THE USE OF STABLE ISOTOPES IN BIOLOGICAL AND MEDICAL
RESEARCH

By IRVING M. LONDON

(From the Department of Medicine, College of Physicians and Surgeons, Columbia University,
and The Presbyterian Hospital in the City of New York)

During the past 15 years there has been a rapid
and extensive development of the use of isotopes
in biological and medical investigation. In 1923,
Hevesy’s pioneering studies, in which thorium B
was used to investigate the absorption and locali-
zation of lead by plants, revealed some of the pos-
sibilities of the use of tracer technique for bio-
chemical research. The exploitation of these pos-
sibilities marked time, however, until isotopes of
elements more widely associated with biochemical
processes were made available. The discovery of
deuterium by Urey in 1931 and the development
of methods for production of heavy water were
the first steps toward providing stable isotopes
for tracer studies in biological systems.

There soon followed the preparation of the
heavy isotopes of nitrogen, carbon and oxygen,
which, with hydrogen, constitute a large portion
of the elements of interest to the biologist. The

discovery of artificial radioactivity by Joliot and

Curie in 1934 led before long to the production of
a number of radioactive isotopes which are of value
in biological investigations. The past decade and
a half have witnessed a swift and enthusiastic ap-
plication of stable and radioactive isotopes to a
wide variety of biologic studies.

The reports of these studies form a voluminous
literature. Several reviews (1-7) which deal with
various aspects of tracer research have appeared
in recent years. The scope of the present discus-
sion is limited to the use of stable isotopes and it
is not the purpose of this paper to attempt an-
other review, which would require far more space
-than is available. This paper is designed to indi-
cate some of the types of investigative problems
for which tracers are particularly suited and to
present illustrative examples of studies in which
stable isotopes have been used.

The discussion is presented in two parts. 1.
Types of problems for which isotope investiga-
tion is suitable. 4. Problems of dilution and
transport—the addition of isotopic substance A to
a biologic system and the subsequent isolation of
substance A and the determination of its isotope

content. B. Problems of conversion—the addition
of isotopic substance A to a biologic system and
the subsequent isolation of substance B and the
determination of its isotope content. C. Kinetics
of biochemical reactions. II. An illustration of
the use of isotope techniques in the investigation
of related problems in one field: the biosynthesis
and metabolism of porphyrins.

Problems of Dilution and Transport

Shortly after Hevesy’s first experiments with
thorium B, one of his colleagues expressed the
hope that a tracer would be found which could
permit the determination of the fate of individual
water molecules such as those in the tea they were
about to drink (8). Within a decade Urey’s dis-
covery of deuterium and preparation of heavy wa-
ter had provided an indicator which could help in
the solution of such a problem. This type of prob-
lem is characteristic of a number of questions
which can be answered by a basically simple ap-
plication of the isotope technique. This applica-
tion consists in introducing a labeled substance
of known isotope concentration into a system and
subsequently measuring the isotope concentration
of the same substance in the system as a whole or
in one or more of its constituent units. One can
trace the fate of the labeled substance, i.e., its dis-
tribution and localization, and one can measure
the time relationships of its distribution. In
terms of biological experimentation, this tech-
nique is applicable to the study of mechanisms and
rates of transfer of biological substances by absorp-
tion, secretion or excretion and to the study of
diffusion and membrane permeability. The same
technique is applicable to the solution of quanti-
tative analytic problems, whether primarily bio-
logical or chemical. By determining the dilution
in isotope concentration of the labeled substance
after its addition to the system one can determine
the amount of this substance which is present in
the system. In the animal organism precise
measurements of a variety of body constituents
are made possible, and in a purely chemical system,
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the isotope dilution method affords a precise
technique for quantitative analysis.

A few examples which are representative of
the various applications of this type of tracer work
may serve to illustrate the use of the technique.
Hevesy and Hofer investigated the rate at which
water is eliminated from the human body (8).
They administered heavy water to a subject and
subsequently measured the deuterium concentra-
tion in the urine. By determining the interval be-
tween the time of maximal concentration of deu-
terium in the urine and the time when the deu-
terium concentration in the urine was one-half
the maximal value, they determined t;,», the time
required for one-half of the heavy water ingested
to be eliminated from the body. This value is nine
days. Inasmuch as the biologic behavior of heavy
water of low isotope concentration is essentially
the same as that of ordinary water, this value for
t1/2 applies equally to ordinary light water. The
average time which a water molecule spends in
the body is t;/2 X In 2, or 13 days.

In the same study, these investigators applied
the principle of isotope dilution to determine the
water content of the body. After the first day
the deuterium concentration in the water of urine
may be taken as the deuterium concentration in
total body water. This is based on the reasonable
assumption that the heavy water becomes com-
pletely mixed with the total body water and is
handled in the body in a manner indistinguishable
from that of ordinary water. The total body wa-
ter volume is then equal to the product of the deu-
terium concentration and the volume of the heavy
water administered divided by the deuterium con-
centration in the urine. These calculations yielded
a value for total water volume of 43 = 3 liters or
63 == 4 per cent of the hody weight. This method
was modified by Moore (9) who determined the
deuterium concentration in plasma one hour af-
ter the intravenous injection of heavy water. Com-
plete equilibration of the injected D,O with the
body water was found to occur within one hour;
consequently the deuterium concentration in the
one-hour plasma sample could be considered
equivalent to the deuterium concentration in total
body water. By this method, a value for total
body water of 47.8 liters or 72 per cent of the
body weight was obtained in a normal adult male.

The ability of the tracer technique to follow the
transfer of a substance across a membrane has
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permitted the study of a number of biological prob-
lems which could not be satisfactorily. investigated
by other methods. Without the aid of isotopes,
the measurement of such transfer would depend
on the determination of the net change in the
quantity of the substance on each side of the mem-
brane. Under physiological conditions, however,
little or no net change in the quantity of a great
many substances is found despite considerable
transfer, for the transfer takes place simultane-
ously in both directions across the membrane.
The isotope technique avoids this difficulty. By
introducing a labeled substance on one side of the
membrane one can follow the movement of the
labeled substance in a system at equilibrium or in
a steady state. Inasmuch as the biochemical be-
havior of labeled units is indistinguishable from
that of unlabeled units of the same substance, the
transfer of the labeled substance is representative
of the transfer of the substance as a whole.

The studies of Gellhorn and Flexner (10) on
the transfer of water across the placenta illustrate
this application of the isotope technique. D.O
was injected into a pregnant guinea pig, and after
ten minutes during which equilibration of D,O
between the various fluid compartments of the
mother was known to occur, the fetuses were de-
livered by Caesarean section. By determining the
total body water of the fetus and the deuterium
concentrations in maternal and fetal plasma, it was
possible to calculate the quantity of water trans-
ferred across the placenta per unit time. It was
found that the rate of transfer of water across a
unit weight of placenta from the 28th day of gesta-
tion to term increased about nine times, and that
the rate of tranfer of water to a unit weight of
fetus was parallel to the relative growth rate of
the fetus.

The principle of isotope dilution has found
ready application to quantitative analytic studies
(11-13). Most commonly, a small known
amount of labeled substance is added to a system
containing an unknown amount of the same sub-
stance unlabeled. By determining the dilution in
the isotope concentration of the substance isolated
from the system, the quantity of substance origi-
nally present in the system can be calculated. This
technique permits accurate quantitative determina-
tions of a large number of substances for which
other good quantitative methods may not be avail-
able. In addition, the need for quantitative isola-
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tion of the substance is obviated. A pure sample
adequate in amount for isotope analysis is suffi-
cient. For accurate results it is essential that the
labeled material which is added to the system and
the material isolated from the system be pure.

The isotope dilution method has been used to
determine quantitatively the optical isomers of
amino acids present in amino acid mixtures (14)
and to determine the amino acid content of horse
hemoglobin (15) and human and bovine albumin
(16). Its use has demonstrated that the claim for
the presence of large quantities of D-glutamic
acid in malignant tumor tissue is invalid (17).

A modification of this procedure has been de-
scribed by Keston, Udenfriend, and Cannan (18)
for amino acid analyses. A mixture of amino
acids is treated with a labeled substance, e.g., p-
iodophenylsulfony! chloride labeled with I3, A
large amount of the non-isotopic p-iodophenyl-
sulfonyl derivative of the amino acid to be meas-
ured is added to the mixture and the compound is
subsequently isolated and its specific activity (iso-
tope concentration in the case of stable isotopes)
determined. Inasmuch as stable derivatives may
be formed with other amino acids in the mixture,
the isolated compound may require numerous re-
crystallizations before purity is established. It
should be noted that complete conversion of the
amino acid to its derivative must occur if ac-
curate results are to be obtained. This method
permits the quantitative determination of micro-
gram quantities of amino acids.

The principle of isotope dilution has been ap-
plied in reverse by Bloch and Anker (19) to de-
termine the isotope concentration of a metabo-
lite present in too small an amount to permit direct
isolation. Since the amount of isotopic metabolite
is also unknown, the addition of a known amount
of nonisotopic metabolite (carrier) merely facili-
tates isolation, but calculation of the original iso-
tope concentration of the metabolite is not possible.
If two different quantities of normal carrier
are added to separate aliquots of the metabolite
solution,” however, the two samples of metabo-
lite subsequently isolated will have different iso-
tope concentrations. Sufficient data are then
available for calculation of the original isotope con-
centration. The error of this procedure, however,
may be as high as 20 per cent.
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Problems of Conversion

Isotopes are particularly suited to the study of
conversion reactions. One of the principal types
of investigation in intermediary metabolism is con-
cerned with determining the products of the bio-
logical conversion of a substance or to determine
its biologic precursors. Experiments performed
without the aid of isotopes are for the most part of
two types: (1) in vivo studies in which substance
A is administered and the quantity of substance B
which is formed in the tissues or is excreted is
determined; and (2) in vitro studies in which
substance A is added to tissue slices or isolated or-
gans and the quantity of substance B formed in
the system is measured. Although these types of
study have yielded much valuable information, they
do not yield conclusive evidence for the determina-
tion of biologic precursors or conversion products.
In vivo studies in which an increased excretion of
substance B following the administration of sub-
stance A is interpreted as evidence that A is a
biologic precursor of B, are open to the criticism
that increased excretion of B represents an in-
creased loss of B from the organism rather than
increased synthesis and that A is responsible for
this effect merely by virtue of its effect on the ex-
cretory mechanism. An increased formation of B
in vivo or in vitro following the addition of A does
not prove the conversion of A to B but may indi-
cate rather that A is concerned in reactions yield-
ing energy required for the synthesis of B. Fur-
thermore, the absence of increased formation of
B following the administration of A does not pre-
clude the role of A as a specific precursor for B.
Most biologic syntheses involve a series of reac-
tions. Only one of these reactions may be limiting
and principally responsible for the rate of forma-
tion of B. If the specific conversion of precursor
A to substance B is not this limiting reaction, the
administration of A will probably not be reflected
by an increased formation of B. Clearly another
technique of investigation which offers unequivocal
evidence for the specific utilization of structural
components of one substance for the biologic syn-
thesis of another is required. Such is the isotope
technique.

A striking example of the use of isotopes in the
study of conversion reactions is the investigation
of the biological synthesis of creatine and creati-
nine. Bloch and Schoenheimer (20) addressed
their attention first to the relationship in vivo of



1258

creatine to its anhydride, creatinine. Creatine
labeled with N** was fed to rats and subsequently
creatine was isolated from the muscles and creati-
nine from the urine. The N5 concentrations in
the isolated creatine and creatinine were nearly
identical and indicated that urinary creatinine is
derived from body creatine. Similar studies were
carried out in which after the preliminary period
of feeding N5 labeled creatine, the rats were kept
on, a creatine-free diet, during which time the
isotope content of urinary creatinine was identical
with that of body creatine. This finding indicated
that body creatine is the sole precursor of urinary
creatinine in an animal on a creatine-free diet.
Were any other nitrogenous source present, the
isotope concentration in the creatinine would have
been lower than that of the body creatine as a
result of dilution with non-isotopic nitrogen.

To determine whether the creatine & creati-
nine reaction is reversible in vivo as it is in vitro,
isotopic creatinine was administered to rats and
body creatine was subsequently isolated. There
was essentially no isotopic nitrogen in the creatine,
a finding which indicates that in vivo creatinine is
not convertible to creatine.

The next step in these studies was the search
for the biologic precursors of creatine. Clues to
the identity of these precursors were provided
by Brand et al. (21, 22) who found that pa-
tients with muscular dystrophy excrete more
creatine after administration of glycine, and by
Fisher and Wilhelmi (23) who reported that the
addition of arginine to the fluid perfusing rabbit
hearts resulted in a quantitative conversion to
creatine. In addition Borsook and Dubnoff
showed that guanidoacetic acid is methylated to
creatine in surviving liver slices and that this
methylation is markedly accelerated by the addi-
tion of methionine ; they concluded that the methyl
group of methionine is transferred to guanidoacetic
acid to form creatine (24). Simultaneous and in-
dependent investigations by Bloch and Schoen-
heimer revealed that when glycine labeled with
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N*'® was administered to normal rats, creatine with
a high isotope content was formed (25). Simi-
larly sarcosine labeled with N3 yielded creatine
with equally high isotope content. Inasmuch as
the ingestion of isotopic sarcosine was shown to
lead to the deposition in proteins of isotopic gly-
cine to the same extent as when glycine itself was
fed, it was concluded that sarcosine is very rapidly
demethylated after its ingestion and that it serves
as a precursor of creatine only after demethylation
to glycine (26). When guanidoacetic acid labeled
with N?® was fed, creatine was formed with an
isotope content approximately the same as when
an equivalent amount of isotopic creatine was ad-
ministered ; clearly, methylation of guanidoacetic
acid to form creatine must occur quickly (25).

With the role of glycine as a precursor estab-
lished and with the demonstration of the rapid
methylation of guanidoacetic acid to form creatine,
there yet remained the problem of determining
conclusively the biologic sources of the various
groups in the creatine molecule. Working inde-
pendently, Borsook and Dubnoff found that kid-
ney slices could form guanidoacetic acid from argi-
nine and glycine (27) #nd Bloch and Schoen-
heimer showed that the administration of arginine
labeled with N** in the amidine group resulted in
the formation of creatine of high isotope concen-
tration (28). By degradation studies the latter
investigators were able to show that the amidine
nitrogen of creatine is derived from the amidine
nitrogen of arginine, and that the nitrogen of the
sarcosine group originates from glycine (29).

The final link was provided when du Vigneaud
et al. found that the administration to rats of
methionine labeled with deuterium in the methyl
group results in the formation of creatine with a
high deuterium concentration (30, 31).

These studies established the immediate bio-
logical source of each part of the creatine mole-
cule. The biosynthesis of creatine may be sum-
marized as follows:

1?Hz ITIH2 ITIHz ITHZ
CH,COOH + C=NH — l=NH + CH, — (|I=NH
Glycine Amidine NH Methyl N—CHj;
| From Methionine |
From Arginine CH,COOH CH,COOH
Guanidoacetic Creatine

acid
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Recent studies on the biosynthesis of uric acid
offer another example of the use of the isotope
technique in establishing the identity of the bio-
logic precursors of an important chemical sub-
stance. Sonne, Buchanan and Delluva (32-34)
prepared a number of compounds labeled with C*2,
administered them to pigeons, isolated the uric
acid from the excreta, and degraded the uric acid
by procedures which permitted separate isotope
analyses of each of the carbon atoms in the uric
acid molecule. They found that the number 6
carbon is derived from CO,, carbon atoms 2 and 8
from the carboxyl carbon of acetate (CH,C*OOH)
or formate (HC*OOH), and carbon atom 4 from
the carboxyl carbon of glycine (CH.NH,C*OOH).
Shemin and Rittenberg (35) demonstrated the
specific utilization of the amino group of glycine
for nitrogen 7 in an experiment in which N*®
labeled glycine was fed to a human and the uric
acid isolated from his urine was degraded. Ni-
trogen atoms 1, 3 and 9 are apparently derived
from ammonia of the general metabolic pool.
With glycine established in positions 4 and 7, it
remained for Karlsson and Barker (36) using
glycine labeled with C** in the a position to show
that the methylene carbon of glycine is incorpo-
rated into position 5 (NH,C*H;COOH). These
composite data derived from both avian and human
experiments have established the immediate bio-
logic precursors of each component of the uric
acid molecule.

Progress in the delineation of the conversion
reactions in intermediary metabolism has been
markedly facilitated by the use of isotopes. Limi-
- tations of space prevent discussion of the many
excellent studies which illustrate this application
of tracer technique. The interested reader is re-
ferred to reviews or representative papers by
Wood (37), Evans (38), Gurin (39), Stetten
(40), Weinhouse (41) and their colleagues for a
more thorough consideration of the use of tracers
in the study of conversion reactions.

Kinetics of Biochemical Reactions

Within a few years after the start of their in-
vestigations in intermediary metabolism with the
aid of isotopes, Schoenheimer, Rittenberg and
their colleagues concluded that the conventional
concept of the division of metabolic processes into
exogenous and endogenous forms was untenable.
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Their studies demonstrated that there is a con-
stant interchange of dietary constituents with body
constituents and that the body constituents are in
a state of flux, of continuous synthesis, degrada-
tion, and interchange. They termed this concept
of intermediary metabolism “the dynamic state
of body constituents.” This concept not only
comprises an appreciation of the interconversions
and synthetic and degradative reactions of body
constituents, but it emphasizes the importance of
the rates at which these reactions are carried out
in the living organism. The kinetics of processes
in intermediary metabolism has received relatively
little attention, however, as compared with the
attention focussed on delineating the pathways of
synthesis and degradation. In the future, how-
ever, the kinetic aspects of biologic processes may
be expected to receive considerably more empha-
sis in isotope studies. An appreciation of the im-
portance of a metabolic road requires a knowledge
of the extent of the traffic on that road. When
more than one pathway for the conversion of one
substance to another exists, the rates at which
the reaction is carried out via the different routes
indicate the relative significance of these routes.

~ Studies in reaction kinetics are pertinent to the
investigation of chemical changes in biological
fluids and tissues which occur in disease. By de-
termining reaction rates, it is possible to ascertain
whether an abnormally high concentration of a
substance is the result of an increased rate of syn-
thesis or a diminished rate of degradation, and
whether an abnormally low concentration results
from a diminished rate of synthesis or an in-
creased rate of degradation.

The considerations and calculations involved in the
measurement of reaction rates in isotope experiments
have been discussed by Zilversmit et al. (42), by Bran-
son (43), and by Radin (44). The principal considera-
tion is the basic assumption of biological isotope research,
namely, that isotopic molecules are biologically indis-
tinguishable from non-isotopic molecules. In nearly all
cases the additional assumption may be made that the
appearance and disappearance of all molecules proceed at
random. The simplest type of problem of reaction
kinetics is concerned with a biological system in the
steady state, i.c., the rate of appearance of the substance
under study equals its rate of disappearance and, during
the period of study, these rates remain constant. Under
these conditions, the total number of molecules, M, of
the substance in the system is equal to m, the number
of molecules which enter (or leave) the system per unit
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of time, multiplied by the turnover time, T, the time re-
quired for the appearance in the system or disappearance
from the system of M molecules of the substance.

One type of experiment in which the rate of synthesis
and degradation of a substance may be calculated is that
in which a small amount of the labeled substance which
is normally synthesized in the system is added to the
system and its rate of disappearance is measured. In
the steady state the rate of disappearance is equal to the
rate of appearance and is consequently a measure of the
rate of turnover. The rate of creatine turnover was
studied by this technique (45). Adult rats were given
isotopic creatine and were then placed on a creatine-free
diet. Samples of creatinine were isolated at intervals
from the urine. The isotope content of the creatinine
was shown in the studies described earlier to be the same
as that of the body creatine. The decrease in isotope
concentration in the urinary creatinine indicates there-
fore the disappearance of labeled creatine from the tis-
sues and its replacement by newly synthesized non-
isotopic creatine. The curve of isotope concentration in
the creatinine declines in exponential fashion, i.e., the
decline in isotope concentration at any moment is pro-
portional to the isotope concentration at that moment.
Since the slope, K, of the declining isotope concentration

curve is equal to % , 1., the fraction of the total sub-

stance M which disappears from the system per unit
time, and since i is the isotope concentration at any
time t, then %‘t - - L.

On integration i =i.e**, in which i, is the isotope
concentration at the start of the experiment. On con-
verting to logarithmic values, In i=In io,—k t. A plot
of In i against t yields a straight line whose slope is k.
Accordingly, by serial determinations of the isotope con-
centration, k can be calculated, and t;,,, the half life-
time, can be determined from the equation t;,, = _lnTZ_
Since T=tl s2 X In 2, the turnover time is also readily
calculated. To express the rate of turnover in terms of
units of weight per unit of time, M must be determined
quantitatively by an independent procedure.

In the case of creatine in rats, the turnover rate was
found to be about 0.02 per day. By determining the
total body creatine, and the daily urinary creatinine ex-
cretion, it was found that the daily creatinine excretion
corresponds to about 2 per cent of the total body
creatine. The close agreement of these values for daily
synthesis of creatine and excretion of creatinine precludes
the existence of any major catabolic pathway for creatine
other than creatinine formation and excretion.

Hoberman et al. (46, 47) have utilized this technique to
study the rate of turnover of body creatine in man. In
two human male subjects on a creatine-free diet values
of 42 and 48 days for the half lifetime of body creatine

. In2 0.69 0.69
were obtained (“” =% ~ooie ~ ¥ go1a3 = 48)'
When methyl testosterone is administered to the normal
subject, the slope of the curve becomes steeper and re-
flects a more rapid dilution of body creatine (47). By
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appropriate calculations it can be shown that the more
rapid dilution is the result of an increased rate of synthe-
sis of creatine and an increase in the total body creatine.
This study affords direct evidence that methyltestosterone
accelerates creatine synthesis.

When it is very difficult to synthesize an iso-
topic compound whose biologic turnover is to be
studied, it may be possible to prepare the com-
pound by biosynthesis and to study its turnover in
the same or in another organism. An isotopic com-
pound which is known to be a biologic precursor
of the substance is administered to the subject and
subsequently the substance is isolated serially and
its isotope concentration is determined. In the
case of substances in the dynamic state, the isotope
concentration rises to a maximum shortly after the
end of the administration of the isotopic precursor
and then declines exponentially. The upward
slope of the curve reflects the appearance of newly
synthesized labeled molecules and their replace-
ment of unlabeled molecules formed prior to the
administration of the isotopic precursor. The
declining portion of the curve results from the
disappearance of labeled molecules and their re-
placement by newly synthesized molecules con-
taining little or no isotope. Inasmuch as the
degradation of the labeled molecules may in some
cases result in isotopic fragments which can be
reutilized for the synthesis of new molecules of
the same substance, the rate of decline in isotope
concentration may be slower than the actual rate
of degradation. This discrepancy is probably not
marked, however, for after the degradation of the
labeled molecule, the isotopic fragment commonly
enters a metabolic pool of similar fragments of
lower isotope concentration. A representative
sample of this pool is utilized for the synthesis of
new molecules. These conditions approximate
roughly the replacement of isotopic molecules
by non-isotopic molecules and provide a good
measure of the turnover rate of a substance in
the dynamic state. This technique has been used
to study the rates of turnover of serum and
antibody proteins in the rabbit in whom it was
found that the half lifetime of serum and antibody
protein molecules is about two weeks (48). Shemin
and Rittenberg have utilized this technique in an
extensive study of the interrelationships involved
in nitrogen transfer and of the rates of turnover
of nitrogen in various tissues of the rat (49).



USE OF ISOTOPES IN BIOLOGICAL AND MEDICAL RESEARCH

0.400

NORMAL MAN
SERUM PROTEINS

(-3
I3
o
o
T

ATOM PER CENT N EXCESS
° °
- ~n
o o
o o
1

§ SR NS NN VRSN NN NN (NN NN VUURY TOUN NN B SO Y P B |
10 12 14 16 18 20 22 24 26 20 30 32 34 36 38 40 42
TIME IN DAYS

T B W |
2 4 68

Fic. 1. N15 CONCENTRATION IN SERUM PROTEINS AFTER
FEEDING N15 LABELED GLYCINE FOR Two Davs

The kinetics of serum protein formation in the
human have been investigated by this method
(50). Glycine labeled with N® was fed to a hu-
man subject for two days and the N® concentra-
tions in the total protein were determined. Fig-
ure 1 shows a curve representative of the data ob-
tained in these studies. The maximal N® con-
centration is reached shortly after the cessation of
feeding labeled glycine and thereafter the isotope
concentration declines in a roughly exponential
manner. The t;/2 value for total serum protein is
about ten days.

With a t,,, of about ten days, the turnover time, T,
for a serum protein molecule is t;,, X In 2 or about 15
days. The normal human adult male with a total plasma
volume of 45 ml. per kilogram of body weight has a
serum protein content of about 3 Gms. per kilogram of
body weight. Substitution in the equation M=m X T
yields a value for m of 02 Gm. of serum protein per
kilogram of body weight per day. In a normal man of
70 kilograms, approximately 14 Gms. of serum protein
are synthesized and degraded daily. It should be re-
membered that t;,, values are approximations and are
somewhat greater than the actual half lifetimes. Ac-
cordingly, the shorter actual half lifetimes will be re-
flected in proportionately greater rates of synthesis and
degradation.

A theory and a practical procedure for evalua-
tion of the rate of protein synthesis have recently
been described by Sprinson and Rittenberg (51).
A small amount of N*® labeled amino acid is ad-
ministered to the subject and the N5 content in
the urine excreted after the administration of the
amino acid is determined. The greater the utili-
zation of the amino acid for protein synthesis, the
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smaller the total excretion of N° during the pe-
riod of study. Mathematical treatment of the data
on the cumulative excretion of N*® during a pe-
riod of 48 to 72 hours after ingestion of the iso-
topic amino acid affords an estimation of the rate
of protein synthesis and the size of the metabolic
pool of nitrogen. The rate of protein synthesis per
kilogram of body weight per day is approximately
0.2 Gm. of nitrogen in adult man. The nitrogen
pool, i.e., the nitrogenous compounds which are
derived from the diet or from the degradation of
body constituents and which are utilized for the
synthesis of tissue constituents, was found to be
approximately 0.4 — 0.6 Gm. per kilogram in nor-
mal man. This procedure should prove to be val-
uable in the study of a variety of metabolic dis-
orders and in the investigation of endocrine ef-
fects on nitrogen metabolism.

The rate of synthesis and degradation of a bio-
logic substance can be determined by still another
technique which measures the rate of incorpora-
tion of deuterium into the compound from the
body fluids. This technique is applicable only to
metabolic reactions in which hydrogen, or deu-
terium, is stably bound to carbon. By maintaining
a steady deuterium concentration in the body fluids
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Ce = deuterium concentration at any time t. Co=
maximum deuterium concentration which is attained at
infinite time,
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and by serial determinations of the deuterium con-
centration in the substance under study one can
measure the rate at which the substance is syn-
thesized. The maximum deuterium concentra-
tion which is achieved in this substance is usu-
ally lower than that of the body water since a
fraction of the hydrogen atoms of most compounds
is not derived from body water. The half life-
time of a substance is the time required to reach
50 per cent of this maximum concentration. Stud-
ies on the rate of formation of body cholesterol
in the mouse have shown a half lifetime for the
cholesterol molecule of 15 to 25 days (52). The
rate of synthesis of serum cholesterol in a nor-
mal man has recently been investigated by this
technique. Figure 2 describes a curve obtained
by plotting the isotope concentration against time

[l - deuterium concentration at time t)vs time] .
o8 maximum deuterium concentration :

The linear curve indicates that the change in iso-
tope concentration is exponential in character and
from the slope of the curve the half lifetime of
serum cholesterol can be determined. In this nor-
mal male subject, the half lifetime is about nine
days, the turnover time about 13 days (53).

The Biosynthesis and Metabolism of Porphyrins

The preceding discussion has been concerned
with presenting examples of the main types of bio-
logical problems which are readily investigated
with the aid of isotopes. These studies are for the
most part unrelated and are diffusely spread over
a number of fields of research. It may be well,
therefore, to present an account of studies which
illustrate the application of a variety of isotope
methods to the investigation of a group of related
problems in one field. The studies to be described
are concerned with the biosynthesis and metab-
olism of porphyrins.

These studies were initiated with the finding by
Shemin and Rittenberg that glycine is specifically
utilized for the biologic formation of the proto-
porphyrin of hemoglobin (54). When glycine
labeled with N® is fed to a human, the hemin iso-
lated from the red blood cells of the subject is found
to contain N*® (55). Serial determinations of
the N?® concentration in the hemin describe a
curve (Figure 3) (55, 56) which is strikingly
different from the type of curve of isotope con-

IRVING M. LONDON

NORMAL MAN Joo008
J o007
J 0006
10008
-c, 98 4 0004
dt -:—: 0003
t© | ' Q) Toooz
1 ; {0001
! i 0000
106 “
0.5}
4
o]
x 0.4
w
)
203
-
& o2
[ 4
w
a 0.1
b 3
o
% o0 L L A

1 1 1 1 1 1 1 ..
20 40 60 80 100 120 140 160 180 200 220
TIME IN DAYS

(-]

]
-4
o
w

. N15 CoNCENTRATION IN HEMIN AFrER FEEDING
N15 LageLep GLYCINE ForR Two Davs

centration observed in serum proteins after the
administration of labeled glycine (Figure 1). The
phenomenon observed in the case of serum pro-
teins represents a dynamic process in which pro-
tein molecules are continuously being degraded
and resynthesized. If hemin were in the dynamic
state, even though the red cell itself were morpho-
logically intact, the N*® concentration in the hemin
would describe a similar curve. The curve of N**
concentration in hemin is fundamentally different,
however, and cannot be the result of a random
synthesis and degradation of hemoglobin in the
peripheral blood. The presence of hemoglobin
labeled with N*° in erythrocytes many weeks after
the end of glycine administration must be due to
synthesis and incorporation of hemoglobin labeled
with N?® in the erythrocytes during formation of
the cells in the bone marrow. The persistence of
labeled hemoglobin in the red blood cells for
months after its synthesis in the bone marrow indi-
cates that once incorporated into the red cell the
hemoglobin remains with the cell until the cell
disintegrates. In brief, the persistence of the
labeled hemoglobin reflects the survival or life span
of the cells containing the hemoglobin.

The upward slope of the curve of isotope con-
centration in hemin represents the release into the
circulation of erythrocytes containing isotopic
hemoglobin and their replacement of cells formed
prior to the administration of glycine which con-
tain no isotopic hemoglobin. The maximum iso-
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tope concentration is reached and maintained when
cells with heme of insignificant N concentration
replace cells formed before the glycine adminis-
tration. The declining portion of the curve re-
flects the destruction of cells containing labeled
hemoglobin and the point of inflection represents
the period of -most marked destruction of these
cells. The moderately abrupt decline indicates
that the heme is not significantly, if at all, re-
utilized for new hemoglobin formation when the
cell disintegrates. If the heme were reutilized
significantly, a slower decline in isotope concen-
tration would occur.

It is clear that normal human red blood cells are
destroyed as a function of their age and not in
indiscriminate fashion. The average life span of
the human erythrocyte can be calculated from the
curve of isotope concentration in hemin. These
calculations are presented in detail elsewhere (55,
56). Values of 127, 120 and 109 days have been
obtained in two normal men and one normal
woman. Since these subjects were in a steady
state, these values correspond to the production

POLYCYTHEMIA VERA

0010
0.009
0.008
0.007
0006
0.008
0004
0003
0.002
0004

: 0.0 2 1 I A 1 1 I It 1 1 1
O 20 40 60 60 100 120 O 160 WO 200 220
TIME IN DAYS
F16. 4. N15 CoNCENTRATION IN HEMIN ArTER FEEDING

N18 LapeLep GLYCINE For Two Davs

1263

and destruction of approximately 0.8 per cent of
the red cells per day. Despite a rather wide range
in the ages at death of the red cell population, the
time span which encompasses the ages at death of
half (the second and third quarters) of the cell
population is relatively short. In the two normal
male subjects this time span was found to be 28
and 35 days, in the normal female subject 32 days.

This isotope method possesses the unique ad-
vantage of making possible the study of the life
span and pattern of destruction of the red cells in
the same individual in whom the cells are made
and destroyed without altering the usual state of
the individual. Accordingly, it is well suited to
the study of hemoglobin synthesis and red blood
cell dynamics in normal and pathologic states.

Polycythemia vera is one of the clinical disorders
which has been investigated with the aid of this
method (56). The study was performed in an
attempt to determine the factors which might be
operative in the production of the characteristic
abnormality of the disease, namely, the marked
increase in the total number of circulating erythro-
cytes. Theoretically this increase might result
from one or both of these factors: (I) an in-
creased rate of hemoglobin and erythrocyte syn-
thesis and (2) prolonged life of the erythrocytes.
A patient in a fully developed stage of the disease
was given glycine labeled with N* in a dosage
equivalent to that used in the normal subjects.
Figure 4 describes the curve of the isotope concen-
tration in hemin. The pattern of red cell destruc-
tion is normal and the average life span of the red
cells is 131 days, a value close to the values ob-
tained in the normal subjects. Inasmuch as the
erythrocyte life span is essentially normal, the
marked increase in the number of circulating red
cells must be associated with an elevated rate of
red cell and hemoglobin synthesis. In this patient
the rate of synthesis was 2.5 times the normal
value.

These findings demonstrate a functional hyper-
activity of the blood-forming apparatus in polycy-
themia vera in a fully developed stage of the dis-
ease. It is likely that the development of the
polycythemia earlier in the disease is also char-
acterized by increased hematopoietic activity with
the maintenance of a normal erythrocyte life
span. Various theories have been proposed for
the etiology of polycythemia vera but conclusive
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proof in support of any of them is lacking. The
fundamental cause of the functional hyperactivity
of hematopoietic tissue remains unknown. The
theory, first proposed by Minot and Buckman
(57), that polycythemia vera is a neoplasm, ap-
pears to be most compatible with available evi-
dence. The persistent bone marrow hyperplasia
involving all marrow elements, the development
of leukemia in some cases of polycythemia vera and
the development of polycythemia in some cases
of leukemia suggest that this is a neoplastic proc-
ess. It appears to be a benign neoplasm which
can develop malignant characteristics. If it is a
neoplasm, it is an instance of neoplastic growth
which is associated with an increase in synthetic
activity with no apparent diminution in degrada-
tive activity. The fundamental cause, however,
remains no less obscure than that of other forms
of neoplasia.

Sickle cell anemia is another clinical disorder
which has been investigated with the aid of the
isotope method (56). A patient with the char-
acteristic findings of this disease received labeled
glycine in a dosage similar to that used in the nor-
mal subjects. The curve of isotope concentra-
tion in the hemin is shown in Figure 5. It is
markedly different from the normal. Following
a rapid rise to a maximum on the seventh day,
the curve declines exponentially. The exponential
decline results from a random disappearance of
labeled heme from the circulating blood, i.e., the
heme is removed from the circulation at a rate
which is independent of the age of the heme at
the time of its degradation. A curve of this shape
could result from (1) a random destruction of the
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red blood cells and a consequent loss of labeled
heme from the circulating blood ; or (2) a random
degradation and synthesis of heme in circulating
red blood cells which are morphologically intact;
or (3) random synthesis and degradation of heme
in red blood cells which are themselves undergoing
random destruction. The latter two possibilities
seemed unlikely in the light of earlier studies
which demonstrated that the hemoglobin of cir-
culating erythrocytes is not in the dynamic state.
However, when the whole blood of patients with
sickle cell anemia is incubated with N® labeled
glycine heme labeled with N® is formed (58).
This in vitro synthesis of heme indicates that the
peripheral blood in patients with sickle cell ane-
mia may synthesize heme. The synthesis in the
in vitro experiments occurs at a rate of only 0.1
— 0.2 per cent of the red cell heme in 24 hours. If
all the hemoglobin in the circulating erythrocytes
of sickle cell anemia were synthesized in the periph-
eral blood at a rate of the same order of magnitude
as in the in witro experiments, the hemoglobin
turnover would be ten to 25 times slower than
that which is actually observed in this case. It
would seem that the random disappearance of
heme must be due for the most part to an indis-
criminate destruction of erythrocytes. If some
random synthesis of heme in the peripheral blood
of patients with sickle cell anemia does occur, it
probably plays a very minor role in the hemo-
globin turnover in this disease.

Inasmuch as the erythrocytes of sickle cell ane-
mia are destroyed indiscriminately, they do not
have a true life span and their survival is more
appropriately measured in terms of their half
lifetime. The half lifetime (t;/2), 4.e., the time
required for the isotope concentration to decline
from any given value on the declining portion of
the curve to one-half that value, is 29 days in
this case. The mean survival time, or turnover
time (ti2 X In 2), is 42 days. With these data
and determinations of total circulating hemoglobin
and red blood cell volumes, the rates of hemo-
globin and red cell production may be calculated.
The rates in this patient were found to be nearly
three times the normal.

The increased hematopoietic activity is most
likely a compensatory response to the markedly
reduced number of erythrocytes. The diminished
survival time reflects a defect which is in all prob-
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ability intrinsic to the red cell. This defect, which
probably involves the structure of the red cell
membrane, may be associated with the sickling
process but cannot be ascribed to this phenome-
non alone, since the red cells of individuals with
sickle cell trait but without anemia are not ab-
normally susceptible to destruction (59, 60).
Pernicious anemia is another disease process
which has been investigated (56). A patient with
the typical physical and laboratory findings of the
disease received N° labeled glycine. No anti-
anemia therapy had been given when the experi-
ment was begun. The curve of isotope concen-
tration in hemin, the red blood cell counts, hemo-
globin values, and reticulocyte counts during the
course of the study are shown in Figure 6. The
isotope concentration in hemin rose rapidly and
was approaching its maximum on the 16th day.
It was considered inadvisable to withhold treat-
ment longer and liver extract therapy in large
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dosage was begun. A satisfactory reticulocyte re-
sponse and rise in hemoglobin and red blood cell
counts occurred.

The rise in hemoglobin and erythrocyte levels

‘was accompanied by a decline in the isotope con-

centration in the hemin. This decline was antici-
pated for a dilution of the isotope concentration
in the hemin of circulating erythrocytes should
result from the release into the circulation of large
numbers of new cells formed when the isotope
concentration in the body glycine had fallen to a
low value. The decline in isotope concentration
persisted, however, after the erythrocyte and
hemoglobin values approached normal levels and
a mere dilution effect should have been minimal.
To differentiate a dilution effect from actual de-
struction of the cells containing labeled hemo-
globin, the changes in the total amount of N©
in the heme of circulating erythrocytes were de-
termined. It has been shown (61) that the hemo-
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globin concentration in the peripheral blood serves
as a reliable index of the total hemoglobin in circu-
lation before and after the start of liver treatment
in pernicious anemia. Accordingly, a curve repre-
senting the changes in the total amount of heme
N*# in circulation could be obtained by multiply-
ing the hemoglobin concentration in the peripheral
blood by the isotope concentration in the hemin
(Figure 7).

The initial rise in total heme N?® is similar to
the rise in isotope concentration noted in Figure
6. After the start of liver therapy, an additional
rise occurs due to the influx of many new cells.
Although these newly formed cells contain heme
of relatively low isotope concentration, their total
number represents a considerable increment in
the quantity of heme N*® in the circulating blood.
The maximum value for total heme N** is attained
about two weeks after the start of liver therapy.
If the cells of untreated pernicious anemia en-
joyed a normal life span, the curve would have
maintained a plateau until the 40th to 60th day and
then would have begun to decline. The curve de-
clines, however, in linear fashion almost immedi-
ately after reaching its peak. If all the cells were
destroyed indiscriminately, the decline would have
been exponential. The linear decline suggests that
the cell population is mixed, many of the cells be-
ing destroyed indiscriminately and others as a func-
tion of their age. From the declining portion of
the curve it is possible to calculate that the mean
survival time of the mixed cell population is 90
days and that the mean survival time of the cells
formed prior to liver therapy is approximately 85
days. These calculations are presented in detail
elsewhere (56).

With these data and determinations of total
hemoglobin and red blood cell values, it can be
shown that the rate of production of erythrocytes
capable of reaching the peripheral blood is only
about 50 per cent of normal. This diminished
rate of production and the diminished survival
time of the cells in circulation are consistent with
the view that in untreated pernicious anemia the
erythrocytes are intrinsically defective. The ab-
sence of an abnormal hemolytic factor in the plasma
of pernicious anemia patients is supported by
studies with the Ashby technique (62, 63) which
have shown an essentially normal survival of nor-
mal cells transfused to recipients with pernicious
anemia. There is no marked deficiency in the rate
of production of circulating hemoglobin which in
this case was 80 per cent of normal.

After treatment with liver extract for one year,
the patient was again studied. The findings re-
veal that the red blood cells are destroyed as a
function of age, not indiscriminately, and that their
average life span+is 129 days, a normal value.
Complete restoration to normal red cell dynamics
has occurred (Figure 8).

In the untreated state, this patient showed only
mild diminution in the rate of production of circu-,
lating hemoglobin. But even a normal rate of
production and destruction of circulating red cell
hemoglobin fails to provide an adequate explana-
tion for the very large amounts of bile pigment
which are produced in pernicious anemia. To in-
vestigate this and other problems of bile pigment
metabolism, the biologic origin of bile pigment has
been studied with the isotope technique. ~

It has commonly been assumed that bile pigment
normally is derived almost exclusively, if not com-
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pletely, from the degradation of hemoglobin of
mature circulating red blood cells. In accordance
with this assumption, the appearance of N® in the
bile pigment following the administration of N*®
labeled glycine should reflect the destruction of
red blood cells containing labeled hemoglobin.
Since in the normal human no significant number
of red cells is destroyed for several weeks after
their release into the circulation, there should be
no significant concentration of N® in bile pigment
during the early part of the experiments in the
normal subjects. Stercobilin isolated from the
stools collected during the first eight days of the
experiment in one of the normal subjects was
found, however, to have a high concentration of
N5 (64). This finding suggests that a portion of
bile pigment is derived from one or more of the
following sources: (1) hemoglobin of red blood
cells which are destroyed shortly after reaching
the peripheral blood or never reach it and are
destroyed in the bone marrow; (2) porphyrins
which are not utilized for hemoglobin production;
or (3) direct synthesis of bile pigment via a path-
way which does not involve degradation of a
porphyrin ring. From quantitative considerations
it appears unlikely that myoglobin or the respira-
tory heme pigments serve as a significant source of
this portion of bile pigment.

The finding of an additional source of bile pig-
ment formation appeared to offer a reasonable ex-
planation for the discrepancy in untreated perni-
cious anemia between the very high levels of bile
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pigment production and the relatively moderate
destruction of circulating red cell hemoglobin.
When a similar study was performed in the pa-
tient with pernicious anemia, an extraordinarily
high concentration of N** was found in the
stercobilin isolated during the first several days
of the experiment (65). These findings indicate
that a very large portion of the bile pigment pro-
duced in this disease is derived from one or more
of the additional sources which have been sug-
gested.

The investigation of porphyrin metabolism was
facilitated by the finding that heme synthesis oc-
curs in vitro in the blood of patients with sickle
cell anemia (58) and in avian nucleated erythro-
cytes (66). Since significant heme synthesis is
not observed in normal human blood under similar
experimental conditions, the in vitro synthesis ob-
served in the blood of sickle cell anemia was be-
lieved to be due to the presence of numerous im-
mature reticulated cells. On incubation of blood
samples from other subjects with hematologic dis-
orders characterized by elevated reticulocyte
counts, however, significant heme synthesis was
not observed (58). These findings indicated that
although the reticulocytes in the blood of sickle
cell anemia might be responsible for the heme syn-
thesis, the mere presence of numerous reticulocytes
in the blood of subjects with other hematologic
disorders does not insure the ability of such blood
to synthesize heme in vitro. Further studies (67)
have confirmed the finding that some blood sam-
ples with elevated reticulocyte counts from patients
with other blood dyscrasias do not perform signifi-
cant in vitro heme synthesis. These studies have
shown, however, that other blood samples with
elevated reticulocyte counts from subjects with
disorders other than sickle cell anemia may syn-
thesize heme in vitro. To investigate some of the
problems posed by these observations, the capacity
for heme synthesis of reticulocytes in the blood of
experimental animals which had no disorder of
erythrocyte or hemoglobin formation was studied.
The blood of previously normal rabbits in whom
reticulocytosis was induced by bleeding or phenyl-
hydrazine hemolysis was incubated aerobically
with N¢ labeled glycine for 24 hours. The N
concentrations in the hemin of these blood sam-
ples revealed that approximately 0.3 — 0.9 per
cent of the total heme in the in vitro system was
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newly synthesized during the 24 hour incubation
period. These findings demonstrate that mam-
malian reticulocytes possess a significant capacity
for heme synthesis and suggest that some heme
synthesis may occur in vivo in the reticulocyte
after its release into the peripheral blood.

The tn vitro synthesis of heme by avian erythro-
cytes has been utilized to determine the precur-
sors which participate in the biosynthesis of pro-
toporphyrin. It has been found, using C** labeled
compounds, that both carbon atoms of acetic acid,
the carbonyl carbon of pyruvic acid, and the
methylene carbon of glycine are utilized in the syn-
thesis of the carbon skeleton of protoporphyrin
(68). The utilization of the amino group of gly-
cine for the synthesis of both types of pyrrole rings
of protoporphyrin has been demonstrated by find-
ing equal N*® concentrations in the two pyrrole
types which were obtained by appropriate degra-
dation of hemin formed following N® glycine feed-
ing (69).

The biosynthesis of porphyrins and bile pigment
has been investigated in a patient with congenital
porphyria who excretes large amounts of uro-
porphyrin I and coproporphyrin I. Shortly after
the feeding of N*® labeled glycine, very high con-
centrations of N*® were found in the coproporphy-
rin I, uroporphyrin I and stercobilin (65). These
findings indicate that glycine is specifically uti-
lized in the biosynthesis of porphyrins of the I iso-
mer configuration as well as of protoporphyrin IX
which is of the etioporphyrin III isomer configura-
tion. They furnish additional evidence in sup-
port of earlier observations (64) that bile pigment
is derived in part from one or more sources other
than the hemoglobin of mature circulating erythro-

cytes.

CONCLUSION

Despite the relatively short period of time dur-
ing which isotopes have been available, tracer tech-
niques have exerted a pervasive influence on bio-
chegnical thought and practice. A definitive evalu-
ation of this influence may have to await more ex-
tensive development of isotope investigation. It
is possible, however, to indicate the two principal
developments in biochemical thought which have
already occurred and are due in part to the im-
pact of tracer techniques.
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Tracer studies have helped to develop a con-
cept which provides insight into the mechanisms
of biological synthesis. It has become evident that
complex organic substances to a large extent are
synthesized not from compounds of similar com-
plex configuration but rather from small com-
pounds of simple structure. The extensive par-
ticipation of glycine and acetic acid in biosynthetic
processes has.focussed attention on the biochemical
versatility and significance of small simple com-
pounds.

The outstanding contribution of isotope method-
ology to biochemical thinking has been the devel-
opment of the concept of the dynamic state of the
body constituents. The experimental basis and
theoretical implications of this concept, which in-
cludes an appreciation of the kinetics of biochem-
ical reactions, represent a major advance toward
a thorough understanding of the processes which
occur in the living cell.
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