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Many of the ways in which stable isotopes are used in biomedical research are reviewed. The use of stable
isotopes in stable isotope dilution assays, for metabolite identification and in pharmacokinetic studies, is
discussed and relevant examples are given to illustrate the various points made. Isotope effects and their
implications for future drug design are considered. Some of the toxicity problems associated with the use of
stable isotopes are also considered. Finally, a brief subjective view of possible future advances is made.

INTRODUCTION

The increasing use of stable isotopes in the fields of
biochemistry and medicine has resulted in a number of
symposia recently dealing with this topic. Of these sym-
posia the most 1mportant are those held at Argonne in
1973, 1975% and 1978,” and the British Pharmacologi-
cal Society symposium in 1977.% Additionally a number
of meetings dealing with mass spectrometry have also
discussed stable isotopes in depth, mcludmg the five
meetings organized by Frigerio in Italy’ ™ and the recent
meelm%s on quantitative mass spectrometry in
Ghent,

A number of review articles dealing with the applica-
tion of mass spectrometry to biomedical research have
appeared in the last few years, including reviews by
Lawson'” and Fenselau." The more specialized aspects
of selected ion momtormg have been reviewed by
Holmstedt and Palmer,'* and a list of references up to
1975 has been compiled by Palmer and Holmstedt,"
following a list of references up to 1973 published by
Costa and Holmstedt.'® Undoubted]y selected ion
monitoring represents the major use of stable isotopes
to date, but other aspects of the use of stable isotopes
have also been reviewed, especnally W1th regard to their
possible toxicity (Blake era! 7 Greeg'®). Clinical appll-
cations have also been dlscussed at the various symposia
on stable isotopes.

This review will cover the application of stable
isotopes in the following areas: (1) stable isotope dilu-
tion assays; (2) metabolite identification (stable isotope
signature); (3) absolute bioavailability by co-
administration; (4) determining pharmacokinetics dur-
ing chronic administration studies; (5) biocequivalence
measurements; (6) metabolic ‘switching’ and stable
isotope effects; (7) toxic effects of stable isotopes. The
review will concentrate on recent work, although some
historical perspective will be given. Representative
examples from the published literature will be given,
rather than attempting a full review of all papers relating
to stable isotopes.

Abbreviation: NAPA = acetylprocaineamide.

Terminology

Due to the rapidity with which advances have been
made, a number of synonyms have arisen for various
aspects of stable isotope terminology. A brief definition
for terms the author will use in this present review, with
synonyms to be found in literature, is presented below.
STABLE ISOTOPE. Generally an isotope of an ele-
ment which is non-radioactive (i.e. does not decay by
emission of a, B, or vy radiation). However, in this
context the most common isotopes (that is 'H (protium),
2¢, %0, "N, **8) of hydrogen, carbon, nitrogen, oxy-
gen and sulphur are excluded, although they are stable
isotopes. The most commonly used are as follows:

Natural
Isotope abundance (%)
2H (deuterium) 0.0148
13 1.11
BN 0.365
o 0.037
0 0.204
3g 0.760
g 4.22

These are also referred to as HEAVY ISOTOPES.

ENRICHMENT FACTOR. The degree of enrich-
ment of the stable isotape over its natural abundance.

SELECTED ION MONITORING. A method
whereby the mass spectrometer is made to monitor a
small number of selected ions. On magnetic instruments
this is done by switching the accelerating voltage
between preset values, or by changing the magnet flux.
On quadrupole instruments this is done by rapid switch-
ing of the rod voltage in the mass filter. Synonymous
terms are MASS FRAGMENTOGRAPHY, MULTI-
PLE ION DETECTION, SELECTED ION
RECORDING and MASS SELECTED ION DETEC-
TION. MASS CHROMATOGRAPHY refers to a sep-
arate technique whereby the intensity of selected ions
are monitored from a file of full scan spectra using a
computer,

El (ELECTRON IMPACT IONIZATION). The
normal method of forming ions in the mass spectrometer
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by bombarding the vaporized sample with an electron
beam.

CI (CHEMICAL IONIZATION). A method of for-
ming ions by gas phase chemistry from a suitable ionized
reagent gas.

F1 (FIELD IONIZATION). A method of forming
ions by electron extraction in a high positive electric
field.

FD (FIELD DESORPTION). A method for forming
ions by electron extraction from the sample in a solid
form coated on an activated emitter.

GC/MS (GAS CHROMATOGRAPHY/MASS
SPECTROMETRY). The use of an instrument combin-
ing a gas chromatograph with a mass spectrometer via
an interface. The interface can comprise a diverter valve
and an enrichment device in an inlet line enabling only
the effluent of interest to be allowed into the ionization
source of the mass spectrometer, and removal of most
of the carrier gas. With capillary GC/MS the total
effluent is usually allowed into the source.

ISOTOPE EFFECT. Changes in rates of reaction
caused by substitution of the common isotope by a
stable or radioactive isotope. Large kinetic effects are
found eSpecnally when substitution of deuterium for
protium is carried out. The rate of cleavage of C—(*H)
bonds can be up to 14 times slower than similar cleavage
of C—("H) bonds.

STABLE ISOTOPE DILUTION ASSAYS

The requirement for a labelled internal standard is that
it should be isotopically as pure as possible, and for this
reason deuterium (99.9 atom %) is the best heavy
isotope for this work. It also happens to be cheap and
useful when using relatively large quantities of internal
standards. Selected ion monitoring using a mass spec-
trometer has a number of advantages.

{1) Because the internal standard is chemically
equivalent (as a first approximation) a stable isotope
analogue of a compound is going to have similar extrac-
tion, chromatographic and ionization characteristics to
the parent. Thus, a labelled standard can be added as
the first step in an extraction sequence, minimizing
errors due to procedural Iosses.

(2) The stable isotope can also be added in large
excess, to act as a ‘carrier’. If procedural losses remove
50 ng of compound, the analysis of 100 ng is going to
be difficult due to loss of 50% material. However,
procedural losses tend to be a constant weight, so if one
adds 900 ng of label as carrier, the loss of 50 ng from
1000 now represents a loss of only 5% of material.
Thus sensitivity and precision may be much improved.

The earliest reference to stable isotope dilution is
work by Rittenberg and Foster'® on the analysis of
amino acids and fatty acids, They were able to quantify
palmitic acid in rat fat using palmitic acid containing
21.5 atom % deuterium, and glycine, glutamic acid and
aspartic acid using the standard with 2 atom % '°N.
However, most work had to await the development of
the selected ion monitoring technique (Rittenberg and
Foster compared peak height ratios on scanned spectra).
The first multiple ion detector was described by Ham-

mar®’ in 1971 following initial work by Sweeley in
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1966.>' Kelly was able to quantlfzy prostaglandin Fs.
using the trideuteromethyl ester’” and described his
work at the Elba meeting in 1971. At the conference
two years later® Draffan presented work on the determi-
nation of amobarbital and indoramin.” Other early
reports included work on prostaglandm E” in 1970,
and quantification of nortriptyline.?® All of these early
methods used El mass spectrometry. Castagnoli was
able to show enantiomeric metabolism of 1-(2,5-
dimethoxy-4-methyl-phenyl)-2 aminopropane using
selected ion monitoring and direct insertion CI mass
spectrometry.”® Since that time assays using gas
chromatography/mass spectrometry and CI mass spec-
trometry have appeared, including an assay”’ for
diphenoxylate (5 mg) using tetradeuterodiphenoxylic
acid as internal standard. This assay showed good
linearity over the range 10-400 ngml™" in plasma and
enabled the determination of diphenoxylic acid in
plasma after a single oral dose of diphenoxylate (5 mg).
The use of stable isotope dilution analysis tends to
ignore the natural abundance of the stable isotope, and
several authors have examined this mathematically to
determine whether thls assumption is valid or not.
Pickup and McPherson® derived the equation

_X/Y)pr /M) + (@1 /M)
(p2/ Mg,/ M)

where R is the measured ratio of natural labelled, X is
the mass of naturally occurring isotope, Y is the mass
of labelled form, M is the molecular weight of natural
material, M' is the molecular weight of labelled
material, and p, g are the probabilities of occurrence
of natural and labelled material in natural or labelled
sample.

A second approach has been proposed by
Campbell.” He uses the enrichment factor (EF),
defined as

___intensity of [M]"
sum of intensities of M

where [M]" is the molecular ion for the labelled species,
and M are the molecular ions for all natural and labelled
species. The EF is corrected for the natural abundance
of other isotopes, and here, using a low resoluuon
instrument such as a quadrupole the addition of °C is
equivalent to the addition of *H (both increase mol. wt
by 1). For high resolution instruments more accurate
correction can be made. The EF is then

number of heavy isotopes in sample,
excluding naturally occurring

total number of '>C/'H, excluding those
heavy isotopes naturally occurring

m—(np/o) mo —np
n+m—(np/o) no+mo—np

where m is the number of added heavy isotope, n is
the number of light isotope, p is the natural abundance
of heavy isotope and ¢ is the natural abundance of light
isotope.

More recently still, Bush and Trager have taken up
the work of P:r:kup and McPherson, modified by Colby
and McCaman®’ and have produced a more generalized
model suitable for multivariant analysis.*' All of these
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APPLICATION OF STABLE ISOTOPES IN BIOMEDICAL RESEARCH

models suggest the optimum stable isotopically labelled
standard should contain three or more heavy atoms and
have a high degree of purity to obtain good precision.

An introductory text to quantitative mass spec-
trometry which reviews some of the more practical
aspects of stable isotope dilution has been written by
Millard.*® Stable isotope dilution assays have been
developed for a wide range of compounds, both
endogenous and exogenous. Recent rePorts mclude
assays for steroids,™ ethxny]oeslradnol blle acids,”
acetylcholine,*® calcium,’ prostaglandm, tetrahy-
drocarboline,* trioxsalen,* diphenylhydantoin, *!and
disopyramide.** Nearly all rely on the classical
approach, namely addition of stable isotope standard
to the biological fluid, extraction, derivatization and
GC/MS analysis with selected ion monitoring. This can
impart a further advamage msomueh that the stable
isotope can act as a carrier*’ improving sensmvn;/
However, the ‘carrier effect’ has been questioned. ?
No carrier effect was found on the ana]ysm of
octopamine using a deuterated internal standard.*

In some cases a carrier effect has been shown to
occur.*” It is likely that the existence of a carrier effect
depends very much on the site of labelling and the
nature of the compound.

Summary of quantification using stable isotopes

(1) Stable isotapes enable one to use a chemically
equivalent internal standard which can be added to the
sample early in the assay, eliminating procedural errors.

(2) Stable isotopes can be also added in excess to act
as carriers for trace amounts of drugs or metabolites,
thus reducing variation in procedural losses.

(3) Deuterium labels are preferred because of their
high isotopic purity and cheapness,

(4) The internal standard should contain three or
more heavy atoms in order to reduce any corrections
due to naturally occurring heavy isotopes to negligible
proportions. Correction can be made for this, but it
introduces extra steps into the computation.

(5) Heavy isotopes should also be clean and contain
predommantly one labelled species (l e. 100% *H,, not
20% *H,_,, 50% H,, 30% H,.;) in order to reduce
the corrections necessary for natural isotopic
abundance.

METABOLITE IDENTIFICATION

Natural isotopes

Certain elements, most noticeably the halogens, silicon
and sulphur, comprise mixtures of two Oormore isotopes.
Thus, chlorine comprises 76 parts *~Cl and 24 parts
”C] bromine is almost equal proportions of °Br and

Br silicon contains 4.7% ° Sl, 3.1% *°Si and sulphur
contains 4.2% **S. *°Si and **S are not too useful but
the isotope patterns for chiorine and bromine have been
used to identify drug related metabolites when the
parent drug contains chlorine or bromine (e.g. chlor-
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pheniramine, brompheniramine). Using the chlorine
isotopes pattern as a tracer, Skinner e al.*® were able
to determine the metabolites of chloropromazine and
haloperidol in various organs from an overdose victim.
In addition to haloperidol, dihydrohaloperidol, dehy-
droxyhaloperidol, chlorophenylhydroxypiperidine and
chlorophenylpiperidine were all identified in the urine
and kidney.

Deuterium label

Deuterium can be a poor choice of label for an in vive
experiment due to the large isotope effect associated
with it (see below: biochemical isotope effects).
Howeverg it has advantages of being cheap (relative to
C or "N) and available with high isotopic purity
(>99%). Provided the label is away from any obvious
site of metabolism only secondary isotope effects will
be observed, and these are usually sufficiently small to
be neglected. If the object is to label recovered drug
and metabolites to prove them to be drug derived, then
even deuterium in a position where primary isotope
effects could qccur may be suitable. Indeed, distortion
of the (*Ho)/(*H.) ratio away from the theoretical can
give information aboul any isotope effects. In a recent
study a mixture of ( (*Ho)/ (*H,) propanthelme bromide
was administered to a single volunteer.” A trace
amount of ["*Clpropantheline bromide was also
included to aid metabolite identification. The metabol-
ism was determined to be largely hydrolysis to xan-
thonoic acid. A number of similar studies have been
reported in literature, including a study on su]oetldnl
Farmer et al. reported on the metabolism of (*Hy)/(*Ha)
aniline mustard.*® Baillie er ai. were able to follow the
metabolism and pharmacokinetics of 5a-pregnan-20-
one and Sa-pregnan-3p,20a-diol by %lv1ng deuterium
labelled steroids to pregnant women.” A similar stud
on the turnover of catecholamines was also reported.”’
One of the more exciting applications of deuterium
label has been the mmultaneuus administration
of equlmolar amounts of (+)( H)propranolol and
(—)(*H)propranolol orally to dogs; and showing that
metabolic excretion of the enantiomers was the same.”
Such a method can also be used to examine different
metabolic pathways for enantiomers, and work by
Jarman et al. has shown different pathways when a
synthetic racemate of cyclophosphamide, where one
cnantiomer was labelled with deuterium, was ad-
ministered to rats.”

Carbon-13, nitrogen-15, oxygen-18

These three represent the remaining stable isotopes
currently used in biomedical research a]though far less
extensively than deuterium. Both *C and N can be
obtained in 99% purity, but >C is usually 90-95%
atom pure, and '°N 95-97%. *Q is avallable 90-95%.
The isotope effects associated with *C, °N and O
are less than with 2H, but *O is reaclllsy exchanged and
tends not to be used in vivo. Both "N and C have
been uqed for metabohtetracer work (e.g. (**C)camben-
dazole® and (' N)cmoxacm, > and also for studymg
enantiomeric metabolism (**C)-a-methyldopa™)
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Summary use of as tracers

(1) Deuterium, due to its ready availability and low
costs, has been used extensively to form artificial isotope
clusters for metabolite identification. However, it has
problems because of its relatlvely hlgh isotope effect.

(2) Other heavy isotopes (**C, "’N) have been tried
but not used extensively, They are more suitable for in
vivo work because of their low isotope effects.

(3) Heavy isotopes have also been used to trace
differences in the metabolism of enantiomers, where
one form is labelled and the other is not.

(4) Despite its advantages, a mixture of stable
isotopes for metabolite determination has not been
utilized extensively.

BIOAVAILABILITY STUDIES

In the past bioavailability studies have usually been
conducted on a cross-over basis, comparing two formu-
lations or a formulation against a standard (usually an
intravenous injection). The problems with this approach
are many, not least being the large number of blood
samples that require withdrawal from the volunteer and
analysis, often using laborious methods to estimate low
concentrations in small volumes. The assumptions are
also made that the pharmacokinetic profile for the drug
remains constant after the interval between doses, or
that changes in terminal rate constants reflect changes
in the elimination rate constant only, perhaps due to
variation in urinary pH.

The simultaneous administration of a stable isotope
labelled analogue of the drug offers the advantage that
the kinetics of drug distribution and elimination are
constant for both light and heavy drugs, and the absorp-
tion process can be studied free from corrections for
changes. However, there are pitfalls. If a high circulating
plasma concentration of drug affects its own absorption
then the availability of an oral dose will be underesti-
mated if an intravenous injection is given simul-
taneously. Perhaps a suitable injectable form is difficult
to prepare, and the effort to produce one may outweigh
the cost benefits of a simultaneous study. The most
important pitfall is the possible isotope effect of a heavy
analogue which may alter the metabolism or affect rates
of metabolism, distribution and excretion. Therefore,
the choice of a heavy analogue must be made carefully

Table 1. Studies involving co-administration of stable isotope
to determine bioavailability. This list is mot
necessarily complete

Co-administered  Intarnai

Date Compound isvlope standard  Reference
1975  N-scetylprocainamide 13C Hs 58
1977 Clonidine H4 ? 59
1977  SC-27166 i, Mg 60
1979 Mianserin 2H, 2H, 61
1980 Meperidina ’Hs ?Hw 62
1980  Theophylline ®N,, PC ? 63
1980 Disopyramide b “Hya 64
1981  Verapamil H, H, 65
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to minimize isotope effects. Some studies reported to
date are listed in Table 1.

The first report to appear was work by Atkinson et
al. on N-acetylprocainamide®’ utilizing p-(acetamido-
1-("*C)-N-(2 dlethylammoethyl) benzamide ((*°C)-
acetylprocainamide; (' ’C)NAPA) for intravenous
administration and npormal N-acetylprocainamide
(NAPA) for oral administration. Blood samples were
withdrawn at intervals and the concentration of
(**C)NAPA and NAPA determined using penta-
deutero-N -acetyl-procainamide as the internal stan-
dard. The curves obtained were analysed and the oral
availability determined as 96.0, 74.0 and 78.1% in three
subjects. Analysis of the excreted NAPA in urine sug-
gested that 83% of the oral dose was absorbed.

The majority of the NAPA was excreted unchanged
Plasma concentrations after administering ("C)NAPA
i.v. (250 mg) and NAPA p.o. (500 mg)ina capsule were
in the pg mi~’ range. This study used a >C labelled
derivative for i.v. administration, reducing the possibil-
ity of isotope effects; but depended on a single heavy
atom in the molecule, neuessnaun)[a a series of correc-
tions for the natural abundance of C i in NAPA.

Another study reported by Draffan # examined the
metabolism of clomdme ( Hg} and (*H.) after oral co-
administration of (° Hn) and ("Ha).

A further study’’ concerned co-administration of
g}SC -27166 and (*H,)SC-27166 to rats and the ratio
of (“Hg)/ (2H4) SC-27166 recovered in urine suggested
that in the rat model 95.6 % 1.0% of the oral dose was
available. The study was carried out on a crOSs-over
basis in four animals, two receiving (HU] p.o., ("Ha)
i.v., whilst the second pair received (*Hi) p.o., (‘Hg)
i.v.. Two baboons were also dosed; one received (*Hy)
iv.. (*H) p.o. and the second (*Hy) p.o., (*Ho) i.v. The
area under curve ratio suggested SC-27166 to be readily
available in the baboon (54% and 81% respectlve]y)
and this was borne out by comparing the (*Ho)/(*Hy)
ratio in urine for free SC-27166 (53% and 123%
respectively). The (*H,) label was carefully positioned
m a metabolically inert portion of the molecule and the
(*He)analogue was used as the internal standard. A
stralght calibration line was obtained for mlxtures of
(*Ho), (*Hy) in plasma and urine using (*He) as the
internal standard.

In a study on mianserin, Vink and Van Hal co-
administered (*H,) mtravcnously and (*Hy) orally to
female Beagle dogs They used a (*H.) internal stan-
dard. A discrepancy was found between the bioavaila-
bility measured in urine using this technique (42-44%)
and that obtamed by examining plasma (7-9%). Ver-
beeck et al®' determined the bioavailability of
mepend:ne (pethidine) using (*Hs) as co-administered
form and (*H0) as internal standard. The full results
of this study are yet to appear.

The metabolism of co-administered theophylline has
been studled in neonates suffering from primitive
apneas Very little experimental detail is given.

A more concerted attempt to correlate the results
from co-administration and classical cross-over studies
was made by Haskins et al.®’ In this work rhesus mon-
keys were used. After co-administration the animals
received each dosage in a single cross-over design. Dis-
crepancies were found between the results, but these
were not due to the influence of stable isotope, but
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APPLICATION OF STABLE ISOTOPES IN BIOMEDICAL RESEARCH

rather to the non-linear pharmacokinetics of the com-
pound chosen for the study.

A study using verapamil was carried out®* to avoid
changes in the person’s metabolic profile during a cross-
over study.

Summary of the use of stable isotopes in
bioavailability studies

{1) Simultaneous administration of a heavy analogue
enables absolute availability to be determined in a single
study with one set of blood samples.

(2) Caution must be exercised to ensure that no
isotope effects occur. If possible, "*C or N analogues
should be used for in vive work; if deuterium is used
then the deuterium should be carefully positioned in a
metabolically inert position.

(3) A second labelled analogue is required as an
internal standard. Preferably the administered light and
heavy analogues and the internal standard should be
separated by at least 3 u each, to reduce correction for
natural abundance.

{(4) Adverse pharmacological effects of the drug (i.e.
inhibition of its own absorption, toxic overdosage after
i.v. administration) should be borne in mind when plan-
ning such studies.

PHARMACOKINETICS IN
CHRONIC ADMINISTRATION

The use of stable isotopes in chronic administration
studies is a special case of isotope co-administration. It
is usually difficult to estimate any changes in phar-
macokinetics during long-term drug therapy, although
such changes may be important. By differentiating a
single dose by administering a stable isotope label one
can perform a pharmacokinetic analysis.

An early study utilizing this technique was published
by Klein et al.*® A single dose of {*Hs)methadone was
substituted for the regular daily dose in a patient, and
it was possible to follow the plasma disappearance of
(*Hs)methadone for 10 days.

A similar early study was carried out using (*Ha)-
propoxyphene, when a single dose was administered on
day 20 of a chronic study in dogs.*

When administering naturally occurring substances it
is obviously difficult to distinguish between exogenous
and endogenous compound. Again stable isotopes have
been used in this case. A report concerned the metabol-
ism of testosterone undecanoate®” where (*H.)tes-
tosterone undecanoate was administered to volunteers.
Similar studies have been carried out on other
endogenous steroids, including pregnanolone sul-
phate.®® The advantage of stable isotopes were fully
exploited in this study, wherc healthy pregnant women
were used as volunteers. Bile acid metabolism has also
been studied,” as well as catecholamines,” tyramine’*
and a-methyldopa.”

Another application has been in the study of differen-
ces in enantiomeric metabolism. The anti-cancer drug
cyclophosphamide has been studied using liver micro-
somes by administering a racemic mixture of R-(*Ha)

© Heyden & Son Ltd, 1982

and S-(*Ho) and R-(’H,) and $-(*H,).”* It was found
that the S-isomer was metabolized some three-fold
faster than the R-antipode.

Methadone has also been administered to human
volunteers as either $-(*Hs)methadone or R-
(*Hs)methadone. The excretion of the enantiomers was
followed during chronic dosage with SR -methadone.”
It appears that pulse dosing with stable isotope now
may be the method of choice for determining phar-
macokinetic profiles during chronic dosing studies.

MEASURING BIOEQUIVALENCE

Bioequivalence measurements are a special case of co-
administration. All absolute bioavailability studies can
be used for bioequivalence, i.e. co-administration of an
intravenous label and a formulation. However, more
particularly bioequivalence can be measured by co-
administering an oral solution of label and a formula-
tion. If the pharmacokinetics of the drug are known
then the analysis of an aliquot of a single urine collection
over a suitable period to measure the ratio to parent,
will be a measure of bioequivalence. Should more infor-
mation be required, quantitative analysis of urine con-
centration of label and parent can be used.

The obvious advantage of such an approach are the
non-invasive nature of the experiment and the single
dosage regimen. Disadvantages may include the effect
on tablet dissolution of a concentration of similar com-
pound. A recent study used oral co-administration of
a solution of phenobarbital.”

An early study using this approach was carried out
in female beagle dogs using benoxaprofen.”® A standard
solution contained ("Hj;)benoxaprofen, whilst the tested
formulations comprised capsules containing crystal
aggregates of particular mesh size.

A second study using methoxsalen failed because a
saturable first pass effect was observed. Thus, co-
administration of a standard labelled solution and a
tablet caused a change in the pharmacokinetics of
absorption.”’

BIOCHEMICAL STABLE ISOTOPE EFFECTS

The difference in mass between deuterium and protium
causes the vibrational frequencies of C—D, O—D and
N—D bonds to be lower than for corresponding C—H,
O—H and N—H bonds. The more stable deuterium
bond requires greater energy of activation and substitu-
tion of deuterium for protium can have a profound
effect on the rate of chemical reactions involving bond
cleavage. Generally values ky/kp are in the range of
2-5, but the maximum effect can be as high as 7-10.
These are PRIMARY isotope effects. Deuterium can
also effect rates of reaction not directly involving
cleavage of a deuterium bond, (e.g. hydrolysis of
trideuteromethyl esters) and these are known as
SECONDARY isotope effects. The ratio k;;fkn is
usually 1-2 for these. Isotope effects occur for °C, °N,
80, etc., but in general these are negligible compared
with the large effects seen for deuterium.
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A review summarizes work carried out up to the end
of 1975 on isotope effects observed for various drugs
For example, an extension of sleep time in mice
administered  5-(3,3-dideuterio-n-butyl)-5-ethylbar-
bituric acid was observed. The major metabolite of
butethal is 5-(3-hydroxy-n-butyl)-5-ethyl barbituric
acid, so by slowing the rate of hydroxylation of the butyl
side chain with deuteration at the 3 position, the actwe
parent compound had an extended biological half-life.”
Many other studies involving anaesthetics, antibiotics,
alka!mds, ammes and benzodiazepinones are also
reviewed.'” Most of these studies show the effect of
retarding a rate limiting step by substituting deuterium
for protium. In a finely balanced situation where two
competing metabolic pathways are involved, the use of
a heavy analogue may cause a complete switch in the
direction of metabolism. Horning et al. have studied
the effects of deuteratlon upon the metabolism of
caffeine and antipyrine,””*" and in both cases were able
to show that metabolism followed an alternative path
after deuteration. The principal metabolites of caffeine
are formed by N -demethylation to give either theophyl-
line or theobromine in a 3:2 ratio. By administering
1-trideuteromethylcaffeine the ratio changed to 3:1
(loss of 1-CH; from caffeine yields theobromine). By
administering 7-trideuteromethylcaffeine the ratio
changed to 1:5 (loss of 7-CH; yields theophylline), In
both cases a secondary isotope effect is probably taking
place.

With antipyrine two deuterated antipyrines were pre-
pared. Antipyrine (2,3-dimethyl-1-phenyl-3-pyrazolin-
S-one) is metabolized by hydroxylation of the 4 position
or the 3-methyl, or by N-demethylation. The latter is
normally a minor pathway, However, substitution of
a 3-trideuteromethyl group for the 3-methyl blocked
formation of the 3-hydroxymethyl metabolite, and
N-dealkylation became the dominant pathway,
Replacement of the N-methyl groups by
trideuteromethyl did not effect the overall pattern.
Hydroxylation of the 3-methyl showed a primary
isotope effect.

A number of other workers at the British Pharmacol-
ogical Society Isotope Meeting in 1977 also presented
details of isotope effects. Farmer et al. showed that
inhibition of 5-hydroxylation in 5-deuterocyclophos-
phamide reduced its efficiency as an anti-tumour agent.
This work was reported fully later.’’ Davies er al.
showed a small isotope effect for tetradeuteroclonidine.
Van den Heuvel announced that Merck were trying to
market a deuterated drug based on the antibacterial
3-fluoro-p-alanine. By administering 2-deutero-3-
fluoro-p-alanine the rate of in vive metabolism is
reduced several-fold. However, the heavy analogue has
the same antibacterial activity as the parent, and thus
the deuterated drug has an enhanced duration of
activity,

Summary of biochemical stable isotope effects

(1} Isotopes eﬁects are most apparent with
deuterium, less so with "*C, **N or 0.

(2) anary lsotope effects occur when the cleavage
of a C—?H, N—%H or O—"H bond is a rate limiting
step in a reaction.
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(3) Secondary isotope effects occur when the pres-
ence of deuterium affects a reaction (e.g. loss of N-
trideuteromethyl, cleavage of trideuteromethyl esters).

(4) Careful substitution of protium by deuterium in
a drug can lead to enhanced activity and reduced or
altered metabolism.

TOXIC EFFECTS OF STABLE ISOTOPES

A review of deuterated drugs'’ includes details of the
toxic effects of deuterium oxide. In general, in rats, mice
and beagle dogs a level of deuteration up to 15% of
body water can be tolerated. Above 25% foetal viability
ceases and death usually occurs at between 35 and 45%
replacement of body water by heavy water. The ultimate
cause of death from deuteration is not clear, but renal
impairment, CNS disturbance, cardiac arrest and
changes in enzymatic activity have all been observed.*”
The toxic effects due to deuteriwm incorporated in a
drug molecule are probably negligible as the dose of
deuterium required to induce toxicity requires replace-
ment of 15% of body water, which is a very high dose
indeed in man. One report on man showed no toxic
effects were apparent at the extent of 0.5% deuteration.

Other heavy isotopes may be expected to show even
lower tox:cny and in general this i is the case. A review
by Gregg'® described his work on *C mcorporatlon m
mice. Mice were fed a diet of about 80 atom % '
yeast for almost a year. At the end of this Period about
60% of the body carbon of the mice was ""C. A further
experiment on mouse embryos required them to be
cultured Jo the blastocyst stage in a U-("*C)glucose
medlum * After 48 h the embryos contained 20 atom
% 3C. After lmplantatlon in pseudopregnant mothers,
44 apparently normal mice were successfully born and
reared. Administration of U-(* C)glucose to pregnant
mice during organogenesis leading to a 17 atom % '*C

enrichment also falled to show any abnormal develop-
ment in the foetuses

Heavy oxygen (*0) may have greater toxicity than

(‘ due to its 2 u difference from the common isotope
(**0O). A parallel study on mice involved three groups
of mice, gne drinking H,0, one drinking H,"*O (100
atom “/o O) and one dnnkmg deuterium oxide (99
atom % “H).* More mice in the same experiment drank
H,'%0 and breathed enriched air (96 atom % '*0). The
mice drinking deuterium oxide died after 5 days. The
mice drinking H; 0 had levels of enrichment of 38%
in body water, 24% in dried tissue, whilst those breath-
ing enriched air reached 54% enrichment in water, 33%
in nssue No gross pathological changes were observed
in the '*O mice, and the pups born to a pregnant female
showed no gross abnormalities either,

Summary of toxic effects of stable isotopes

(1) Deuterium appears to cause toxic effects in mam-
mals when 15% incorporation into body water has taken
place. When 35~40% occurs incorporated death usually
results. The low levels of deuterium administered during
a drug study are many factors below these levels and
deuterium can be considered safe from this point of
view.

© Heyden & Son Lid, 1982
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APPLICATION OF STABLE ISOTOPES IN BIOMEDICAL RESEARCH

(2) Carbon-13 and oxygen-18 at high levels of incor-
poration into mice (50-60%) have shown no toxic or
teratological effects in studies to date.

(3) Stable isotopes can be regarded as non-toxic per
se in the doses administered to man when incorporated
in a test substance.

SUMMARY

The use of stable isotopes at present falls into two main
categories: (1) their use in chemical analysis; (2) their
use in biological situations. There is no reason to see
these categories changing in the immediate future.

Use in chemical analysis

Stable isotopes are used as internal standards and as
carriers. Any improvements in the area of chemical
analysis are'more likely to arise from developments in
instrument techniques rather than the application of
stable isotopes per se. These should include liquid
chromatographic mass spectrometric systems, negative
ion chemical ionization and quantitative capillary
GC/MS. All of these are feasible at the present time.

The use of stable isotopes for quantitative analysis
may expand into new areas; for instance, estimation of
hormone pool sizes in the body can be accomplished
by administering a known quantity of labelled hormone
and using a second label to quantify this. More accurate
assays may be devised by using one label as an internal
standard for quantification and a second label as a
carrier. By bringing the standard:sample ratio nearer
to unity a more precise assay should result.

A new application of stable isotope quantitative
analysis is to use them as standards against which the
performance of simpler assays can be measured. This
is due to a very high specificity accuracy and precision
which can be obtained using mass spectrometry. An
elaborate mass spectrometric method has been used to
determine various steroids and triglycerides as an
‘absolute’ method. Recently, the US Food and Drug
Administration decided to adopt such GC/MS assays
as the method of choice.

However, in the gross area not much will occur and
the use of labels in this field will remain much as it has
for the last five to six years. There should be a rapid
expansion of their use (for instance, Volume 7 of Bio-
medical Mass Spectrometry contained 28 papers

describing some kind of isotope dilution assay). Pro-
cedures are becoming more routine, and a large and
growing need at the present time is for a manufacturer
to provide deuterium, carbon-13, nitrogen-15 labelled
compounds rather as tritium, carbon-14 labels are pro-
vided at present. This is especially true if labels can be
used routinely in the clinic to estimate hormonal pool
sizes, or deficiencies in metabolism.

Use in biological situations

The use of labels is expanding rapidly at present, and
the use in metabolism and pharmacokinetic studies is
only now being fully explored. Perhaps the greatest area
of expansion will be in the determination of metabolites
using the ‘isotope cluster’ technique in subjects where
the use of radiolabels is banned. For instance, the meta-
bolism of the sulphates of pregnanolone and pregnan-
diol has been studied in pregnant women using
deuterium labelled standards. The measurement of
muscle synthesis in man has been followed by giving a
30h infusion of L-(a-("*N))lycine. In such a study
chronic administration of a radiolabel would lead to
unacceptable levels of radioactivity being given. The
excretion of '*CO, was measured in normal and diabetic
children after the administration of U-('*C)glucose.

New techniques for absolute availability relying on
the co-administration of one label by one route, a
different label by a second route and the measurement
of the plasma ratio using another label sounds complex,
but in fact has considerable advantages over carlier
techniques. The most important of these are the with-
drawing of only one set of blood samples, and a saving
in analytical time by having only half as many samples
to analyse. The disadvantages are the use of expensive
equipment and the non-routine assays involved.

A further novel application could be used in the
examination of sustained release formulations. If a com-
pound can be given in a pelleted form such that a
proportion of the dose is absorbed in the stomach and
the remainder—having a different coating—is absorbed
in the intestine, then labelling either would enable one
not only to determine any differences in plasma con-
centration—time curves, but also to differentiate
between plasma levels derived from absorption in the
stomach and/or intestine.

The administration of a labelled drug during a chronic
dosage schedule can give information on the phar-
macokinetics and whether any changes have occurred
due to enzyme induction, or saturation of an enzyme
system, or overloading of a compartment.

REFERENCES

1. P.D.Klein and S. V. Peterson (Eds.), Proceedings of the First
International Conference an Stable Isotopes in Chemistry,
Biology and Medicine, National Technical Information Ser-
vice, Springfield, Virginia (1973).

2. P. D. Klein {Ed.}, Proceedings of the Second Internaticnal
Conference on Stable Isotopes in Chemistry, Biology and
Medicine, WNational Technical Information Service,
Springfield, Virginia (1976).

3. E. R. Klein and P. D. Klein (Eds.}, Stable Isotopes: Proceed-
ings of the Third International Conference, Academic Press,
New York {1979).

© Heyden & Son Ltd, 1982

4. T. A, Baillie (Ed.), Symposium on Stable Isotapes, Applica-
tions in Pharmacology, Toxicology and Clinical Research,
Macmillan, London {1978).

5. A. Frigerio {(Ed.), Proceedings of the international Sym-
posium on Gas Chromatography Mass Spectrometry, isie
of Efba, Italy, Tamburini Editore, Milan {1972).

6. A. Frigerio and N. Castagnoli {Eds.), Mass Spectrometry In
Biochemistry and Medicine, Raven Press, New York (1974).

7. A. Frigerio and N, Castagnoli (Eds.), Advances in Mass Spec-
trometry in Biochemisiry and Medicine, Vol. |, Spectrum
Publications, New York (1976},

BIOMEDICAL MASS SPECTROMETRY, VOL. 8, NO. 7, 1982 275

sy suonpuony pus smm o 995 ~[ezngovs1] wo Anigry sunuo Aoy oup ysacr suday Aq 20060007 T SITQZ00T 01 10p o 43w ATRiqiaunuo, sy moy papeoumod . T361 BI8860601

fapak

P!

QEWIONT SHOWNNTS) FANEIT) FquoipddE o dg panraacd are SjORIE VO (50§00 SI[0 0§ ATETGET J0IFC D)1, 00 (SO



[+

10.

11

12.
13,
14,

15.
16.

17.
18.
19.
20.
21,

22.

23.

24,
25.
26.

27.
28.
29.
30.
31.
32
33.
34.
35.
36.
37.

39.
40.
41,
42.
43.

276

N, J. HASKINS

. A. Frigerio (Ed.), Advances in Mass Spectrometry in Bio-

chemistry and Medicine, Vol. Il, Spectrum Publications, New
York (1977},

. A, Frigerio (Ed.}, Recent Developments in Mass Spec-

trometry in Biochemistry and Medicine, Plenum Press, New
York (1978}

A. P. de Leenheer and R. Roncucci (Eds.), Quantitative Mass
Spactrometry in Life Sciences, Vol. |, Elsevier, Amsterdam
{1977).

A. P, de Leenheer, R. Roncucci and C. van Peteghem {Eds.),
Quantitative Mass Spectrometry in Life Sciences, Vol, |,
Elsevier, Amsterdam (1978); Proceedings of the Third Con-
ference were published as a double issue of Biomed. Mass
Spectrom. 7(11/12), 457-539 (1980).

A. M Lawson, Clin. Chem. 21, 803 (1975).

C. Fenselau, Appl. Spectrosc. 28, 305 (1974},

B. Holmstedt and L. Palmer, Mass fragmentography, prin-
ciples, advantages and future possibilities, in Advances in
Biochemical Psychopharmacology, Vol. 7, ed. by E. Costa
and B. Holmstedt, 1-14, Raven Press, New York {1973},

L. Paimer and B. Hoimstedt, Sci. Tools 22, 25, 38 (1975).

E. Costa and B. Holmstedt, List of references of single and
multiple ion detection, in Advances in Biachemistry and
Psychopharmacology, Vol. 7, ed. by E. Costa and B. Holm-
stedt, 161-168. Raven Press, New York (1973).

M. 1, Blake, H, L, Crespi and J. J. Katz, J. Pharm. Sci. 64, 367
{1975).

C. T. Gregg, Eur. J. Clin. Pharmacol. 7, 315 {1974).

D. Rittenberg and G. L. Foster, J. Biol. Chem. 133, 737 (1940).
C. G. Hammar and R. Hessling, Anal. Chem. 43, 298 (1971);
Acta Pharm. Suec. 8, 129 (1971).

C. C. Sweeley, H. H. Elliot, |, Fries and R. Ryhage, Anal. Chem.
38, 1549 {1966).

R. W. Kelly, in Proceedings of the International Symposium
on Gas Chromatography Mass Spectrometry, ed, by A
Frigerio, pp. 19-32. Tamburini Editore, Milan (1972).

G. H. Draffan, R, A, Clare, F. M, Williams, E, Emons and J.
L. Jackson, in Mass Spectrometry in Biochemistry and
Medicine, pp. 9-18. Raven Press, New York (1974).

B. Samuelsson, M. Hamberg and C. C. Sweeley, Anal. Bio-
chem. 38, 301 (1970).

T. E. Gaffney, C. G. Hammar, B. Holmstedt and R. E.
McMahon, Anal. Chem. 43, 307 {1971).

N. Castagnoli, J. S. Zweig and R. Weinkam, in Advances in
Mass Spectrometry in Biochemistry and Medicine, ed. by A,
Frigerio, Spectrum Publications, New York {1976).

G. C. Ford, N. J. Haskins, R. F. Palmer and M, J. Tidd, Biomed.
Mass Spectrom. 3, 45 (1876},

J. F. Pickup and C. K. McPherson, in Quantitative Mass
Spectrametry in Life Sciences, ed. by A. P. de Leenheer and
A. Roncucci, pp. 209-214. Elsevier, Amsterdam [1977).

I. M. Campbell, Bioorg. Chem. 3, 386 {1974),

B. N. Colby and M. W. McCaman, Biomed. Mass Spectrom.
6, 225 {1979).

E. D. Bush and W, F. Trager, Biomed. Mass Spectrom. 8, 211
{1981).

B. J. Millard, Quantitative Mass Spectrometry, Heyden,
London {1978).

L. Dehennin, A. Reiffsteck and R. Scholler, Biomed. Mass
Spectrom. T, 493 (1980).

L. Siekmann, A. Siekmann and H. Breuer, Biamed. Mass
Spectrom. 7, 511 (1980).

G. A. De Weerdt, R. Beke, H. Verdievel and F. Barbier, Bjo-
med. Mass Spectrom. 7, 515 {1980).

P. Haug, M. Suzuki, J. Moritz, C. Nitsch, A. Wagner, W. Wunn
and R. Hassler, Biomed. Mass Spectrom. 7, 533 (1980).

B. Kownatzki, F. Peters, G.-H. Reil and G. Maass, Biomed.
Mass Spectrom. 7, 540 {1980},

. M. Claeys, C. Van Hove, A, Duchateau and A. G. Herman,

Biomed. Mass Spectrom. 7, 544 (1980).

I. Kari, P, Peura and M. M. Airaksinen, Biomed. Mass Spec-
trom, 7, 549 {1980}.

J. Taskinen, N. Vahvelainen and P. Nore, Biomed. Mass
Spectram. 7, 556 (1980).

A, Van Langenhove, C. E. Costello, J. E. Biller, K. Biemann
and T. R. Browne, Biomed. Mass Spectrom. 7, 576 {1980).
N. J. Haskins, G. C. Ford, R. F. Palmer and K. A. Waddell,
Biomed. Mass Spectrom. 7, 74 (1980).

N. J. Haskins, G. C. Ford, S. J. W. Grigson and K. A. Waddell,
Biomed. Mass Spectrom. 5, 423 {1978).

BIOMEDICAL MASS SPECTROMETRY, VOL. 8, NO. 7, 1982

44,

47.

49,

50.

51,

52.

63.

54,

55,

56,

57.
E8.

59,

60.

81.

62,
63.

64,
65,

66.
67.

68.

70.

B. J. Millard, P. A. Tippett, M. W. Couch and C. M. Williams,
Biomed. Mass Spectrom. 4, 381 (1877).

. R. Self, Biomed. Mass Spectrom. 6, 315 (1979).
. R. F. Skinner and E. J. Heron, Advantages of chemical ioniz-

ation in forensic toxicology, American Society for Mass
Spectrometry, 24th Annual Conference on Mass Spec-
trometry and Allied Topics, San Diego, California (1976).
Proceedings, p. 105.

C. W. Vose, M. Prout, R. F. Palmer, N. J. Haskins, G. C. Ford,
1. Fellows and M. J. Tidd, Xenobiotica 8, 745 (1978).

. R. Roncucci, M. J. Simon, K. Debast, R. Vandriessche, C.

Gillet and G. Lambelin, in Advances in Mass Spectrometry
in Biochemistry and Medicine, Vol. |l, ed. by A. Frigerio,
Spectrum Publications, New York (1977),
P. B. Farmer, A. B. Foster and M. Jarman, in Advances in
Mass Spectrametry in Biochemistry and Medicine, Vol. |l
ed. by A. Frigerio, Spectrum Publications, New York (1977}.
T. A, Baillie, K. Sjovall, J. E, Herz and J. SjGvall, in Advances
in Mass Spectrometry in Biochemistry and Medicine, Vol. |,
ed. by A. Frigerio, Spactrum Publications, New York {(1977).
B. Sjbquist and E. Angard, in Advances in Mass Spec-
trometry in Biochemistry and Medicine, Vol. ll, ed. by A,
Frigerio, Spectrum Publications, New York (1977},
H. Ehrrson, J. Pharm. Pharmacol. 28, 662 (1976).
M. Jarman, P, B. Farmer, A B. Foster and P, J. Cox, in Stable
Isotopes, Applications in Pharmacology, Toxicology and
Clinical Research, ed. by T. A. Baillie, pp. 85-96. Macmillan
Press, London {1978).
W. J. A. Vanden Heuvel, in Stable Isotopes, Applications in
Pharmacology, Toxicology and Clinical Research, ed. by T.
A. Baillie, pp. 65-84. Macmillan Press, London (1978).
R. L. Wolen, B. D. Obermeyer, E. A. Ziege, H. R. Black and
C. M. Gruber, in Stable Isotopes, Applications in Phar-
macology, Toxicology and Clinical Research, ed. by T. A.
Baillie, pp. 113-126. Macmillan Press, London (1978).
N. Castagnoli, K. L. Melman, C. Freed and M. Ames, in Stable
Isotopes, Applications in Pharmacology, Toxicology and
Clinical Research, ed. by T. A, Baillie, pp. 261-280. Macmillan
Press, London {1978).
J. M. Strong, J. S. Dutcher, W. K. Lee and A. J. Atkinson,
Clin. Pharm. Ther. 18, 613 (1975).
G. H. Draffan, in Stable Isotopes, Applications in Phar-
macclogy, Toxicology and Clinical Research, ed. by T. A.
Baillie, pp. 27-42. Macmillan Press, London {1978).
N. J. Haskins, G. C. Ford, S. J. W. Grigson and R. F. Palmer,
in Stable [sotopes, Applications in Pharmacology,
Toxicology and Clinical Research, ed. by T. A, Baillie, pp.
127-138. Macmiltan Press, London {1978},
J. Vink and J. M. Van Hal, in Quantitative Mass Spectrometry
in Life Sciences, Vol. ll, ed. by A. P. de Leenheer, R. Roncucei
?nd C. Van Peteghen, pp. 367-378. Elsevier, Amsterdam
1978).
R. K. Verbeeck, R. C. James, D, F. Taber, B. J. Sweetman
and J. R, Wilkinson, Biomed. Mass Spectrom, 7, 58 (1980).
J. L. Brazier, B, Ribon, M. Desage and B. Salle, Biomed. Mass
Spectrom. 7, 189 (1980).
N. J. Haskins, K. A. Waddell, G. C. Ford, P. N, Spalton, C, M.
Walls, T. J. Forrestand R. F. Palmer, Biomed. Mass Spectrom.
7, 80 {1980).
M. Eichelbaum, A. Somogyi, G. E. Van Uruh and H. J. Deng-
ler, Eur. J. Clin. Pharmacol. 19, 133 {1981).
P. D. Klein, D. L. Hachey, M. J. Kreek and D. A. Schoeller, in
Stable Isotopes, Applications in Pharmacology, Toxicology
and Clinical Research, ed. by T. A, Baillie, pp. 1-14. Macmillan
Press, London {1978).
H. R. Sullivan, P. G. Wood and R. E. McMahon, Biomed.
Mass Spectrom. 3, 212 {1976).
J. J. de Ridder and P. C. J. M. Koppens, in Stable lsotopes,
Applications in Pharmacology. Toxicology and Clinical
Research, ed. by T. A. Baillie, pp. 157-165, Macmillan, Lon-
don {1878).
T. A. Baillie, R. A. Anderson, M. Axelson, K, Sjovall and .J.
Sjovall, in Stable Isotopes, Applications in Pharmacology,
Toxicology and Clinical Research, ed. by T. A. Baillie, pp.
177-188. Macmillan Press, London {1978},

. A.F.Hoffman and P. D. Klein, in Stable Isotopes, Applications

In Pharmacology, Toxleology and Clinical Research, ed. by
T. A. Baillie, pp. 189-204. Macmillan Press, London (1978).
E. Anggard, B. Sjoquist and T. Lewander, in Stable /sotopes,
Applications in Pharmacology, Toxicology and Clinical

© Heyden & Son Ltd, 1982

sy soonpuon pus sum L g 398 ~[ezoz0/81] w Argry snguo Lap sapsaq suisdoy g 704 060002 T SIGZ00T 01 10pmoy S Argrjau e, syt mog papeommod * ‘7861 BI886960T

fapak

P!

QEWIONT SHOWNNTS) FANEIT) FquoipddE o dg panraacd are SjORIE VO (50§00 SI[0 0§ ATETGET J0IFC D)1, 00 (SO



71.

72.

73.

74.

75.
76.

7.
78.
78.

APPLICATION OF STABLE ISOTOPES IN BIOMEDICAL RESEARCH

Research, ed. by T. A. Baillie, pp. 2356-245. Macmillan Press,
London (1978}, '
R. A. D. Jones, C. R. Lee and R. J. Pollitt, in Stable Isotopes,
Applications in Pharmacology, Toxicology and Clinical
Research, ed. by T. A, Baillie, pp. 247-260. Macmillan Press,
London {1978).

N. Castagnoli, K. L. Melmon, C. R. Freed, M. M. Ames, A.
Kalir and R. Weinkam, in Stable fsotopes, Applications in
Pharmacology, Toxicology and Clinical Research, ed. by T.
A. Baillie, pp. 261-279, Macmillan Press, London {1978).

M. Jarman, P. J. Cox, P, B, Farmer, A. B. Foster, R. A. V.
Milsted, R. W. Kinas and W. J. Stec, in Stable /sotopes,
Proceedings of the 3rd Confarence, ed. by R. L. Klein and P.
D. Klein, pp. 363-370. Academic Press, New York (1979).

D. L. Hachey, M. J. Kreek and P. D. Klein, in Stable /sotopes,
Proceedings of the 3rd Conference, ed. by R. L. Klein and P.
D. Kiein, pp. 411-414, Academic Press, New York (1979).

I. M. Kapetanovié and H. J. Kupferberg, Biomed. Mass Spec-
trom. 7, 47 {1980).

R. L. Wolen, R. H. Carmichael, E, A. Ziege, J. F. Quay and L.
Thompkins, in Stable Isotopes, Proceedings of the 3rd Inter-
national Conference, ed. by E. R. Klein and P. D. Klein, pp.
475-483. Academic Press, New York {1973).

J. Schmid, A. Prox, H. Zipp and F. W. Koss, Biomed. Mass
Spectrom. 7, 660 (1980).

M. Tanabe, D. Yasa, S. Le Valley and C. Mitoma, Life Sci. 8,
1123 (1969).

M. G. Horning, K. D. Haegle, K. R. Sommer, J. Nowiin, M.
Stafford and J. P. Thenot, in Stable /sotopes, Proceedings
of the 2nd International Conference, ed. P. D. Klein, pp.
41-80. National Infarmation Service, Virginia (1976).

© Heyden & Son Lid, 1982

80.

81.

83.

85.

M. G. Horning, J. Nowlin, J. P. Thenot and O. J. Bauwsma,
in Stable Isotopes, Proceedings of the 3rd International Con-
ference, ed. by R. L. Klein and P. D. Klein, pp. 379-384.
Academic Press, New York {1979).

P. B. Farmer, A, B. Foster, M. Jarman, J. H. Kiburis, D. R.
Newell and D. J. Reed, in Stable Isotopes, Proceedings of
the 3rd International Conference, ed. by R. L. Klein and P.
D. Klgin, pp. 371-378. Academic Press, New York {1979).

. A.J. Finkel, in Stable Isotopes, Proceedings of the 1st inter-

national Conference, ed. by P. D. Klein, pp. 187-195, National
Technical Information Service, Virginia {1973).

H. Spielmann, H. G. Eibs, D. Nagel and C. T. Gregg, in Stable
Isotopes, Applications in Pharmacology, Toxicology and
Clinical Research, ed. by T. A. Baillie, pp. 217-226. Macmilian
Press, London {1978).

., C.T. Gregg, D. Ott, L. Deaven, H. Spielmann, R. Krowke and

D. Neubert, in Stable Isotopes, Proceedings of the 2nd Inter-
national Conference, ed. by P. D. Klein, pp. 61-70, National
Technical Information Service, Virginia (1976).

D. Samnel, D. Wolf, A. Meshorer and |. Wasserman, in Stable
Isotopes, Proceedings of the 1st International Conference,
ed. by P. D. Klein, pp. 203-209. National Technical Informa-
tion Service, Virginia (1973).

Received 19 November 1981
© Heyden & Son Ltd, 1982

BIOMEDICAL MASS SPECTROMETRY, VOL. 8, NO. 7, 1982 277

sy snonpong pus s o 995 “[erogo/g1] w dmiqry snnuo Lapay “sup saq oy A Z0£06000F T SMZ001 01/10pmo Sata Arergranyuo; sdiy wog papeomsod ‘. T861 BE8869601

fapak

P!

QEWIONT SHOWNNTS) FANEIT) FquoipddE o dg panraacd are SjORIE VO (50§00 SI[0 0§ ATETGET J0IFC D)1, 00 (SO



