% of the dose on his normal diet. Subsequen@Ly, the urinary
elimination holf-life falls from 8.9 hours on his normael dist to 6.8
hours on the methylxanthire-supplemented diete Such a response appears
. to contradict expecteztions based on the present kinetic theory. However,
the known pharmecological effects of the methylxanthines provide the
basis of an explanation for thé observed results. Subject C.A.L. was
the volunteer with the lowest body load of methylxanthines on his norwal-
diet. It is reasonable to assume that this subject therefore consumes
less tea and coffee than the other volunteers (Table 5.#). Such a
subject would be expected to have developed only a low level (if any)
of tolerance to the pharmacological effecis of the methylxanthires.
0f particular importance here is the diuretic effects of the methylxanthires
to which some degree of tolerance has been demonstrated (Eddy and Downs,
1928), Thus, subject C.A.L. produces 1.0mi/min of urine on hié normal
diet which increases to 2.2m1/min on the methylzonthine-supplemented
diet. As the renal clearance of theophylline is urine fl;w-rate
dependent (Levy and Koysooko, 1976) supject C.A.L. consequently excretes
14.5% of the edministered dose as unchanged theophylline, compared.to
only 4.9% on the normal diet. This increase accounts for essentially
81l the increase in radicactivity which subject C.A}L. excretes in the
0-24 hour urine. Indeed the combined total of metabolites this subject
excretes accounts for 73.1% of the dose on the methylxanthine-
supplemented diet as compared to 72.4% on the normel diet.

Wnilst subject C.A.L. maintaing the lowest initial thecretical
body lcad of methylxanthines and that the level of tolerance so
develcped will be of low magnitude, it has also been established that
the degree to vwhich any'individual develops tolerance to the
rharmacological effects of methylxanthines veries considerably (Ritchie,

1975). Subject C.A.L. might also bte one of those individuals more
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sensitive to the methylxanthines,

Dietary methylxenthines have therefore been showa to be a
significant determinant of the disposition of (1AC)—theophylline.
This rather spe;ific dietary effect on theophylline disposition hes not
yet been investigated to discover if other drugs are affected in a
similar manner. It would therefore be interesting to investigate the
effects of dietary methylxanthines on the disposition of other drugs,
particularly those which, like theophylline, are substrates for the
cytochrome PLAB enzyme sys#em(s). Such drugs are usuelly typified by
having their metabolism increased by the polycyclic hydrocarbons
present in cigarette smoke, whilst the phe;obarbitone class of enzyme
inducers have little or ro effect on the metebolism of these drugs,

Many dietary factcrs have been shown t; influence dérug metabolism
(Table 1.19)~ Further research might discover more specific interacticns

between the diet and drug metabolism and some of these are discussed in

Chapter 7.



CHAPTER 6
Yetabolism and Fharmacokinetics of

Intravenously Administered ('*C)-Aminophylline
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Disposition of { 'C)-iminophylline

Introduction

~ As theophylline is only sparingly soluble in wager it has been

combined with a-large number of asgents to increase its water
solubility for parenteral administration (see Table 1.l ). The
combination cf ethylenediamine with theophylline to yield aminophylline,
is the most widely used form of {the drug and it is frequently assumed
that theophylline and aminophylline are pharmacologicelly equivalent.
Indeed, throughout the literature, theophylline and amincphylline
are used synonymously. That is, in the title of an article the word
theophylline is used, whereas in the text one discovers that the form
of the drug being a2dministered is in fact amirophylline.

The British Fharmacopoeia states thet aminophylline is comprised

of two molecules of theophylline, one of ethylenediamine and two of

water, yielding a molecuiar weight of 456, as compared to cniy 1cO
3 g g E 2! ,

)

or tneophylline; and represented by the formula (C7H8N492)"C2H4
(NH2)2,2H20. Hoviever, for the preparation of aminophylline, the
British Pharmacopoeia requires that as little as 78% and not more than
84% of anhydrous theorhylline cen be used, that not less than 413% and
not more than 14% ethylenediamine be used, and that a variable
guantity of water cen be added. This suggests that the stoichiometric
relatidnship between the constituents of aminophylline is not as simple
as suggested. Beyond this expression of the percentage of the
individual components present in aminophylline, the exact nature of
the theophylline/ethylenediamine ccmbination is unclear.

Thus in view of the apparent chemical differences between
theophylline and aminophyllire and the widespread therapeutic use of
aminophylline, the metabolism of (1#0)—aminophy11ine wes studied in

adult male volunteers and compared with the metabolism of (143)-

theophylline in the same volunteers (as presented in Ch.k).

-
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Reauibs
Mormal Diet

‘After the irntravencus zdministration of 125mg (14C)-amin0phylline
(55100mg théoshylline) tc three adult male volunteers mainteining their
normal diets, 89.8 ha 2.0% (Mean ¥ S.D.) of the dose was recovered in
the urine after 2L hours ard 97.6 p 1.3% after 48 hours. This was
significantly greater (p<0.C5, by paired, two-tailed Student t test;
p<90.02 by analysis of variance) than the recovery of radiocactivity
following the intravenous administration of 400mg (1hC)-theophylline to
the same three voluntesrs (Table 6+1). This is illustrated with date

from subject T.J.M. (Figure 6.1).
Table 6.4 Urinary recovery of radioactivity follcowing the i.v.

administration of either (1hC)-amin0phylline or

A
( AC)-theophylline to adult male volunteers.

SUBJECT T.J.Me JeC. L.AWW, - MEAN

o

DRUG T - T A T A

=3

0-24h £8.6 9C.5 |78.4 }91.2 |81.9 87.5 |76.3 89.8
25, -48h 14.9 8.2 3o 6.7 | 8.4 8.6 8.7 7.8

TOTAL 83.5 93.7 {81.5 [97.9 }°0.0 96.1 85.0 G7.6

‘HI-C)

T = ( -theophylline; A = (1AC)-aminophylline

izures expressed as % dose recovered in urine.

Quantitation of theophylline and its metabolites in serial urine
samples of each volunteer is given in the Appendix. The total 24 hour
urinary recovery of theophyllire and its metabolites are given in

Table 6.2. The metabolic paitern after i.v. (1AC)-aminophylline
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°—° AMINOPHYLLINE t: 77 HOURS
e—e+ THEOPHYLLINE t} 13.3 HOURS
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HOURS AFTER ADMINISTRATION

Figure 6.4 CUMULATIVE EXCRETION OF '™ AM'ER THE INTRAVEIOUS
ADMINISTRATION OF (““c)-m{gom—{m.mf: (100mg; 10}10i)
AND (“*c)—AnmlomYLLINE (125mg=1COmg THEOPHYLLINE:
10}101) TO SUBJECT T.J.M. ON HIS NORMAL DIET



Table 6.2 QUANTITATION OF THEOPUYLLINE AND ITS METABOLITES IN THE TOTAL 2. HOUR
)} .
URINE AFTER EITHER i.v. (1 "C) -AMINOPHYLLINE OR i.v. (140)Jmm0PHYLLINE

SUBJECT ToJorﬂ- J.C. L-A-‘Va h{EAI‘!
P A ip A i A T Iy
*
THEOPHYLLINE 7.5 9,2 111 | 147 6.5 6.8 8. 1042
3-METHYLXANTHINE 15.8 22.1 16.2 | 21.7 174 19.9 1645 21,2
léi’r‘)mmmumc 3041 364 2640 | 3.k 27.9 4041 28.0 37.0
4-METHYLURIC ACID 12,9 | 17.3 18.8 | 17.4 25,0 1744 18.9 17.3
UNKNOWN XANTHINE 1.7 2.0 1.0 0.7 11 11 1.3 1.3
U.NIWO“NURIC ACID 006 - 5.3 008 1+a1 — 3.3 003

T = 100mg, i.ve (140)-theophylline; A = 125mg, i.ve (1AC)-aminophylline (= 100mg theophylline)
”

All figures expressed as % of the dose recovered as that compound in the 0-24 hour urine

G9l
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remained essenticlly the same as that following i.ve (15C)-theophylline.
Thus, in addition to some "unchanged" theozhylline, three major and

one minor metabolite are excreted, the only difference being that the
small amounts of the unknown acid metabolite recovered in the urine

of all three volunteers af'ter i.ve (14C)-theophylline is not detected after
(1AC)~amin0phylline. However, the quantities of two of the major
metaboliteﬁ, namely 3-methylxanthine and 4 ,3-dimethyluric =acid, ?ecovered
in the 0-24 hour urine, are both significantly increased (p< 0.05, by
paired, two-tailed Student t test) after (1AC)-amin0phylline, and it is
these increases which zccount for the greater urinary recovery of total
radioactivity (Figure 6.1 ).

The various relationships observed after i.v. (1AC)-theophylline
administration, namely:—

4. The fractional urine ccntent of 4,3-dimethyluric acid

and 3-methylxanthine (Figure 6.2)

2+ The rate of eliminetion of 1,3-dimethyluric acid and

4-methyluric acid (Figure 6.3) and

3« The urine flow-rate dependency of theophylline

elimination (Figure 6.4)-
were 211 observed afier (14C)-aminophylline administration.

The kinetic pasrameters describing the urinary elimination of
theophylline and its metabolites after i.v. (1LC)-aminophylline are
given in Teble 6.3 and these are compared with those derived after
i1eve (1AC)-theopbylline. There cre significant increases in the
vmax of the Michaelis~Menten expression describing the urimry
elimination of 3-methylxanthine (p<0.05, by paired two-tailed Student -
t test) after i.v. (14C)—aminophy11ine tﬁan after i.v. (1AC)-
theophylline. This is illustrated with data frcm subject T.J.M.
(Figure 6.5). Althougn there is also an increase in the Km of the
Michaelis~Menten expression, this does not reach statisticel
significance in the small group studied. There is elso a significant

’
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= P<0.01
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3-methylxanthine
Figure 6.2 THE *RACTTIONAL URINE CONTENT OF 3-METHYLXANTHINE AND

1,3-DIMSTHYLURIC AGID AFTER THE INTRAVEMNOUS
ADMINISTRATION OF (1*C)-AMINOFHYLLINE (125mg=100mg
THEOFHYLLINE; 10uCi) TO A VOLUNTEER ON HIS NORMAL
DIET. SUBJECT L.A.W.
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r=0.88
P <0.001

&
|

e
I

N
I
.
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Figure 6.3 THE RELATIONSHIP BETWEEN THE AMOUNTS OF 1,3~
DIMETHYLURIC ACID AND 1-METHYLURIC ACID EXCRETED
IN URINE AFTER INTRAVENOUS (“"c)-AMINomYLLINE
(125mg=100mg THEOPHYLLINE; 10/10:1). SUBJECT T,.A.W.
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Figure 6.4 THE URINE FLOVW-RATE DEPENDENCY OF THROPHYLLINE
EXCRETION AFTER INTRAVENQUS (M'C)-AMINOPHYIJ,INE (125mg =
100mg THEOPHYLLINE; 10}101). SUBJECT T.Jd.M.



Table 6-3

PHARMACOKINETIC PARAMETERS DESCRIBING THE URINARY ELIMINATION OF

TNTRAVENOUS (”*c)-AMINomYLLmL OR ('%)--T‘IP‘OP‘IYLLII\E

PILARMACOKINETIC PARAMETIERS
- M U, -

—— Il B S B Sy | P mgne) | w? (me) | tE0)

el el al max
P.I M 0.009 0,034 0.046 0.002 1..59 2643 77
. 0.005 0.026 0.041 0.002 Ol 34 1343
I.c 0.011 G.031 0.045% 0.0 1.96 L2.7 6.9
0.046 0.027 0.0 0.008 1.13 21.7 8.4
0.007 0.025 0.022 0.00L. 1.30 29.6 8l
0.009 0.026 0.048 0.005% 1.06 418.14 10.0

125mg, iaVo
400mg, i.v.

¢)-cminophylline (=

§1#

14C)-theophy11ine.

100mé thecphylline)

oLt



HANES PLOT FOR 3-METHYLXANTHINE ELIMINATION
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Figure 6.5 HANES-TYPE PLOTS FOR 3-METHYLXANTHING ELIMINATION AFTER EITHER INTRAVENOUS (“"c)-THmmYLLINE (1COng;
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increase in the first-order elimination rate constant for 9 ,35-
dimethyluric acid after i.v. (1AC)—aminophylline compared with thszt
after i.v. (14C)—the0phylline (p<0.05, by paired two-tailed Student
t test) (Figure 6.6). The increases in these kinetic parameters
" account for the significant decréase (p<0.05, by paired two-tailed
Student t test) in the urinary elimination half-life of total
radioacti;ity from 410.0 hours after i.v. (14C)—theophylline to 7ol
hours after i.v. (14C)—aminophylline (Table 6.3).

The mathematical model describing the urinary elimination of
(140)—theophylline, derived in Chapter L, was found appropriste to

describe the urinary elimination of (14C)—amin0phylline.

Methylxanthine-~Deprived Diet

After the intravenous administration of 125mg (14C)-aminophylline
(=100mg theophylline) to three adult male volunteers on & methylxént'nine-
deprived diet, 89.9 z 6.7% (Mean pd S.D.) of the dose was recovered in
the urine after 24 hours and 96.7 : 3.8% after 48 hours. -This was
not significantly different from that reccvered alter its administraticn
to volunteers on their normal diets (Table 6.4).

Table 6.4 Urinary recovery of radioactivity following the i.v.
administration of (140)-aminophylline to wvolunteers

on their normal and methylxanthine-deprived diets

SUBJECT ..M. J.C. L.A.W. MEAN
DIET N XD N X | w ¥ | N XD

0-24h 90.5° [82.8 [91.2 | 95.8 [87.5 [ 90.9 [89.8 | 89.9
21,-48h 8.2 (114 | 6.7 | 5.2| 8.6 | 3.9|7.8 | 6.8
TOTAL 98.7 4.2 97.9 [101.0 | 96.1 94.8 |97.6 96.7

N = Normal diet; XD = Methylxanthins-dsprived diet

All figures expressed as % dose recovered in urine.
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Quantitation of theophylline and its metabolites in seriel urine
samples of each volunteer is given in-the Appendix. The total 24
hour urinary recovery of theophylline and it s metabolites is given
in Table 6.5. The metabolic pattern after i.v. (14C)-aminophylline
- remained essentially the same oﬁ both & normal and a ﬁethylxanthine-
deprived diet. The only difference wés the appearance of small amounts
of the unknomn acid metabolite in the urine of two of the volunteers
on a methylxanthine-deprived diet. However, the quantities of both
theopnylline and its three major metabolites recovered in 0-2), hour
urine remained the same in volunteers on both a normal and
methylxanthine-deprived diet.

The kinetic parameters describing the urinery elimination of
the ophylline and its metabolites following i.v. (140)-amin0phylline
to volunteers on a methylxanthine—deprived diet are given in Table 6ebe
Thers are no differences between the values derived after administration

to volunteers on either their normal or methylxantnine-deprived diets.

In view of the aforementioned apparent chemical differences
between theophylline and aminophylline, the previously held view of
pharmacological equivalence may not be entirely justified. FPresent
results suggest that the disposition of (14C)-theophylline and (14C)-
aminophylline are not comparable. Thisis suggested by both the
differences in the rate and extent of (1AC)-theophylline and (140)~
amincphylline metabolism on velunteers normel diets, and by the
differing effects that the dietary methylxanthines have on the m=tabolisnm
and elimination of both drugs. The complexation of (1hC)-theophylline
with ethylenediamine results in significant increases in both the

! . .
rate and extent of the formers conversion to 3=-methylxanthine and

1 ,3=-dimethyluric acide These increases are responsible for the -



Table 6.5

QUANTITATION OF THEOPHYLLINE AND I'sS METABOLITES IN THE TOTAL 24 HOUR URINE

OF VOLUNTEERS RECEIVING i.v. (“"C)-AI‘JINOPHYLLINE ON THEIR NORMAL AND

METHYLXANTHINE-DEPRIVED DIETS

SUBJECT T.J. M. J.C. L.AJW, MEAN
DIET N XD N XD N XD N XD
METABOLITE \
THEOPHYLLINE 9.2 117 | 1447 1341 6.8 741 10.2 10.6
3-METHYLXANTHINE 22.1 16.9 | 21.7 22.0 19.9 22,0 21.2 2.3
1,3 DUMGTHYLORIC 36.4 35.3 | 34k | 38.9 | 40.1 11 .0 37.0 | 38.4
1-METHYLURIC ACID 17.3 12,2 | 174 17.8 1741 174 1743 15.8
UNKNOWN XANTHINE 2.0 2.5 | 0.7 0.2. 141 0.9 1.3 1.2
UNKNOWN URIC ACID - 0.5 | 0.8 0.8 - - - -

]
N = Normal diet; XD = Methylxanthine-deprived diet. All figures expressed as % of the dose

recovered as that compound in 0-2). hour urine.

GLL
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PHARMACOKTNETIC PARAMETHRS DESCRIBING THE URTNARY ELIMINATION OF (™C)-AMINOPHYLLINE

Table 6.6
IN VOLUNT®RRS ON THLRIR NORMAL AND MRETHYLYANTHINE-DEPRIVED DIETS.
PITARMACOKINETIC PARAIETERS
T, = DU ,, —1 MI, -1y U, -1 MY . 3MX :
SUBJECT |DIET | k_;(h ) K., (h ") kel(h ) k.el(h ) Viax(mg/hr) Ko’ (mg) t5(n)
0.3 M N 0.009 0.03Y 0.016 0.0C2 1.59 2643 7.7
XD 0.009 0.029 0.010 0.002 1.03 231 9.9
JoCo: N 0.011 0.031 00015 0.0¢4 1-96 24.2-7 6.9
: XD 0.017 0.046 0.022 0.0Cq 2.0, 33.8 5.9
XD 0.029 0.051 0.019 0.001 3413 77.0 5.7
N 0.010 0.034 0.016 0.004 1 .66 %145 7 o
MEAN XD 0.012 0.042 0.017 0.004 . 2.07 L) .6 7.2

N = Normal diet;

XD = Methylxanthine-deprived diet.

9ll
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observed dscerease in the urinary eliminaticn helf-life of total
radiocactivity from 10.C hours after (1hC)—fheophylline to 74 hours
after (1hC)-aminophylline. The clinical implications of these
obs;rvations are clear. A change in the therapeuﬁic management of

a patient recciving theophylline, to aminophylline, or vice versa,

must take into account the differences in disposition of the two

drugse If the increased rate of metabolism and urinary elimination of
(1AC)-aminophylline is reflected in lower plasma concentrations of
theobhylline then either aminophylline will have to be administered
at’'a higher dose to maintain therapeutic plasma concentrations of
theophylline or the same equivelent dose will have to be administered
at more frequent intervals. Furthermore, these differences in the
disposition of (143)—theophylline and (14C);aminophylline might explain
sgmé of the previously observed variations in plasma elimination half-
lives of thecphylline (Table 1.11). Patients receiving identical doses
of either aminophylline or theophylline might be expected to exhibit
differences in plasma concentrations and plasma eliminetion half-lives,
irrespective of any other influencing factior.

Differences in the disposition of a drug administered in varying
dosage forms have been noted previously, perticularly in terms of
altered bioavailebility (Table 6.7) put differences in the rate and
extent of drug metabolism arising solély from alterations in the
dosage form appear to be rare. What are the possible mechanisms for

(1 1+-C)_ ,

the observed differences between (1AC)—theophylline and
aminophylline metabolism? The exact reasons for the observed
differences are not clear, but it is possible to speculate that it
may be due to one or more of the followirg :-

1« Increased lipid solubiliiy of the complex leading to

higher concentrations of the perent drug in hepatocytes



DRUGS FOR WHICH FORMULATION HAS BEEN SHOWN TO

AFFECT BIOLOGICAL AVAILABILITY TO AN TMPORTANT

EXTENT
Acetoheximide Phenytoin
Ampicillin Prednisone
Aspirin Prednisclcne
Chloramphenicol Para-aminosalicylic acid
Digoxin Quinidine
Griseofulvin Riboflavine
Hydrochlorthiazids Spironolactone
Hydrocortisone Triamterine
Nitrofurantoin Sulphadiezine
Penicillin Vv Tolbutamide
Phenindione Tetracyclines
Phenacetin Warfarin
Phenylbutazone

From: OCurry, 1977.
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2. Greater affinity of the complex for the metabolising

3. Ethylenediamine acting 2s an activator of tﬁe retabolising
enZymé; either as an allosteric activator rendering the
active site more accessiblas f'or the parent drug, or as
an enzyme inducer.

Wnich, if eny, of these explanations ié responsible for the
observed variations depends upon the following as yet unanswered
gquestions.

What is the exact-nature of theophylline/ethylenediamine

complex? .

How stable or unstable is it?

At vhat stage, if any, dces the co&plex dissociate after

intravenous administration?
. irst gquesiion, preliminary results with
infro~red spectroscopy suggest that the two carbonyl groups of
theophylline are involved in the interaction with ethylenédiamine.
The ebsence of involvement cof the N-methyl groups of thecphylline in
the irnteraction is substantiated by nuclear magnetic resonance studies
enmployed as an assay to determine the theophylline content of various
aminophylline tablets (Turczan et al,, 1972 ). In these studies the
signals from the N~methyl protons in theophylline were unaffected by
the presence of ethylenediamine. Further investigations are required
to assess the contribution of both the N-methyl groups and the carbonyl
groups of theophylline to the interaction with ethylenediamine.
130 or15N nuclear magnetic resonance studies might be the most useful
means of providing the answers.

With regard to the latter two guestions, aminophylline is a
combination of & strong base with a weak acid, such that a soluticn of

aninophylline readily absorbs carbon dioxide from the atmosphere, the

resulting carbonic acid subsequently displaces theophylline from the
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complax and precipitaetes it. If carbon dioxide absorbed from the air
can displace theophylline from the complex, then after the oral
administration of aminophylline one would expect the complex to
dissociate almost immediately on contact with the much stronger gastric
acids. Hoﬁsver, whether the complex dissoclates af'ter intravenous
administration is questionable. A dcuble-labelling experiment
emplqying.(14C)-theophylline and (BH)-ethylenediamine might provide

the answer to this problem.

That (1AC)-theophylline and (1hc)-aminophylline behave differently
in man is confirmed by the absence of an effect of a methylxanthinew
deprived diet on (1AC)-aminophylline disposition. This form of dietary
manipulation had significant eff'lects on the.metabolism of (1AC)—
theophylline discussed in Chapter 5. However, no such diet-related
differences were observed after intravenous (1AC)-aminophylline. Two
of the subjects (J.C. and L.A.W.) excreted slightly more radioactivity
on a methylxanthine-deprived diet but the third subject (T.J.M.) actuslly
excreted less. The lower recovery of radioactivity in this subject was
associated with smaller amounts of the two N-demethylated products
excreted af'ter intravenous (1hb)-aminophylline than after intravenous
(1AC)-theophylline (Table 6.5)« Thus the removal of methylxanthine=-
containing foods and beverages from the diet increases both the rate
and extent of (14C)—the0phylline metabolism, but not of (1LC)-
aminophylline metabolism. Perhaps the increase in metabolism that
the complexation of (143)-the09hylline with ethylenediamine causes
overshadows any effects that the removal of methylxanthines from the
diet might exert on (1AC)-aminophylline metabolism,

In conclusion, the disposition of (1hb)-theophylline and (140)-
aminophylline is different. The rate and extent of conversion to both
3-methylxanthine and 1 ,3-dimethyluric acid is greater af'ter (1AC)-
aminophylliine administratian, and no diet-related differences are
observed after (140)_aminophylline as after (14G)-theophylline.

-
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CHAPTER 7

Discussion
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In this chapter it is proposed to discuss the implications of
the methods and results presented in the preceeding chapters with
ref'erence to tne following areazs; the applicztion of pharwmacokinetics
tc the study of drug metabolism; drug-diet interrelations; and the
ef'fects of dietary methylxanthines on drug metabolism and their
implications.

PHARMACOKINETICS AND DRUG METABOLISM

Plasma kinetics or urinary metabolite xinetics ?

Initial pharmacokinetic studies involved investigating the time-
course of only the unchanged drug in the body. The limitations of such
studies were soon realised. In particular, for drugs which are
cenverted into active metabolites, knowledge of the time-course of
the unchanged drug in the body imposes obvious limitations.

Howsver, with the knowledge of a drugs pharmacokinetic behaviour

it hes been demonstrated that there are pronounced interindividual
differences in the elimination kinetics of various drugs. Interindividual
variablility in the response to drugs is a vital yet often neglected
facet of drug treatment. Where the individual response has been shown
to be related to plasma concentrations of the drug, the application of
pnarpacokinetic models describing the plasma concentration time-course
of drugs, while useful as an aild to manipulate therapy, do not allow
the identification of the mechanism(s) responsible for the observed
variations in plasma elimination kinetics. Thus as metabolisw is

tne major route of elimination for the majority of drugs, studies

o the rate of elimination of beth drugs and their metabolites will
provide a more detailed examination of the mechanism(s) responsible
for the interindividual differsaces oObserved in vlasma elimination
£inetics.

It is, therefere, important to define the kinetic aspects of drug
metabolism. Obvious approximations can arise when one simply

measures, for example, the total 2, hour urinary excretion of a
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particular metebolite, Such date gives no irdication of the rate of
eliriration cof' the metabolite. Both aspects are importent in the
handling of eny drug. For example, three irdividuals (designated

A, B and C; Figure 7.1) might excrete 30% of a drug in the form of a
certain metzbolite over 24 hours. On the basis of this information,

it would be assumed that no differences occur between the three
individuals. However, if the rates at which the three individuals
eliminate the metzbolite are exemined, then profound interindi&idual
differences are observed, although the total 24 hour output is identical.
Indeed, the problem of species variations is subject to the same
limitetions. Again the total 24 hour excretion data might be the same
in 211 three species (designated A, B and C; Figure 7.1) but as
indicated the three species might exhibit remarkably different
elinination rates. However, the problem of ensuring that experimentel
enimals produce urine at sufficiently regular intervals mighs present
practical difficuliies for this type of study to be carrigd out
succesefully. Metabolism ;a cleerly 2 dynamic process, since metzbolites
are continually being formed and eliminated. Defining the kinetic
aspects of drug metabolism is therefcre as important as defining

the qualitative aspects.

The aifferences behind the two approaches, that of plasma pharma-
cokinetics and urinary kinetics, are simple. The former is concerned
with measuring the rate of disappearance of substrate (drug) from the
biological system, and does nct account for those mechanisms responsiblie
for the disappearance. The latter approach is involved with measuring
the rate of eprearance of one or more products generated from the
biological mechanism(s) responsible for the disappearance of the
substrate (drug) from the system. The application of either system
depends upon the requirements of each particular study. From the

clinical view point it is essential to be avare of the time-~course of
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Figure 7.1 CUMULATIVE EXCRETION OF AN IMAGINARY COMPOUND IN EITHER
THREE INDIVIDUALS OR THREE SPECIES (DESIGNATED A, B AND C)



185
unchanged drug in the body, but where individusl variations in drug
meiebolism and response arise it becomes necessary to identifly the
source of veriation. In such instances an examination of the urinary

metabolite kinetics might provide the answer.

. Which method of analysis?

In the present study two methods were available for the treatment
of the serial urine sample data. One involved the treatment of the
data according to a modification of the Michaelis-Menten equation as
used .by ﬁévy et al. (1972) tc describe the elimination of salicylate.
The second concerned the application of the "Sigma-minus" method as
devised by Cummings et al. (1967). Both methods base their theory
on cer&ain assumptions but both rely on date cbtained by studying the
appearance in urine of drug and metabolites. The Levy method can
ideﬁtif' both first-order and zero-~order elimination whereas the
“Sigmé-minﬁs" method assumes thet all processes respensitle for the
elimination of drug from the body are first-order. The Levy nmethod
assumes that the fraction of the dose remaining in the body at any
time is present in the unchangéd form whereas the "Sigma-minus® ﬁethod
assumes almost instantaneous drug metzbolism and that the fraction of
the dose remaining in the body exists as both unchanged drug and as
metabclites not yet excreted.

There are, therefore, completely contrasting assumptions made by
both methods. In terms of applicability to the present study the Levy
method is the moire suitable since one of the metabolic routes of
theophylline metabolism is satursble within the therapeutic dose-
range as discussed in Chapters 4 and 5. Thus application of the
"Sigma~minus" method within this range will lead tc an inaccurate
estimate of the overall elimination rate constant. However, at
theophylline levels above this range (i.e. when S )) Km for the saturable
process) apparent overall first-order elimination kinetics are observed
and the "Sigma=minus™ method may be used as a method of estimating the
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overall elimination rate-constant.

The second major difference betwoen the two netheds 1s over the
nature of that fraction of the dése remainingz unexcretede. By using
the Levy mothod it is esswred that this fraction is present as unchanged
druge In terms of the present study this assumption is justifiable for
several reasons. Firstly, the nature of the two methyluric acid
metabolites ensures their rapid excretion from the body in urine, with
little if ény reabsorption by the kidney tubvles. Indeed, these
metabolites huve yet to be identified in the plasma of individuals
receiving methylxanthines either therapeutically or from the diet.
The third major metabolite 3-methylxanthine, has been shovwn to be
present in plasma samples (Thompson et al., 1974) though in smaller
amounts than theophylline itself (approx. 3‘%P5/m1 at plasma
theophylline concentrations of 15.9Fg/m1.). However, the contribuiion
of the diet towards this level rather than that being derived from the
therapeutic scurce i3 nect stated. Van Gennip et 2l. (1973) have shomn
that large amcunts of 3-methylxanthine are formed and excgeted ocn &
daily btasis. Therefore, as the metabolites of theophylline are readily
excreted”in urine and assuming that no tissue sequestration of the
metabolites occurs, any of the dose remaining in the body is likely
t0 be unchanged theophylline.

Considerations and Implications of data derived from urinary

metabolite studies

Such kinetic studies have shown the metabolism of theophylline
to be dose-depend2nt. This dose-dependency arises as a conseguence
of the conversion of theophylline to 3-methylxanthine being describable
by Michaelis-Menten kinetics, that is, saturable. The clinical
consequences of saturable drug metabollsm can be illustrated by the
results observed by Weinberger and Ginchansky (1977). By studying the
plasma pharmacokinetics of theophylline in patients they noted that
disproportionate increases in plasma concentrations of the drug

occurred when the dose was increased. These increases could not be
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prcdicted‘if drug elimination followed first-order kinetics. That
unpredilctatle increases in the plasma concentrations of theophylline
can 6ccur on dosage adjustment means that the clinician must take
extreme caré in ensuring thet plasma concentrations of theophylline
reach the therapeutic range without reaching toxic concentrations.
Thus plasma pharmacokinetics enabled the recdgniticn of a clinical
problem in dosage adjustment, whilst the present study has identified
the specifiic biochemical mechanism responsible for the observed
problen.

Interindividual differences in the activity of the satureble
pathway of theophylline metabolism might be reflected in interindividual
differences in the overall elimination of théophylline from the body.
Interindividual differences in the activity of this pathway might be
expected tc be initially under genetic influence, in addition to the
secondary infiluence of dietary methylxanthines discussed in Chepter 5.
The possible role of a significant genetic component as a.determinant
of theoph}lline metabolism is being investigeted in a parallel study.

If the initial observations discussed in Chepter 3 are confirmed, then
theophylline becomes a remarkable example of a drug whose metabolism
is significently influenced by both environmental and genetic factors.
Two pathways have been clearly shown éo be affected by the envircnment
(dietary methylxanthines) whilst the third pathway (production of 1=
methyluric acid) appears to be non-respcnsive to environmental
influence, and is under primarily genetic control. Whait confers
protection of one pethway from environmental influence and not another
is yet a further question which requires more detailed investigation.

It has therefore been demonstrated that in addition to those
factors previously identified as influencing the plasma elimination
half-lif'e of theophylline (Table 1.44) dietary methylxanthines are a
significant determinant of both the rate and extent of theophylline

metabolism. Without a study of the rates of formation of theophylline

.
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metsbolites, the mechanism by which the dietary methylranthines exert
.their influence on thcophylline éetabolism could not have been
discerned (Ch. 5)-.

The influence of the diet on theophylline metebolism might be
equivalent to the effect of chronic drug administration on drug
metabolism. The influence of chronic drug edministration on the
metabolism.and elimination of drugs is difficult to assess, particularly
when only the plasma concentrations of the unchanged drug are monitored.
The elimination of a Single.drug dosage during chronic uadministration
of that drug can be followed by administering a rsdioactive tracer
dose which then permits the determination of the rate of elimination
of the tracer dose from plasma whilst plasmz concentrations remain at
steady state. This technique has already been used t0 investigate the
pharmacokinetics of phenytoin in patients on maintainance phenytoin
therapy (Houghten and Richens,1974). The determination of the rate
of appearance of the major hydroxylated metabolite of Phenytoin in
urine would also reflect the influence of chronic drug administraticn

. on drug metabolism.

Such metabolic studies have also shown the rete and extent of
metabolism of theophylline and aminophylline to be different. That
chenges in drug formulation can affect the kinetics of drug metabolism
is a novel and interesting finding, the clinical consequences of which
are discussed in Chapter 6. That these differences might not have
been observed unless a detailed study of drug metabolism was carried
out, stresses the importance of studying both the plasma kinetics of
the unchenged drug as an aid to therapeutic menazgement, and in the
kinetics of drug metabolism in identifying scurces of variations in
plasma elimination kinetics.

What potential use dc the derived formation/elimination rate

constants fcr various drugs and their metabolites have?®

-



189

Are the rates at which metabolites are formed by

the same mechanism cowparable?
For sxampla, is the rate at which theophyliine 1s hydroxylated to 1,3-
dinethyluris =cid the same as the rate at whicn caffeine is hydroxylated
£0 1,3,7-trimethyluric acid? Although pathways of drug mestabolism
are diverse, the enzyme systems involved may not be @3 numerable

Why is the 1-N-demethylation of theophylline <o

3-methylxanthine saturable wnilst otaer drug

deméthylation mechanisms are non-saturabla?
There will be, ard are, differences in the rate of formation of
metabolitas generated by similar mechanisms. This is to be expectad
due to the vast differences in the structure and stereochemistry of the
substrates (drugs) and thus their affinity and relationship to the
active—-3ite of the drug metabolisin

enzyines. ihen more data becomes

g
o

avzilzbls on the kinetics of drug elimination and metsbolite formation
might soms pattern emesrge?

Will some groups of drugs generate groups oF

similar meiabolites at similar rates?

Are these drugs metabolizsed by the same

enzyue?

If epnarently similar drugs generate similar
matabolites at difflerent rates could the drugs
be substrates for different forms of the same
enzyme (isoenzymes) or are they really metabolised
by differsnt enzymas?
Tnus the practizal impligatimns of using such metnods to study

druz mepsabolism are cle2ar. A uwr oas hunwn oeiabolls studles are

ot
foia
]

concerned, current invastigative procedures can be insffective in detec

et

int2rindividual variations in drugy metabelism. The praciice of deflining
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various hybrid pharmacokinetic pdfameters (e.ge plasma elimination
half-lives, clearance rates etc.) without defining the major components
of these parameters (e.g. metabeclism) may serve to disguise importent
components of interindividual veriation in handling drugse These
limitations are being recognised (Kalow et g&., 1977 Sloan et al.,

1978) and can be exemplified by two examples. Kuntzman et al. (19577)
showed that cigarette smoking increased the metabolism of phenacetin

in man, as exemplified by lqwer plasma concentrations of phenacetin

in smokers and the ratio of the concentration of N-acetyl-p=-aminophenol
(the O-dealkylation product of phenacetin metabolism) to that of
phenacetin was increased severalfold in the smokers. Hcowever, no
difference wes observed in 4the plasma elimination half-life of phenacetin
between smokers and non-smokers. Secondly, the overall rate of
eliminaticn of debrisoquine is not statistically signifiicantly diiftf'erent
between extensive and poor metabclising phenoctypes wherces the respective
rates of formaticn of the major metabolite, 4-hydroxydebrisoquine is
_significantly higher in the extensive metabolisers.

Thus the importance of situdying both the kinetics of drug metabolism
as a means of identifying sources of individual variations in drug
disposition, and the clinical importance of defining the pharmacokinetic
aspects of the unchanged drug in plasma is being increasingly
recognised. Progress in drug metabolism methodology, an enhanced
understanding of how environmental and genetic factors contribute to
determining individual differences in metabolism of, and responses
to drugs, should lead to improvements in the therapeutic use of many

d.rugs.



DRUG=-DIAT INTERRELATIONS

Many forms of drug-diet interactions are known, particulerly
the influence of food on drug absorption. Gastric absorption of any
drug, but particularly acidic drugs, is reduced after food intake.

For example, the intake of food decreases blood levels of concomitantly
administered aspirin derivatives (Wood, 1967). The intestinal
absorptioﬁ of many drugs is slowed by concurrent food intake eitler
because of delayed gastric emptying or because of dilution of the drug
in the intestinal contents.

The reducing effect of food on the biocavailability of certain
other drugs may seriously reduce therapeutic eff'iciency when the drug
is given by the oral route. The absorption .of theophylline itself is
markedly reduced by food (Piafsky and Ogilvie, 1975). In studies
conducted by Welling et al. (1975) it was found that the absorption of
theobhyliine was faster wnen it was given after a high protein meal
rather than a high fat or @igh carbohydrate meal. Peak levels of
theophylline in these studies were highest when the drug was given
dissolved in 500ml of water and taken fastinge

Utilisation of food substances or beverages as antidotes to drug
poisoning has been a comnon practice formeny years. Emesis has been
induced by mustard and water or by raw eggs, boiled starch or flocur
and milk., These so-called demulcents were considered to diminish toxic
drug absorption as was hot strong tea which was freguently given to
precipitote, in the stomach, apemorphine, cinchona alkaloids, strychnine,
veratrine, digitalis, antipyrine and colchicine as well as heavy metals
(Boyd, 1958). Furthermore, tea can impair the absorption of nonheme
iron and could therefore contribute to impaired utilisatlon of iron
given to correct an iron deficiency. Disler et al. (1975) studied the
affect of tea drirking on the abscrption of iron among Indian house-

wives. The drinking of tea, with or without milk, was found to inhibit
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iron absorption from vuriosus iron solutions. Tea also significantly

rabbit haemoglobin in tomato Jjuice. However, it was also shown that
tea did not inhibit the absorption of haemoglobin iron if it had been
cooked. The authors considered it likely that the inhibition caused
by tea on iron absorption was due to the formation of tannrates, which
are non-absorbable., It is known that the formation of such iron
complexes within the intestinal lumen may diminish iron absorption.
Preliminary observations by the same authors indicate that coffee has
a similar effect though the mechanism is unknown.

These observations may be extremely important. The effects of
dietary methylxanthines consumed in tea and'coffee cn theophylline
metabolism have already been described. However, do individuals who
c&nsume large amounts of tea and coffee suffer from a significant
impéirmcﬁt of iron absorpticn? Such individuals-might therefore pcssess
limited amounts of iron for incorporation into the cytochrome enzyme
systems, with a2 subsequent decreased capacity for drug metebolism.

Other drug-diet interactions arise from systemic reactiona induced
by drug-food incompatabilities. Some foods do ccntein chemicals with
known pharmacological activity. In addition to the dietary methyl-
xanthines for example, a number of foéds have been shown tc evoke
hypertensive crises in patients receiving monoamine oxidase inhibitors
related to the tyramine content of various foods prior to the attacke.
Whereas cheese was the most common food to produce pressor effects in
patients on these drugs, a numbe r of other foods and beverages were
incriminated as well as amines other than tyramine. Several patients
had attacks of hypertension and severs headaches after eating the
British yeast extract Marmite, and Blackwell et al. (1965) showed
that this focd contained both tyramine and histemine, Other foods which

have been recognised to produce hyperiensive effects in those patients
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on monocmine oxidase inhihitors are broad beans, picklcd herrings,
chicken livers aqd cartain wines, as for example, the Italian wine
Chianti, Inbroad beans the amino acid dopa, or its amine derivative
dopamine, have been incriminated (Blomley, 1964). However, it is
possible that many drugs might have their strgctural analogues present
in the diet, and that there might exist as with the dietary methyl-

xanthines, a more specific dietary effect on drug metabolism.

EFFECTS OF DIETARY METHYLYANTHINES ON DRUG MSTABOLISM:

Implications

Can dietary methylxanthines inhibit' the generation
of carcinogenic metabolites?
Do dietary methylxanthines offer protection fron

their potential carcinogenic activity?

Ts the observed effect of the dietary m thylxanthines on theophylline
metabolism restricted to this one drug only? Are dietary methylxanthines
.a new class of inhibitors of drug metabolism? It is important to
investigate whether this inhibition of drug metabolism extends to other
drugs, particularly those which share the cytochrome P);8 enzyme
system(s) for which theophylline is a substrate. This cytochrome
system is intimately involved in the metabolism of various polycyclic
hydrccarbons, such as benzo(a)pyrene and 3-methylcholenthrene which
are both known carcinogens end substrates for this enzyme system.
However, the aromatic amine derivative phenacetin, which is
chemically related to the known carcinogensjg =naphthylamine and
certain fluorenes including N-2-fluorenylacetamide, has been associated

with tumors of the renal pelvis or urinary bladder in patients who

had chronically taken overdoses of compounds which contained caffeine
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and phenazone in addition to phenacetin (Jchansson.EE al., 1974).
The question nas therefore been raised of the contribution of
caffeine and phenazone to the carcinogenicity of phenécetin—containing
compéunds (Edito;ial, 1969); the cocercinogenic effects of caffeine
may be significant (Schmauz and Cole, 1974). The purire analogue
allopurinol has also been shown to be carcinogenic in rat urinary
bladder (Wang et al., 1976). So can the diefary methylxanthines
of fer some sort of metabolic protection from the generation of
carcinogenic metabolites or are they themselves carcinogens?

The nutritional condition of animals and their specific dietary
intake are significant modifiers of the reséonse to carcinogens
(Rogers, 1978). Many nutrients influence the activity of hepatic
and other tissue enzymes responsible for metabolism of foreign
chemicals (Campbell and Hayes, 1974). Nonnutrient food components
can alse inéuce tha activity of enzymes (Wattenbergz, 1975). However,
tecause of the complexity of metabolic pathways and, in most cases,
lack of knowledge of the active forms of drugs and other chemicals,
the effect on carcinogenesis of dietary manipulation of enzyme

activity cannot be predicted {Gillette, 1976).
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APPENDIX
Column Time of urine sample post-
dosing (hrs.)
Column Volume of sample (ml)
Theophylline
3-Methylxanthine
1,3-Dimethyluric acid

1=Methyluric acid



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE S AMPLES:
SUBJECT T.J.M.; NORMAL DIET.

SAMPLE VOLUME % DOSE I 1T 111 v
0 -1 202 626 1451 0,74 3.09 0.89
1 -2 42 L2 0.65 054 2.20 123
2 -3 36 L7 0.48 0.86 212 0.80
3.4 50 5433 0.66 0.79 2,73 1414
L -5 43 L.71 0.49 0.84 2.35 1.49
5 =6 36 3.77 0.29 0.70 1454 0,79
6 - 7 30 3.93 0.29 0.77 1.88 0.78
7 -8 27 366l 0.25 0.7 2.53 0.30
8 -12 206 10.89 0.99 . 312 LeSlk 2,20
12 - 2 1460 21.18 1490 6.80 7.09 3432
TOTALS 68.60 7451 15.84 30.07 12490

UNKNOWN URIC ACID O.64%
UNKNOWN XANTHINE 1.67%

cel



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES:

SUBJECT J.C.; NORMAL DIET.

SAMPLE VOLUME % DOSE I II III v
0 =1 190 7.65 1.82 0.79 2.00 2,22
1 =2 164 6o 7k 1.57 0.87 2.47 1479
2-3 470 7+10 174 1.09 2.12 2.16
3 =4 136 5.64 0.93 0.95 1.73 1.46
L =5 105 1437 134 0.91 2.75 1.93
5 =6 185 5.3k 0.0 0.8 2.15 1.74
6 -9 283 13.29 1.6 2,80 L.67 3.52
9«12 166 12.55 0.67 3.39 L..55 2.19
12 = 22 203 12.73 0.56 Le55 3.59 1.74
TOTALS 78,44 11.14 16419 26,03 18.75

UNKNOWN XANTHINE 0.95%

~ UNKNOWN URIC ACID 5.3%



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPIES:

SUBJECT L.A.W.; NORMAL DIET.

SAMPLE VOLUME % DOSE I II 111 Iv
0 -1 100 6e N 0.93 0.79 2e44 3.09
1 =2 61 7.58 0.8y 1,03 2.2l 3450
2-3 58 6.72 0.65 0,93 1.49 2.63
3 -l 72 6.96 0.72 1.2 1.86 2.19
L ~-5 61 5.65 © Oult 1.08 1.97 1.32
5-6. 43 LBl 0oy 0.99 1.77 146
6 -7 L3 Loli5 0.31 0.95 1.39 1617
7-8 36 Lali7 0.22 0.88 2.12 0.95
8«12 190 1461 1.15 3.61 6415 3.36
12 - 2, 490 19.74 0.73 5.97 6.48 533
TOTALS 81.93 647 1744 27.88 25,00

UNKNOWN XANTHINE 4.087%
UNKNOWN URIC ACID 4.11%



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPIES:
SUBJECT C.A.L.; NORMAL DIET.

SAMPLE VOLUME joit| % DOSE I II III Iv
0 -1 180 7.5 7.99 0.92 0.80 435 1elidy
1 -2 68 8.0 6.79 074 0.71 | 3.69 1455
2-3 55 145 6.36 0.62 0.93 3.26 1ol
3= I 7.0 6.48 0.64 1.33 2.97 1443
4 =5 62 6e5 6451 0.52 1 W 3.00 141
5«6 49 5¢5 5e46 0.32 1430 24 34 1.38
6 -7 39 5¢7 L.61 . 0.22 1.09 2.08 111
7 -8 22 5.5 2.73 0.09 0.7 1.22 0.65
8«9 30 5.2 3455 0.12 0.98 1.62 0.77
9 - 10 30 5¢5 2.81 014 0.8 1412 0.65
10 = 1145 55 Selt 4.96 0.19 1456 2.04 1016
1145 = 14 83 5¢5 5.40 0.20 | 1.95 1eH 102
14 - 16 164 6.0 3496 0.19 1.36 1.5 0.78
16 - 18 154 5.5 3.40 - 1,30 1433 0.72
18 = 20 67 5¢5 1.8 - 0.65 074 0.45
20 - 22 266 5.5 2.54 - 1416 0.75 0.28
22 - 24 100 65 1.92 - 0.96 0.69 0.17
TOTALS 7732 T heSH 19.04 34062 16.53

133

UNKNOWN XANTHINE 1.,09%
UNKNOWN URIC £CID 0.35%



QUANTITATION OF THEOPHYLLINE AND ITS METABOLIYES IN SERIAL URINE SAMPIES:
SUBJECT T.J.M.; REPLACEMENT DIET.

SAMPLE VOLUME oH % DOSE I 11 ITT v
0 -1 122 645 Le75 1.30 1.83 | 1.37 0.13
1 -2 39 5.8 4453 0.57 0.52 2.71 0.60
2 ~3 31 5.6 Le2) 0.45 0.56 2.27 0.79
3~ 29 5e1 3499 0.4 0.73 1494 0.7l
k=5 26 5¢3 3.92 0.34 0.85 1.68 0.88
5 -6 33 Sy L5l 0.42 1.04 2.04 0.87
6 -7 Ay 5¢5 3.52 0.28 0.89 1.62 0,60
7-8 I, 5¢9 3.23 0.33 0.72 1437 0.68
8 - 10 45l w57 5¢40 0.57 1ol 2.36 1.8
10 - 11 242 5.8 2.50 043 0.69 1.0 0.37
11 =12 L6 53 2452 0,20 |. 0.72 1.06 0.42
12 = 14 72 6ok Le73 Q.45 1.50 1460 0494
14 - 20 162 61 12,92 0.75 345 6+56 1.72
20 - 22 78 5¢6 Ry 0.26 1473 1.56 0.62
22 = 24 126 642 201 0.13 1.01 0.78 0.49
TOTALS 6737 . 6489 | 17435 29.90 11.03

002

UNKNOWH XANTHINE 2.01%
UNKNOWN URIC ACID 0.11%



QUANTTTATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES:
SUBJECT J.C.; REPLACEMENT DIET.

SAMFLE VOLUME pH % DOSE I I ITI Iv

0 =1 266 548 5¢89 2651 0.80 {. 1,08 0.80

1 =3 486 5¢9 104, 243 181 3463 2.87
53 =4 120 5¢6 9.06 1.66 119 4019 2,02
4 = 5.5 78 5¢6 742 0.9 1451 2,88 1.73
5¢5 = 7 250 5.7 7+20 0.75 | 1.57 2.9 1460
7 -9 213 57 9.04 0,78 2.37 3.78 2,08
9 ~«10 35 549 3.12 024 0.67 137 0,82
10 « 14 29 5.8 2.68 0.13 0.69 1.16 0.70
11 = 12.5 63 5.9 3.82 0.17 0.99 1448 1012
12.5 = 14 72 5.8 4.02 0.27 1426 1.54 0.95
14 - 16 110 5.6 4e29 0.20 -1415 1.72 4022
16 -~ 18 86 5¢5 3430 0.16 1.18 118 0.78
18 -~ 20 92 57 2.95 0.12 0.92 1.19 0.72
20 = 25 510 643 4481 1.27 2,17 0.75 0.62
TOTALS 78.01 1127 | 18,28 28,76 18,03

toe

UNKNOWN XANTHINE 0.1 273
UNKNOWIN URIC ACID 1.47%



QUANTITATION OF THEOFHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES:
SUBJECT C.A.L.; REPLACEMENT DIET.

SAMPLE VOLUME pH % DOSE I II III Iv
@ -1 147 8.0 694 1.60 0.88 2.7 1.19
1-2 106 7.3 6o46 0,97 | 1.07 2.98 1.22
2-3 68 7.5 4.68 0.5 0.68 2.53 0,68
3 -l L 7.0 L.66 0.4 0.86 2.18 1.08
b =5 5k 7.0 5.15 0.50 1.00 2.4 1.2,
5«6 59 6.5 4.86 0.46 1412 2.16 1.12
6 =7 64 6+5 le55 . 0.38 131 1.90 0.95
7-8 L3 6e5 36l 0.22 0.94 174 0.77
8«9 52 6.0 3620 0.25 1.00 1438 0.61
9 - 10 188 5.5 3ol 0.53 1.04 1.30 0.58
10 - 11 132 6.0 3.28 0.47 1.03 1.0l 0.7
11 -12 6L 645 2.84 0.2 0.83 1417 0.59
12 - 14 74 6.0 3.94 0.30 | 1.39 1.50 0.75
14 - 16 58 6.0 345 0.21 0.98 1.5 0.75
16 - 18 79 6.0 3.88 0.27 1427 154 0.80
18 = 20 81 6.0 2,90 0.20 1413 1.28 0.50
20 - 22 144 6.0 2.55 0.20 114 0.96 0.45
22 - 2, 175 6.5 2.43 0.19 1.08 0.7 0.43
TOTALS 72.86 7.9 18.72 31.03 14445

UNKNOWN XANTHINE 0.1 3%

UNKNOWN URIC ACID 1.02%

2oz



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES:

SUBJECT T.J.M.; METHYLYANTHINE-SUPPLEMENTED DIET

SAMPLE VOLUME pH % DOSE I II III Iv

0 -1 H0 6.9 7ol 2.15 0.5 2.97 0.66

1 -2 16 6.2 5.02 0.97 0.62 2.49 0.84

2-3 266 6.0 L..42 1417 0.72 2.02 0.78-

3-4 52 54 3.96 .47 0.79 1.82 0.76

4 -5 37 4.9 3.88 0.39 0.93 1.70 0.73

5~=6 L2 4.9 4.58 C.39 1.C0 2.16 0.88

6 = 7 38 51 3.87 0.35 0.82 1.78 0.75

7 -8 36 543 3.48 0.26 0.73 1.60 0.77

8 -9 173 5e3 3.2 Qulyly 0.78 1.23 0.59

9 - 40 68 5.7 3,48 0.38 0.9 1.75 0e31

10 - 14 53 6.5 3411 0.30 0.81 1.28 0.63
11 =12 81 6.8 3419 0.4 0.85 1.24 0.62
12 = 14 222 6.8 5.30 0.57 1.38 2.08 1.13
14 = 16 300 6.0 L 56 0.48 1.33 1.9 0.71
16 - 18 50 Sely 3.73 0.16 119 2.07 0.3
18 - 20 111 Sely 4..03 0.9 1.60 1.38 0.64
20 - 22 200 5.8 2.9 0.2 1.09 1.16 0.53
22 - 2, 435 6.2 2.80 0.30 1.20 0.72 Oulik
TOTALS 73.37 9.64 178 31433 12.45

; UNKNOWN XANTHIME 1.79%

UNKNO®N URIC ACGID 0.75%

o2



QUANTITATION OF THHOPHYLLINE AND ITS METABOLITES IN SERTAL URINE SAMPLES:
SUBJUECT J.C.; MUTHYLXANTHINE-SUPPLEMENTED DIET

SAMPLE VOLU¥E pH % DOSE I II 111 Iv

0~1.2 300 6.1 8.61 2.4 1.09 3.18 1.56

1.2 - 2 342 6.2 6.32 1.52 0.62 244 1.30

2-3 228 6.2 5.86 1,24 0.82 2.29 1431

3 -l 1 29' 6.0 674 1.28 1.07 2.68 1443

b = 5 146 6.3 6.9, 1461 147 2.17 1.42

5 - 7 .20 6.2 7.66 1.67 1430 2.72 1.97

7 - 9.5 126 6.2 7.02 0.80 1490, 2.96 11l

9.5 - 10 133 Goly 2.32 0.35 0.6L 0.98 0.35

10 = 11 386 6.6 2.82 0.64 0.63% 1.06 0.38

11 12 1Ci.. 6.2 3.29 0.30 0.80 1.68 0.1

12 - 14 120 6.3 le15 0.53 1.29 1.77 0.38

1 - 16 £CO 6.1 512 0.61 1.67 2.39 0.45

16 - 20.5 427 5.8 751 0.63 2.35 3.42 1411
20.5 22 L7 5.7 1.97 0.11 0.76 1.10 -

22 - 24 271 6.3 2.56 0.21 1e2 0.96 0.18

TOTALS 78,89 13.88 17.66 34 .80 13.39

UNKNOWN URIC ACID = 2.40%

Yoe



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES 1IN SERIAL URINE SAMPLES:
SUBJECT C.A.L.; METHYLYANTHINE-SUPPLEMENTED DIET

SAMPLE VCLUME pH % DOSE 1 11 IIT Iv
0-1 23 6.9 10.95 3.3 1.15 3.86 1.69
1 -2 335 6.0 B.7. 1.7 0.62 4e21 1.66
2 -3 201 N 7.28 1.35 0.87 3.20 1.42
3 -4 95 6.8 6.38 0.89 1.00 2.82 1.53
h -5 158 6e44 66l 0.92 1.09 2.8, 1.66
5~ 6" 380 5.6 6.07 1.07 1401 2.70 1.17
6 -7 - 310 5.8 4.95 0.86 1.04 1.87 1.08
7 -8 328 6.0 4.93 0.79 1.28 1.97 0.89
& -9 180 61 3.90 0.64 1.10 1.36 0.73
5 = 10.75 284 6.3 6453 0.81 1.98 2.37 1.37
10.75 = 12 56 5.4 3.18 0.2 0.95 1.48 0.39
12 = 14 15C 5.4 476 0.5 1.35 1.81 0.99
1 - 16 70 S5e4t 3.53 0.49 0.96 1.59 0.49
16 - 18 68 5.3 3.07 0.36 0.92 1437 0.42
18 - 22 116 5.7 479 0.29 1.29 2.10 1419
22 - 24 72 6.5 1.94 0.19 0.73 0.62 0.40
TOTALS 87.6l 17.54 36417 16.99

146

UNENGWN XAlITHINE O.89%%
UNENGWN UKRIC ACID 4.352%

s0e



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPI.ES
SUBJECT T.J.M.; METHYIXANTHINE ~ DEPRIVED DIET.

ITI

SAMPLE VOLUME pH % DOSE I II Iv
0 -1 147 7.0 619 1.05 1023 2.69 1,00
1 =2 52 Selt 7.02 0,88 1.08 3.32 1.58
2-3 316 5el4 6426 1.09 1.04 2.85 1.18
3 -4 395 543 7.23 0.95 0.98 3.62 1«51
L -5 55 501 5¢H 0.67 117 2.92 1.03
5=6 5 5.3 5¢62 0.58 1.18 2,70 0.99
6 -7 142 5l ;) 0.77 | 1.32 1.75 0.93
7-8 112 6.0 4..89 0.99 142 1.63 0.74
8 ~9 59 6e1 2.67 0.43 0.97 0.87 0.27
9 - 10 36 5.0 2.90 0.27 0.8 1.22 0.42
10 « 14 32 5.7 3.5 0.28 1.03 1440 0.56
11 =12 33 5¢5 2.76 0.28 0.79 1.04 0452
12 = 14 60 5l 4.85 0.27 1.06 2. 28 1.09
14 = 16 323 547 456 0,38 1411 2,05 0.92
16 - 18 115 5.7 3.97 0.22 0.98 1 .84 0.85
18 = 20 220 55 343 0.21 1e42 1.08 0.73
20 - 22 512 6e3 Lol 0.l 1461 1.36 0.7
22 - 2 150 7.7 2.0 - 1.07 0.70 0.2l
TOTALS 82.75 9.76 20.27 35.32 15427

UNKHOWN XANTHINE 2.16%

902



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES:
SUBJECT J.C.; METHYLXANTHINE DEPRIVED DIET

SAMPLE VOLUME pll % DOSE I II III Iy

0 -1 960 6e1 12453 3.09 112 5.07 2.80
1 =2 566 6e1 637 1.2k 0.80 ' 2,67 1.48
2-3 a7 6e3 10.77 1e4d 1.61 Lra63 2.54
3= 4 121 5.7 745 0.8l 1423 3440 1.88
b -5 109 543 7.08 0.86 1448 3ot 1462
5=6 169 5.9 5.58 0.6k 1435 2,07 1438
6 -7 157 6.8 L6 0.47 1.19 1.66 1429
7~8 130 7.8 5422 0.66 114 2.38 0.96
8 -9 232 7.2 622 0.62 1.56 2.54 1edids

9 - 40 23 9.0 143 0.14 0.42 0.61 0.25 .
10 = 14 93 6.5 3.09 0. 2. 1.04 114 0.75
11 =12 289 6.5 2.85 0.26 "0.92 1.09 0.63
12 = 14 320 6¢3 1.77 0.13 0.56 0.68 0.38
1y = 1745 660 6adp 5otk 0.19 1.79 2.02 1406
17.5 = 20 490 51 2414 - 0.92 0.79 0.43
20 - 22 246 6ol 1.20 0.07 0.72 0.26 0.15
22 = 24 163 6.1 0.98 - 0.55 0.27 0.16
TOTALS Bl 443 10.86 18.37 34439 19.20

UNKNOWN XANTHINE 0.86%

N

~1



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES:
SUBJECT L.A.W.; METHYLXANTHINE DEFRIVED DIET.

SAMPLE VOLUME oH % DOSE 1 1T 11T v
0 -1 79 6o .87 1.01 1417 4e97 2414
1 -2 L6 5ely 6e2l 0449 11l 2.70 1 463
23 58 b7 943 0e51 1.58 .66 2.34,
3 -l 69 1o 9.65 0.66 1.98 le 34 2.50
b5 42 Bel 6469 0,38 | 1.4 | 3.07 | 1.6
5«6 53 5¢9 6e37 0436 174 2.61 1449
6 =7 69 547 5457 0431 1.33 2.56 1.37
7-8 60 5.0 L. 50 0.7 1424 2.20 0.77
8 -9 392 Sely 3.58 0.39 1.03 1.37 0.75
9 - 10 550 643 3.18 0.30 1.01 1.05 0.76
10 = 11 90 642 375 0.21 1.36 123 0.95
11 - 12 31 5.6 2430, 0.09 0.78 0.93 0454
12 = 14 Tl Solt L.68 0.16 1.49 1.92 1411
14 - 16 50 5.6 2.9 - 1.09 1.10 0.72
16~ 18 57 5.7 277 0.05 1.08 1.03 0.59
18 = 20 52 5.7 2.28 - 1.02 0.89 0.37
20 - 22 - 60 545 1.77 - 0.97 0.40 0.40
22 - 2 106 6oy 1 o5k - 0.90 0.3 0.30
TOTALS 87.12 5.09 22.29 3737 20.64

UNKNOWN XANTHINE 0,88%

80¢



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URIME SAMPLES:
SUBJECT C.A.L.; METHYLXANTHINE - DEPRIVED DIET

SAMPLE VOLUME pH % DOSE I II ITI Iv
0 -1 218 71 946 2.47 1.72 3.36 1.3
1 -2 70 762 8.04 1.01 1.06 Lol 1.66
2-3 55 6.6 7.33 0.83 1.23 3ol 1.70
3 - 78 6ol 7.29 0.80 1.32 3.6l 1.48
L -5 62 7.0 6.89 0.64 1.39 340 143
5 -6 72 6.8 6.60 0.62 1.62 3.02 1410
6 -7 43 Sels. L+85 0.30 1.18 2e14 1e14
7-8 L 545 5,04, 0.22 1.30 2.52 0.92
8~9 52 59 Lelib 0.25 1.39 1,92 0.84
9 =10 73 5.9 Lol Ot 1.23 1.95 0.87
10 = 12 145 6.0 6.3 0.51 2.4 2.54 0.88
12 - 14 220 506 Le62 049 | 1.92 1ol 0.77
14 - 16 121 5.5 3.3 0.24 1.09 1.2, 0.77
16 - 18 90 6.0 3433 0.12 114 1431 0.76
18 = 20 104 5.6 2,50 0.18 0.88 0.88 0.56
20,22 323 6.0 2,29 011 1.03 0.80 0.35
22 - 2 128 6.7 1.98 0.10 0.86 0.63 0.39
TOTALS 88.73 9.47 | 22.77 38.28 16.84

UNKNOWN XANMIINE 1.09%

6oe



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES
AFTER T.V. AMINOPHYLLINE: SUBJECT T.J.M.; NORMAL DIET

SAMPIE VOLUME oH % DOSE I II III v
0 -1 148 8.0 9.09 2.53 112 3064 1437
1 -2 173 6.8 8ek3 1.39 1.30 §  3.36 1.53
2-3 130 6.6 6.30 0.83 1.02 2.73 1.27
3 - 37 Sy 6.12 0.35 1.29 2.65 1424
4 =5 i 53 6454 0.49 1.37 3.07 1432
. 5=-6 34 5.3 5.52 0.37 1412 247 1,22
6 =7 34 5S¢4 5.36 0.26 1424 2.5 1412
7 -8 28 Selt. 410 0.17 1.12 1.9 0.82
8 -9 32 S5edt 412 0.2 1.10 1.72 0.86
9 ~10 25 S5e4 2.98 0.1, 0.8, 1.20 0.56
10 ~ 11 35 53 3431 0.2 1.09 1423 0.67
11 -~ 12 67 5.6 345 0.37 | 1.10 1.18 0.75
12 « 14 234 6.7 6e1i65 0.76 1494 1479 1.39
14 =16 266 5.8 Selily 0.45 1.93 1.71 1.0
16 - 18 9l 5¢5 4439 0.21 1e43 2,08 0.46
18 = 20 70 545 3,08 0.42 0.99 1413 0.50
20 - 22 260 645 3.48 0.18 113 1427 0.70
22 - 2 378 1ok 235 Oell 0.99 0473 0.49
TOTALS 90,52 9.2 22412 3641 1731

UNKNOVIY XANTHINE 2.04%



QUANTITATION OF THEORIYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES

AFTER 1.V. AMINOPHYLLINE: SUBJECT J.C.; NORMAL DIET

SAMFLE VOLUME pH 9% DOSE I IT II1 Iv
0 =1 652 6.6 9.9 401 1.79 2,80 1.7
1 =2 113 7ol 8.93 1.97 1.2 377 41 .68
2~3 143 6e2 6480 1.22 1419 2.88 1.35
3=-4 Pr 6.7 6e3L 0.99 1.29 2.85 1.06
L4 =5 287 6e5 1460 0.97 0.88 1459 0.86
5 =6 348 6.2 8.32 131 1.90 3436 1475
6 =7 54 69 a32 Oolily 0.93 1.20 1.32
7-8 92 6e3 5486 0.2 131 2,36 1.27
8 -9 28 5.8 3631, 0.25 0.8 1.35 0.65
9 w1043 55 6.6 5¢15 0.37 1.25 1.70 1043
1043 = 11 26 642 2,06 0u12 0.47 0.86 0.39
11 =12 7 647 3435 0.29 0.86 1.09 0.79
12 = 16 1320 6e9 11411 1ol4ky 3.2 490 1403
16 - 18 188 6.6 3.80 0e31 134 1.67 0.)8
18 - 20 239 645 2.95 0.25 1.05 1.05 0.50
20 - 22 100 6.5 2.38 0.15 0.99 0.63 0.42
22 = 2 254 7.0 2,02 0.20 1424 0.36 0.27
TOTALS H 2l 171 | 272 3452 16442

UNKNOWN XANTHINE D.66%
UNKNOWN URIC ACID 0.79%

L2



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES
AFTER I.V. AMINOPHYLLINE: SUBJECT L.A.W.; NORMAL DIET.

SAMPLE VOLUME pH 95 DOSE I II III Iv
0 w1 69 7.2 8,30 145 | 1.0 3.75 1 050
1 =2 146 6.6 9.19 1418 0.96 he3t 1.83
2w3 266 6.9 8elily 118 1.0, 3.61 2.09
3 =4 65 740 6448 0.42 1413 3.29 1423
4 = 5.25 68 8.0 7466 0.51 1.39 419 1443
5e25 w 6 L2 746 439 0.27 0.92 2413 0.76
6 =7 22 5.9 3.58 0.10 0.82 1,79 0.82
7-8 97 640 Lol 0,33 1433 1.97 0,70
8 w9 83 648 384 0629 1409 189 0.52
9 -10 33 6.8 350 0.13 0.94 173 0.71
10 = 11 85 6.6 3.9 0.20 1.27 175 0.68
11 = 42 48 el 3e12 Oull 0H "| 1.33 0.67
12 = 14 251 67 5632 0.40 1464 2.53 0.84
14 - 16 81, 6.0 4.07 0u16 1448 1.65 0,70
16 = 18 542 5e7 3430 0.07 1.02 146 0.62
18,20 119 567 3.06 0010 1611 1.00 0.80
20 w 22 129 649 2450 0.1 | 0.92 0.86 0469
22 w 2l 137 745 2.45 0.06 1.00 0,82 0.53
TOTALS 87.52 6.80 19.87 40,06 1713

UNKNOWN XANTHINE 1 4057



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMFLES
AFTER I.V. AMINOPHYLLINE: SUBJECT T.J.M.; METHYLXANTHINE DEFRIVED DIET.

ti

SAMPLE VOLUME pH % DOSE I II III Iv
0~ 1 233 7ol 8413 1.92 1.86 2.4 0.66
1 =2 58 6ol 530 1.08 Olyly. 2,74 0.79
2-3 46 5¢3 Lo 8l 0.61 0.62 2.11 0.75
3 -l 85 5¢5 5e¢l 074 OeH 2,58 0.89
4 -5 50 5e3 L9l 0.56 0.92 2.2 0.77
5«6 378 55 L..85 0.78 0.73 1.81 1,04
6 -7 265 546 La76 0.56 0.85 214 0.75
7-8 68 6.0 448 0.l 0.95 2.0l 0.68
8~9 55 6.8 3.80 0.43 0.98 1.50 0.49
9 - 10 81, 6e3 3449 0.4 0.90 1ahh 0.52
10 = 11 60 6e2 345 0.40 0.76 1.6 0.51
14 =12 158 6.9 3.62 0.60 | 0.87 1.56 0.50
12 = 14 362 742 6458 1.16 1.39 274 0.98
14 =16 273 6.9 14..98 0.69 1.00 2433 0.67
16 = 20 342 5.6 8.15 0.82 2,02 3.7 1.22
20 - 22 325 6.2 3.27 0.38 0.85 1,22 0.50
22 - 24 106 63 2.77 0.15 0,82 1413 0.48
TOTALS 82,82 11.70 | 16.87 35434 12.20

UNKNOWN XANTHINE 2.46%

UNKNOWN URIC ACID 0.53%



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERIAL URINE SAMPLES

AFTER I.V. AMINOPHYLLINE: SUBJECT J.C.; METHYIXANTHINE - DEPRIVED DIET.

SAMPLE VOLUME pH % DOSE I II ITI v

0 -1 14,5 7.2 11.00 361 1.28 3492 1037

{1 -2 585 6a7 10.58 2.2 1.52 Le33 2.10

2 =3 138 7ol Be52 1.4 134 3460 1465
3 - 90 645 8e31 1,02 1.63 3495 154

=5 195 6.5 773 1.15 1464 3.2 1+55

5=6 121 6e3 6.03 0u7k 1435 2.71 1425
6 -7 318 6ol 5¢12 0.73 1.20 197 0,84
7-9 1143 6e7 9.94 0.97 3425 3422 2.02

9 - 10 49 645 3462 0.2 0.95 1.69 0.67
10 -~ 14 5k 5.6 3.90 0.16 0.95 1 .89 074
11 =12 36 5.5 2.68 0.40 0.6. 1423 0.45
12 = 14 62 Sel L35 0.15 |. 1.09 2.02 0.79
14 = 16 311 5.8 Le72 0.33 1459 1486 0.89
16-18 3 5.9 3.36 0.24 1407 1.27 0s74

18 = 20 130 .59 2,42 0e11 0.81 0.4 0.50
20 - 22 104, 642 2,03 - 0.86 0.76 Oulyd
22 - 2, 117 647 152 - 0.88 0.35 0.29
TOTALS 95.80 13.42 | 22.04 38.92 17.80

UNKNOWN XANTHINE 0.19%
UNKNOWH URIC ACID 0.79%

Tic



QUANTITATION OF THEOPHYLLINE AND ITS METABOLITES IN SERTAL URINE SAMPLES:
AFTER I.V. AMINOFHYLLINE: SUBJECT L.A.W.; METHYLXANTHINE - DEFRIVED DIET.

III

SAMPLE VOLUME pH % DOSE I II IV
0 -1 145 Tel 12.10 2.63 1.39 5.90 1.98
1 -2 63 6.5 9.43 0.69 1656 L7 2.14
2-3 66 6.0 9.13 0.58 1.65 L.72 2.11
3.y 83 6.2 8.50 0,60 1.87 4409 1473
-5 93 65 147 0.53 1.69 5«59 146
5 -6 55 6.3 5.50 0,29 1.38 2.75 1.07
6 =7 146 603 5e3h 0.35 1.48 2.16 1.07
7-8 458 6e3 Lhe1} 0.37 1.12 1.68 0.65
8 =9 622 6als 5020 0.56 1.59 2.10 0,82
9 =12 5 6.6 9.18 0.3 2.38 L.32 1.50
12 - 15 N 5¢5 5.89 0.14 '| 2.08 2.47 1419
15 = 17 L5 5¢7 3.0 - 1407 1.26 0.64
17 - 2 102 5k 4403 - 1.39 1.37 0,82
A -2 220 641 2.2 - 1.3 0.43 0.28
TOTALS 90493 7.05 21.96 .01 17.43

UNKNOWN XANTHINE 0.94%

qiLz
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