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Preface

A wide variety of topics in medicinal chemistry is presented in this volume. The
chemistry and biological and medical applications of stable isotopes are surveyed
in Chapter 1. Cell membranes have an important role in the susceptibility of
bacteria to the action of drigs and Chapter 2 reviews recent work in this field. A
group of antibiotics which act on the cell nucleus and are therefore of interest as
cytotoxic drugs are discussed in Chapter 3.

Our current knowledge of the functional relationships between the hypo-
thalamus and the anterior pituitary gland is discussed in Chapter 4. The chem-
istry, actions and control of hypophysiotropic hormones are well covered. Much
controversy exists over the value of copper complexes in the treatment of rheu-
matic disorders, although these compounds are active in many animal models of
inflammation. Chapter 5 surveys this problem and should stimulate medicinal
chemists to attempt the preparation of less toxic and more effective and stable
complexes.

Antidepressants other than those of the imipramine type show great chemical
diversity and are considered together in Chapter 6. A purely synthetic chemical
approach to the treatment of cancer is provided by the thiosemicarbazones
which are reviewed in Chapter 7. The final chapter brings up to date a review in
Volume 8 of the very rapidly developing field of prostaglandins.

We thank our authors for the considerable efforts they have made in prepar-
ing these reviews. We are also grateful to the owners of copyright material for
their permission to use it in this volume and to the staff of the publishers for
their constant help and co-operation.

November 1977 G.P. Ellis
G.B. West
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INTRODUCTION

The intention in this review is to illustrate the use of stable isotopes in fields of
interest to the medicinal chemist. Selection is inevitable. It is therefore proposed
to outline the more important methods used for the separation of the isotopes
and to describe some of the problems that confront the synthetic chemist in the
preparation of labelled compounds. Of the wide variety of applications, the
potential in clinical work has as yet been barely realised and it is therefore
opportune to pay particular attention to such uses. The isotope mass spectrom-
eter is of especial importance in such studies and this technique will be treated
in some detail.

Other important areas of concern to the medical chemist include pharmaco-
logy, biochemistry, and the study of biosynthetic pathways. These will be illu-
strated and reference made to a number of reviews that are available. Equally,
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other assay and detection methods including nuclear magnetic resonance (NMR),
optical emission, and infrared spectrometry will be described in less detail. How-
ever, this should in no way be taken as minimising their importance in particular
isotope studies.

The heavy stable isotopes of carbon (*3C), nitrogen (**N), and oxygen ("0
and !80), and the widely used deuterium, were all discovered in the period
1929—1932 and they soon assumed an important role in biochemical studies.
A wealth of material on the separation and detection of stable isotopes, the
synthesis of labelled compounds, their use in biochemistry, and especially for
the study of the metabolism of proteins, carbohydrates, and lipids, was reported
at a symposium in 1947 [1]. The subsequent widespread use of radioactive iso-
topes in a variety of disciplines of interest to the medicinal chemist eclipsed the
use of their stable counterparts which were at a disadvantage both on grounds of
isotope cost and lack of instrumentation. However, since the late 1960s, there
has been a rapid change in the situation. Developments in instrumentation such
as mass spectrometry, especially when linked with the gas chromatograph, and
Fourier transform NMR, have opened up immense opportunities. Large reduc-
tions occurred in the price of the more commonly used stable isotopes, and since
that time, prices have remained steady or fallen slightly. The resurgence of the
use of stable isotopes in the life sciences has been underlined at international
symposia that have been devoted to work in the area [2—7]; much important
work is available in the published proceedings.

In many circumstances, stable isotopes offer advantages over their radioactive
counterparts. They do not have associated problems of radiation, while the syn-
thesis and handling of labelled compounds, which do not suffer from inherent
problems of stability, is relatively simple. The lack of radioactivity is of particu-
lar importance in clinical studies, especially, but not only, in the case of children
and women of child-bearing age. Where pharmacological studies involve large
body pools and low plasma levels for measurement, the use of stable isotope
labelled compounds is essential. With nitrogen and oxygen, there are no com-
peting radioisotopes with a long enough half-life to have adequate utility as
labels. Substances of interest in metabolic and biosynthetic studies may not only
be non-specifically detected, as is the case with radioisotopes, but accurate
assessments of the position of the labelled atom in the particular molecule can
normally be made, especially when using techniques such as !3C-NMR. Further-
more, in certain circumstances, the specific detection method can be comparable
in sensitivity with that of non-specific detection methods used for radioisotopes
[8]. The complementary use of both radio and stable isotopes can be a potent
tool for the solution of many problems, especially in biosynthetic studies.

The medicinal chemist is primarily concerned with organic compounds and
the stable isotopes of most interest are deuterium, carbon-13, nitrogen-15, and
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oxygen-17 and -18. There is a very extensive literature on the use of deuterium
and reviews are available [9—13]. In much of this review, discussion will be
essentially confined to the isotopes of carbon, nitrogen, and oxygen, except that
in the case of quantitative clinical studies, the important role of deuterium will
be additionally described.

Since the stable isotopes that will be discussed are naturally occurring (the
natural abundances are 2H, 0.015; *3C, 1.1; !°N, 0.36; 170, 0.04; %0, 0.2%),
they are not in themselves alien to animal systems. However, questions of toxi-
city inevitably arise. Although there are no radiation hazards associated with the
isotopes themselves, the commonly available deuterium compounds may con-
tain a significant amount of tritium which is simultaneously enriched in the
separation process. Carbon-14 does not currently present an analogous problem
since most of the world supplies of carbon-13 use a geological source of carbon
as feedstock for their separation processes. In the case of nitrogen and oxygen,
with only very short-lived radioisotopes, the problem does not arise.

Any harmful effects would derive from the difference in mass and many
instances have been recorded of isotope effects in biological systems. There is an
inherent probability that these effects would be most pronounced in the case of
deuterium where there is a 2-fold increase in mass and many instances have been
reviewed [9,12,14]. Carbon-13 isotope effects have been reported in biological
systems and algae and yeast have both been grown with !3C labelling at above 90
atom% with no apparent adverse effects [15]. More dramatically, 2 mice were
kept on a diet of yeast, one of them for 6 months, with about 90 atom% 3¢
[16]. The mice ultimately had a body carbon content of about 60% !3C but no
gross anatomical or histological abnormalities were detected on post-mortem
examination. Studies have also been made with a view to detecting teratological
effects in mouse embryos [17—-19]; no adverse effects have been detected with
13C incorporation up to 20%. These aspects of the use of stable isotopes must be
kept constantly under review, but to date, biological effects of the heavy iso-
topes of carbon, nitrogen, and oxygen do not detract from their usefulness.
However, in recent studies on the metabolism of phenazone (antipyrine), caf-
feine, and pethidine (meperidine), switching of the metabolic pathways occurred
on substitution of deuterium in certain positions in the molecule [20,21]. This
was an isotope effect and, although possible, it is unlikely that it would be so
pronounced with carbon-13 where the atomic mass difference is relatively so
much smaller.

In recent years, the lighter isotopes have assumed more significance and
importance. By way of nomenclature, throughout this review, carbon-12 refers
to carbon depleted of carbon-13, nitrogen-14 to nitrogen depleted of nitrogen-
15 and so on. Natural material is referred to as carbon, nitrogen and so on.
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AVAILABILITY OF STABLE ISOTOPES

The stable isotopes of carbon, nitrogen, oxygen, and sulphur are available com-
mercially in a variety of chemical forms. In this section, an outline is given of the
various methods that are currently used for the separation of stable isotopes. It
will be clear that the primary source of isotope, and therefore, in most cases the
cheapest available form, is determined by the separation procedure adopted. A
discussion of some aspects of the synthesis of labelled compounds follows.
Although in a review of this size, this cannot be comprehensive, the methods
used and the problems that are raised will be outlined. Some recent develop-
ments that increase the choice of chemical form available will be mentioned.

Isotope content is expressed as atom%, defined as the ratio of the number of
atoms of the isotope to the total number of atoms of that element expressed as
a percentage. It only refers to the atoms in the labelled position(s). For example,
in sodium [1-'3C]acetate at 90 atom%, 90% of the carbonyl carbons are '3C,
while !3C occurs only to the extent of the natural abundance in the methyl
group. Mole% is sometimes used where atoms are replaced by moles in the above
ratio. Isotopic enrichment is an expression that is frequently loosely used.
Strictly speaking it indicates the change in atom% that has occurred in a separa-
tion process and most commonly represents the increase in abundance above the
natural level; it is expressed as atom% excess.

SEPARATION OF STABLE ISOTOPES

This review is confined to the separation of the isotopes of carbon, nitrogen,
oxygen, and sulphur. Although the natural abundance of these isotopes is low,
the substitution of an isotope in a molecule produces changes, albeit small, in
both the chemical and physical properties. It is these changes that have been
utilised in the different methods that have been adopted and successfully
exploited for the separation of isotopes on the commercial scale. The basic prin-
ciples have been well documented [22] and the present commercial processes
have been reviewed [23].

The fractionation of two isotopes (A and A') in equilibrium between two
phases (I and II) is determined by the equilibrium constant of the reversible pro-
cess illustrated in Equation (1).

AX + AY = A'X + AY (1)
phase 1 phase 11 phase I phase 11

The constant, known as the separation factor (), may be represented by the
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expression:
A'[A
a = —
A'/Ay

Because of the small difference in the properties of the isotopic species, separa-
tion factors are close to unity and to achieve appreciable fractionation, a large
number of separation stages must be incorporated in the plant. Thus, distilla-
tions, exchange reactions, and thermal diffusions are carried out in long fractio-
nation columns or in cascades of several fractionating units in order to achieve
the maximum separation. To ensure efficient operation, the packing of the
columns is a critical factor in their construction. Continuous operation is essen-
tial and so conditions in a given plant are critical; automated controls and alarm
systems must be incorporated. The building of an isotope separation plant
clearly requires a variety of specialised skills and is therefore normally the con-
cern of specialist organisations. The following brief outline of the separation of
the heavy isotopes of carbon, nitrogen, oxygen, and sulphur illustrates the appli-
cation of the more important methods.

Carbon isotopes

Most of the carbon-13 used is separated using the cryogenic distillation of car-
bon monoxide. The separation factor at the operating temperature is 1.008. This
method is adopted at the ERDA facility at Los Alamos, USA [24] and by Pro-
chem in London, England. Although claims have been made that carbon-13 can
be produced more cheaply by chemical exchange [25], this has yet to be proved
commercially. The reliability of the system and the simplicity of the technology
ensures that the distillation of carbon monoxide retains its dominant role for
the separation of carbon-13 at 90—93 atom% for some time to come.

A schematic illustration of the type of fractionating column used at Prochem
is shown in Figure 1. Three random packed columns are mounted in a common
vacuum jacket sunk in a 20 m bore hole and served by a common condenser.
Two of the columns are identical and stepped as shown, ranging from 6.5 c¢m in
diameter at the condenser end to 2.5 cm at the boiler. Operating on a fixed
time cycle, carbon monoxide is enriched to about 12 atom% and fed to the
third column, a high efficiency second stage unit of 2.5 cm diameter throughout
its length, which lifts the enrichment above 90 atom%. The process is fully
automated and as no bulky ancilliaries are required at the boiler end, a compact
unit has been constructed and sunk in a rigid bore hole [26]. A similar method
has been adopted at Los Alamos to accommodate their very long units although
their column arrangement is somewhat different [24].
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Figure 1.1. Schematic illustration of primary column for the separation of carbon-13 (Pro-
chem, London)

Carbon-12 is readily prbduced either by rearranging the operation of the
column or by feeding the waste-gas to a similar unit for further fractionation
giving a product of 99.95 atom% '2C.

Higher enrichment carbon-13 is rather more problematical. Cryogenic distilla-
tion of carbon monoxide was believed to be limited in its enrichment capability
by the difficulty of separating *C'60 and '2C'®0. This does not appear to be
insuperable and by transfer of product to a second unit, carbon monoxide at
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98 atom% has been produced at Prochem and further improvements are
envisaged [27]. Thermal diffusion of methane [28,29] will separate carbon-13
at 99 atom% and plants of this type have been operated by Mound Laboratories
in the USA. In general, thermal diffusion uses columns in the form of an outer
water-cooled tube with an axial heating element. The lighter isotope normally
diffuses up the temperature gradient and a separation can be achieved. With a
243 m column and a hot wire as the heating element, methane was separated
at 99.8 atom% 3C as early as 1954 [28].

Chemical exchange methods for the separation of isotopes utilise the small
differences of concentration that exist at equilibrium in a reversible reaction
involving two chemical substances. As a method of enriching carbon-13, it was
discovered that the formation of salt-type carbamates (2) when carbon dioxide
combines with amines (1) in non-aqueous solutions (Equation 2) fulfilled the
desired conditions [30—32]. Oxygen-18 enrichment occurred in the gaseous car-
bon dioxide and carbon-13 in the carbamate (2). The enriched carbamate readily

2 R,NH + CO, = (R,NCO,) (H,NR,)" (2)
1) @)

decomposed to its components on heating. The procedure adopted at the Mound
Laboratories used a solution of di-n-butylamine (1, R =Bu) in triethylamine
solution. The process can be carried out at ambient temperatures with a separa-
tion factor of 1.01 for '3C.

The so-called Cyanex system [25] is a liquid—liquid chemical exchange pro-
cess based on the reaction shown in Equation 3, the exchange occurring on par-
tition between an organic solvent, such as xylene and water. The carbon-13 con-

Eth(OH)nCN(org) + KDCN(aq) = Et2C(OH)13CN(0rg) + KnCN(aq) (3)

centrates in the cyanohydrin species. Separation factors of 1.04 were achievable
and were claimed to be the highest reported for carbon isotope fractionation.

Other systems for enrichment of carbon-13 have utilised the exchange
between hydrogen cyanide gas and aqueous solutions of sodium cyanide [33,
34], and exchange between carbon dioxide and aqueous solutions of sodium
bicarbonate [34,35].

Nitrogen isotopes

There are a number of methods that have been used for the separation of
nitrogen-15 and these have been reviewed [36]. The two most important, that
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now have a well-established place in commercial production, utilise the cryo-
genic distillation of nitric oxide [37—39] and chemical exchange between
oxides of nitrogen and nitric acid [40—43].

In the low temperature distillation of nitric oxide for the separation of the 2
isotopes of nitrogen and 3 of oxygen, a 6 component system must be considered
so far as isotopic separation is concerned. Whilst the basic principles are the same
as in the cryogenic distillation of carbon monoxide, the practical process is of
necessity more complex. Extensive purification of the feed gas is essential and the
potential explosion hazard of liquid nitric oxide poses special handling problems.
Furthermore, the freezing point of nitric oxide (—163°C) does not allow liquid
nitrogen to be used as a direct coolant. Some aspects of the US ERDA plant at
Los Alamos have been reviewed [23,39]. The second method, the so-called
Nitrox process, 1s used at a numbper of centres in Europe, including Cluj (Roma-
nia) [36], Leipzig (GDR) [44], and London (England) [26]. The optimum sepa-
ration factor is 1.055 and a highly efficient and reliable system can be con-
structed to produce significant quantities of nitrogen-15 assaying at up to 99.9
atom% 15N [26] with only minimal needs for supervision. However, the separa-
tion of the enriched oxygen-18 is not practicable and as yet, it does not appear
to have been used for the production of nitrogen-14. The most serious disadvan-
tage of the process is the highly corrosive nature of the refluxing gases and acids.

A diagrammatic illustration of a Nitrox plant is shown in Figure 1.2. Oxides of
nitrogen are liberated from the nitric acid by the action of sulphur dioxide in the
bottom refluxer, the sulphuric acid formed going to waste. Exchange takes place
in the separating column according to Equation 4. The rising gas is reconverted

I5SNO + H'*NO; = ¥NO + H'SNO, “
(8as) (liq) (gas) (liq)

to the liquid phase by addition of water and oxygen in the top refluxer. The
Prochem plant uses a three stage system of packed columns, 7 m high and vary-
ing in diameter from 7.5 to 2.2 cm, and linked with suitable metering pumps
capable of handling the corrosive gas saturated acids in the system [26].

Other chemical exchange reactions that have been used for the fractionation
of nitrogen isotopes include ammonia and ammonium nitrate solution [45],
ammonia and ammonium carbonate [46], and ammonia and its complexes with
aliphatic alcohols [47].

Thermal diffusion of nitrogen afforded 98.95% of the '*N'*N species [48]. It
has also been used to prepare nitrogen at 99.8 atom% *N [49], the "*N'°N
molecules being randomised by the action of an electric discharge. Other work
has been reported using chemical exchange of nitric oxide and nitrogen dioxide
in a thermal diffusion column [50].
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Figure 1.2. Schematic illustration of the Nitrox process for the separation of nitrogen-15

Nitrogen isotopes have been separated by gas chromatography. The separa-
tion of %N, from !N, was effected on a graphon column at 77°K [51], a partial
separation having been previously obtained on glass capillary columns [52]. A
laser-induced dissociation reaction of s-tetrazine has been reported to show sep-
aration of nitrogen-14 and -15, and of carbon-12 and -13 [53].

Oxygen isotopes

Oxygen-18 was first produced commercially at the Weizmann Institute in Israel
from the distillation of water [54] and this method has subsequently been



D.HALLIDAY AND .M. LOCKHART 11

developed in combination with thermal diffusion to have a capability of produc-
ing oxygen-18 at 99.9 atom% and oxygen-17 at 96 atom% [55].

At the Nuclear Research Centre at Karlsruhe (FRG) oxygen-17 and -18 are
separated by distillation of heavy water. This work, which is carried out in col-
laboration with Norsk—Hydro, capitalises on the fact that there is enrichment of
the heavy oxygen isotopes in the Norwegian manufacture of heavy water [23].
In this plant, the features of which have been described [56], oxygen-18 is pro-
duced at 99.9 atom%. Intermediate product is converted into H,0 and fed to a
distillation unit in order to produce useful enrichments of oxygen-17 (approach-
ing 30 atom%). Water-10 (depleted in both 70 and *80) is produced at 99.99
atom% '°0 [56].

The separation of oxygen-16, -17 and -18 by cryogenic distillation of nitric
oxide is used at Los Alamos (USA) and has been referred to in the previous sec-
tion on the separation of nitrogen isotopes.

Cryogenic distillation of oxygen is an effective method of producing oxygen-
18 economically at lower enrichments (25 atom%). The method is limited by
the fact that oxygen-18 in the feedstock is present as *0'20. By randomisation
of the molecular species, for example by heating, higher enrichments could be
attained [26]. The technique provides a ready source of depleted material
(°0y).

Sulphur isotopes

Although little work has been reported on the use of sulphur isotopes in areas of
interest to the medicinal chemist, sulphur-34 could well play a significant role
in the future. Some comments, therefore, are not out of place.

Sulphur-34 provides an example of the use of thermal diffusion in the liquid
phase. This separation has been effected at the Mound Laboratory (USA) using
carbon disulphide in concentric columns. The separation takes place in the
annulus between a steam heated inner tube and a water cooled outer one [S57}].

However, the currently preferred method, also on-stream at Mound Labora-
tory, as well as at CEA in France, utilises the exchange reaction between sulphur
dioxide and sodium bisulphite (Equation 5). The single stage separation factor
is 1.011 [57,58].

3480, + H*280;3 = 3280, + H*S03 5)
(gas) (liq) (gas) (liq)
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SYNTHESIS OF LABELLED COMPOUNDS

To the medicinal chemist using stable isotopes, the first problem is the source
and choice of a particular compound for the required studies. From the previous
part of this section, it will be clear that the form of the separated isotope does
not always conform to expectations as the ideal synthetic starting point. It is
proposed to give some guidelines on the synthesis of labelled compounds from
the raw isotope and to enunciate principles designed to aid the chemist in the
most efficient use of his resources.

The manufacturers who separate stable isotopes, and a number of other sup-
pliers, offer a range of labelled compounds. These consist of widely used impor-
tant synthetic intermediates, together with a range of rather more specialised
compounds.

Synthetic problems arise principally from the nature of the starting material
and the price of the isotope. Isotope prices have been fairly stable or fallen
slightly over the last five years; as this has coincided with inflation, in real terms
they are probably now at a historical low; the basic cost of deuterium as heavy
water is now in fact markedly rising. Chemical synthesis is frequently labour
intensive and therefore on the small scale, isotope price is not a significant part
of the cost of labelled compounds; with isotope separation procedures having
reached a high degree of efficiency, only increased consumption leading to large-

H'COPr 'COC|2 *C ————> Na‘CN

NHy/Na
w cl, Fe

. . Hy .
COZ Cuo co Cu-Zn—Er CH30H

2.1,0 RMgX HI

*CH='CH  R°CO,H

2
‘v,o,/m,o,

CH3] s CHaCN

‘CO
RRClL,/HI | Mg NaOH

. ©. C H3 COZH = CHyMgl = CH3C02H

Scheme 1.1. The preparation of some key intermediates labelled with carbon-13. (Labelled
carbon atoms are indicated by ®)
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Scheme 1.2. The preparation of some key intermediates labelled with nitrogen-15. (Labelled
nitrogen atoms are indicated by ®)

scale syntheses with concomitant savings on cost is likely to effectively reduce
their price.

The syntheses of some '3C-labelled key intermediates from '3CO are illu-
strated in Scheme 1.1. These compounds are prepared on a relatively large-scale
by manufacturers. Yields are high; as the methods are frequently scaled-down
versions of industrial processes or utilise specialised equipment, they are not
always suitable for use in the majority of chemical laboratories. For example,
[*3C]methanol is prepared by catalytic reduction of *CO with hydrogen under
pressure [59]. The method can be automated and used for the continuous prepa-
ration of large batches. In the majority of cases, the user may well find that he is
unable to prepare intermediates of this type as cheaply as they can be purchased.
Scheme 2.2 illustrates the preparation of widely used '*N-labelled compounds.
More detailed reviews of the basic synthetic processes have been published [15,
26,60—-63] and many of the preparations have been described in individual
publications. Some more specialised labelled compounds such as amino acids,
fatty acids, organic heterocycles, and sugars are also available commercially.
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The medicinal chemist wishing to use compounds labelled with stable iso-
topes will need to consider the following aspects when considering his synthetic
procedures.

(a) The position or positions to be labelled in the molecule. This may be dic-
tated by the possible synthetic routes and the detection methods that are to
be employed. :

(b) How many atoms in the molecule should be labelled, and whether the label-
ling in a multilabelled compound should be homogeneous or heterogeneous.

(c) The yields expected and hence the economic viability of the process. If cost
of the isotope is an important factor, chemical yields should be high or the
possibility of recovery of unused isotope should be considered

(d) The metabolism of the compound in biological studies to determine the most
suitable position(s) for labelling.

(e) Whether there is any likelihood of isotopic exchange. Oxygen-17 and -18
labelled compounds are frequently prepared by exchange reactions. The pos-
sibility of exchange occurring either in subsequent steps in the synthesis or in
the process under study must be considered. Such problems are inherently
less likely with the isotopes of carbon and nitrogen. However, the possibility
must not be overlooked. For example, in some 2-aminopyridines, it has been
shown that exchange occurs between the nitrogen atoms under mild hydro-
lytic conditions [64].

(f) The isotopic enrichment required. This may be related to (i) the sensitivity
of the detection methods used, (ii) isotopic dilution in the system being
studied, and (iii) where multiple labelled compounds are being employed, the
absolute amount of the multiple labelied species itself that is present. For
example, sodium [1,2-'3CJacetate at 90 atom% contains about 81% of
double labelled molecules, about 8.5% each of the single labelled species, and
some 2% of unlabelled compound. At 95 atom%, the proportion of double
labelled species rises to over 90%.

Within the constraints referred to above, the synthesis of compounds labelled
with stable isotopes follows the standard practices of synthetic chemistry. Un-
like radioactive labelled compounds, the syntheses present no radiation hazard
nor any special problems of stability. Subsequent sections of this chapter will
illustrate the wide range of labelled compounds that have been prepared in order
to solve particular problems.

Multiple labelled compounds
Multiple labelling of organic compounds is an area that offers a wealth of unrea-

lised potential. Multiple labelling with deuterium has frequently been used in
studies of drug metabolism in order to give shifts of several mass numbers on
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examination of the metabolic products by mass spectrometry. However, as has
already been mentioned, metabolic switching of pathways can occur as a con-
sequence of deuterium substitution [20,21]. Results must therefore be evaluated
very critically and treated with caution. Although possible, such switching is
inherently unlikely with carbon-13 or nitrogen-15. These isotopes should, there-
fore, ideally be the label of choice. Organic mass spectrometric analysis of a
complex mixture, is frequently complicated by the natural abundance of the
heavy isotopes. A shift of more than one mass number is therefore highly desir-
able in order to increase sensitivity and ease interpretation [65,66]. The incred-
ible sensitivity that can be attained by the use of such compounds has been
clearly demonstrated with the use of heavy methane (**CD,) as an atmospheric
tracer [63,67]. Mass-21 methane is almost non-existent in the atmosphere and
has been detected at concentrations ranging from 2 to 10 X 1077 parts by
volume.

Most labelled compounds are synthesized from simple starting materials.
Double or triple labelling, either with a homogeneous or heterogeneous combi-
nation of heavy isotopes, therefore presents few problems. In most cases, the
cost-benefit of the use of such compounds is very favourable, but the enrich-
ment of the isotopes used should be carefully considered since the concentration
of the fully labelled species, as compared with the partially labelled form, falls
off rapidly as the level of enrichment is reduced.

The use of depleted materials in multiple labelling should not be overlooked but
to date, the only example of importance is the use of carbon-12 and deuterium
labelled solvents in '>C-NMR spectroscopy. This is an effective method of elimi-
nating interference from the natural abundance *3C of the solvent used, especi-
ally when only small samples of material are available.

3 N 2HCI
()
(3)

(4) (5)
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Multiple labelling with both stable and radioactive isotopes offers the advan-
tage of simultaneous labelling in the same position of a molecule [68]. The com-
bination of '3C- and '*C-labelling combines ease of detection with rapid struc-
tural identification. The adoption of this technique in studies of some aspects of
the metabolism of 4-morpholino-2-piperazinothieno[3,2-d]pyrimidine (V-K
774) (3) in the rat has been reported [69]. Potassium ['2C,!*C]thiocyanate was
prepared from a mixture of potassium [*3C,!*C]cyanides. Reaction with ethyl
bromide and methyl 3-aminothiophen-2-carboxylate (4) afforded the thienopyri-
midine (5), which, by a series of reactions was converted to V-K 774 (3) labelled
in the position shown.

With a number of isotopes readily available commercially, and with methods
of synthesis that have reached a high degree of versatility, there is now an enor-
mous potential for the exploration of the application of multiple labelied com-
pounds. This has been discussed on a number of occasions [26,27,63].

Preparation of labelled compounds by biosynthesis

Biosynthetic methods are of importance in the preparation of natural products
and related compounds [60]. The requirements of such methods are that a sys-
tem must be devised that not only produces the desired product, but produces
it in a readily isolable form.

The use of a biosynthetic method for the production of a uniformly labelled
natural product is well illustrated by the large-scale photosynthetic production
of labelled sugars [70]. Tobacco leaves were incubated with 13CO, for a period of
40 h in specially designed chambers. Uniformly labelled starch, glucose, fructose,
and sucrose were isolated from the leaves. Uniformly labelled '3C-labelled amino
acids have been prepared on the large-scale by biosynthesis using algae, Spirulina
maxima, grown in the presence of sodium ['3C]bicarbonate [71]. Labelled
amino-acids and other isotopically labelled natural products could well be pro-
duced by the culture of other microorganisms, algae, or bacteria [72].

More specific labelling may be obtained in a biosynthetic process using
enzymic methods of synthesis. The preparation of amino acids by the reductive
amination of 2-keto acids is well known. Indeed, the synthesis of !*N-labelled
amino acids by this route is among the earliest literature on the preparation of
compounds labelled with stable isotopes [73]. Such reductions can be carried
out enzymically and L-[a-'’N]glutamic acid has been prepared in good yield
from 2-oxoglutaric acid and !*N-labelled ammonium chloride in the presence of
reduced nicotinamide adenine dinucleotide phosphate [74].

As will be clear from a subsequent section, a number of antibiotics labelled
with stable isotopes have been prepared in studies of their biosynthesis from
labelled precursors.
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Gas mixtures

The availability of gas mixtures with an isotopically labelled component is a new
development *, hitherto little used, but offering further opportunities for the
application of stable isotopes. The importance of standardised gas mixtures,
some of them very complex, is now well established in a variety of areas. Nu-
merous advantages can be achieved by incorporating a component labelled with
a stable isotope [27]. The change in mass number can increase the versatility of
analytical techniques since, for example, natural nitrogen and *3CO are clearly
distinguished in the mass spectrometer. More meaningful tracer experiments can
be conducted in biological systems; synthetic air can be produced with the
oxygen, nitrogen, and/or carbon dioxide labelled. Gas mixtures can be a rela-
tively cheap source of stable isotopes. High enrichment nitrogen (essentially
mass 30) blended with helium may well be more useful than an equivalent
volume of low enrichment nitrogen which will contain large amounts of masses
28 and 29 and relatively little mass 30. Isotopically labelled components can con-
fer desirable properties on a mixture for a specific use. For example, a mixture
of 13CO (90 atom%), 3% xenon, 18% nitrogen with balance helium is proving
particularly useful in laser work [75].

ANALYTICAL TECHNIQUES

Methods of detection and assay of stable isotopes depend upon the differences
in their physical properties. The four most important techniques are mass spec-
trometry, nuclear magnetic resonance spectrometry, optical emission spectro-
scopy, and infrared spectroscopy.

Mass spectrometry is the most versatile and widely used technique and is
capable of great sensitivity. It can be employed for a whole range of isotope
analyses. The analysis of simple gases using the isotope mass spectrometer is of
particular importance in clinical applications and will be treated in some detail.
The pharmacologist is frequently concerned with complex mixtures and it is in
this area that the organic mass spectrometer linked to the gas chromatograph
has assumed an important role.

The nuclear magnetic resonance spectrum gives very specific structural infor-
mation that enables the position of labelled nuclei in a molecule to be defined.
The technique has been especially important in studies of biosynthesis. Rapid

* Available from BOC Limited, Prochem, London to customers’ requirements.
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developments in '*C-NMR have inevitably meant that the most important appli-
cations are in this area. However, an increasing amount of work is being carried
out with nitrogen-15, and, as more sophisticated instrumentation becomes avail-
able, with oxygen-17.

Optical emission spectroscopy is more limited in its application but has never-
theless established an important role. It has found particular use for the measure-
ment of nitrogen-15 levels in agricultural studies. Its limitations arise from the
necessity to convert the sample to nitrogen gas for measurement.

In certain cases, infrared spectra give useful and important information on
isotope labelling although the method is not of widespread or general impor-
tance. Activation analysis and the use of Raman scattering have also been
employed for isotope ratio measurements.

MASS SPECTROMETRY
The isotope mass spectrometer

Isotope mass spectrometers are designed to measure the abundance of an isotope
in an unknown gas sample compared with that in a known reference gas. The
layout of a typical instrument analyser is shown in Figure 1.3. There are impor-
tant differences between the isotope mass spectrometer and the high resolution
analytical mass spectrometer. In both types of instrument the sample is jionised

Minor Jon Minor
Beam M2 Faraday
\ Collector
N

N 1L,

/.

Analyser Magnetic Field

Major ton Resolving Major
Beam M, Slits faraday
Collector

Alpha Plate - — gl

Source Siit
Exit Slit
Electron Beam g
Source Magnet ——lon Repeller

Figure 1.3. Schematic diagram of the analyser tube of an isotope mass spectrometer showing
the relative positions of the source and collector assemblies
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and propelled down a flight tube which passes between the poles of a magnet.
In both instruments the ions are deflected by the magnetic field in proportion to
their mass:energy ratio. However, in the high resolution instrument the ion
beam is swept over a slit by varying either the strength of the magnetic field or
the accelerating voltage so a mass: energy spectrum of the sample can be
recorded, whereas in the isotope ratio instrument conditions are held absolutely
constant throughout the analysis, and one pair of isotopes only is measured
alternately in the unknown and reference gas.

If an ion of mass m and charge e is propelled by an accelerating voltage V
through a magnetic field of strength B, it will follow a curved path of radius
R. The relationship of these variables is given by:

m _B*R?
e 2V

Thus in Figure 1.3 if the mass spectrometer is being used to measure the ratio of
14:14N o 15'14N in a gas sample, the accelerating voltage on the ion repeller
plate and the strength of the magnetic field would be chosen so that the '*'1*N
ion with a mass:energy ratio of 28 would follow the curve labelled ‘major ion
beam M,’, and the heavier 15 '*N ion would curve less sharply to follow the path
of ‘minor ion beam M,’. Each ion beam passes through a resolting slit and deliv-
ers its charge to the appropriate collector. The resulting ion current, which is
amplified, is proportional to the number of ions impinging on the collector in
unit time, and hence to the partial pressure of that isotope species in the gas
sample. If a reference gas of known isotope abundance is now introduced into
the ion source under identical conditions, the relative abundance of the SN
isotope in the unknown sample can be calculated.

Isotope mass spectrometers typically cover the range m : e 2—100. A high
vacuum pumping system is required to maintain a sample inlet pressure of 107
torr and an analyser pressure of 107 torr. Both inlet and analyser components
can be baked to 300°C to reduce the background spectrum.

The gas inlet system. A schematic diagram of a typical inlet system is shown
in Figure 1.4. The reference and sample gases are admitted into the inlet system
which consists of independently variable metal bellows that are controlled to
provide identical major ion currents from both standard and sample gas during
analysis. The gases flow through crimped metal capillary leaks to a glass or metal
changeover valve [76] so that the reference gas enters the analyser source, and
the sample gas is pumped away through a ‘bleed’ system preserving the gas flow
throughout the analysis. The solenoid operated changeover valve facilitates
direct comparison of the isotopic content of reference and sample gases on a
strict time basis. Balanced flow through the inlet system is rapidly achieved
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Figure 1.4. A typical viscous flow, dual gas inlet system required for precise isotope ratio
measurement

though the characteristics change from viscous to molecular flow on passing the
crimped region of the capillary, so that the gas entering the ion source has an
isotopic composition identical to that in the gas reservoir [77].

The ion source. This constitutes a gas-tight region permitting a pressure dif-
ferential to be created between the source chamber and the ambient vacuum.
Electrons emitted from the filament describe a helical orbit, under the influence
of small source magnets, providing the maximum chance of collision with sample
gas molecules. This in effect produces maximum efficiency of ionisation.

Figure 1.3 shows the general construction of a typical source and collector
assembly housed within the analyser tube. The electron beam is normal to the
ion trajectory, has an energy of 80—100 eV and a total current of some 300—
500 uA. Electrons not involved in collisions are collected by a trap whose resul-
tant current provides an indication of the efficiency of ionisation when com-
pared to the total source current. The ion repeller, which is positive with respect
to the source, directs the ion beam towards the exit slit. The remaining plates in
the source assembly contain slits that progressively focus the ion beam leaving
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the source. The applied voltages to these plates are variable and their setting is
dependent on the isotopic species to be analysed. The final alpha plate defines
the maximum beam width at that point prior to its passage along the flight tube
to the collectors.

The ion collectors. High precision isotope mass spectromers have double col-
lectors arranged either in plate form as in the original Nier type instrument [78]
or as independent Faraday buckets. These configurations permit the separate,
simultaneous collection of the two isotopic ionic species whose ratio is required.
In the Nier system, the major ion beam is collected on the first plate which con-
tains a slit of sufficient width to permit the minor ion beam to pass through and
impinge on the second collector plate. The Faraday bucket collector system has
major and minor resolving slits spaced before the buckets. Electron suppressor
electrodes (—50 V) are positioned between these components to minimise ion
drift between the two collectors and to reject secondary electrons formed by ion
bombardment.

The currents carried by the major and minor ion beams are of the order of
10™° and 107! A respectively. These pass to the major and minor head ampli-
fiers that have high impedence, low current noise characteristics and are nor-
mally of d.c. vibrating reed design. High value feedback resistors in parallel with
the head amplifiers ensure maximum gain. Treatment of the output voltage from
the head amplifiers is considered in the following section.

Measurement of the isotopic ratio. This is normally achieved using either a
bridge—amplifier balance system or the infinite bridge null system. The former
method provides that the output of the major amplifier supplies a resistor
divider network whose output is fed back to the input of the minor amplifier.
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Figure 1.5. The infinite bridge null system for isotope ratio measurement
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Figure 1.6. Direct counting bridge system for isotope ratio measurement

Adjustment of the divider to attain a given pen position on a potentiometric
recorder provides the ratio from the sum of the divider and recorder readings.

The infinite bridge null system (Figure 1.5) is arranged such that the recorder
slidewire forms part of the bridge measuring circuit and is thus an integral part
of the resistor divider network. The output from both the divider network and
the minor amplifier are fed to the recorder comparator and as the null point of
the bridge is within the servo loop of the recorder, balance is obtained over the
entire range of the recorder chart. In this instance chart calibration is directly
related to the divider network and is independent of the signal levels.

A distinct advance in the direct measurement of isotopic ratios has recently
been introduced to a commercially available isotopic mass spectrometer *. This
new system is shown in Figure 1.6. In this instance ion beams are collected in
Faraday buckets which are connected to major and minor beam varactor bridge
amplifiers. Additional signal amplification is through preamplifiers whose signals
are fed through voltage to frequency convertors. The generated pulses, whose
repetition rates are linearly proportional to the input voltages, are fed to sepa-
rate major and minor counters. These counters are set to zero and started simul-
taneously. When the major counter reaches 10% the minor counter is automati-
cally stopped. This system provides directly the ratio, minor ion beam : major
ion beam. The distinct advantage of this measuring system is that the ratio ob-
tained in independent os sample size, pressure or depletion rate.

* V.G. Micromass 602, Nat Lane, Winsford, Cheshire CW7 3BX, England.
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Expression of enrichment. As indicated previously an isotope mass spectrom-
eter is used to compare the relative isotopic enrichment of a sample gas with a
reference gas. Absolute isotopic content cannot be obtained from these measure-
ments.

The reference gas of choice is dependent on the type of investigation under-
taken. Environmentalists such as geochemists, petrologists or oceanographers are
involved in the determination of naturally occurring variations of a specific iso-
topic species. In order that interlaboratory results should be strictly comparable
it is essential that the reference gas used should be identical in all laboratories.
To this end international standards of known isotopic content are available from
the International Atomic Energy Agency in Vienna.

These investigators have always expressed their results in the §%o notation as
the deviation per mil (parts per thousand) of the isotopic ratio of the sample
compared to that of the reference gas. Thus in terms of 3C measurements:

13C/12C sample — *3C/'2C standard
13¢/12C standard

§13C= X 1000

In biological and clinical investigations the position is somewhat different. In
both instances the enrichments measured are often large and it is normal practice
to express the enrichment of a particular fraction as compared to the same frac-
tion prior to the introduction of the labelled compound to the system. In such
cases most workers express enrichment of isotopic content as either atom% or
atom% excess which have been defined earlier (p. 5). Where SN is used at low
enrichments and measured in an isotopic ratio instrument normally equipped to
monitor the mfe 28 and m/e 29 ion beams, the following formula is applicable:

100
t SN = where I, = intensity of m/e x.
atom% T NES where I, = in y /

At higher enrichments modification of this formula is required to account for
the increasing contribution of the m/e 30 ion species.

Increasing interdisciplinary collaboration in the area of isotopic analyses,
stemming from common instrumentation and sample preparation schemes, sug-
gests that standardisation of terminology would be advantageous. For the sake
of clarity and uniformity one might hope that the rather cumbersome ‘atom%
excess’ nomenclature cease to be used.

Analytical accuracy (sample size and handling). It is impossible to be dog-
matic concerning the absolute accuracy of isotopic measurement obtainable
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Table 1.1. CONDITIONS AND EXPECTED ACCURACY FOR THE MEASUREMENT OF
THE ISOTOPIC CONTENT OF A PURE GASEOUS SAMPLE

Isotope Gas Sample size  Accuracy of Gas transfer
analysed required measurement  into mass spectrometer
(atm cm3) (6 Ya)

D H,/HD 0.2 +0.5-1.0 uranium 80°, charcoal
13¢ o, 0.01-0.05  +0.1 lig. Ny

I5N N, 0.05--0.10 +0.1-0.2 liq. He, molecular sieve
180 O, 0.01-0.05 0.1 lig. Ny

1g $0,,SF  0.05-0.10 0.2 lig. N3

from modern spectrometers. This results from the fact that sample preparation,
gas handling and instrumental errors for a composite system and the final
accuracy obtained will be a reflection of the additive component errors. With
experience, it is possible to obtain accuracies for overall isotopic analyses shown
in Table 1.1. For convenience and interest, the table also includes typical sample
size requirements and methods of sample introduction into the mass spectrom-
eter. An automatic Toepler pump or bellows system can be used to compress
all gases into the sample reservoir.

Gas chromatography —mass spectrometry (selected ion monitoring)

Detailed coverage of gas chromatography—mass spectrometric analysis, as
applied to clinical investigation, has been largely excluded from this review,
though pharmacological studies employing stable isotopes are committed to
organic mass spectrometry for analytical purposes. However, attention should be
drawn to a specific mode of analysis that is relevant to both quantitative and
structural studies involving isotopically labelled components. Selected ion moni-
toring (SIM) provides for the focusing of ions of selected masses at the detector
of a magnetic deflection instrument by switching the accelerating voltage
through pre-set increments, in a cyclical mode. The limitations of the method
are the time required for switching between selected masses and the range
through which the accelerating voltage can be altered without the ion source
becoming defocused. The high degree of stability required for the ion focusing
systems is normally achieved using computer based feedback [79]. Computer
systems are increasingly used to record and process data obtained from SIM
analyses [80,81]. The advantages of this analytical system are the requirement
of only 0.1—-10 ng of material and the detailed information provided concerning
the quantitation and structural position of the isotopic label.
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In clinical investigations, the use of SIM for isotope dilution studies provide
an accurate reference method for a specific assay against which routine labora-
tory analytical procedures may be standardised {82]. A comprehensive review of
SIM has appeared recently [83].

Sample preparation for isotopic analysis

Part of any clinical investigation involving the use of stable isotopes is the prepa-
ration of a final gaseous sample from a variety of starting materials that result
from the investigation undertaken. This sample preparation should be conducted
in a manner such that isotopic fractionation is precluded at each stage. This is
most likely to occur in the preparation of H,/HD gas as these two isotopes
exhibit the largest mass difference within a given species.

It seems appropriate therefore to consider briefly the preparation of
hydrogen, carbon dioxide and nitrogen required for the isotopic analysis of
3H, !3C and '*N content respectively. The preparation of carbon dioxide and
sulphur dioxide for analysis of '0 and 3*S content will not be considered in
detail as these isotopes have as yet very limited application in a clinical context.

Deuterium. Analysis of the deuterium content of a biological fluid or the
water of combustion derived from organic material is performed on hydrogen gas
resulting from the quantitative reduction of the aqueous sample. This reduction
is normally performed in a separate preparation line [84,79] using zinc [85],
magnesium [86], or uranium [84], at 400°C, 600°C and 800°C respectively, as
the reductant. The H,/HD gas is then pumped into an appropriate sample bottle
by means of an automatic Toepler pump. Alternatively the H,/HD gas can be
reacted with finely cut uranium turnings at 80°C to form the hydride (UH3). On
completion of the reduction, the hydride is decomposed by heating to 800°C,
liberating the hydrogen gas into the sample bottle [87]. This latter method of
hydrogen transfer is simpler and safer than the use of a mercury Toepler pump.
Modifications to thi‘s_preparation scheme have been developed for ‘on line’ con-
version of microgram quantities of water to hydrogen gas which is admitted
directly into the mass spectrometer source region [88]. Recently it has proved
possible to use a tapered capillary probe as the initial water sample inlet system
whereby a rapid liquid to water vapour conversion occurs without isotopic frac-
tionation [89]. A further modification using a hot probe inlet system has been
described that exploits the ‘Leidenfrost’ effect and permits the analysis of
impure water samples [90]. In both instances reduction of the water vapour is
performed between the capillary leak and the spectrometer source by heated
uranium ribbons in the line.

The precise estimation of deuterium afforded by modern isotope mass
spectrometers suggests the possibility of employing deuterated precursors in a



26 USE OF STABLE ISOTOPES

range of quantitative clinical metabolic studies. Following initial separation and
purification, specific compounds may be combusted along classical lines to yield
water and carbon dioxide [86,91]. The former may then be converted to
hydrogen gas by one of the methods outlined above.

Carbon-13. The increasing availability of !3C-labelled substrates has provided
a marked impetus in the use of these tracers in clinical studies. Most recent
interest centres round the use of '3CO, breath tests for the in vivo estimation of
the rate of oxidation of specific !*C-labelled substrates. Some clinical implica-
tions of these tests will be discussed later. Mention should be made of the
available methods for respiratory CO, collection. They include the collection of
whole breath in evacuated glass tubes prior to CO, separation [92], the direct
cryogenic trapping of exhaled CO, in liquid nitrogen [93] and the precipitation
of CO; as carbonate in sodium hydroxide [94]. The latter method is suspect in
that it results in isotopic fractionation which may not be reproducible.

The availability of !3C-labelled glucose has provided the means of investigat-
ing glucose flux and turnover in human subjects. When the '*C overall isotopic
content of glucose is required, conversion to '3CO, can be achieved by a wet
combustion in vacuo of gluconic acid derived from the glucose by enzymatic
oxidation. An alternative procedure, if [1-'3C]glucose is the substrate involved,
is that of enzymatic decarboxylation [95]. Utilizing this system it is possible
to demonstrate experimentally that either the '3C/'2C of the evolved CO, at
equilibrium is the same as that of the carbon-13 of the initial glucose sample or
that if isotopic fractionation occurs, it is of constant magnitude providing the
carbon recovery exceeds 60%.

The estimation of the '°C content in carbonate, resulting from '3CO,
trapping, involves the reaction with 100% phosphoric acid under rigorously con-
trolled conditions originally described over 25 years ago [96].

Finally, organic samples requiring analysis of '3C isotopic content, may be
combusted in a stream of oxygen to provide the carbon dioxide for isotopic
analysis. Several combustion systems have been used that differ only in minor
components designed to remove contaminants such as sulphur or the halogens
[97.98].

" In '3C isotopic analysis where the greatest accuracy is required, correction
must be made for the contribution of '2C*¢0!70 to the mass 45 peak in refer-
ence and sample gases [99].

Nitrogen-15. Despite the increasing use of the heavy isotope of nitrogen not
only in clinical investigations but also in animal and agricultural studies, analyti-
cal techniques have not developed to any marked degree over the last few
decades. It is obligatory that gaseous nitrogen is prepared for '*N analysis in an
isotope mass spectrometer. Two general methods are available for the conver-
sion of an array of N-containing compounds to N, gas. These are the Dumas
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direct combustion technique, (which with modification, forms the basis of many
commercial nitrogen analysers) and the Kjeldahl--Rittenberg technique [100].
The initial step in the latter technique is an acid digestion to convert all nitroge-
nous components to the ammonium state. The use of a variety of catalysts and
salt additives to elevate the boiling point of the digestion mixture have been
discussed with specific relevance to biological materials [101]. The ammonium
salt resulting from this digestion is recovered and oxidised to molecular nitrogen
by the action of sodium or lithium hypobromite. This final oxidation reaction,
originally performed in Rittenberg tubes, has been recently modified so that the
final oxidation may be semi-automated [102—103]. Critical appraisal of both
methods for the production of nitrogen gas including inherent difficulties has
been presented [104], as have corrections required for atmospheric contamina-
tion of samples [105].

Oxygen-18. The most widely employed method for determination of oxygen
isotopic content of water is equilibration with CO, followed by analysis of the
CO, isotopic ratio [106,107]. For the most accurate 0 measurements, correc-
tions must be made for the differing *>C and !0 content of the reference and
sample gas [99] and also to account for dissolved cations where relevant [108].
Alternative methods have been developed for measuring the oxygen isotopic
content of water, where only microlitre samples are available {109]. Though
technically more demanding, these two methods measure the '20/'®0O ratio
of the original water sample without recourse to a fractionation factor required
in the CO, equilibration method. The use of guanidine hydrochloride originally
detailed for the conversion of oxygen of orthophosphate or water to CO, for
180 analysis, has promise of wider applications [110]. To measure the 20
content in organic samples requires initial combustion by an appropriate method
to provide CO, for isotopic analysis.

Sulphur-34. The analysis of 3*S content in a prepared sample normally
requires initial conversion to sulphur dioxide, though sulphur hexafluoride
resulting from the fluorination of sulphide has been used for mass spectrom-
etric analysis [111,112].

As with other procedures for the production of a gas sample for isotopic anal-
ysis, caution is required to ensure complete conversion at each stage of the pre-
paration to obviate Kinetic fractionation. Sulphides may be oxidized directly to
SO, for isotopic analysis [113] and recently methods have been developed for
the thermal decomposition of sulphates [114,115]. An alternative approach is
the initial conversion of either sulphate or sulphide to hydrogen sulphide [116,
117] from which the sulphur is precipitated as silver sulphide. This latter sul-
phide is easily oxidised in a reproducible manner to provide pure SO, for iso-
topic analysis.
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NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Several of the isotopes with which this review is concerned have a non-zero spin
and can therefore be detected by nuclear magnetic resonance (NMR) spectro-
scopy. Carbon-13 and nitrogen-15 have nuclear spins of 1/2 and oxygen-17 of
5/2. Of these heavy isotopes, the overwhelming mass of the work reported has
concerned carbon-13.

It is not proposed to discuss the technique of NMR spectroscopy and its use
in combination with stable isotopes in detail as many reviews and monographs
are available, several of which specifically deal with its application to biological
and biosynthetic problems [118—125]. Using '*C-NMR, carbon-13 can now be
detected at the sub-microgram level.

In early applications, information on the position of enriched carbon-13
atoms in a molecule employed proton NMR and the so-called satellite method.
Hydrogen atoms attached to a carbon-13 atom show spin coupling and therefore
each proton resonance in the NMR spectrum is accompanied by 2 satellite
bands. In a spectrum of a molecule with natural abundance carbon-13, the inten-
sity of these signals is very low and they are not normally observed in a single
sweep. However, with enriched carbon-13 at certain sites in the molecule, the
satellite signals corresponding to the labelled sites will be enhanced providing
the carbon-13 has hydrogens attached. The method, although useful, has severe
limitations, In many cases, the main proton bands may overlap the satellite
signals. Nevertheless, the difficulties can often be overcome and many success-
ful studies of biosynthetic pathways have been carried out using this indirect
approach and these have been reviewed [122,126].

However, the direct measurement of carbon-13 is clearly preferable. The
basic problem was that, compared with proton NMR, the sensitivity of !3C-
NMR was lower by a factor of about 6000, but this was overcome with the
introduction of Fourier transform NMR [127]. Conventional frequency NMR is
extremely inefficient since only one frequency is observed at any given instant.
However, using a short pulse radiofrequency, all the *3C nuclei in a sample can
be excited simultaneously. The absorption of individual frequency components
by each nucleus are detected by the receiver and these are abstracted by Fourier
transformation using data acquisition and processing equipment. The use of
13C.NMR as a tracer, especially in biosynthetic studies, has now become a very
versatile tool. Not only can the ultimate fate of carbon-13 be determined, but
unlike its radioactive counterpart, carbon-14, the location of the label and the
molecular structure can often be assigned without the necessity for degradation
of a complex compound. As a cross check, the level of carbon-13 incorporation
may frequently be confirmed by mass spectrometric analysis.

Other isotopic tracers may also be investigated using '>C-NMR. For exam-
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ple, the substitution of a hydrogen atom with deuterium produces characteristic
perturbations in the '2C spectra so that the carbon atom bearing the deuterium
may be readily identified. Work of this type has been reviewed [123].

In NMR studies, the substance must be dissolved in a suitable solvent which
in most cases will need to be deuterated. A whole range of such solvents is avail-
able and where the natural abundance !>C resonances in the solvent obscure vital
signals from the compound being examined, deuterated solvents depleted in
carbon-13 (*2C-deuterated solvents) can be employed. The carbon-13 content
of these solvents has been depleted to 0.05—0.1 atom% *3C and somewhat sur-
prisingly, there is no observable signal when they are examined by Fourier trans-
form *3C-NMR [128,129].

Although the possibility of using carbon-12 as a negative label has frequently
been suggested, the incorporation of '2C precursors in a biological process being
detected by a reduction in the '3C natural abundance signal [130], the imprac-
ticability of such a technique in biosynthetic and metabolic studies has been
pointed out [125]. Justification for such use on grounds of cost is somewhat
nebulous, since on a relatively small-scale, the bulk of the cost of the labelled
precursors resides not so much in the price of the isotope as in the labour inten-
sive chemical synthesis. However, this is not to say that negative labelling does
not have a role to play. In simple problems of a mechanistic nature involving the
use of an easily synthesized labelled compound, it could offer advantages.

ISN-NMR has not as yet been used to the extent of *>C-NMR in labelling studies
with stable isotopes. Work on both !*N-NMR and !*N-NMR has been reviewed
[131,132]. Nitrogen-14 nuclei possess a nuclear quadrupole moment that signi-
ficantly broadens their NMR resonances. Although nitrogen-15 spectra display
excellent resolution, poor signal to noise ratios have restricted the use of '*N-
NMR studies. Fourier transform 'SN-NMR spectra have been published for an
algal amino acid mixture, a chlorophyll pigment mixture, glycylglycine, and
haemoglobin, all labelled with nitrogen-15 [133]. The use of SN labelling and
the application of **N-NMR has been reported in extensive studies in molecular
haematology [132]. The development of *>N-labelling techniques in this work
has made it possible to observe the !°N resonance of macromolecules. It has
therefore been suggested, that due to the potentially greater range of '*N chemi-
cal shifts and the narrower line widths of polypeptide SN nuclei, *SN-NMR
should have particular interest in the investigation of protein structure [134].

Both '3C-NMR and '*N-NMR have been applied to the study of living cells.
The anaerobic metabolism of [1-'3C]glucose to [2-!>C]ethanol by yeast has
been studied by '>*C-NMR spectroscopy of living cells [135]; living cells of the
fungus Ustilage sphaerogena grown in [*°N]ammonium acetate were studied by
1SN.NMR [136].

As yet, 17O-NMR has not assumed an important role in biochemical studies
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but this is an area that will no doubt prove of interest and importance in the
future.

Some specific applications of NMR spectroscopy to biological problems will
be referred to in subsequent sections.

OPTICAL EMISSION SPECTROSCOPY

Optical emission spectroscopy is routinely used for the determination of nitro-
gen-15. The method depends upon the wavelength separation of the isotopic
species of nitrogen gas (**N,, *N'SN, and '°N,) due to the isotopic shift.
Prior to assay, it is necessary to convert the nitrogen to nitrogen gas. For exam-
ple, amino compounds are treated with hypobromite. The Statron NOI 5 anal-
yser based on this principle has been in use for a number of years. Although,
compared to the isotope ratio mass spectrometer, more tracer is required for
results of comparable accuracy, it has been used to determine urinary ['5N]urea,
['*N]ammonia, and 'SN-labelled amino acid on infusion of [**N]glycine into
human subjects [137]. More recently, sample conversion, optical detection, and
electronic calculation have been combined in one instrument, the Isonitromat
5200. With a sample requirement of 120 ug of nitrogen, its use has been demon-
strated in clinical metabolic studies using ['*N]glycine as a tracer [138]. The
relative accuracy was *1% over an ! 5N range of 0.36—-25 atom%.

INFRARED SPECTROSCOPY

Infrared spectroscopy has limited applications in the detection and assay of
labelled compounds. Absorption peaks at 2193 cm™ for carbon monoxide-'2C
and at 2144 cm™ for '3CO are sufficiently separated to determine the 1sotope
ratio [139]. With 'C contents ranging from 1 to 20 atom%, the mean error
quoted was about 2% and had a relative standard deviation of about 6%. [Car-
bonyl-**C)acetophenone gives a peak in the infrared spectrum at 1685 cm™
while the (carbonyl-'*C)-labelled compound has a corresponding absorption at
1645 cm™ [128)]. In certain cases it is therefore possible to utilise published
data for a rapid assay of labelled compounds. Infrared data on '*C- and *SN-
labelled compounds have been reviewed [140].

MISCELLANEOUS METHODS

Although as yet not widely used, the possibility of using Raman scattering for
measuring isotope ratios has been investigated. It has been demonstrated that
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isotopic analyses of nitrogen (**N'5N) and oxygen (*°0'80) can be made to
accuracies of at least +0.1% using an argon laser [141].

Activation analysis is another technique that has found some applications.
In these methods, the desired stable isotope is made to undergo a suitable
nuclear reaction. The parent isotope is determined by measurement of the result-
ing nuclide. As an example, the 80 content of water samples as small as 1.5 ul
has been determined by charged particle activation [142].

PHARMACOLOGY

It has been pointed out [143] that one of the most pressing problems of phar-
macology is the acquisition of data on the variation in drug disposition between
patients. Not only is drug efficacy a matter for concern but also the problems
that occur as a result of adverse reactions to drug administration. The use of
stable isotopes in pharmacological research is now well-established as an aid to
obtaining quantitative and structural information on the metabolism of drugs
and derives from the fact that mass spectrometry coupled with gas chromatog-
raphy is a powerful tool in such studies. Identification and structure analysis of
metabolites, as well as their qualitative and quantitative detection, can be
achieved at sub-nanogram levels in biological materials. The versatility of the
techniques is enhanced by the availability and use of stable isotopes.

Stable isotope labels are used in tracer studies, to follow the pathway of a
drug, or else, but equally important, to distinguish between a true drug metabo-
lite and a naturally occurring substance in a biological sample. But probably the
most widespread use to date has been as an internal standard for quantitative
gas chromatography—mass spectrometry. Addition of a stable isotope labelled
drug or metabolite in known amount to a mixture enables a quantitative assess-
ment of the natural compound to be made from the mass spectral data.

The use of stable isotopes in pharmacology and drug research has been
reviewed [8,68,144—147]. Most of the work reported has utilised deuterium
labelling and undoubtedly this has largely been dictated by economic factors.
However, there are occasions when its use is limited. In certain chemical situa-
tions, the deuterium atom is readily exchanged; for efficient use in quantitative
work, and often in qualitative work, there must be no possibility of isotopic
exchange in the environment in which the labelled compound is used. This limits
the use of oxygen-18 labelling but does not pose a significant problem with car-
bon-13 and nitrogen-15.

Metabolic switching has been reported as a consequence of deuterium label-
ling where a drug is metabolised by multiple alternate pathways rather than
sequentially [20,21]. Both in vivo studies in rats and in vitro studies using rat
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liver homogenates were used in a comparison of phenazone (antipyrine) (6a) and
two methyl deuterated analogues (6b and 6c). 4-Hydroxyantipyrine (7) and the
3-hydroxymethylantipyrine (8) were the major metabolites of antipyrine (6a)
and their N-CD; analogues from the N-CD; compound (6¢). However, the
metabolism was switched from hydroxylation of the C-3 methyl group to N-de-
methylation (formation of compound 9) by deuterium substitution in the
3-methyl group. Metabolic switching as a consequence of deuterium substitu-
tion was also demonstrated in caffeine [20] and pethidine (meperidine) [21].

As the cost differential narrows, especially of synthesized compounds, and
taking the other factors mentioned above into consideration, it seems likely that
carbon-13 and/or nitrogen-15 labelling will become the preferable choice where
practicable in future metabolic studies.

Many of the disadvantages of stable isotope labelling as compared with radio-
labelling stem from limits on the sensitivity which arise from the natural abun-
dance background. Using multiple labelled compounds as tracers, this problem
can be overcome and furthermore, an assessment may be made of isotope effects
in the system under study. The use of multiple labelled compounds and methods
of detection allowing the determination of 1 pg in a 1 ug sample have been
reviewed [65].

IDENTIFICATION OF METABOLITES — STABLE ISOTOPES AS TRACERS
By incorporation of a known percentage of a stable isotope labelled drug (nor-

mally deuterium, carbon-13, nitrogen-15, or oxygen-18) the relevant metabolites
can readily be detected in a biological isolate, without the need for extensive
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purification and isolation procedures from the isotope clusters that are produced
in the mass spectrum [148]. The technique of mass fragmentography uses the
mass spectrometer as a highly sensitive specific detector for a limited number of
ions. The detection of specific labelled ions can be made quantitatively at the
sub-nanogram level. To gain the maximum advantage, the labelling should be in
a position in the molecule where it is largely resistant to biotransformation and
as many metabolites as possible will be labelled.

This technique for the location and structural identification of metabolites
was demonstrated by studies on nortriptyline and trideuterium labelled nor-
triptyline; the drug, and any metabolites retaining the labelled site, showed a
doublet M, M +3 for the molecular ion and any fragment retaining the label
[149]. Although first demonstrated with deuterium, other stable isotopes have
been used in this type of work. In deciding on a labelling pattern to be adopted,
it must be remembered that the utility of a M, M + 1 doublet is limited by the
effects of the contribution of the natural abundance isotopic species.

The importance of studying metabolites that occur in very low concentra-
tions in urine has been underlined since the more reactive a species, the lower
its concentration may be [143]. Mixtures containing dideuterium-nitrogen-15-
labelled nortriptyline (10) have been used to study urinary and biliary metabol-

15
CHCH2C02 NHMe

(10

ites. The use of mass fragmentography facilitated the study of metabolites that
were present in too small a quantity to be detected by scanning of the mass
spectra [150]. Subjects received a single 25 mg dose of equimolar amounts of
labelled and unlabelled drug as their hydrochlorides. Metabolites were identified
from the M, M + 3 doublets when trifluoroacetylated extracts were examined
by gas chromatography—mass spectrometry. Unchanged drug, 10-hydroxynor-
triptyline, desmethylnortriptyline, and 10-hydroxydesmethylnortriptyline were
identified in human urine and bile after a single oral dose of nortriptyline, thus
demonstrating the sensitivity and safety of the technique [150]. The useful-
ness of these clusters to select correct empirical formulae from exact mass mea-
surements has been demonstrated [145]. In favourable circumstances, pg levels
can be identified.

In more recent work along the lines discussed above, new nitrogen containing
metabolites of phenoxybenzamine (11) were identified by administration of an
equimolar mixture of the drug and the SN-labelled drug to rats and dogs. Uri-
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Scheme 1.3. Nitrogen-containing metabolites of phenoxybenzamine

nary metabolites were examined by gas chromatography—chemical ionisation
mass spectrometry. The only previously identified metabolite was the alcohol
(12); however, the present work identified 4 further metabolites, (13, 14, 15) in
rats and (13, 14, 16) in dogs [151] (Scheme 1.3).

Metabolic studies have recently been reported on the antibacterial agent
cinoxacin, 1-ethyl-1,4-dihydro4-oxo[1,3]dioxolo[4,5g]cinnoline-3-carboxylic
acid. The compound was synthesized with both nitrogens labelled with nitrogen-
15 at greater than 99 atom%, and, in an equimolar mixture with unlabelled drug,
was administered to humans. The doublet arising from the isotope labelling in
gas chromatography—chemical ionisation mass spectrometry results proved an
excellent aid in the identification of urinary metabolites [152].

Labelling with carbon-13 followed by mass spectrometric analysis of the
metabolic products has also been successfully used to identify metabolites [68,
153]. 5{4'-Chloro-n-butyl)picolinic acid (CBPA) (17), which inhibits dopamine
B-hydroxylase and also shows a hypotensive effect, showed an unexpected
metabolic pathway when administered to rats. A 2-carbon chain elongation
occurred in the 2-carboxyl grcup of the pyridine ring. Using carbon-13 labelled
CBPA, the existence of the same metabolic pathway was demonstrated in man
showing the utility of single labelling, notwithstanding the contribution from the
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natural isotopic abundance [153]. However, to attain the maximum advantage
from the use of M, M+ 1 combinations using carbon-13 labelling, techniques
have been developed to increase sensitivity and overcome the problems of
natural abundance peaks. The presence of a carbon-13 labelled tracer could be
determined in urine after extraction of the metabolites by measuring the excess
carbon-13 by isotope ratio mass spectrometry after combustion to carbon
dioxide. In trial experiments with aspirin (carboxyl-'*C) metabolites were
detected in a 24 h urine sample after a 320 ug dose of labelled drug. It was con-
cluded that 5 X 107° g excess '3C per g carbon should be provided in any frac-
tion to be analysed [154].
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A subsequent technique involved pyrolysis of the metabolites after gas chro-
matography. The '3CO, : '>CO, ratio was determined by mass fragmentog-
raphy. Metabolites in a 24 h urine fraction were detected from administration
of doses of '3C-aspirin of less than 100 ng [155,156].

The simultaneous labelling of a drug with a carbon-14 radioactive label and a
carbon-13 stable label at the same position has also been employed. The metab-
olism of V-K 774 labelled at C-2 (3) was studied in the rat. The quantitative
determination of the metabolites in the urine was made from the radioactive
studies and structural identification was achieved from the mass spectra using
the isotopic clusters to differentiate the metabolites from other biological impu-
rities [69]. A combination of radio and stable isotope labelling has also been
used to study the metabolism of amylobarbitone (amobarbital) (18,R! =R? =
H) in humans. Oral administration of [2-!*CJamylobarbitone showed that 80—
90% of the radioactivity was excreted in the urine and 4% in the faeces. Ad-
ministration of a 50% mixture of amylobarbitone and the '°N,-labelled drug
showed that 40% of the urinary excretion was as 3'-hydroxyamylbarbitone
(18,R! = H, R? = OH). The majority of the remainder was the previously un-
recognised N-hydroxyamylobarbitone (18,R? = OH, R? = H) and a minor com-
ponent that was not identified. This was the first example of the N-hydroxyla-
tion of barbiturates [157].
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STABLE ISOTOPE LABELLED COMPOUNDS AS INTERNAL STANDARDS

The purpose of an internal standard in analytical techniques is to correct for
losses of a compound under study. There must therefore be both chemical simi-
larity and similarity of behaviour between the standard and the compound sub-
ject to examination. When gas chromatography—mass spectrometry is employed
in drug metabolism studies, mass differences alone can be used to discriminate
between the compound analysed and the standard. Thus an isotopically labelled
compound represents the ideal standard. This forms the basis of a most impor-
tant application of stable isotopes in drug research.

The use of deuterated nortriptyline and deuterated-['*N]nortriptyline was
investigated for the estimation of nortriptyline in plasma [158]. The labelled
standard was added to the crude sample before gas chromatography—mass
spectrometry. In other drug applications, the labelled drug has been added prior
to extraction, derivatisation, and analysis [145].

Drugs in urine, plasma, breast milk, and amniotic fluid, analysed quantita-
tively in the picogram range, provide an opportunity to examine drug profiles
of biological fluids. This has been achieved by selective ion detection using gas
chromatograph—mass spectrometer—computer systems operated in the chemi-
cal ionisation mode, combined with stable isotope labelled drugs as internal
standards [159]. In 50200 ul samples of plasma and breast milk, [2,4,5-'3C]-
diphenylhydantoin has been used to quantify phenytoin (diphenylhydantoin) and
[2,4(6),5-'*C] pentobarbitone and [2,4(6),5-'>C]phenobarbitone to determine
amylobarbitone (amobarbital), quinalbarbitone (secobarbital), caffeine,
pethidine (meperidine) and phenobarbitone (phenobarbital) [159]. Even
smaller plasma samples can be used to determine drugs in relatively high con-
centration (ugml™') [160]. The clinical applications of these analytical sys-
tems have been further reviewed [161] and factors affecting the choice of label,
its position and the synthesis of the labelled drugs have been described [162].
Similar systems have been used in pharmacokinetic studies. In this work, which
has involved plasma, urine, breast milk, saliva, and liver homogenates, stable
isotope labelled drugs were added to biological samples before isolation proce-
dures were carried out. Carbon-13 labelled standards included [2,4,5-'*C]pheno-
barbitone [24,5-'3C]diphenylhydantoin, and [2,4,5-'3C]pentobarbitone [163].

Analytical procedures have been developed utilising chemical ionisation mass
spectrometry in conjunction with stable isotope labelled amines to obtain quan-
titative information on the metabolism of (R-), (S-), and (R,S-) methyldopa
(alpha-methyldopa) and the regional concentrations of dopamine, a-methyl-
dopamine, noradrenaline (norepinephrine) and a-methylnoradrenaline in rat
brain. '3C-labelled (S)-o-methyldopa, as well as deuterated amines, were em-
ployed. Isotope dilution techniques provided good quantitative data [164].
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STUDIES OF BIOAVAILABILITY

To determine the absolute bioavailability of a drug normally requires two experi-
ments in each subject involving the separate administration of an intravenous
and an oral test dose. It must then be assumed that the drug kinetics remain un-
changed between doses. By administering the drug orally, and simultaneously
an intravenous injection of a stable isotope labelled version of the drug, these
disadvantages can be overcome. Furthermore, absolute bioavailability in each
subject can be determined from a single study and analysis of only one set of
blood samples [165,166]. The feasibility of the approach has been demon-
strated on studies of N-acetylprocainamide (NAPA). ['>CINAPA (19) was

CONH(C H2)2NEt2

NH13COMe
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injected intravenously at the same time as the unlabelled drug was given orally.
Plasma and urine levels were determined by mass fragmentography using [Ds]-
NAPA as an internal standard [165,166].

STABLE ISOTOPES IN COMPOUNDS OF THERAPEUTIC INTEREST

A recent novel use of stable isotopes in an area of interest to the medicinal
chemist has been to increase the therapeutic index of an antibacterial agent.

CH,F.CD(NH,) CO,H
(20)

3-Fluoro-D-[2-2H]alanine (20) shows the same antibacterial activity as the protio
form of the fluoroamino acid. However, since the metabolism in vivo is several
fold less substitution of the deuterium produces enhanced pharmacological activ-
ity [167].

This is an area that is really in its infancy, but it may well produce significant
advances in the future.

STABLE ISOTOPES IN BIOCHEMICAL STUDIES

To define where the borderline between biochemistry and medicinal chemistry
occurs is an invidious task. So far as the medicinal chemist is concerned, the
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main interest is in the metabolism of drugs, i.e. compounds that are alien to the
animal system. This aspect has been discussed in the previous section. Metabolic
studies may also involve natural compounds and within the limitations of space
it is proposed to briefly discuss the role of stable isotopes in such biochemical
investigations.

Extensive studies involving the use of stable isotopes had taken place on the
metabolism of proteins and the intermediary metabolism of carbohydrates and
lipids by the mid-1940s and were reviewed in 1947 [1]. Much of the work
reported was not only of immense biochemical interest but also provides useful
data on the synthesis of labelled compounds such as amino acids [73]. General
considerations on the study of protein metabolism were reported [168] and it
was shown that nitrogen in amino acids does not exchange with other com-
pounds in aqueous solution [169]. Specific metabolic studies in the rat used for
example, ['*N]aspartic acid [170], L-['SN,D]proline [171], and L-['*N,D]-
leucine [172], and nitrogen-15 labelling was used to study the metabolism of
lysine in the rat [173]. The design of experiments for the study of nitrogen
metabolism in ruminants with the aid of nitrogen-15 labelled compounds, and
the interpretation of the results has been discussed [174].

Carbon-13 labelling has been utilised in studies of valine metabolism. [3-'3C]-
Valine was administered to fasted rats and the glycogen formed was isolated,;
degradation confirmed the formation of a 3-carbon intermediate [175]. A
patient with methylmalonic acidemia has been studied by administration of [2-
13C]valine and [2,3-'3C]valine; methylmalonic acid was isolated from the urine
and analysed by *C-NMR [176,177].

Enzyme synthesis has been demonstrated using density labelling of proteins
with deuterium, with nitrogen-15, and using triple labelling with deuterium,
carbon-13, and nitrogen-15 followed by equilibrium density gradient sedimenta-
tion [178]. Heavy labelling of bacteriophage with nitrogen-15 and carbon-13 fol-
lowed by density gradient centrifugation was used to determine the distribution
of labelled DNA [179]. The replication of DNA in Escherichia coli was studied
by density gradient centrifugation following the transfer of nitrogen-15 substi-
tuted growing E. coli to a natural nitrogen-medium. It was concluded that the
nitrogen of a DNA molecule is divided equally between two physically con-
tinuous sub-units and following duplication, each daughter molecule receives one
of these. Sub-units are conserved through many generations [180].

[*3C]Ethanol has been used to study ethanol metabolism in rats [181]. After
administration of the ['*CJethanol to bile fistula rats, the bile was collected and
bile acids analysed by gas chromatography—mass spectrometry and by NMR
[182,183].

The value of bile acids labelled with carbon-13 in gastroenterological research
has been critically evaluated and compared with radioactive tagging. Stable iso-
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tope labelling is essential in certain cases including studies to follow specific
activity decay of the bile acid pool from serum samples where the concentration
of bile acids in blood is so low and the pool itself is so large that the acceptable
level of radioactivity administered would be inadequate [184]. As a generalisa-
tion, it can be stated that pharmacological studies involving large body pools and
low plasma levels for measurement cannot be conducted without the use of com-
pounds labelled with stable isotopes [185].

The enzyme Candida utilis 6-phosphogluconate dehydrogenase with carbon-
13 enriched to 90 atom% has been obtained by growing the yeast with '3C-
labelled acetic acid as the sole carbon source [186]. Carbon-13 composition had
very little, if any, effect on the catalytic properties of the enzyme. Sodium
[!3C]lactate has been used to study the conversion of lactate to liver glycogen
in the rat. Lactate labelled with '3C at position 2 and '*C at position 3 was also
used. Carbon-13 was measured by mass spectrometry [187]. Similar experiments
were carried out with '3C-labelled propionate and '*C- and '*C-labelled propio-
nate [188].

Mass spectra, '2C-NMR, and 'SN-NMR have been applied to the study of iso-
topically labelled compounds of haematological interest. '3C, 'SN-labelled
haemoglobins, **Ndabelled protoporphyrin-IX and coproporphyrin-1II, and '*C-
and 'SN-labelled globins have been investigated [134].
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Incubation of cholesterol with a bovine adrenocortical mitochondrial ace-
tone-dried powder preparation in an oxygen-18 enriched atmosphere provided
evidence that hydroxyl groups in the side chain of (22R)-22-hydroxycholesterol,
and (20R ;22R)-20,22-dihydroxycholesterol, and that the C-20 oxygen atom of
pregnenolone, originated from molecular oxygen [189].

Incubation of 7-methylbenz[a]anthracene (21, R = Me) with rat liver micro-
somes in '8Q-abelled water resulted in no incorporation of oxygen-18 into the
hydroxymethyl metabolite (21, R = CH,OH) whereas oxygen-18 incorporation
did occur when it was incubated with oxygen-18 gas showing that the hydroxy-
lation is a true oxygenase reaction [190]. The incorporation of oxygen-18 into
benzaldehyde formed from the microsomal oxidative dealkylation of ethyl
1-benzyl-4-phenylpiperidine4-carboxylate (22) in the presence of oxygen-18
gas, showed that the oxidative metabolism of nitrogenous bases follows a path-
way requiring the introduction of molecular oxygen into the substrate [191].
This was confirmed and extended to an imino system in studies of the conver-
sion of the 14-benzodiazepinone (23, R = H) to the 3-hydroxy derivative (23,
R =0H) [192,193].

A study of the acetic anhydride induced rearrangement of the diazepam-N-
4-oxide (24) to the acetyl compound (23, R = OCOMe) was made using highly
enriched '80-labelled acetic anhydride as a model for the possible role of
N-oxides as an enzymatic intermediate in microsomal oxidative dealkylation of
tertiary amines. The results established that in the system examined, an intra-
molecular migration of oxygen from nitrogen to carbon can be effected via an
activated N-acetoxyimmonium intermediate of type (23, R = OCOMe) [193,
194].

Homovanillic acid (25), which is synthesized from dopamine in rat brain, has
been labelled with oxygen-18 in vivo. The technique has been used to study
changes in brain dopamine metabolism following chloropromazine treatment
[195,196]. Cerebral oxygen metabolism has been studied in vivo in different
behavioural situations using gas mixtures of oxygen-18 with natural nitrogen
[195]. A special air-tight operant conditioning (Skinner) box has been described
that enables oxygen metabolism of rats to be measured using oxygen-18 [197].
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The rate of bicarbonate exchange across red cell membranes using rat erythro-
cytes has been measured with the aid of '20Q-labelled bicarbonate [198].
When the mechanism of the hydrolysis of sucrose by a sucrase-isomaltase
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enzyme from rabbit small intestine was studied in '®OQ-labelled water it was
shown that it was the bond between the glucosyl C-1 and the glycosyl oxygen
that was split [199]. The oxygen-18 labelled esters (26, R = COMe or COOMe)
have been used to make kinetic isotope measurements of their chymotrypsin
catalysed hydrolysis [200].

Variations in natural isotopic abundance have also been utilised. Glucose
metabolism was studied in man by measuring the marked change in isotopic
ratio (*3C : '2C) in expired carbon dioxide after oral glucose administration. The
detection of the small differences in ratio is made possible by the great sensitiv-
ity of double collector mass spectrometers [201,202]. A more detailed discus-
sion of the use of '2CO, breath tests appears in a later section.

The use of mass spectrometry in conjunction with stable isotopes in the study
of detoxification mechanisms has been reviewed [203].

STABLE ISOTOPES IN THE STUDY OF BIOSYNTHETIC PATHWAYS

The use of stable isotopes in the elucidation of pathways of biosynthesis is char-
actised by two particular features. In many cases, NMR, and in particular *3C-
NMR, has been the method of isotope detection employed. Furthermore, in
many cases the use of radioactive isotopes and their ease of detection has been
combined with the structural definition achievable by the use of stable isotopes
in conjunction with NMR. Although much of the reported work has utilised
carbon-13 in combination with carbon-14 labelling, there are, nevertheless many
instances of the use of nitrogen-15 and oxygen-18 in the study of biosynthetic
pathways.

The most rewarding procedure has involved the feeding of specifically '*C-
labelled possible precursors to an appropriate culture followed by isolation of
the metabolite(s). Screening of the product for radioactivity affords a prelimi-
nary indication of the precursors. Subsequent repetition with appropriately
13C.labelled precursors and examination of the product by NMR provides data
on the exact location in which the precursors have been incorporated without
the necessity for degradative studies. This information is adequate in many
cases to deduce the metabolic pathway. In carbon-13 studies, both proton
NMR using the satellite method, and '>*C-NMR have been employed.

Whilst there are a number of advantages in using a radioactive label in pre-
liminary experiments to establish correct experimental conditions prior to the
use of the more expensive stable isotope label, it is not essential. Indeed, in the
case of nitrogenl5 and oxygen-18 studies, the absence of a suitable radioiso-
tope rules out such a procedure. Furthermore, mass spectrometry may also
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Scheme 1.4. Some studies on the biosynthesis of cephalosporin C. Labelled compounds are

indicated as follows: ¥, sodium [1-13CJacetate [209,210]; v, sodium [2-13Clacetate [209,

210/; e, DL-[1-Y3CJvaline [210]; ¥, DL-[2-Y3C]valine [210/; =, (2RS,3R)-[4-13C}valine

[211]; o, (25,35)-[4-13C]valine [212]; 5, (28,35)-[\SN-(3-methyl-D3)]valine [213]; §,
oxygen-18 [214]

be employed for detection, either with or without the necessity for chemical
degradation.

Several useful reviews have appeared on the use of stable isotopes in bio-
synthetic studies [122,123,125,126,203—206], and on the instrumental meth-
ods employed [207]. The techniques will be illustrated in this section by a num-
ber of examples.

Perhaps the most widely studied area, and at the same time the area of most
interest to the medicinal chemist, is that of antibiotic biosynthesis. The wide-
spread interest is no doubt related to the high incorporation of carbon-13 into
bacterial or fungal metabolites and because of the high isolated yields.

The technique of carbon-13 labelling in the study of antibiotic biosynthesis
utilising NMR detection methods has been reviewed with specific reference to the
Blactam antibiotics [204]. The biosynthesis of penicillins and cephalosporins
has recently been reviewed and stable isotopes have played a significant role in
these studies [208].

The incorporation of *3C and !*N stable isotope labelled precursors into the
molecule of cephalosporin C (27) is illustrated in Scheme 1.4. The reader is
referred to the original papers for the detailed procedures and discussion of the
results. Information on the incorporation of ['?>C]acetate and various ['*C]-
valines was obtained from '3*C-NMR studies of cephalosporin C after incubation
of the culture with the appropriately labelled precursor [204,209—212]. Most
of the side chain carbon atoms where shown to be derived from acetate residues
by feeding sodium [1-'3CJacetate and sodium [2-'*CJacetate [209,210]. The
incorporation of the entire valine skeleton into both penicillin N and cephalo-
sporin C was shown by the use of (25,35)-[ *°N-(3-methyl-D;)]valine [213]. The
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findings supported the suggestion that both the f-lactam antibiotics originate
from a common tripeptide intermediate such as §{L -w-aminoadipy!)-L-cysteinyl-
D-valine [213]. When mycelial suspensions of Cephalosporium acremonium were
shaken in an oxygen atmosphere enriched in oxygen-18, and the cephalosporin
C isolated, it was shown that one atom had been incorporated at C-17 (see
Scheme 1.4) providing direct evidence of the participation of hydroxylase in the
biosynthesis of this antibiotic [214].

An interesting use of mixed radioisotope and stable isotope labelling was
demonstrated when the formation of benzylpenicillin by Penicillium chryso-
genum in the presence of L- and D-[3-'%C,!5N>*S]cystine was studied. The
penicillin isolated contained the three labels in their proportions in the precursor
when L-cystine had been added to the fermentation medium. It was concluded
that cystine was a direct precursor of penicillin, probably after reduction to
cysteine [215].

The ansamycin antibiotics have also received a substantial amount of atten-
tion, particularly because of their wide spectrum of activity. Much of this work
has been reviewed [125,205,206].

Although the use of '*C-labelled acetates and propionates had demonstrated
that they were precursors in the formation of rifamycin S it was only by the use
of various 13C-precursors and assignments of the NMR spectra that the labelling
pattern from acetate and propionate was established [216]. '*C-NMR has also
been used to establish the biosynthetic pathway of streptovaricin D; the use of
sodium [1-'>C]propionate established that the amide carbonyl was derived from
the carboxyl group of propionate [217]. The use of methionine (**C-methyl)
and sodium [1-!*C]propionate showed that geldanamycin followed the same
biosynthetic pathway as rifamycin and streptovaricin D [218].

Lasalocid A, an antibiotic produced by Streptomyces lasaliensis, is unique in
that it is a polyether antibiotic and that it contains 3 C-ethyl groups. Studies on
the incorporation of sodium [1-'3C]acetate, sodium [1-'3C]propionate, and
sodium [1-'3C]butyrate, and examination of the labelled antibiotic with '3C-
NMR, confirmed that the lasalocid A skeleton was derived from 5 acetate, 4
propionate, and 3 butyrate residues. This work provided the first example of C-
ethyl groups arising from complete butyrate units. Indeed, all 3 C-ethyl groups
arose in this way {219,220].

[6-13C]Glucose has been employed in work on the biosynthesis of strepto-
mycin [221] and neomycin [222], while the incorporation of [1-'3*C]glucos-
amine into neomycin has also been studied [222].

Studies with [1-!3CJacetate have demonstrated that acetate is the source of
the exterior carbons of the pyridine ring of nybomycin but not of the central
ring [223].

The biosynthetic proposals for the origin of the macrocyclic mould metabo-
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lites cytochalasin B (phomin) and cytochalasin D (zygosporin A) have been cor-
roborated. Incorporation of sodium [2-'?C]acetate into the former, and sodium
[1-3C]acetate and sodium [2-'3C]acetate into the latter, was studied by '3C-
NMR; rates of incorporation were determined by mass spectrometry [224].

Other examples of the use of acetate-'>C in the elucidation of structure and
biosynthesis include multicolic acid (28, R = CH,OH) and multicolosic acid (28,
R = CO,H) isolated from cultures of P. multicolor using [1-'3C}?-, [2-'3C]-, and
[1,2-'3C)acetate [225], tajixanthone, a metabolite of Aspergillus variecolor
using [1-'3C]- and [2-'3C]acetate [226], and aflatoxin B, from A. flavus using
[2-13C]- and [1,2-'3C]acetate [227]. The study of the metabolites of P. multi-
color utilised a unique method for the detection of intact acetate residues. After
feeding sodium [1,2-'*CJacetate, the presence of such residues in the metabo-
lites produced were detected by the presence of '*C—'2C coupled satellites
superimposed on natural abundance singlets in the proton decoupled *C-NMR
spectrum. It provided the first example of the use of doubly labelled acetate to
establish an intermediate aromatic precursor in the biosynthesis of a fungal
metabolite [225].

Elegant work based on double '3Cdabelling and NMR spectroscopy has
demonstrated the process by which natural type III porphyrins are biosynthe-
sized [228,229]. [2,11-'3C,]Porphobilinogen (29) was prepared enzymatically
from amino [5-'3C]laevulinic acid (30), the preparation of which had previously
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been described [230]. It was diluted with 4 parts of unlabelled material, con-
verted by a coupled enzyme system from chicken blood cells and beef liver
mitochondria into the dimethyl ester of protoporphyrin-IX (31), and examined
by '*C-NMR spectroscopy. The biosynthesis was characterised by the fact that
3 porphobilinogen units were incorporated intact to give the A, B and C rings
with their attendant bridges. The porphobilinogen unit that formed ring D was
built in with an intramolecular rearrangement; the rearranged carbon atoms
formed the bridge at C-15 (linking rings C and D).

Extensive work has been reported on '>*C-NMR studies of '*C-enriched sam-
ples of vitamin B, [231]. The enrichment was carried out by feeding S-amino
[2-'3C)laevulinic acid, S-amino [5-'3C]laevulinic acid, [8-'3*C]porphobilinogen,
L-methionine (*3C-methyl), and '3C-labelled uroporphyrinogen. The study,
which provided evidence of the location of the labelled centres in the vitamin,
showed the intact incorporation of porphobilinogen and uroporphyrinogen I
into vitamin B ,.

However, NMR has not been the only method of detection that has been used
in biosynthetic studies. Indeed, for oxygen-18, mass spectral studies have been
essential and have also been employed with deuterium, carbon-13, and nitrogen-
15. Much of the work has been reviewed [203]. Studies on the biosynthesis of
steroids have been particularly fruitful. Atmospheres of oxygen-18 have been
used to study side chain cleavage of 17-a-hydroxyprogesterone and of choles-
terol. The incorporation of oxygen in the formation of prostaglandin E, and
many other studies of biochemical interest have also been reviewed [203].
Mass spectrometry is clearly a useful method of studying products that are
formed biochemically in the presence of oxygen which can readily be replaced
by oxygen-18.

CLINICAL APPLICATIONS OF STABLE ISOTOPES

The following sections are intended to present, in general terms, an appraisal
of the scope and depth of the involvement of stable isotopes in quantitative
clinical investigations. In the majority of investigations isotope mass spectrom-
etry has been the analytical system of choice. It is not our intention to present a
critical review of experimental protocol or data handling, but primarily to indi-
cate areas of research where stable isotopes have played, and will continue to
play, an important role in clinical studies. A chronological development of
certain themes seems pertinent in many instances as much clinically orientated
isotope investigation has stemmed from work initiated during the decade 1935—
1945.

The literature cited covers isotope dilution studies, such as the use of deute-
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rium oxide for estimating total body water, and a range of metabolicalty defined
problems. In this latter category one would stress the development of !3C breath
tests in the ‘diagnostic’ field and a diversity of studies using 'N-labelled precur-
sors to monitor specific areas of nitrogen metabolism in man in both normal and
diseased states.

DEUTERIUM

Since the discovery of the heavy stable isotope of hydrogen in 1931, deuterium
oxide has been used extensively in biological and clinical investigations. It consti-
tutes an ideal tracer both for the determination of total body water and also the
study of the dynamics of water distribution and compartmental water exchange
in the human subject.

The large percentage mass difference between the two hydrogen isotopes
resulting in the deuterium ‘isotope effect’ repeatedly demonstrated at both
enzyme [232] and whole body level [233] when employing deuterium at high
concentrations, need not be amplified at this point. The oral or intravenous
administration of 200 g D,0 to an adult human male subject will increase the
plasma deuterium concentration to approximately 0.5%. Natural levels of deute-
rium oxide in plasma range between 0.0145 and 0.0155% depending on diet and
source of drinking water. To date, few untoward effects of deuterium oxide
administration to human subjects at the 200 g level have been reported. In five
subjects studied [234], vertigo occurred some 30 min after ingestion of deute-
rium oxide and in another report [235] nystagmus (involuntary oscillating
movement of the eyeballs) occurred in all 10 male subjects investigated. There
has been an isolated account of a transitory increase in a gradually developing
presbyopia [234].

Total body water — variation with age

The accuracy with which total body water can be measured depends on the uni-
formity of distribution of the deterium oxide throughout the water compart-
ments of the body and the precision with which the concentration of deuterium
can be measured in a given body fluid. As early as 1959 it was demonstrated
that salivary glands concentrated deuterium above the level in serum, following
the administration of label to normal pregnant women [236]. This fact has been
repeatedly questioned by various workers [237] on the grounds of possible con-
tamination of the salivary distillate, required for deuterium analysis by the
‘falling drop’ method employed. More recently the use of isotope mass spec-
trometry has provided unequivocal evidence that in both the rat {238] and man
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[239,240], urine and the aqueous phase of the plasma are differentially enriched
in deuterium with respect to the drinking water normally consumed. A practical
implication of these findings is that it is necessary to compare the deuterium
content of the same body fluid before and after the administration of label, if
accurate estimates of body water are to be obtained.

A variety of analytical methods have been employed for the estimation of
deuterium in biological fluids in the context of total body water measurements.
These include the falling drop method [241], freezing point elevation [242],
infrared spectroscopy [243], gas chromatography [237] and mass spectrometry
[240,244]. A range of accuracy between +0.5—5.0% is claimed from these vari-
ous techniques in the overall protocol of body water measurement.

The introduction of deuterium oxide into the body results in the exchange
with H,0 molecules to form HDO. In addition D atoms will exchange with labile
hydrogen atoms of carboxyl, hydroxyl, amino, imino and sulphydryl groups of
organic molecules. Exchange does not normally occur with hydrogen atoms
bound directly to carbon [245]. The result of these exchanges will be an appar-
ent increase in the ‘volume of dilution’ of the administered tracer, a lowering of
the equilibrated deuterium concentration and hence an overestimate of total
body water. It has previously been estimated that this error will represent a
water equivalent of 0.5-2.0% of body weight [246]. More recently a com-
prehensive treatment of a theoretical calculation of the total non-aqueous
exchangeable hydrogen in protein, fat and carbohydrate in man has been pre-
sented [247]. It was demonstrated that 5.2% of total exchangeable hydrogen in
the body is accounted for by water-soluble components. This represents the
maximum possible overestimate of total body water using deuterium oxide. It
is apparent from comparative isotope dilution—desiccation studies that the 2—4
h period of equilibration in total body water measurements does not permit
complete exchange to occur. It is suggested that the slowly exchanging protein
amide hydrogens may account for the discrepancy [248].

Validation of body water measurements, using dilution principles and either
of the hydrogen isotopes, can only be achieved from complementary desiccation
studies. In fact it has been repeatedly demonstrated in animals that the volume
of dilution of deuterium oxide corresponds closely to the total body water space
[249—252]. A single report has suggested that the difference between isotope
dilution using tritium and desiccation, was statistically significant in the rat
and that the former method overestimated body water by 12% of the desicca-
tion value [253].

As a generalisation, it is true to state that, when water content is expressed as
a percentage of body weight, a continual dehydration of the body occurs from
developing foetus to late adulthood. At a gestational age of one month, the
foetus is more than 90% water, but at birth published figures estimate a water
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Table 1.2. VARIATION OF TOTAL BODY WATER WITH AGE, EXPRESSED AS A
PERCENTAGE OF BODY WEIGHT, IN HUMAN SUBJECTS. MEASUREMENTS
FROM ISOTOPE DILUTION STUDIES

Age Sex No. of Condition Body water as Reference
subjects % body weight
1d M 1 Full term 78.6 255
14d M 1 Full term 79.6 25723
3d F 1 Full term 78.8 255
4m M 1 Post meningitis 70.7 255
18-32y M 17 Normal 61.8+3.5 259
18-31y M 20 Normal 64.0+3.2 ~-b
20-31y F 11 Normal 51947 259
21-33y F 20 Normal 53.5+3.5 -b
12-59y F 27 Obese 40.3 262
(range 27.1-65.2)
46y M 1 Skull fracture 55.1 2638

2 Cadaver desiccation.
b D. Halliday (unpublished data).

content of 73—79% [254—256]. These estimates are in fairly close agreement
with results obtained by desiccation of full term cadavers [247,258]. There is a
gradual relative loss of water during the first 6 months of life and thereafter in
early childhood values ranging between 53 and 63% have been presented that
show no correlation between age and sex though correlations exist between
body weight and surface area and the actual values of body water expressed as
litres [255]. Sex differences are manifest in adults as demonstrated by results
obtained by isotope dilution and mass spectrometric analysis of deuterium
[259]. The differences in water content undoubtedly result from the relatively
greater lean body mass (muscle) in the male, of high water content [260] and
the corresponding greater adipose tissue mass, of low water content [261], in
the female subject. These differences are exaggerated in trained male athletes
whose body water may account for 72% body weight, whilst in grossly obese
women water may represent less than 30% of body weight. A summary of total
body water estimates obtained by isotope dilution and desiccation at various
ages are presented in Table 1.2.

Body water changes during pregnancy
An increase in body water accounts for a large percentage of weight gain exhib-

ited during a natural pregnancy. This occurs as a result of placental and foetal
development, the formation of amniotic fluid and an increased maternal plasma
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volume. The development of general or localised oedema is not uncommon
during pregnancy, due to an increase in the extracellular water space. Deuterium,
lacking radiation hazard, is obviously the tracer of choice in this instance, not
only to monitor serial changes in total body water during pregnancy and post-
partum, but also to investigate maternal—foetal—amniotic water transfer.

Three groups of investigators have used deuterium oxide to follow the reduc-
tion in maternal total body water from late pregnancy to post-partum [264—
266]. Mean water loss was approximately 6 1 though the range was large (0—14.2
1) and the number of women studied was few.

In a more recent comprehensive study involving 93 women, total body water
was estimated on four occasions during pregnancy and also post-natally [267].
The mean water gain during pregnancy was found to be 8.5 kg. Women exhibit-
ing no oedema gained least, those with generalised oedema most and those with
localised leg oedema gained an intermediate amount.

The exchange of water within the tripartite system of developing foetus and
maternal and amniotic fluids has been investigated with deuterium oxide alone
or in conjunction with tritium. Variation in the rate of transfer of water to the
foetus and placenta (per unit weight) with respect to gestational age have been
monitored [268]. In both cases a 5-fold increase in water transfer was observed
between 14 and 35 wk gestation with a rapid decrease before term. An alterna-
tive approach using both hydrogen isotopes injected into the amniotic sac prior
to delivery, has provided further information [269]. In early pregnancy, water
exchange between amniotic fluid and mother is quantitatively equivalent to the
mother to foetus exchange. In late pregnancy however the foetus assumes a
dominant role in this transfer such that some 40% of water transfer from amnio-
tic fluid to mother is through the foetus. It was calculated that at term, the
water exchange between mother and foetus is of the order of 3.5 1/h.

Body composition and energy balance

To the clinician, the accurate measurement of total body water (TBW) can pro-
vide indirect information concerning whole body composition and energy
balance. Desiccation measurements performed on eviscerated guinea pigs in 1945
[270] led to the almost universal acceptance of the fact that lean body mass
(LBM) was of constant composition — and additionally, contained all of the
body water. Thus the extracellular water associated with adipose tissue was
neglected and the water content of lean body mass taken as 73.2%. The follow-
ing simple formula, which was readily applied to man, provided an indirect
estimate of body fat:

TBW(kg)

Fat(kg) = Body weight(kg) — —— =~
at(kg) = Body weight(kg) 5732
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Credance was given to this formula from 6 whole body chemical analyses per-
formed on adult cadavers where the mean water content of LBM was 72.5%
(67.4-77.5%) {271]. That the use of this formula, even for subjects of normal
body composition, may be an oversimplification leading to significant errors
has been stressed [272]. Certainly it is inapplicable to individuals exhibiting
oedema, malnutrition, obesity or during pregnancy. The study of obesity with
respect to body composition, has prompted the development of a new model for
calculating adipose tissue and adipose-free masses [261]. The model still requires
the measurement of total body water and its application to 4 normal and 5
obese individuals has been presented [273].

The control of energy balance in man is obscure and the study of energy
balance is complicated by the fact that alterations in body weight may reflect a
change in energy stores or an alteration of total body water, or both. As direct
methods for the estimation of body fat or protein in human subjects are lacking
the state of hydration assumes importance in energy balance studies. The total
body water of an adult male is approximately 40 kg and the energy value of adi-
pose tissue is some 7000 kcal (29 MJ) per kg. Thus if total body water can be
measured to 200 g (0.5%) then the error incurred in measuring energy balance
is only 1400 kcal (5.8 MJ).

Intercompartmental water movement

The rate of water exchange between discrete body fluid compartments can be
estimated from the rate of appearance or disappearance of deuterium oxide into
or from a given compartment. Two possibilities exist; the intravenous injection
of deuterium oxide and thence monitoring its rate of appearance in the water
compartment under investigation, or a direct reversal of this procedure. If, for
instance, the label is injected into a synovial capsule and exchange with the
blood occurs at a constant rate, then an exponential decay curve of isotope con-
centration within the capsule may be constructed. This of course assumes no net
transfer of water over the measurement period. The exponential decay constant
will reflect both the fluid volume within the capsule and the capsule—blood
water exchange rate (per unit time). Decay rate constants have been deter-
mined for the aqueous and vitreous compartments of the eye in the rabbit and
monkey [274] and for cerebrospinal fluid in man [275]. The time required to
reduce the deuterium concentration by one-half (¢,,) for cerebrospinal fluid
was found to be 1.5,8-11 and 18—-26 min at the cisternae, ventricular and lum-
bar regions respectively. These investigations were performed during cranio-
tomies and involved the additional use of radioactively labelled sodium chloride.
The use of both isotopes permitted definitive statements to be presented regard-
ing the formation of cerebrospinal fluid. This work was later confirmed when
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deuterium oxide was instilled into the lateral ventricles of patients with hydro-
cephalus and shown to equilibrate rapidly with cerebrospinal fluid, via the
blood, in the lumbar region [276].

Water uptake from the stomach has been investigated using deuterium oxide
[277]. In eight normal subjects the disappearance rate of administered label was
found to be 2.5% per min giving 95% disappearance at approximately 54 min. In
a separate study [278], it was calculated that the net absorption of water from
the stomach amounts to 230 ml per h. It was also demonstrated that this water
movement is somewhat reduced in patients exhibiting gastric atrophy.

In terms of the whole body, the dynamics of distribution of deuterium oxide
between blood and extravascular water have been determined following the
intravenous injection of the label [259]. The plasma pre-equilibrium concentra-
tion curve plotted semi-logarithmically with respect to time was composed of 2
exponentials, described by the equation:-

C,=Ae™MP+ pe 2t ¢ Ceq

where C, is the concentration of deuterium in arterial serum at time ¢, Ce is the
concentration in arterial serum at equilibrium; 4 and B are constants and X, and
A\, are rate constants for the two components of the curve. The half-lives of
these two components were calculated to be 1.25 and 9.5 min. Whilst these two
curves undoubtedly represent an oversimplification of isotope exchange between
intra- and extra-vascular compartments, it has been suggested that they may
reflect groups of ‘fast’ and ‘slow’ capillaries [279], or alternatively differential
rates of transmembrane water movement [259]. Additional information result-
ing from these studies has demonstrated that the half life of deuterium in a nor-
mal adult is 9.3 + 1.5 days.

Finally in this broad area of study two isolated and unrelated applications of
deuterium oxide may be briefly mentioned. Haemodialysis constitutes the nor-
mal treatment used as a prelude to renal transplantation. Peritoneal dialysis,
however, provides a method for alleviating temporary renal failure. Deuterium
oxide has been used to determine the kinetics of water equilibration between
the body water and dialysis fluid in an attempt to improve the efficiency of
peritoneal dialysis [280].

Deuterium has also been employed to investigate the quantitative movement
of water through the skin as this may have some bearing on the environmental
conditions under which certain groups of patients are maintained [281]. An
extension of this type of study is the potential use of deuterium oxide or deu-
terated pharmaceuticals to study the absorption efficiency of percutaneous
drug administration.
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Biochemical investigations

In estimating total body water by isotope dilution using deuterium oxide, an
error (an overestimate) arises if the exchange with labile hydrogen atoms
attached to atoms other than carbon is ignored. In addition to this labile
exchange during equilibration, deuterium will be incorporated into the molec-
ular skeleton of organic species as normal synthesis proceeds, whilst unlabelled
hydrogen will be returned to the ‘pool’ as a result of the oxidation of fat and
carbohydrate. These synthetic and catabolic processes would, however, contri-
bute an insignificant error in measuring total body water, over the time period
required for the equilibration of administered deuterium oxide. The potential
use of these latter reactions received much attention in the late 1930’s for estim-
ating the synthesis and degradation rates of fatty acids in animals [282], whose
body water was maintained at an elevated equilibrium level of deuterium for a
considerable period. Plasma plateau labelling is normally achieved with a prim-
ing dose of deuterium oxide followed by daily supplements to maintain the
equilibrium level in the face of water intake. This protocol has been applied to
human subjects to estimate the rate of serum cholesterol synthesis [234, 283].
In both reports, similar results were obtained (#,;, =812 days). In the earlier
study the level of enrichment attained in the serum cholesterol was lower than
that subsequently found. The discrepancy probably results from the fact that in
the first report a single subject was on a relatively cholesterol-rich diet and that
the actual deuterium estimations were performed on the digitonide derivative.
Both these events would act to depress the level of deuterium as measured in the
cholesterol. Using this experimental technique and feeding either high choles-
terol or cholesterol-free diets, it was possible to confirm earlier work in demon-
strating an apparent lack of any feedback control of endogenous serum choles-
terol synthesis [284]. This experimental approach is of course not limited to
cholesterol metabolism but may be applied to human subjects to study fatty
acid metabolism in a manner analogous to that used in rats with tritium label
[285].

The use of deuterated pharmaceuticals to study intermediary drug metabo-
lism with GC—MS analytical techniques has increased enormously in the last
decade and has been discussed in a previous section. Quantitative isotope mass
spectrometry may well come into its own in this field in the near future for
general screening. Whilst individual metabolites cannot be monitored, the total
deuterium excreted in the urine can be accurately measured and thus provide a
good indication of the excretion time course of total deuterium label.
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CARBON-13
Breath tests

In recent years the development of **CO, breath tests have provided the clini-
cian with another way to employ stable isotopes in diagnosis. The rationale
behind these tests is that a patient presenting a metabolic disorder may oxidise a
specific *3C-labelled substrate more slowly or more rapidly than a normal sub-
ject. Thus the '3CO, breath test relies on the choice of a specific '>C-labelled
substrate where the cleavage of a ‘target’ bond results in the release of a func-
tional group destined to produce '3CO, as a metabolic end product. The appear-
ance of an excess of '>CO, in exhaled air provides an indication of both the rate
and extent to which the ‘target’ bond has been acted upon enzymatically. Obvi-
ously this type of test can only provide an overall assessment of the particular
metabolic disorder being investigated. An excess of '*CO, may appear in
exhaled air as a result of the oxidation of acetate in the tricarboxylic acid cycle,
the oxidative decarboxylation of pyruvate or the oxidation of the first carbon of
glucose-6-phosphate in the pentose shunt. In addition, the chosen substrate may
be subjected to initial hepatic transformation and, if the label is administered
orally, absorption rates must be considered. Methods for the collection of *3CO,
in exhaled air for mass spectrometric isotopic analysis have been previously pre-
sented (p.26). Table 1.3 lists some of the specific **CO, breath tests of diag-
nostic interest that have been applied to human subjects. Theoretical and practi-
cal implications of breath tests involving the use of !*C-labelled substrates have
been comprehensively reviewed with respect to various metabolic disorders
[286].

To date, the development of breath tests has evolved around either glucose
tolerance tests in obesity and the diabetic state, or the investigation of liver

Table 1.3. CLINICAL APPLICATIONS OF THE '3C0O, BREATH TEST

Substrate Application Reference

[13C, ] Dimethylaminopyrine Hepatic microsomal function 290

[U-13C]Galactose Alcoholic cirrhosis 293

[U-13C]Glucose Normal, diabetes 201,301
(natural abundance)

[U-13C]Glucose Diabetes (children) 294

[ 13C;]Glycocholate Bacterial overgrowth 292

(small intestine)
[13C3] Trioctanoin Fat malabsorption 287
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Figure 1.7. Direct comparison of the 13C and 14C content of expired air following the
simultaneous administration (oral) of [13CJ- and [14C]trioctanoin, Normal subject: o,o;
malabsorption patient: e,u

and gastrointestinal disorders. Of interest in the latter category is the develop-
ment of a sensitive test for fat malabsorption which has been applied to 9 chil-
dren between the age of 3 months and 5 years [287]. [**C]Trioctanoin, a
medium chain fatty acid, was administered orally, and the exhalation of **CO,
monitored for 4 h. (Carboxyl-*3C)Jabelled trioctanoin absorption in the gastro-
intestinal tract leads to the rapid appearance of '*CO, in exhaled breath. The
presence of malabsorption, resulting in the excretion of administered label into
the colon, is manifest by a marked diminution in the production rate of '*CO,.
In control children some 25% of the label was excreted in 2 h, whilst in children
exhibiting fat malabsorption (cystic fibrosis and steatorrhea) only 3.5% of the
label was excreted. The authors stress the specific advantages of this test as
applied to a pediatric population for both mass screening and diagnostic poten-
tial. Figure 1.7 shows a comparison of the excretion of >*CO, and '*CO, after
simultaneous oral administration of both ['3C]-and ['*C]-trioctanoin. Routine
adoption of this malabsorption test would preclude the necessity of the more
conventional 3—4 days stool collection and analysis following a fat load, requir-
ing in-patient supervision in a metabolic ward.

Studies of an analogous nature to the 'C-labelled trioctanoin breath test have
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been reported and are all of clinical interest. The metabolism of chemothera-
peutic agents by the liver and their effect on either induction or inhibition of the
hepatic microsomal mixed function oxidase enzyme system have been investi-
gated in man using [**C]dimethylaminopyrine (DAP) [288,289]. These tests
have now been extended to be applicable to a wider range of the population
with the use of ['*C]DAP [290]. The oral administration of [**C]DAP to 4
normals and 5 patients with cholestatic liver disease followed by half-hourly
13C0, breath analysis, demonstrated the rate of N-demethylation of [**C]DAP
and provided information regarding the hepatic microsomal functional mass.
The administration of phenobarbitone increased the production of '*CO, in
both normal and diseased subjects which is in agreement with the findings from
equivalent radioactive studies [288].

The rate of clearance of a galactose load from the circulation provides a sen-
sitive indication of possible hepatic dysfunction and readily discriminates
between cirrhotic and non-cirthotic subjects [291]. Estimations of the rate of
oxidation of an orally administered galactose load to expired 'CO, using a
13C label provide diagnostic information analogous to that obtained from galac-
tose clearance studies. Initial investigations using both [**C]- and [**C]galactose
[92] have been reported showing that the mean rates of expiration of labelled
CO, by the patients with cirrhosis were one-third to one-half of mean normal
rates, during the first 90 min, following galactose administration. Further it was
found that peak labelling of expired !*CO, was achieved one hour later in
cirrhotic patients compared with normals.

Another study, recently performed, has compared the results obtained in
terms of bacterial overgrowth or ileal dysfunction in adults presenting a variety of
gastrointestinal diseases using both [**C]- and [*3C]glycocholate [292].14CO,
and '3CO, measured by scintillation counting and mass spectrometry respectively,
were evolved in direct proportion (r = 0.962), and deconjugation of 5—10% of
the administered glycocholate was demonstrated. In a child with an ileal bypass
of some 100 cm, almost complete deconjugation was found. Admittedly the
13CJabelled substrates used in the above investigations are not readily available
at present, but it will only be by clinical demand for these diagnostic tests that
commercial organisations may be persuaded to undertake the necessary syn-
theses.

The development of the ['3C]glucose tolerance breath tests probably pre-
sents far greater problems in terms of interpretation of results than the exam-
ples cited above where use is made of a single substrate to investigate a specific
metabolic area. Thus, variation of the rate of appearance of *>CO, in exhaled air
following a ['3C]glucose load will represent the combined effects of absorption,
the formation of trioses, the decarboxylation of pyruvate, oxidation within the
pentose shunt or the effect of gluconeogenesis. Various workers have shown that
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the rate of oxidation of *3C-labelled glucose to *3CO,, when administered with a
glucose load, is low in obese patients with variable glucose tolerances, in non-
obese, non-ketotic diabetic patients with major glucose intolerance [293] and
in untreated diabetic children [294]. In the case of the moderate diabetic adults,
the '3CO, data suggest the reduced excretion reflected a failure to reduce gluco-
neogenesis following a glucose load, rather than a specific impairment of the
glucose oxidation system. Corroboration of these findings may be obtained using
13C.labelled pyruvate or lactate [294]. Untreated diabetic children who received
a single injection of insulin showed a rapid response in the rate of *CO, expira-
tion, and 2—3 days of insulin treatment resulted in both the time course and
peak values of 3CO, excretion being within the normal range [295]. These
authors suggested that the differences observed in '*CQ, excretion between nor-
mal and diabetic children may be explained in terms of variable pool size and
increased production, but decreased oxidation, of glucose. Renal losses of glu-
cose were negligible in the diabetic children studied.

A group of Belgian workers have recently produced a series of papers demon-
strating the use of naturally occurring [*>C]glucose obtained from maize, for
oral glucose tolerance tests. Plants effect photosynthesis either by the Calvin
pathway [296] or via the dicarboxylic acid pathway [297]. As a result of the
selective isotopic effect [298] plants photosynthesizing by the latter pathway,
such as maize or sugar cane, have a 6'3C of 18%o compared to beet sugar with
8'3C of approximately 4%. Using this readily available natural label preliminary
glucose oxidation estimates were performed in rats [299,300] and the devel-
oped methodology applied to human subjects. Initially 6 normal male subjects
were used to demonstrate a marked, reproducible rise in '*CO, expired air,
which reached a maximum in 4 h, and was still detectable at 8 h [201]. These
studies have been extended to diabetic patients, and additional measurements of
blood glucose and respiratory quotient permit the comparison with normal sub-
jects of total glucose oxidised and the fraction of exogenous glucose oxidised
following the oral load [301]. That the rise in expired '*CO, seen in normal
subjects may be due to a reduction in lipid oxidation in addition to the increased
utilization of endogenous glucose has been suggested [201]. It has previously
been demonstrated in both plants [302] and animals [303] that variations in
respiratory '3CO, content can reflect the origin of the primary endogenous sub-
strate undergoing oxidation. The possibility therefore exists that similar
measurements may complement respiratory quotient estimates in human subjects
exhibiting various metabolic disorders.

The advantages of non-invasive '3CO, breath tests in diagnosis, therapeutic
monitoring, mass screening potential and simplicity of protocol are numerous.
However, on the debit side, the 3CQ, content of respired air fluctuates even in
the fasting state with a standard error of some +0.7%o [304]. In practical terms
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this means that the expired '*CO, must be greater than 1.4% during a 6 h study
in order to attain significance at the 95% level. In turn this requires a minimum
substrate oxidation rate of 140 nM kg™ h™!, but for the true diagnostic poten-
tial, an order of magnitude greater than this is desirable. As outlined above, the
major applications of 3CO, breath testshave centred around gastrointestinal and
hepatic disorders and glucose metabolism in obese and diabetic patients. It is a
matter of conjecture whether further metabolic disorders may be approached
in a similar manner in the future.

Glucose metabolism

The commercial availability of [*3C]glucose, variously labelled, has permitted
the use of this substrate in quantitative estimation of glucose turnover in both
the human newborn and in malnourished and hypoglycaemic children. Imme-
diately post-partum, the newborn infant must be in a position to provide its own
supply of glucose, be it from hepatic glycogen stores or via gluconeogenesis. The
use of a prime-constant-infusion technique [305] with [1-'3C]glucose as tracer
has permitted quantitation of glucose production in the human newborn [306].
Employing this technique, a steady state of plasma '*>C was obtained within 1 h
of the infusion and maintained for at least 30 min. The calculated systemic
glucose production rate in 2 h infants was 4.4 mg kg™ min™" whilst at 1 day the
rate was slightly lower (3.8 mg kg™ min™). An interesting observation from
these studies was the dilution of fasting glucose 3C in the 1 day (}3C =27.5)
compared to the 2 hold infant (*3C = 16.3). This may indicate different sources of
glucose or possible enzymatic fractionation during glucose metabolism.

In an independent study, glucose flux was measured in 5 severely mal-
nourished infants of 1 to 2 yr old using the primed constant infusion technique
with [U-'3C]glucose as tracer [307]. Glucose flux was estimated at 3.0 mg kg™
min~! (range 1.8—4.4) in the malnourished state and not significantly different
in the same infants after recovery, 2.7 mg kg™ min™" (range 2.4-3.2).

Miscellaneous

The potential use of '3C-labelled compounds in clinical research has not yet
been fully appreciated. There is an increasing demand for !3C-labelled amino
acids to complement 'SN studies of human nitrogen metabolism in addition
to '3C fatty acids, which would permit the study of fatty acid and triglyceride
metabolism to be extended to patients in whom the use of *4C analogues are
ethically unacceptable. One of the few reports involving the use of '3C-labelled
fatty acids employed palmitic and oleic acids to study fat absorption in a
patient with chyluria [308]. These investigators fed (carboxyl-'*C)-labelled
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palmitic or oleic acids as free acid or triglyceride ester to the patient and fol-
lowed their incorporation into different lipid groups of the lymph. The absorp-
tion of these fatty acids was almost complete in all studies and comparison of
the *3C content of administered acids and the extracted lymph lipid fatty acids
indicated that approximately 90% of the chyle triglycerides were of dietary
origin. Whilst this particular study was made possible by the presentation of a
rare clinical condition, it points the way for future studies on fatty acid meta-
bolism in human subjects. For instance, it has been recognised since the early
1930’s that pregnancy is accompanied by an increase in the lipid fractions of the
plasma {309] and more recently, elevation of plasma cholesterol, triglycerides,
phospholipids and free fatty acids has been confirmed [310—312]. The applica-
tion of experimental procedures, involving the constant infusion of label,
designed for use with #C tracers [313] could be applied to patients pre- and
post-partum to monitor plasma free fatty acid and triglyceride transport in preg-
nancy.

NITROGEN-15

Urea and ammonia

It was first demonstrated in the rat that urea nitrogen could be utilized as a non-
essential nitrogen source for protein synthesis, given an adequate supply of
essential amino acids, in the absence of additional exogenous nitrogen [314].
Within 3 yr, it was reported that approximately 20% of the urea synthesized by
normal man is degraded in the gastrointestinal tract [315]. This hydrolysis to
ammonia is effected by ureases from the intestinal flora [316] whose action may
be inhibited by the administration of broad-spectrum antibiotics [317]. In
health, 3—4 g per day of ammonia nitrogen are derived from hydrolysed urea
and may be utilized for protein synthesis [315,318].

The ammonia enters the portal vein and mixes with the metabolic nitrogen
pool of the body. The fixation of this ammonia nitrogen into arginine, glutamic
acid and glutamine and aspartic acid represents a net contribution to nitrogen
balance. The alternative fate of this ammonia is its conversion to urea prior to
renal excretion. Thus the use of !*N-labelled ammonium salts or [**N]urea
forms the basis of several common lines of clinical investigation.

[!5N]Urea was used to maintain a normal growth rate in protein-deprived
infants and the label was shown to be present in both haemoglobin and plasma
protein [319]. In an analogous situation of protein depletion, uraemic patients
had improved nitrogen balance when fed only urea and 2 g of essential amino
acid nitrogen [320]. This group later demonstrated the incorporation of [1*N]-
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urea into amino acids of patients with chronic renal failure who were main-
tained on low nitrogen diets [321]. It is in the study of specific areas of nitrogen
metabolism, in malnourished children and uraemic patients that ['5N]urea and
ammonia have been most widely employed.

Early studies with ['*N]ammonia in animals [322,323] and later in uraemic
and normal adults [324] have shown that restriction of dietary nitrogen intake
results in a greater retention of ['*N]ammonia than in the corresponding control
subject. In healthy individuals, the more severe the protein restriction, the
greater was the incorporation of ['*N]ammonia into plasma albumin, with a
correspondingly smaller recovery of label in urine and faeces. In comparison,
two 9 month protein-restricted stable uraemic patients incorporated 3—5 times
as much ['*N]ammonia into plasma albumin as did healthy individuals after 3
wk on a low protein diet. These authors calculated from their results that incor-
poration of ['N]ammonia into plasma albumin had a theoretical protein equi-
valent of 4.5—6 g [324]. They further indicated that uraemic patients might
increase the reutilization of urea nitrogen if provided with dietary keto-acid
analogues of essential amino acids, with the exclusion of other exogenous nitro-
gen, (except lysine and threonine). This possibility had been alluded to pre-
viously [325]. Experimental support for this concept was later obtained when,
on feeding ['N]ammonium chloride and a-ketoisovaleric or f-phenyl pyruvic
acid to healthy and ureamic subjects on a low protein intake, nitrogen balance
became less negative [326]. Further, the incorporation of SN into valine of
plasma albumin was increased when a-ketoisovaleric acid was included in a
valine-free diet. A similar increased incorporation of 15N into both essential and
non-essential amino acids occurred. Results obtained with f-phenylpyruvic acid
were less conclusive.

An approximate quantitative assessment of the extent of urea nitrogen utili-
zation may be obtained from the literature cited above. The absolute rate of
urea nitrogen utilization for albumin synthesis has been determined by the use
of a single combined injection of ['*NJurea, ['*CJurea and '2?°I-labelled
albumin in 10 ureamic patients and normal subjects [327]. Urea synthesis was
determined from the dynamics of plasma [**Clurea specific activity. Urea
metabolism was then estimated from the relative rates of urea synthesis and urea
appearance in urine and body water. Deconvolution analysis of plasma albumin
15N enrichment and !2°1 specific activity with time gave the cumulative incorpo-
ration of !°N into total exchangeable albumin and permitted calculation of the
absolute rate of urea nitrogen utilization for albumin synthesis. This rate was
shown to be much higher in uraemic patients (mean 83.8 umol h™) than in con-
trols (mean 6.4 umol h™) as was the efficiency of utilization of urea nitrogen
for albumin synthesis, 1.3% and 0.2%, respectively. Taken in conjunction with
earlier studies, however, these results suggest that restriction of dietary protein
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in uraemia does not increase the reutilization of urea nitrogen for protein syn-
thesis to a level of physiological significance. This protocol when applied to a
patient with the gastrointestinal blind loop syndrome again demonstrated both
increased urea hydrolysis and use of urea nitrogen for albumin synthesis com-
pared to the normal subject [328].

Nitrogen metabolism in uraemic patients before and after dialysis has been
investigated using [**N]urea [329]. Results presented inferred that the effect of
dialysis was to increase the incorporation of !*N from labelled precursors into
plasma and muscle protein despite the reduction of total non-protein nitrogen in
body fluids, resulting from the dialysis. Alterations in the pattern of labelling of
plasma and muscle protein as a result of dialysis resembled changes observed in
uraemic patients fed low protein diets supplemented with essential amino acids
and similarly, the negative nitrogen balance was reduced.

In another study this group of investigators have shown that urea nitrogen
can be utilised for muscle protein synthesis in uraemic patients and that the
administration of essential amino acids stimulated the utilization of nitrogen-
containing metabolites for protein synthesis [330]. The !*N content of amino
acids from hydrolysates of plasma and muscle protein following the intravenous
administration of [**N]urea in ureamia, post-traumatic catabolism and in a nor-
mal subject were compared [331]. The distribution of label in amino acids sup-
ported the hypothesis that histidine is an amino acid which is essential in severe
uraemia.

The fate of labelled ammonia and urea in children in the acute stage of maras-
mus and kwashiokor has been reported [332]. In the two forms of malnutrition,
retention of both labels was high although ammonia nitrogen was retained to a
greater extent than urea nitrogen. Additionally, it was shown that in marasmic
children, oral ['*N]ammonia or intravenous injection of [**N]urea resulted in
both plasma proteins and erythrocytes becoming labelled. This did not occur in
recovered children. In this study, highly labelled urea was used which when
hydrolysed in the body would yield two ! SNHj;-labelled molecules. The chances
of recombination of NHj-labelled molecules, within a vast pool to reconstitute
doubly labelled urea are remote. Analysis of >N content of urea nitrogen can be
effected by direct reaction with hypobromite. This is a monomolecular reaction
[333] such that both atoms of a nitrogen molecule are derived from a common
urea molecule. As a result, urea retains its isotopic identity and measuring the
ratio of nitrogen molecules of masses 29 and 30 provides an estimate of the rate
at which newly formed urea is produced from ammonia that was derived from
the administered [**N]urea. In the normal child, the m/e 30/29 ratio decreased
exponentially, indicating that a constant proportion of body urea was being
degraded and resynthesized. In a marasmic child however, the ratio was not
exponential in decline and fell at a faster rate compared to the normal.
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Quantitative studies of urea metabolism in malnourished and recovered chil-
dren were designed to measure urea synthesis rate, the extent of urea recycling
and its utilization for protein synthesis [334]. Estimates of these parameters
were obtained on high and low dietary protein. [!*N]urea was administered by
intragastric tube until a plateau enrichment was obtained for urinary urea N, and
by inference in the urea precursor pool. Calculations were based on the level of
urinary urea N at plateau. In 6 recovered children fed high protein, 68% of urea
produced was excreted whilst of the remainder 50% was used for protein synthe-
sis and 40% for resynthesis into urea. The remainder was accounted for as other
metabolic processes. On reducing the protein intake, retention of synthesized
urea was 70% of which only 9% was recycled as urea. The remainder was used
for protein synthesis and other metabolic processes. Malnourished children
showed similar trends in [**N]urea handling though a greater amount of urea
nitrogen was channelled into metabolic processes other than protein synthesis.
Clearly these results demonstrate a far greater utilization of urea nitrogen for
protein synthesis than reported in adults [327].

In isolated studies, !*N labels have been employed to investigate inherited
enzyme defects. Thus it has been reported that the excretion of SN label follow-
ing the oral administration of !5N-labelled ammonium chloride or urea, was ele-
vated in an infant with congenital hyperammoniumaemia [335]. This condition
results from a low hepatic carbamoyl phosphate synthetase activity. Despite the
difference in isotope excretion pattern compared with matched controls, no spe-
cial metabolic handling of the labelled ammonia was elucidated. A similar nega-
tive result was obtained in a male patient with argininosuccinic aciduria. The
rates of synthesis and excretion of labelled urea, following an oral dose of [*°N]-
ammonium lactate, were quantitatively similar to those obtained in a control
subject [336]. This result was achieved despite the fact that the hepatic activity
of arginosuccinase in the affected patient was less than 10% of normal. A later
investigation in the same patient employed [*C]citrulline and [**N]ammonium
lactate to monitor the appearance of both labels in argininosuccinic acid and
urinary urea [337]. Whilst a precursor-product relationship was obtained
between plasma citrulline and urinary argininosuccinic acid, no such relationship
was found between argininosuccinic acid and urea. It was thus suggested that a
large proportion of the urinary argininosuccinic acid was from extra-hepatic
synthesis.

Creatine—creatinine
Early studies showed that when rats were fed ['*N]creatine it was deposited in

the tissues and the extent of *SN-labelling of urinary creatinine indicated that it
originated from creatine [338]. On feeding [*$N]creatinine, rapid urinary excre-
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tion followed, and no labelling of body creatine was observed, indicating that
creatine—creatinine conversions were biologically irreversible. When a human
subject was fed isotopic creatine for 38 days followed by [!*N]guanidoacetic
acid for 10 days, on an otherwise creatine-free diet, the rate of endogenous crea-
tine turnover was calculated to be 1.64% per day [339]. These investigators also
showed, in a separate study, that the administration of methyltestosterone
increased the rate of creatine synthesis in the body [340].

In a variety of clinical situations, it is important to have an estimate of muscle
mass and to be able to monitor changes in this large protein pool. The most
widely used method to obtain this estimate is based on a 24-h creatinine excre-
tion [341]. The relationship found between daily creatinine output and muscle
mass has been variously expressed by authors [342—344], though the validity
of this procedure has been questioned [345].

The basis of this relationship is that urinary creatinine is the only degradation
product of creatine phosphate [338] that cardiac and skeletal muscle contribute
more than 90% of body creatine [346] and that creatine phosphate to creatinine
degradation occurs at a fixed rate (non-enzymatically) [347]. Thus normally,
the rates of formation and excretion of urinary creatinine would depend on the
size and turnover rate of the creatine pool, and the relationship between muscle
mass and creatine excretion would depend primarily on muscle creatine content.

Recently a study to investigate the validity of the concepts outlined above
has been performed on 8 children who had recovered from protein calorie
malnutrition [348). Intravenous ['*N]creatine was used to label the creatine
pool whose turnover rate was calculated from the single exponential decay
curve of urinary [*°N]creatinine. Muscle mass was estimated from the creatine
pool size and muscle creatine content obtained by analysis of percutaneous
muscle biopsies. Results obtained from this study showed that creatine turnover
was 2.1% per day (range 1.5—2.6) and that muscle creatine concentration was
2.5 pg per ug DNA (range 1.7—3.9). Muscle mass expressed as a percentage of
body weight varied from 15 to 37 and the muscle mass equivalent to a daily
excretion of 1 g of creatinine from 14 to 32 kg (mean 18.6 * 6.6 kg). This mean
value of 18.6 kg of muscle per gram of daily urinary creatinine agrees with
indirectly derived estimates [342] and that obtained from whole body analysis
[349]. The large standard deviation of the mean value (¥35%) suggests that daily
creatinine excretion has a limited value as a predictor of muscle mass, at least
in children.

Applying this technique to malnourished children, it was demonstrated, not
surprisingly, that muscle mass was severely reduced [350]. There was a greater
reduction in muscle mass per kg body weight in kwashiorkor than marasmic
infants even after the loss of oedema in the former group. It was also apparent
that the creatinine excretion underestimated the degree of muscie mass deple-
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tion in malnourished infants. A definitive study of this nature applied to normal
and diseased adult subjects would be of immense value, especially in the study
of various myopathies.

Changes in body creatine pool size on withdrawal of dietary creatine have
been measured in 4 healthy young men [351]. This study lasted 56 days on a
creatine free diet. ['*N]creatine was administered intravenously on days 4 and
46, and the urinary ['*N]creatinine content measured for 10 days. Extrapola-
tion to zero time provided the 5N concentration of creatine immediately after
administration of the label and thus the creatine pool was determined by dilu-
tion. The mean creatine pool was reduced from 152 g to 130 g after 42 days.
Urinary creatinine expressed as a percentage of the total creatine pool for the 8
determinations was 1.68 £ 0.05, and reported to be independant of the pool
size.

Uric acid

Uric acid is the urinary end product formed from the catabolism of the purine
ring of ribonucleotides that are either of dietary origin or result from de novo
synthesis. Purine biosynthesis de novo commences with the reaction of phospho-
ribosylpyrophosphate (PRPP) and glutamine to yield phosphoribosyl-1-amine,
which in effect, unites the final N9 atom of the purine ring with the carbohy-
drate moiety. The ensuing cascade of reactions results in the formation of ino-
sinic acid which may be further converted to adenylic and guanylic acids or
degraded to uric acid. This degradation includes conversion to xanthine in the
liver, where the action of hepatic xanthine oxidase yields uric acid. Clinical
disorders of purine metabolism are reflected in elevated plasma and urinary uric
acid levels. Gout is the syndrome which results from the crystallisation of the
sodium salt of uric acid due to body fluids being supersaturated with the salt.
This is due to either excessive production or reduced excretion of uric acid or
to a combination of both these processes. '*N-labelled precursors have been
used to investigate uric acid synthesis, pool size and turnover in normal and
gouty subjects.

Following the administration of ['SN]glycine to a normal subject, it was
found that all four nitrogen atoms of uric acid carried excess '*N [352]. More-
over, the degree of labelling was shown to decrease from N7 through N1, N9 and
N3. It was also demonstrated that N7 and C4, C5 of the purine ring were derived
from the intact glycine molecule [353], N1 from aspartic acid and N9 together
with N3 from the amide nitrogen of glutamine. Thus the intramolecular varia-
tion of *>N content stemmed from the degree of isotopic labelling exhibited by
the constituent precursors.

Initial investigations using !*N-labelled uric acid provided information with
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regard to the miscible pool size and turnover rate {354—357]. Whilst these
studies demonstrated that gouty patients had an increased miscible pool com-
pared to normal, they provided no insight into the underlying metabolic defect.
In normal subjects approximately one-third of all uric acid produced is broken
down in the body. This is primarily by uricolysis and the remainder of the uric
acid appears in the urine [354,358].

It has been calculated that some 200 mg of uric acid is excreted into the
digestive tract daily and thus open to degradation by intestinal micro-organisms
[359]. [*°N]Glycine was fed to two normal and one gouty subject and analysis
of urinary nitrogenous end-products showed similar total nitrogen, urea and
ammonia excretion [360]. However the labelled uric acid from the gouty sub-
ject displayed a higher maximum, a more rapid decline, and a threefold incorpo-
ration compared to the normals. These findings were confirmed in a later study
designed to investigate the suppression of ['*N]glycine incorporation into uri-
nary uric acid by ['*C]adenine in normal and gouty subjects [361]. The *3C
label enabled an estimate of the conversion of exogenous adenine to urinary
uric acid. Adenine was found to inhibit the de novo synthesis of purines in both
normal and gouty subjects demonstrated by the inhibition of the incorporation
of ['SN]glycine into urinary uric acid. This suppression of incorporation was
comparable to that produced by 4-amino-5-imidazolecarboxamide (AIC) [362].

The early labelled peak of !*N incorporation [360] indicative of excessive
uric acid production in gouty subjects was abolished by adenine or AIC admini-
stration.

Other reports have indicated that not only was the [**N]glycine incorpora-
tion into uric acid elevated in subjects with primary gout but that the intra-
molecular distribution of label was altered compared with the normal [363].
Specifically, the initial *N(9 + 3 + 1) : total uric acid ratio was elevated in
gouty subjects which led to speculation of an abnormality in glutamine or aspar-
tic acid metabolism [364]. In a later report, selective degradations of uric acid
showed '*N(9 + 3) was raised thus implicating glutamine metabolism [365]. In
addition these investigators found a reduced urinary [**N]ammonium enrich-
ment due to a defect in the production of ammonia from glutamine in the kid-
ney. Later, more detailed studies suggested that the increased uric acid 1*N(9 +
3) of primary gout was a kinetic phenomena arising from the differential time

course of precursor pool '*N-labelling with respect to glycine and glutamine
[366].

Haematological investigations

It was first demonstrated in 1945 that glycine was utilized for the synthesis of
protoporphyrin in man [367], and it was possible with [*SN]glycine to show
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that the life span of the labelled cohort of erythrocytes in normal man was 120
days [368]. In various anaemias, mean erythrocyte life may be appreciably
reduced. There are reports of 85 days in pernicious anaemia and 42 days in
sickle cell anaemia [369]. In two newborn infants, the average erythrocyte life
span was calculated to be 85 and 91 days [370], whilst in children aged 4—14
months recovering from protein—calorie malnutrition, a normal red cell survival
was demonstrated [371].

Subsequently it was shown using ['*N]glycine that all 4 nitrogen atoms in
protoporphyrin were derived from that amino acid [372]. It is now known that
one molecule of glycine and one molecule of succinyl-CoA condense to form
one molecule of a-aminolaevulinic acid (ALA). Two molecules of ALA are then
linked by the action of cytoplasmic ALA dehydrase to form porphobilinogen
(PBG). Four molecules of PBG form a tetrapyrrole, uroporphyrinogen, and sub-
sequently by decarboxylation and oxidation of the side chains, protoporphyrin
IX is formed which combines with iron to form haem. Use has been made of
both !N and !®C precursors to elucidate the intermediate steps involved in
haem synthesis [373--378]. Much of the early work covering the biosynthesis of
porphyrin has been reviewed in detail [379].

Haem catabolism occurs in both the liver and gut. Microsomal haem oxyge-
nase of the reticulo-endothelial cells and hepatic parenchymal cells convert haem
to biliverdin, and thence rapidly to bilirubin via a reductase. In the gut reduction
of methene and vinyl groups of bilirubin results in the formation of colourless
urobilinogens which on oxidation produce orange stercobilins that appear in the
faeces. All these pigments contain the 4 nitrogen atoms which were initially
derived from glycine via haem.

In 1950 it was first shown that bilirubin arises from sources other than the
destruction of circulating red cells [380]. Following the administration of
[**N]glycine to 2 normal subjects and its incorporation into protoporphyrin,
red cells containing labelled haemoglobin haem appeared in the circulation
where they remained for approximately 120 days. Their destruction was asso-
ciated with a peak of labelled stercobilin excretion between approximately 100
and 140 days (the late peak). A peak of labelled stercobilin excretion was also
found during the first few days, at the time when labelled haem was appearing in
the circulation, subsequently termed the early labelled peak (ELP). By com-
paring the concentration of N in haem and in stercobilin over the first 8 days,
it was calculated that at least 11% of all stercobilin was derived from sources
other than the destruction of mature erythrocytes. Soon after, a similar experi-
ment was repeated in a normal subject and the ELP was shown to constitute at
least 20% of total pigment production [381].

It was considered that the most likely source of the ELP was the destruction
of erythroid cells within the marrow or shortly after reaching the circulation, i.e.
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ineffective erythropoiesis. Support for the erythropoietic origin of the ELP came
from a study in a patient with pernicious anaemia in which the ELP accounted
for at least 40% of the total pigment produced [369]. Further evidence was the
finding of an increase in the ELP with erythroid hyperplasia and a reduction in
aplasia. ['*C]Glycine has been employed to demonstrate that the ELP was
increased in man when hyperplasia was induced by haemorrhage [382]. Animal
work has confirmed this observation and in addition it was found that the late
peak was also increased, so that the ELP accounted for the same proportion of
total pigment production as in control animals [383]. Similar findings have been
reported in paroxysmal nocturnal haemoglobinuria [384] and in sickle cell
anaemia [385].

In conditions where there is dyserythropoiesis, with or without hyperplasia,
the ELP is greatly increased as has been demonstrated using either 'SN- or
14Cjabelled glycine. Examples include pernicous anaemia [386,387], thalas-
saemia [387,388], ‘shunt’ hyperbilirubinaemia [389], sideroblastic anaemia
[387,390] and anaemia of rtheumatoid arthritis [391].

The labelling of plasma bilirubin has been studied following the administra-
tion of ['*C]glycine and [**C]ALA to normal subjects [392]. After glycine
there were two peaks of labelling, one at 12—24 h and the second at 3—4 days,
the period of maximal incorporation of '*C into haemoglobin haem. After
ALA, only the initial peak was seen, and there was minimal activity in haemo-
globin haem. From this investigation it was concluded that the initial peak seen
after both glycine and ALA was of non-erythropoietic origin and that it resulted
from hepatic haem breakdown.

In order to calculate the total amount of early labelled bilirubin produced
after giving a labelled precursor of haem synthesis, both the isotope concentra-
tion of the bilirubin (in the case of !°N, this is the same as that of faecal sterco-
bilin) and the total amount of bilirubin produced per day must be measured.
The percentage incorporation of the precursor can then be calculated. When gly-
cine is the precursor, comparison of the percentage incorporation into the ELP
with the percentage incorporation into haem (equivalent to the late peak) allows
the ELP to be expressed as a fraction of total bilirubin production, and hence in
absolute values.

Recently this type of study has been undertaken in order to quantitate inef-
fective erythropoiesis in normal subjects [393] and in patients with a variety of
haematological disorders [387]. In these investigations the incorporation of
[**N]glycine into early labelled bilirubin and haemoglobin haem was measured.
[**C]Bilirubin clearance was used to estimate total bilirubin production rate
[394], and hepatic haem turnover was calculated from the incorporation of
a-amino [**N]laevulinic acid into early labelled bilirubin. The relative contribu-
tion of ineffective erythropoiesis in the production of anaemia found in these
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Figure 1.8. The role of ineffective erythropoiesis in the production of various anaemias. The
actual haemoglobin (Hb), », is compared to the potential Hb, », which would be achieved if
ineffective erythropoiesis were within the normal range

studies is depicted in Figure 8.8 which compares actual and potential haemo-
globin levels. Thus in patients with Lesch—Nyhan syndrome and megaloblastic
anaemia, cold agglutinin disease or thalassaemia, ineffective erthropoiesis contri-
buted totally to the anaemia presented. In aplastic anaemia and iron deficiency
anaemia ineffective erythropoiesis did not contribute to the anaemia.

Genetically transmitted porphyrias that are classified as either erythropoietic
or hepatic, according to the apparent site of primary defect in porphyrin metab-
olism, have been studied using ['*N]glycine and a-amino [!$N]laevulenic acid.
Thus in congenital erythropoietic porphyria (CEP) there was an increased incor-
poration of glycine into early labelled bile pigment [381] which was explained
as an increased turnover of bone marrow haems. In erythropoietic protophor-
phyria (EPP), the synthesis of erythropoietic haem was demonstrated to be
normal [395] whilst in separate studies an enhanced catabolism of hepatic haem
has been suggested as a contributory factor to the early labelled peak observed
[396,397].

Protein metabolism

Nitrogen balance studies, when performed under strict supervision, can yield
information regarding the overall state of nitrogen metabolism in the body.
However, a change in nitrogen balance may be a reflection of a change in the
rate of protein synthesis or protein degradation, or both [398]. The use of iso-
topic labels in conjunction with balance studies have provided quantitative infor-
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mation with regard to separate components of protein metabolism in the human
subject. This information has clinical significance in the treatment of obesity,
stress, post-operative trauma and the choice of long-term parenteral nutrient.

The first measurements of protein turnover in a human subject were per-
formed in 1949, Since that time several models have been proposed to give true
estimates of protein turnover, or at least permit intra-subject comparison of syn-
thesis and catabolism. The great majority of estimates of protein turnover in the
human subject have involved the use of ['*N]glycine administered either as a
pulse label or by constant infusion, and measurement of the resultant 15N label
in the urine (**N total, [**N]urea or [**N]ammonia). Detailed treatment of the
underlying theory of these models has been presented in 2 excellent reviews
[399,400]. Initial studies used [ *N]glycine, administered as a single dose (pulse
labelling) and the rate of protein turnover was calculated from the curve of 'SN
excretion over 48—60 h [401]. The excretion curve obtained was fitted to the
equation:

AE _Bt
2E 41 -
Ao ( e™)

in which A and B were constants, Ag represented the amount of isotope excreted
in time ¢ and A, was the dose of !*N. It was assumed that the label would mix
freely with the metabolic nitrogen pool and either be involved in protein syn-
thesis or excreted as urea. Re-entry of SN label from the catabolism of newly
synthesized protein and faecal loss of SN were not included in the model.
Theoretically when all the label had cleared the metabolic pool, the level of label
excreted in the urine should plateau, corresponding to the constant A. In fact
plateau excretion of label was not achieved during the experiment and A was cal-
culated from the initial excretion curve taken as a single exponential. Results ob-
tained on five normal subjects gave a mean value for protein synthesis of 1.36 g
per kg body wt per day. Despite the limitations of the model it was subsequently
used by several groups of workers. Protein synthesis was shown to be approxi-
mately twice as fast in children when compared with adults using !*N-labelled
aspartic acid [402}, and was more rapid in young adults than in elderly subjects
[403]. In animals, growth hormone administration was shown to promote the
rate of protein synthesis [404]. Other workers modified the above method and
used glycine [405] aspartic acid [406] or phenylanine [407] in their studies.
Protein turnover was calculated from the cumulative ' >N excretion curve at infi-
nite time as they had demonstrated the inadequacies of using the early excretion
curve. It was found that the 3 amino acids used gave similar results.

A modification of the original model was the addition of a urea pool [408],
the £y, of which is some 810 h. Involvement of the urea pool would lengthen
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the time required to achieve plateau labelling in the urine (A) but not affect the
ultimate level of excreted !°N. In this case protein synthesis was calculated from
the maximum !*N label which in practice was 3—4 h, obtained in urinary urea
following a single dose of glycine. Precise measurement of this peak urea label-
ling proved difficult and results obtained in normal subjects showed large varia-
tions. Consistent results were obtained however when repeated estimates were
performed on the same subject under comparable dietary conditions, though not
when protein or calorie intake were varied [409]. Pathological conditions inves-
tigated using this model include the refeeding of a patient with anorexia nervosa
in which calorie and nitrogen intakes were varied independently [410]. Protein
synthesis was relatively constant throughout the study whereas the size of the
metabolic pool and its turnover rate varied with changes in calorie intake. The
administration of triliodothyronine to patients with primary myxoedema was
shown to restore their initially depressed levels of protein synthesis to normal
[411]. The administration of this hormone to a control subject decreased pro-
tein synthesis and it was suggested that an excess of the hormone could have
resulted in the altered rate of protein synthesis observed.

Protein metabolism was estimated in 3 premature infants between 40 and
70 days after birth [412]. The rate of protein synthesis and the metabolic pool
size were greatly increased when compared with normal adult values.

Within a year, another model was presented that required the measurement of
15N excretion in the urine for 15 days following a single dose of ['*N]glycine
[413]. This model contained the metabolic and urea pools of previous systems
and in addition a rapidly turning over protein pool (viscera) and a slow pool
{muscle). Compartmental analysis of the excretion curve gave 3 exponential
slopes and intercepts from which the various pool sizes and inter-pool nitrogen
transfer could be calculated. Whilst this study was probably the first instance of
strict dietary control during the investigation of protein synthesis, the time scale
involved precluded its use becoming more than academic. However, these same
investigators demonstrated that in man immobilization by means of a plaster
cast greatly reduced protein synthesis [414].

Theoretically any excreted end product may be used to calculate the rate of
protein synthesis provided it is derived from the homogeneous metabolic pool
which also serves as the precursor pool for protein synthesis [415]. The limita-
tions of sampling in the human subject have led investigators to use urea, or
more recently ammonia, as the end product for isotopic measurements. Clearly,
neither metabolite complies strictly with the above requirement, as urinary
urea is of hepatic origin only whilst protein is synthesized in all tissues. The ad-
vantage of using this end product is that with a large body urea pool, turning
over relatively slowly, there is a delay in excretion of label following a single
15N dose. Similarly ammonia is not formed throughout the body but mainly in
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Figure 1.9. Model used to study dynamic aspects of whole body nitrogen—protein metabo-

lism [420]. 1, S and C are the dietary intake, protein synthesis and catabolism respectively;

ET, Eyyand Ex are total, urinary urea and non-urea nitrogen excreted, respectively. All
values are expressed as mgN Kg=1 day-1

the kidney [416,417] from glutamine, which originates mainly from muscle. In
spite of these apparent objections, ammonia has been employed as the end pro-
duct for isotopic measurements to estimate protein turnover. Obese patients fed
a normal diet initially followed by 3 wk on a low calorie diet containing 50 g
protein had similar rates of protein synthesis. A low calorie diet containing no
protein reduced the rate of protein synthesis by 50% in 3 wk [418,419]. The
results obtained with ammonia were lower than corresponding urea estimates of
protein synthesis, but the ‘rank order’ was similar. The authors do not claim that
the results obtained using ammonia are necessarily correct, but stress the poten-
tial use of this technique for rapid clinical comparisons.

During the decade 1959—1969 few attempts were made to measure protein
turnover in human subjects. In 1969 the first report of a constant infusion tech-
nique, applied to malnourished and recovered infants, was reported [420]. It is
worthwhile considering briefly the model and its fundamental assumptions as,
with slight modification, it has been employed almost exclusively in measure-
ments of protein metabolism published to date. The method involved the intra-
venous or intragastric infusion of [!5N]glycine for some 30 h at which time the
urinary urea had attained a plateau value with respect to '*N enrichment. The
simultaneous measurement of nitrogen balance permitted calculation of protein
synthetic and catabolic rates. Figure 1.9 depicts the model used in this type of
study. The model reverted to a single protein pool, which is undoubtedly an
oversimplification, and did not provide an estimate of the size of the metabolic
pool. The assumptions required were, that 5N and '*N were treated in an iden-
tical manner, the metabolic pool size remained constant, dietary amino acids and
those resulting from protein catabolism were similarly treated and that there was
minimal re-entry of isotope into the metabolic pool during the plateau. Impli-
citly [!°N]glycine was assumed to be representative of total amino nitrogen. The
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overall equation for this model when steady state conditions prevailed, showed
that the rate (Q) at which amino N enters the metabolic pool (P) equals the rate
at which it leaves the pool. Thus:

Q=I1+C=S+Et
Flux = Intake + Catabolism = Synthesis + Total excreted N

where Q was the total turnover rate (or flux) of amino N through the metabolic
pool. Thence the percentage, F, of the infused isotope that was excreted as urea
was the same as the percentage of total amino N excreted as urea from the
metabolic pool.

ey, _E, . )
F=7 =E where e, is rate of excretion of '>N as urea

. n_Eu
L0=2

Rather surprisingly the results from this investigation showed that mal-
nourished infants were turning over body proteins at almost double the rate of
recovered infants. These findings seemed to conflict with animal studies where it
was found that dietary restriction resulted in a rapid fall in muscle protein syn-
thetic rate [421]. This apparent anomaly was later explained by the fact that at
the time of the study the malnourished children were on a recovery diet. Re-
cently, malnourished children have been studied on a maintenance diet, a recov-
ery diet, and when recovered [422]. The rates of protein turnover, synthesis
and catabolism during the rapid growth phase on a recovery diet were shown to
be higher than in either the malnourished or recovered state. The only modifica-
tion to the original protocol was that the ['*N]glycine was administered inter-
mittently, at two hourly intervals with feeds.

Other investigators following this protocol have measured protein synthetic
and catabolic rates in patients undergoing elective orthopaedic surgery [423].
There was a failure to demonstrate any significant alteration in either rate fol-
lowing surgery despite the fact that the patients were in negative nitrogen
balance. A more recent publication using constantly infused [*N]glycine [424]
and studies with [**C]leucine have indicated that a reduction in synthesis rather
than increased catabolism gives rise to post operative nitrogen losses [425].
There is now a growing bank of results showing changes in the rate of protein
synthesis, catabolism and whole body flux at various ages in the human subject.
The constant infusion technique has been used for estimates of body nitrogen
metabolism in neonates [426] and newborn [427], young adults at two levels of
protein intake [398,428] and elderly subjects [429]. It has also been used to
estimate the rate of protein synthesis in children after thermal injury [430].
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Table 1.4. MEASURED RATES OF PROTEIN SYNTHESIS IN HUMAN SUBJECTS AT
VARIOUS AGES USING CONSTANT INFUSION OR SHORT INTERVAL FEEDING
OF 5N GLYCINE AND URINARY UREA AS END PRODUCT

Age group Age Body No. of  Total body Reference
(range) weight (kg) studies  protein synthesis
(ekg™ d-1)
Neonates 1-45d - 5 26.3+17.0 426
Newborn (prem.) 1-46d 194+ 0.6 10 174 +£79 427
Infant 10-20m 9.0 £ 0.5 4 6.9+ 1.1 420
Young adult 20-23y 71 + 15 4 3.1+0.2 398
Adult 2 31-46 y 69 + 8 5 3.5+0.5 431
Elderly 69-91y 56 =10 4 1.9+0.2 429
Elderly 66—91y 61 =10 6 3.5+£0.2 435

3 Constant intravenous infusion of L-[a-15N]lysine.

Table 1.4 shows the values obtained recently for the different parameters of
nitrogen metabolism with urea as end product {420].

In an attempt to exclude the use of urea from protein turnover measure-
ments, [*5N]lysine has been infused intravenously until the free lysine in the
plasma achieved plateau labelling [431]. From the lysine flux, and its mean
representation in all body proteins, turnover rates were calculated in a manner
analogous to that used in radioactive amino acid studies [432]. In addition,
serial muscle biopsies taken 14—16 h apart when plasma ['*N]lysine plateau
conditions prevailed, enabled muscle protein turnover rate to be calculated. This
was found to account for 53% of whole body protein turnover.

Of the various methods for estimating protein synthesis that have been out-
lined in this section, none can claim to be ideal. Valid objections have been
raised when using a single injection of an '*N label [407,409], not the least of
which is the inevitable rapidly changing !*N enrichment of the precursor pool
from which protein synthesis occurs. The choice of amino acid should be such
that the proportion of the label excreted in urinary urea is equal to the propor-
tion of total amino nitrogen excreted in urinary urea [420]. This applies equally
to the use of ammonia. Presumably low cost and availability have dictated that
glycine be used more than any other amino acid in protein metabolism studies in
spite of the fact that it does not readily undergo transamination and evidence
has been presented for the existence of more than one glycine pool [433].
Comparative studies, however, have obtained reasonable agreement when using
glycine and aspartic acid [409,434], *N-labelled egg protein [420] and [**C]
leucine [435] in the same subjects. This latter finding is encouraging in that the
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calculation of results for each tracer rely on an unrelated set of assumptions.
Several amino acids have been shown to be unlikely to provide sensible estimates
of whole body protein synthesis [436,437].

Finally, both constant infusion and pulse label techniques using isotopic
labels to estimate whole body protein turnover share the common premise that
there is a homogeneous metabolic nitrogen pool of which the plasma constitutes
an integral part. That this is in fact an oversimplification, has been shown from
animal studies [438]. Despite these, and other objections, work will continue in
the search for a reliable method for the estimation of protein synthesis, catabo-
lism and turnover in man. To the clinician such a method would provide infor-
mation about nitrogen loss from the body resulting from malnutrition, post-
operative trauma, burns or severe infection and perhaps more importantly an
indication of the success or otherwise of the specific therapeutic regime imple-
mented.

Miscellaneous

A recent study was undertaken to compare the efficacy of human growth hor-
mone (HGH) and the androgen, oxandrolone, in the longterm treatment of
growth deficient children [439]. Nine day nitrogen balance studies were per-
formed at intervals during treatment with HGH or oxandrolone and compared
with concurrent !N retention measurements following the oral administration
of ['*SN]glycine. Both methods demonstrated an increased nitrogen retention
during therapy and the advantages of the isotopic method were presented. A
similar comparison of nitrogen balance and isotope retention measurements has
been reported in animals [440]. In that instance, the anabolic and catabolic
effects of growth hormone and corticotropin respectively, were demonstrated.
15N-isotope balance studies have also proved capable of detecting affected males,
with testicular feminization, and healthy female carriers [441].
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INTRODUCTION

The first demonstration of a possible connection between membrane damage
and bactericidal activity was made by Hotchkiss [1] who studied the action of
the polypeptide antibiotic tyrocidin upon staphylococci. Treatment of the cells
with tyrocidin caused a rapid release of phosphorus- and nitrogen-containing
material. The amount released was similar to that obtained by prolonged extrac-
tion of the cells with 5% trichloroacetic acid at 0°C, a procedure which releases
the low molecular weight components of the metabolic pool. It was therefore
concluded that tyrocidin damaged the permeability barrier of the cell mem-
brane. Similar investigations by Gale and Taylor [2] confirmed these findings by
showing that tyrocidin released from the cells certain free amino acids which
are normally maintained at high intracellular concentration. In this case, a quan-
titative relationship between leakage, tyrocidin concentration, and loss of cellu-
lar viability was established. Some other unrelated bactericidal compounds
including cetyltrimethylammonium bromide (CTAB) and phenol gave similar
results.

A more convenient method of detecting the release of cytoplasmic consti-
tuents following damage to the cell membrane was developed by Salton [3]. He
measured the leakage of material absorbing light in the 260 nm wavelength
region and found a linear relationship between bactericidal activity and leakage
from cells of Staphylococcus aureus and Escherichia coli exposed to CTAB over
a given concentration range. The 260 nm-absorbing material was made up of
purine- and pyrimidine-containing compounds, i.e. nucleosides and nucleotides
presumed to be associated with the metabolic pool of the organisms. Detection
of the release of 260 nm-absorbing material from treated cells is now generally
regarded as being symptomatic of cell membrane damage and is routinely used
in studies on the mechanism of action of antimicrobial agents [4,5]. In this way,
many agents of diverse chemical composition have been shown to damage the
cell membrane. Phenols, alkylphenols, chlorinated phenols and cresols, chlor-
hexidine, quaternary ammonium compounds and polymyxins all elicit leakage
and consequently they can be conveniently classed together as membrane-active
antimicrobial agents [6,7]. At the relatively high concentrations at which they
are usually employed as bactericides, these agents produce a general disorganiza-
tion of the cell membrane, probably by denaturing protein molecules. However,
with some of the agents, more subtle effects are apparent when lower concen-
trations are studied. For example, chlorhexidine inhibits cation transport and
the membrane-bound ATPase at concentrations below that required to produce
leakage [8].

The bacterial cell membrane is the site of many important cellular functions:
transport mechanisms for ions and metabolites, biosynthesis and assembly of
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wall components, and energy-generating systems involving electron transport
and oxidative phosphorylation. Among the antibiotics and antimicrobial agents
which have a selective action upon such functions are the ionophores. These
compounds interfere with transport mechanisms by acting as artificial cation
carriers in the cell membrane. They destroy ion gradients that are generated
across the membrane by the cells in order to promote uptake of metabolites.
This is a field of intensive investigation in which the ionophores are playing
an important part as biochemical tools.

Although the main part of this review is concerned with agents which dam-
age the cytoplasmic membrane, a section is included on the outer membrane
of Gram-negative bacteria. The outer membrane is thought to be responsible for
the resistance of Gram-negative organisms to many antibiotics, dyes and deter-
gents which are active against Gram-positive cells [9]. The basis of the resistance
is the penetration barrier presented by the other membrane. Chelating agents
much as ethylenediaminetetracetic acid (EDTA) used in conjunction with an
organic base such as tris (hydroxymethyl) aminomethane (Tris) damage the
outer membrane and render it permeable to antibiotics which are normally
excluded. This is clearly of potential medical importance and an understanding
of outer membrane permeability is necessary in order to design agents which are
effective against Gram-negative organisms.

THE CYTOPLASMIC MEMBRANE
STRUCTURE AND COMPOSITION

When viewed in thin section under the electron microscope, the cytoplasmic
membrane of bacterial cells has the same double-tracked profile as the ‘unit’
membrane found in higher cells [10]. Sectioning reveals little detail of mem-
brane structure apart from the thickness (70—80 A) which is similar to that of
membranes from other sources. The major components of bacterial membranes
are protein (50—70%) and phospholipid (20—30%), the proportions varying
from organism to organism [11].

Of the many models describing the organization of phospholipid and protein
in the cell membrane [12], the ‘fluid mosaic’ model [13] is currently thought to
be the most realistic. The protein molecules are distributed throughout a fluid
phospholipid bilayer, some on either side of the membrane and some protruding
through and exposed on both sides. Hydrophilic side groups of the polypeptides,
i.e. COOH, OH and NH, groups, are exposed on the surface of the bilayer adja-
cent to the polar portions of the phospholipid molecules. In this configuration
the groups are hydrated and can interact with metal ions. Hydrophobic portions



90 MEMBRANE-ACTIVE ANTIMICROBIAL AGENTS

are embedded in the hydrophobic core of the bilayer where they can associate
with the hydrocarbon chains of the phospholipids. Part of the polypeptide
chains of the proteins exist in the ordered a-helical configuration. Thus several
types of molecular interaction: ionic attraction, hydrogen honding, London—van
der Waals forces and ‘hydrophobic bonding’ contribute to the stability of the
fluid mosaic membrane and play a part in holding it together. The forces operate
between adjacent lipid molecules, between lipids and proteins, and also between
protein molecules [14]. Covalent bonding probably does not occur since mem-
branes can be readily dissociated with organic solvents and detergents and
disrupted by ultrasonic irradiation [15]. The relative contribution of each type
of molecular interaction to the stability of the membrane is unknown; it might
vary between different organisms or even from one region of the membrane to
another. However, it is clear that the intrusion of molecules that interfere with
the balance of the molecular interactions will affect the integrity and function
of the membrane or even lead to its disruption. This is the molecular basis of
action of many of the non-specific membrane-active antimicrobial agents.

FUNCTION

The cytoplasmic membrane is the site of many important cellular functions:
active transport, electron transport and oxidative phosphorylation, secretion of
exocellular protein toxins and enzymes, biosynthesis of cell wall components
(e.g. peptidoglycan, lipopolysaccharide, teichoic acid), protein and phospholipid
biosynthesis, and chromosome anchoring [16]. The enzymes and other special-
ized molecules which carry out these functions, i.e. dehydrogenases, cyto-
chromes, ATPase, wall polymer synthases and their associated lipid interme-
diates are all located within the cell membrane [16]. They are probably not dis-
tributed randomly throughout the membrane but are organised in discrete
regions of ‘domains’ each designed to carry out a particular function. Processes
such as wall polymer biosynthesis or electron transport require the participation
of many macromolecules in a coordinated manner and this could only occur effi-
ciently if the molecules are in close proximity. It is thought that the phospho-
lipid and protein components of the cell membrane play an active part in provid-
ing the specialized microenvironments necessary for each of the functions. For
example, the proportion of different lipids present in the membrane, the nature
of their polar head groups, the chain length and degree of unsaturation of their
fatty acid residues are factors which control the fluidity of the bilayer [17]. It
has been suggested that the presence of different phospholipids with a range of
fatty acid residues would permit the simultaneous existance of fluid and solid
‘domains’ in the membrane [18] thereby concentrating selected metabolites in
local regions, segregating dissimilar processes, and bringing together related ones
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[19]. Evidence for the participation of membrane components in this way
comes from the selective lipid requirements displayed by certain membrane
enzymes and the release of enzyme-lipid complexes from membranes with deter-
gents [20—23]. Visual evidence for the existance of specialized regions of the
cell membrane is provided by the appearance of negatively-stained preparations
under the electron microscope. Thus in Micrococcus lysodeikticus ATPase activ-
ity is associated with a membrane-bound complex made up from 6 subunits sur-
rounding a central particle [16].

Many approaches have been used to study membrane structure: electron
microscopy of freeze-fractured and freeze-etched preparations, localization of
antigens using ferritin-labelled antibodies, crossed immunoelectrophoresis,
chemical probes and cross-linking agents, and instrumental techniques such as
nuclear magnetic resonance and electron spin resonance spectroscopy. Their con-
tribution to our present understanding of membrane anatomy has been reviewed
by Salton and Owen [24].

METHODS OF DETECTING MEMBRANE DAMAGE

The classical method of detecting membrane damage is to measure the release of
low molecular weight cell components into the medium following exposure to
the antimicrobial agent [4,5]. Purine- and pyrimidine-containing compounds are
conveniently determined by their absorbance at 260 nm [3]; amino acids,
sugars, NH; and phosphate by chemical methods [25]; and metal ions such as
K*, Na* or Mg?* by flame photometry or atomic absorption spectroscopy [25].
In some cases greater sensitivity can be achieved by preloading the cells with a
radioactively-labelled component, e.g. ['*Clalanine and ['*C]glutamic acid
[26], [**Clglucose and [>?P]phosphate [27], *2K" [28] and 3¢Rb" [29], and
measuring the leakage by liquid scintillation counting.

All of these methods require prior removal of the cells from suspension and,
even when rapid membrane filtration is employed [30], some uncertainty in the
leakage time course is introduced. Interference with the assay of material
released from the cells by components of the buffer system or by the drug itself
is another problem which can sometimes be obviated by careful choice of buf-
fers [31] and extraction of the drug into an organic solvent [32]. Measurement
of leakage from growing cells is generally precluded by the composition of the
medium, components of which interfere with the assays. However it might be
possible to detect release of 260 nm-absorbing material from cells grown in
minimal medium of low UV absorbance [33].

By immersing a K'-sensitive ion-selective electrode in the cell suspension the
leakage of K induced by addition of a drug can be measured in situ [34]. Using
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this technique accurate measurements can be made of the rapid efflux of K
which is thought to be one of the first indications of membrane damage [31,34—
36]. Rate of loss of K* from cells or the time required to reach a standard rate
of leakage of K™ have been used to estimate the extent of membrane damage and
the sensitivity of cells to membrane-active agents [37,38].

Membrane damage can also render cells permeable to dyes and enzyme sub-
strates that are normally excluded. Penetration of dyes which fluoresce when
bound to proteins [39] or to nucleic acids [40] following drug treatment has
been correlated with membrane damage. Similarly, stimulation of the reduction
of tetrazolium dyes by dehydrogenases results from increased permeability of
the substrate [41]. Methods used to measure release of metal ions {29] or
labelled amino acids [26] can also be used to detect stimulation of uptake.
Changes in the rate of respiration of cell suspensions induced by drug treatment
can be accurately monitored with an oxygen electrode [42]. The sensitivity and
rapid response of this technique enables the results to be compared directly with
K" leakage measured with an ion-selective electrode [31,43].

Measurement of the effect of agents upon osmotically-stabilized suspensions
of protoplasts and spheroplasts provides another sensitive means of detecting
membrane damage. At low concentrations many membrane-active agents pro-
duce rapid lysis which can be detected by a fall in turbidity [32,44]; at higher
concentrations some agents cause an increase in turbidity which is due to coagu-
lation of the cytoplasm [31]. By carrying out similar experiments in osmoti-
cally-stabilized suspensions containing various salts, it is possible to detect
changes in membrane permeability towards particular ions [45]. Thus studies on
various skin germicides have shown that tetrachlorosalicylanilide (TCS) increases
membrane permeability towards NOj3 [45] whereas CTAB and chlorhexidine
produce general membrane damage and a non-selective increase in permeability
[45 A46].

The results of gross membrane damage are sometimes visible under the elec-
tron microscope. The effects usually observed are the loss of cytoplasmic mate-
rial following enzymic degradation of polymers and extensive leakage of the pro-
ducts [47—-50]. Breaks in the membrane have been observed in a number of
organisms following exposure to phenethy! alcohol [51]. More subtle effects
upon the cell membrane, such as inhibition of membrane-bound enzymes or
transport systems do not give rise to noticeable ultrastructural changes.

According to Mitchell’s chemiosmotic theory [52,53] active transport, oxi-
dative phosphorylation and ATP synthesis are driven by a ‘protonmotive force’
which is made up of two components: an electrical potential gradient and a pH
gradient across the cell membrane. Agents which conduct H” ions across the
membrane destroy the pH gradient and thereby reduce the protonmotive force.
It is possible to measure the pH gradient and to monitor its attenuation by
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uncoupling agents using a glass electrode [46,54,55] or a metabolically-inert
indicator [56]. The electrical potential across the membrane can be measured
using dibenzyldimethylammonium cation (DDA") [57]. The distribution of
DDA" across the cell membrane at equilibrium is determined by the membrane
potential; measurement of the concentration of DDA inside and outside of the
cell enables the potential to be calculated from the Nernst equation [58]. The
construction of an electrode which selectively measures DDA” concentration
[59] should facilitate measurements of membrane potential.

Much useful information on the mechanism of action of membrane-active
agents has come from studies of their effects upon artificial lipid membranes
[60]. Bilayer films less than 100 A thick can be prepared from a variety of lipids
[61—63]. Using suitable techniques [61—63] the effect of membrane-active
agents upon a number of physical and electrical properties of the bilayers can
be investigated. Among the properties measured are surface pressure [64,65],
electrical resistance [66] and the permeability of ions [67,68], water and non-
electrolytes [69]. By varying the composition of the bilayer films it is possible
to investigate the influence of the nature of the lipid molecules upon the sensi-
tivity of the films to membrane active agents [70]. Liposomes are closed concen-
tric vesicles prepared by careful dispersion of artificial lipid bilayers [71]. Mar-
ker molecules such as glucose can be trapped inside the liposomes [72]; the
release of glucose following treatment with membrane-active agents can then be
used to detect damage to the integrity of the liposome membrane [65].

AGENTS WHICH DISRUPT THE CYTOPLASMIC MEMBRANE

ORGANIC SOLVENTS

Organic solvents such as chloroform and toluene have been used for many years
to prevent microbial growth in aqueous solutions. Many solvents, e.g. toluene
{73], phenethyl alcohol [28], ethanol [74], and butanol [75] elicit a rapid
release of cytoplasmic constituents from microbial cells. Disorganization of the
membrane is probably due to penetration of the solvents into the hydrocarbon
interior of the membrane. The amount of damage caused to the membrane
seems to depend upon the concentrations of solvent in the lipid phase: equal
degrees of lysis of protoplasts of M. lysodeikticus are produced by equal ther-
modynamic activities of aliphatic alcohols [76].

Addition of toluene to exponentially-growing cells of E. coli causes massive
loss of material: up to 85% of ribosomal RNA and 25% of cellular protein, the
precise amount depending upon the level of toluene employed [73]. The cells
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are not lysed by toluene [73] but partial dissolution of the membrane has been
observed under the electron microscope [77]. Toluene-treatment stimulates
B-galactosidase activity of E. coli but totally destroys the galactoside permease
system [73]. B-Galactosidase is not released from the treated cells, its stimula-
tion is seen as an unmasking effect resulting from increased permeability of the
membrane towards the substrate and increased accessibility of enzyme to
substrate [73]. The ability of toluene to render cells permeable to small mole-
cules has been exploited by a number of workers in recent years to study macro-
molecule synthesis from labelled precursors which are normally excluded from
whole cells. The observation that toluene facilitates the uptake of nucleoside
triphosphates [78] enabled the synthesis of cross-linked peptidoglycan to be
studied in toluene-treated cells of Bacillus megaterium [79]. ‘Toluenized’ cells
provide a useful wall-synthesizing system for these studies because there is
minimal spatial reorientation of the membrane with respect to the wall [79].
Diethyl ether is thought to exert similar effects and studies of DNA-synthesis
have been made on whole cells of E. coli rendered permeable to nucleotides
by ether-treatment [80].

Phenethyl alcohol, PhCH; - CH, - OH, is a bacteriostatic agent [81] which
is structurally-related to toluene. It inhibits DNA synthesis in E. coli [82] and
has been used in a number of studies on DNA replication [83,84] and recombi-
nation [85]. However the effect upon DNA synthesis could be indirect, resulting
from damage to the membrane in the region of attachment to the bacterial
chromosome [86]. Phenethyl alcohol increases the permeability of Neurospora
crassa to a variety of amino acids [87]; it also causes the rapid release of K*
from E. coli and stimulates the uptake of acriflavine, which is not normally
taken up by the cells [28]. These observations led Silver and Wendt to conclude
that the primary action of phenethyl alcohol is the limited breakdown of the
cell membrane [28], although recent studies suggest that the increased uptake
of acriflavine is also due to damage to the permeability barrier of the outer mem-
brane of Gram-negative cells [9].

Among Gram-positive bacteria Bacillus cereus and B. megaterium are sensitive
to 0.5% phenethyl alcohol, as indicated by the rapid lysis of protoplasts and
release of K*, whereas Streptococcus faecalis is unaffected [51]. Direct evidence
of membrane damage in sensitive cells comes from electron microscopy of thin
sections which reveals changes in the geometry of the membrane profile, frac-
turing and solubilization of the membrane over short regions, and the occurrence
of prominent, complex mesosome-ike structures [51]. In a comparison of the
effects of 0.25% phenethyl alcohol and toluene upon the ultrastructure of E.
coli, Woldringh [77] showed that phenethyl alcohol generated intracellular aggre-
gates of membrane whereas toluene caused partial dissolution of the membrane.

Although membrane damage is considered to account for the bacteriostatic
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action of phenethyl alcohol in sensitive cells, studies with subinhibitory levels
have shown that the phospholipid composition of E. coli membranes is drasti-
cally altered [88]. The changes in phospholipid composition are due to inhibi-
tion of the de novo rates of synthesis of phosphatidylethanolamine and phos-
phatidylglycerol [88]. The fatty acid composition of the phospholipids is also
altered by the differential inhibition of the rates of synthesis of saturated and
unsaturated fatty acids [88,89]. Studies of artificial membranes show that such
changes in lipid composition alter the fluidity and permeability properties [70].
Similar effects upon the fluidity and physical state of membrane lipid have been
shown in cells of Bacillus stearothermophilus grown at different temperatures to
alter the lipid composition [90].

Aliphatic alcohols such as ethanol, n-propanol, n-butanol and isopentyl (iso-
amyl) alcohol exert disruptive effects upon bacterial membranes as shown by the
lysis of protoplasts [76]. Of these, only ethanol displays any useful bactericidal
activity; it is used to cleanse the skin before injections and to sterilize instru-
ments. Butanol is used to solubilize membrane-bound enzymes [22,91], its
action being similar to that of the non-ionic detergents described below.

PHENOLS

Chlorinated derivatives of phenols, cresol, and xylenol elicit the release of [**C]-
glutamate from E. coli {92]. These compounds are effective bactericides and are
used in crude disinfectant and antiseptic preparations such as ‘Lysol’ and ‘Det-
tol’. Their ability to denature protein is probably responsible for their disrup-
tive action upon microbial cell membranes. In addition to damaging the mem-
brane [92], phenol exerts a lytic action upon the cell wall; lysis occurs in grow-
ing cultures of E. coli [93] and is particularly noted in synchronous cultures at
the point of cell division [94].

The antistaphylococcal activity of 4#1-alkylphenols increases with increasing
alkyl chain length from 2 to 6 carbon atoms [95]. As the length of the alkyl
chain increases so the water solubility falls, the lipid solubility rises, and the
molecules become more surface active [95]. Penetration into the lipid-rich inte-
rior of the cell membrane therefore appears to be an important step in the anti-
microbial action of the alkylphenols. ‘Fattened’ staphylococci with increased
lipid content display some resistance to the alkylphenols because the molecules
are bound to the extra lipid and are thereby denied access to the membrane
[95]. Conversely, lipid-depleted cells are more sensitive than normal cells to
alkylphenols and other membrane-active agents [96].

Hexachlorophene (1), tetrachlorosalicylanilide (TCS, 2), and fentichlor (3)
are phenolic compounds which have been used in antiseptic soaps and shampoos,
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as antiperspirants, and in the treatment of skin mycoses. Hexachlorophene and
TCS are now withdrawn from general use in medicated cosmetics because of
toxic side effects. Fentichlor has low oral toxicity and is used internally for
treatment of deep-seated skin infections. Brominated salicylanilides are used in
ointments for topical application. The damaging effects of bactericidal concen-
trations of these compounds upon the cell membrane are shown by the leakage
of intracellular components and leakage has been quantitatively correlated with
antimicrobial activity [32,97,98]. Hamilton has stressed the importance of
studying the biochemical effects of antimicrobial agents at cellular concentra-
tions (expressed in molecules per bacterium) equivalent to those required to
inhibit growth [7,26]. Closer examination of the effects of low concentrations
of the agents reveals that hexachlorophene inhibits part of the electron transport
chain [99]; TCS and fentichlor inhibit energy-dependent uptake of amino acids,
and incorporation of amino acids and glucose into cellular material [26,100];
and that fentichlor is bacteriostatic at concentrations which do not induce leak-
age [32].

DETERGENTS

The bactericidal properties of cationic detergents have been recognized since
1935 when Domagk investigated a wide range of long-chain alkylquaternary am-
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monium compounds [101]. Among the most widely-used and thoroughly-inves-
tigated of these are cetyltrimethylammonium bromide (CTAB, 4) and cetyl-
pyridinium chloride (CPC, 5). They exhibit low toxicity and irritancy to mam-
malian cells, and are used as skin sterilizing agents and in antiseptic throat lozen-
ges [102]. Their major drawback is their reduction in activity in the presence of
serum or soaps, and their tendency to induce clumping of bacterial cells in
suspension, a phenomenon which severely diminishes their potency [103}.
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NMe, Br
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N >Cl
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NN -
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Anionic detergents such as sodium dodecylsulphate (SDS, 6) are less effective
bactericides than the cationic detergents. Non-ionic detergents such as the poly-
ethylene glycol sorbitol fatty acid esters (‘Tweens’) have little or no lethal effect.
Although the leakage of material from cells treated with CTAB is indicative of
membrane damage [104], more direct proof of the action of detergents upon
the cell membrane has come from studies on the lysis of protoplasts. Gilby and
Few [105] found qualitative and quantitative parallels between the bactericidal
action and lysis of protoplasts of M. lysodeikticus produced by detergents con-
taining a dodecyl chain attached to a charged group. The order of activity was

C12H25'NH; > 'NMC; > 'SOS > ‘SO;
Similar studies on the rate of lysis of protoplasts induced by a wide range of

detergents have provided more information on their interaction with the cell
membrane [106]. Cationic detergents appear to react with the phospholipid
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components of the membrane; the positively-charged heads associating with the
phosphate groups and the alkyl chains penetrating the hydrophobic interior of
the membrane. The resulting distortion of the membrane causes the protoplasts
to lyse under osmotic stress but is not sufficiently drastic to cause disaggregation
of isolated membranes. By contrast, anionic detergents lyse protoplasts indepen-
dently of osmotic stress and disaggregate isolated membranes [104]. Their action
seems to be upon the protein molecules which are solubilized by the formation
of protein-detergent complexes. This property is exploited in studies on mem-
brane protein composition where SDS is used to dissolve the proteins, and
separation is achieved by electrophoresis in polyacrylamide gels containing SDS
[16,107]). Non-onic, detergents, especially (polyethylene glycol)g_o p-tert.-
octylphenol (‘Triton X-100%) also dissociate membranes [108]. Since they are
less powerful protein denaturants than SDS they are preferentially used in mem-
brane protein studies [109], particularly in cases where enzymic activity must be
retained [110]. A full account of the interaction between detergents and mem-
branes has been given by Helenius and Simons [23].

The marked difference in bactericidal activity displayed by the three types of
detergent, cationic, anionic and non-ionic, could be attributed to the role played
by the cell wall. Negatively-charged components of the wall would assist the
uptake of cationic molecules and repel anionic molecules. Possibly the non-
ionic detergents are too large to penetrate the cell wall. Salton [104] has
described the likely sequence of events following exposure of bacteria to mem-
brane-active detergents as follows:

1. Adsorption and pehetration through the porous cell wall.

2. Interaction with the membrane components leading to disorganization of the
structure.

3. Leakage of low molecular weight metabolites, e.g. metal ions (especially K*),
amino acids, purines, pyrimidines, and nucleotides.

4. Degradation of proteins and nucleic acids.

5. Cell lysis following the action of wall-degrading enzymes.

The interaction of cationic detergents with microbial cells and in particular their

effect upon enzymes has been reviewed by Hugo [111].

Chlorhexidine, 1,6-di(4-chlorophenyldiguanido)hexane (7) is an extremely
effective bactericide which, because of its low toxicity, is widely used in medi-
cine and veterinary practice. Its properties, applications, and mechanism of
action have been discussed by Longworth [112]. The gluconate salt is freely
soluble in water but aqueous solutions are only slightly surface active. To
improve the wetting action, cationic or non-ionic detergents can be added with-
out loss of bactericidal activity; however, anionic detergents are incompatible.
The low toxicity and irritancy of chlorhexidine have led to its widespread use as
an antiseptic wash, preventing infections in obstetrics and gynaecology [113],
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and in dentistry [114]. It is used in antiseptic creams for treatment of wounds
and burns [115] and alcoholic solutions are used to cleanse the skin and hands
during surgery [116]. The hydrochloride salt is less soluble in water and is used
in medicated dressings, powders, and sprays [117].

Much of our knowledge of the mechanism of antimicrobial action of chlor-
hexidine has come from studies of its effect upon E. coli and S. aureus by Hugo
and Longworth [44,47,118,119]. The effects observed depend upon the concen-
tration employed, as is the case with most of the non-selective membrane-active
agents discussed in this section. As a cationic agent, it is rapidly bound to nega-
tively-charged groups on the cell surface [118] causing a reduction in the nega-
tive surface charge carried by the cells [119]. Low concentrations (10 to 100
ug ml™) produce a rapid release of cytoplasmic material from the cells [118,
120,121] which subsequently have the appearance of empty shells (‘ghosts’)
containing no cytoplasm [47]. With increasing concentrations of chlorhexidine,
the cells take up more of the drug and the rate of leakage increases. However,
at concentrations above 100 ug ml™ there is a marked decrease in the rate of
leakage [118]; the cells remain intact, although the cytoplasm appears granular
and the profile of the outer region of the wall of E. coli is altered [27,47,119].
The reduction in leakage is due to reaction of chlorhexidine with cytoplasmic
material — protein and nucleic acid — to form a precipitate which seals the cell
membrane [119]. This phenomenon occurs with other cationic detergents, e.g.
CTAB and polymyxin E [122], and with hexachlorophene [97]. Where chlor-
hexidine is used as an antiseptic the concentration is likely to be sufficient to
cause gross membrane damage and massive leakage, or even coagulation of the
cytoplasm. However, chlorhexidine is bacteriostatic at concentrations (around
1 ug ml™") which cause very little leakage, and more subtle effects must be
considered to explain its inhibitory action at these low levels [112]. Studies
with protoplasts of Streptococcus faecalis [8,123] show that chlorhexidine
inhibits the membrane-bound ATPase by 50% at about S ug ml™'. Energy-
dependent K™ translocation, which is thought to be coupled to ATPase in the
organism, is also inhibited. Chlorhexidine appears to act directly upon the
ATPase because it also inhibits the solubilized enzyme. These effects might
explain the bacteriostatic action of chlorhexidine.



100 MEMBRANE-ACTIVE ANTIMICROBIAL AGENTS
PEPTIDE ANTIBIOTICS

There are several groups of polypeptide antibiotics, two of which, the tyrocidins
and polymyxins have effects upon bacteria similar to those produced by cationic
detergents. The tyrocidin group, which includes tyrocidin A (8) and the mis-
named [124] gramicidin S (9) are cyclic d