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FOREWORD

The ACS Sympostum SEries was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
intcgrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

STABLE ISOTOPES ARE NEW TOOLS FOR NUTRITIONISTS that enable
researchers to label nutrients for human experiments without exposing study
participants to radioactivity. In addition some elements have no suitable
radioisotopes, and stable isotopes provide the only means of conducting
experiments with labels. This field of research relies heavily on expertise in
sophisticated chemical techniques and analytical instrumentation, and nutri-
tionists have entered the field only recently. The field is in its infancy, but is
now expanding rapidly; there is widespread interest in use of stable isotopes
to study nutrient bioavailability, metabolism, and utilization. Many
approaches and analytical methods are being developed for use of stable
isotopes in nutrition research.

This book focuses on the chemistry and instrumentation employed in
the analysis of isotopically enriched samples as well as on nutritional aspects
of stable isotope research. Emphasis is placed on the stable mineral isotope
area, which is new to nutrition research. Because of the novelty of the use of
stable mineral isotopes in nutrition, there is yet no consensus about the best
analytical methods to use for measuring isotopic enrichment. Each labora-
tory using stable isotopes has developed its own methods independently.
Differences in sample matrices or in specific nutrients analyzed have also
contributed to differences in methods. Several chapters on analysis of
isotopically enriched organic nutrients and their metabolites ('*C and N
labels) complement chapters on mineral isotope analysis.

JUDITH R. TURNLUND

U.S. Department of Agriculture
Berkeley, California

PHYLLIS E. JOHNSON

U.S. Department of Agriculture
Grand Forks, North Dakota

March 1984
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Stable Isotope Measurements with Thermal
and Resonance Ionization Mass Spectrometry

L. J. MOORE

Center for Analytical Chemistry, National Measurement Laboratory, National Bureau
of Standards, Washington, DC 20234

Thermal ionization mass spectrometry has
been used extensively in the geological,
nuclear and analytical sciences for
stable isotope measurements. A new
technique, resonance ionization mass
spectrometry, offers a comprehensive
approach to sensitive and selective
elemental and isotopic analysis. Recent
developments in thermal and resonance
ionization mass spectrometry are
reviewed, and specific applications of
the technology to zinc and calcium
metabolism studies and to trace element
analysis of foodstuffs are summarized.
The application potential and importance
of the mass spectrometry technology to
nutrition research are indicated.

Thermal ionization mass spectrometry (TIMS) has been
employed extensively in the geological, nuclear and
analytical chemistry communities during the last few
decades to measure isotopes. A new techmnique,
resonance ionization mass spectrometry (RIMS) has
begun to emerge within the last two or three years
and appears to offer a very comprehensive approach to
sensitive and selective stable isotope measurements.
Applications of TIMS to nutrition and bioavailability
studies have begun relatively recently; in a sense,
the use of stable isotopes in nutrition and
bioavailability studies is poised now where it was
many years ago in the other communities. Since the
use of inorganic stable isotope tracers in nutrition
and bioavailability studies is relatively recent, it
is worthwhile to illustrate the success of mass
spectrometry applications in the geological, nuclear
and analytical sciences and to assess by analogy the

This chapter not subject to U.S. copyright.
Published 1984, American Chemical Society
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potential impact available to research scientists in
nutrition. The same chemical separations and
measurement technology that have been developed for
these other scientific areas can, in many cases, be
transferred almost directly to stable isotope
measuremeuts in biological systems. The purposes of
this paper are to summarize progress and developments
in TIMS, to describe recent advances in RIMS, and to
suggest how these techniques might be expected to
impact nutrition research and bioavailability
studies.

Since stable isotopes were first observed*in
nature with early mass spectroscopes (1) stable
isotope mass spectrometry has grown into a mature
discipline that embraces a diverse spectrum of
capabilities. In the geological sciences, high
precision isotope ratio measurements have resolved
g all quaffgties of stable decay products, such as

Sr and that are derive%from theirla]7ong-
lived radiogenic parents, and Sm,
respectively., Stable isotope decay products have
been used to determine geochronological ages and to
trace the mixing patterns in inter-ocean water flows.
TIMS has been used to accurately measure elemental
concentrations in geological samples using stable
isotope dilution techniques. These applications have
proven highly successful in studies of terrestrial
geological processes and studies of the origin of
lunar samples, the solar system, meteorites and
related extraterrestrial materials. Measurements of
radiogenic lead isotopes have been used to determine
the provenance of archaeological artifacts and to
identify sources of lead pollution. TIMS is an
indispensable tool in the nuclear industry to measure
isotopic nuclear burn-up products, half-lives of
radioactive isotopes, and concentrations of low level
nuclear contaminants in biological materials.

At the National Bureau of Standards (NBS), a
long term program inm highly accurate and precise
stable isotope measurements has provided the
measurement basis to support research and development
in the geological community and nuclear industry.
This technology transfer has occurred in the form of
state-of-the-art instrumentation, isotopic Standard
Reference Materials(SRM's), and methodology
development for chemical separations and isotopic
analysis. 1In support of other NBS programs, mass
spectrometry has been used to accurately measure
trace element concentrations in a wide variety of
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biological and environmental SRM's. The accuracy of
mass spectrometry has also been applied in a separate
long term program to determine the atomic weights of
the elements at levels of accuracy not achievable
with other measurement approaches. During the
evolution of the TIMS technique, the sources of
systematic bias have been carefully investigated and
minimized. The near-absence of systematic
measurement biases in TIMS has resulted, in recent
years, in its application as a definitive measurement
tool to determine concentrations of electrolytes in
biological fluids using isotope dilution techniques
(2-4). These definitive values were then used to
calibrate other more cost-effective analytical
methodologies used in clinical laboratories.
Presently, a Human Serum SRM (#909) is being
certified for selected constituents using TIMS and
RIMS with isotope dilution technology (5).

The use of stable isotopes and TIMS in the
medical and nutrition areas has begun only recently,
even though the scientific potential is very great.
There are several reasons for the lag in usage of
inorganic (mineral) stable isotopes by the medical
and nutrition community: interdisciplinary
awareness; relative technical complexity;
instrumentation cost; and measurement time
requirements. Education of the practitioners in
nutrition and mass spectrometry to the needs and
capabilities of their interdisciplinary counterparts
has been somewhat neglected. The complexity
requires a lengthy and dedicated effort in the
development of trained personnel and technical
expertise., Furthermore, the cost of highly precise
state-of-the-art mass spectrometry required to
resolve 1low level tracer enrichments is beyond the
budget of many laboratories. 1In recent years, the
number of nutrition, metabolism and bioavailability
studies with inorganic stable isotopes has risen
dramatically, and a number of the measurements have
been accomplished with neutron activation analysis
(NAA) (6-8) and TIMS (8-10). A trend away from the
use of radioactive tracers for such studies in
newborns, children and pregnant women has heightened
the interest in using stable isotopes. The use of
NAA and TIMS for such studies has occurred
predominantly in large institutions where existing
technical capabilities, normally wused for other
purposes, have been wutilized to make the
measurements. On a smaller scale, less expensive and
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less precise TIMS instrumentation has been used to
pursue calcium metabolic studies (9).

Chemical separations and isotopic analysis
capabilities have been established for a number of
the elements of the periodic table. However, the
inability to ionize many other important elements
efficiently has posed a major problem and has
provided opportunities for research in a critical
area. Recent developments in resonance ionization,
thermal formation of positive molecular ions and of
negative ions on complex emitting surfaces, promise
to expand the ability to form and measure ions at
varying levels of sensitivity for nearly every
element in the periodic table., These developments
are expected to have a broad impact on the
measurement of stable isotope ratios and
concentrations of essential trace elements in humans,
and to lead to studies of the bioavailability of
these elements in metabolic processes.

In this review thermal ion formationm processes
will be summarized first and the general
applicability of TIMS in inorganic elemental
(mineral) analysis will be described. In contrast to
this traditional (established) measurement technique,
the new ionization technique, resonance ionization,
will be introduced and the exciting prospects of this
technique explicated. Furthermore, the mass
spectrometry instrumentation and chemical separations
used in stable isotope elemental analysis are
summarized. The present and future roles of stable
isotope measurements in nutrition will be assessed.

Thermal Ion Formation Processes

Thermal ionization from hot surfaces has been used
extensively to produce positive ioms for isotopic
analysis. The efficiency of positive ion formation
for selected alkali and other elements is coutrolled
by the Saha-Langmuir expression:

at/0° = A exp [(W=IP)/kT] (1)

where n® = neutral atoms, n' = positive ioms, A =
g+/go = gtatistical weight ratio of ionic to atomic
species leaving the surface, IP = jionization
potential of the element being ionized, W = work
function of the surface, k = Boltzmann constant and T
= temperature in Kelvin. For alkali elements, the

ionization efficiency can approach 100%, although
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n*/n° ratios orders of magnitude lower are typical
for most elements. For example, RIMS has been used
recently to demonstrate that, at 1230K, an elemental
iron deposit on a rhenium substrate produces ?3
atomic vapor phase whose Fe  /Fe® ratio is < 10~
(11). In general, higher ionization efficiencies
are predicted for substrates with higher work
functions (W), elements with lower ionization
potentials (IP) or for higher operating temperatures
(T). In fact, for most real samples, Equation 1 is
inadequate to predict the ionization efficiency.
Samples may consist of multilayer mixtures of
condensed phase compounds that vaporize to form
molecules in addition to atoms (12-13). The work
function of the surface can be altered by changing
the orientation of the crystal (14), and by the
formation of oxides (15). Volatile compounds
containing elements with low-to-moderate ionization
potentials have been dealt with by using a multiple
filament thermal ion source (MFTIS). With this
source, the volatile compound or element is vaporized
from one surface (or two) at a lower temperature and
ionized at a second, higher temperature surface (16).
Using the conventional single or multiple filament
ion source, techniques have been developed at NBS to
measure isotope ratios for more than 25 elements at
varying levels of sensitivity . About fifteen years
ago, a method of enhancing the ionization efficiency
was devised that employs the addition of silica gel
and phosphoric acid to a rhenium substrate(l7-18).
This method has greatly enhanced the measurement
sensitivity for numerous elements, and has
revolutionized the ability to measure low level
concentrations of lead and lead isotope ratios in
natural matrices (19-20). The mechanism for this
enhancement is not well understood; however, it is
thought to be due either to an effective lowering of
the analyte ionization potential, perhaps through an
associative ionization mechanism, or to an increased
ionization probability forced by diffusion through a
heated matrix. More recently, the silica gel-
phosphoric acid approach has been used for the
formation of the arsenic monosulfide molecular ion,
which has formed the basis for precise IDMS and
isotope ratio measurements of sulfur (21). The
elements determined by positive ion TIMS are
summarized in Figure 1A (22).

Thermal ionization can also be used to form
negative ions. Some elements with high ionization
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potentials that form positive ions inefficiently,
such as the halides, can be analyzed using the
negative ion formed in otherwise conventional
thermal sources. Negative ion formatiom can be
rationalized using a revised version of Equation 1,
in which the proportion of negative ions is increased
by lowering the work function of the emitting surface
or by utilizing the high electron affinity of the
element :

n~/n® = A exp Kw-EA) /KTl (2)

where the parameters are analogous to Equation 1,
except that the ionization potential of the element,
IP, has been replaced by the elemental electron
affinity, EA. Chlorine and bromine negative atomic
ions have been used to determine the atomic weights
of these elements and to measure their concentration
by IDMS (23-25). The dramatically lowered surface
work functions and enhanced negative ion emissions
obtained with complex emitting surfaces (26-27) have
led to the further development of these surfaces as
efficient ionization sources. Lanthanum hexaboride
and tantalum carbide have been used to coat metal
surfaces to enhance negative ion formation, and have
been key ingredients in the recently demonstrated
sensitive measurements of iodine (28-29).
Considerable progress in negative ion mass
spectrometry has been realized recently by Heumann et
al (30). A summary of the elements determined by
negative ion formation and measurement 1is presented
in Figure 1B. The method may be useful for the
analysis of a number of transition metals and non-
metals, although development will be required to
utilize the potential. A comprehensive evaluation of
the applications of negative thermal ionization is
beyond the scope of this paper. However, an
extensive review of experimental methods and
techniques of negative ion production with surface
ionization has been published recently (31).
Techniques have been developed to overplate
samples, via electrodeposition, on otherwise
conventional substrates, such as rhenium(32).
Overplating with rhenium and other transition and
noble metals appears to provide three advantages:
the ionization probability of the analyte 1is
increased by forcing a diffusion of the atoms through
a hot metal layer; the sample depletion with time is
also lessened by the same diffusion mechanism; and
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Figure 1A. Periodic table depicting utility of positive ion TIMS
(mononuclidic elements have not been considered). a, Elements

for which isotope dilution technology has been developed at NBS;
b, additional elements for which isotope ratio or isotope dilution
measurements have been reported (22); and c, elements for which
positive ion TIMS is potentially applicable.

—
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Figure 1B. Periodic table depicting utility of negative ion TIMS.
a, Elements for which isotope ratio determinati_ons have been re-
ported; and b, negative thermal ions detected (30).
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the need for chemical separation is diminished for
very small samples.

The isotope ratios produced by thermal
ionization are usually not representative of the
actual isotope ratio in the sample being analyzed.
Mass discrimination effects that occur in the thermal
vaporization and ionization processes can induce
isotope ratio measurement errors of up to several
percent. Research into the origin of these effects
during the last several years has successfully
explained many of these 'anomalies'(12,13,33).
Molecular vaporizationm of condensed phase compounds
and elements can be explained through vaporization
models developed by Kanno (12) and by Moore, Heald,
and Filliben (13). In Figure 2, a typical
calculation is illustrated for the vaporization of
potassium compounds, but it is generically applicable
to other elements and compounds as well. The

"magnitude of the mass discrimination effect for this

system can be related directly to the chemical form
in which the potassium vaporizes from the surface.
Calculations of the equilibrium vapor composition for
the potassium chloride system, at temperature and
pressure conditions that prevail in the thermal ion
source have been completed using techniques based on
minimization of free energy (34). These calculations
are summarized in Figure 3 for the potassium chloride
system, for which requisite reliable thermodynamic
data exist. Many avenues of indirect experimental
isotopic analysis evidence exist to support these
calculations (13), and the theoretical implications
are considered to be generically applicable to many
experimentally tractable inorganic compounds.

Solutions exist to deal with many of the mass
discrimination effects of TIMS. Except for those
elements that participate heavily in natural physico-
chemical reactions, such as C, H, 0 and S, and those
1so§?pes thafagontain stable isotope components, such
as Sr and Nd, that are derived from the decay of
long-lived radiogenic parents, most elements in
nature are isotopically invariant. Thus, for many
elements that have three or more isotopes,
corrections can be made for the mass discrimination
effects induced in the vaporization process by using
internal normalization techniques (35). Techniques
that utilize a double isotope spike provide a more
elegant approach to correct mass discrimination
effects for elements that have four or more isotopes
(36"37)0
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Figure 1C. Periodic table depicting utility of RIMS. a, Elements
for which resonance ionization feasibility has been demonstrated
at NBS using thermal atomization; b, elements for which ionization
feasibility has been demonstrated in other laboratories using res-
onance ionization mass spectrometry (38-41, L4-52); c, elements
for which isotope dilution RIMS have been achieved at NBS; and 4,
potentially applicable for resonance ionization via two and three
photon processes (Schemes 1, 2, and 5 of Figure 4), using the RIMS
system in Figure 6.

143

141

13.5

13.3 1 1 1 ] 1
(o] 20 40 60 80 100

% SAMPLE EVAPORATED

Figure 2. Isotopic fractionation curves computed from Kanno (12)
for the vaporizatﬁon of atomic potassium and potassium compounds.
The absolute 39K/*1K ratio (13.8566 + 0.0063) is denoted by the
dotted line.
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Since these mass discrimination effects are
largely a function of the vaporization process, the
same discrimination and correction techniques would
be applicable to the resonance ionization processes
that utilize thermal vapor sources.

Resonance Ionization Processes

As the preceding discussion describes,thermal
ionization from hot surfaces has limited scope. A
new and comprehensive method of ionization is
evolving that appears capable of ionizing nearly
every element in the periodic table (11,38-42).
Coupled with thermal vaporization processes and mass
spectrometry, - resonance ionization has already been
used in our laboratory to demonstrate ionization
feasibility for more than one-fourth of the elements
in the periodic table (43). The current status of
feasibility demonstration for atomic resonance
ionization mass spectrometry in this and other labora
tories is summarized in Figure 1C (39-41,44-52).
This summary includes experiments performed with
thermal and ion sputter-initiated techniques.

Resonance ionization requires the use of a laser
to excite an electron to a specific atomic energy
level, via one or more photons, and to eject the
excited electron into the ionization continuum with
an additional photon. Several schemes proposed for
the process are summarized in Figure 4 (38). 1In our
laboratory we have used a modified version of scheme
1, a two photon process in which two frequency
doubled photons of equal wavelength are used. The
first energy level is selected to be more than
halfway to the ionization potential of the element,
so that a second photon of the same wavelength
completes the ionization. This simple process should
be applicable to the ionization of more than fifty
elements. Recent experimental work in our laboratory
has indicated that schemes 1,2 and 5, wusing
fundamental and frequency-doubled photons from a
single laser, offer the simplest and most
analytically comprehensive combination of the
schemes. Special purpose, high selectivity
applications may require more sophisticated optical
approaches.

Two basic and unique advantages are implicit in
the resonance ionization process: ionization
efficiency and wavelength selectivity. Absorption
cross—-sections for excitation to the first energy
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Figure 3. Vapor composition over condensed phase KCl as a func-
tion of the temperature range normally encountered in TIMS. These
data were computed by Heald (34) using minimization of free energy
techniques.
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Figure 4. Classification of resonance ionization schemes for
atomic ion formation (.ﬁ). w3 and w denote photons of frequency
1 and 2, respectively; 20)1 denotes a photon that has been generated
by frequency-doubling.
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level arq_fypic§£ly 10°12 cm'z, and for the second
step, 10 cm “, Photon fluxes available from
commercial Nd:YAG pumped tunable dye laser systems
are capable of saturating these cross-sections, such
that Nxsigma > 1, where N= number of photons, and
sigma= photon absorption cross section, which implies
unit ionization efficiency; that is, every atom in
the proper electronic state that passes through the
laser beam will be ionized. Since a specific laser
wavelength must be accessed to ionize an element,
resonance ionization provides wavelength selectivity.
Depending on the elemental atomic energy level
distribution, it 1is possible to ionize elements
selectively in the presence of other elements and
molecules. Using narrower laser bandwidths, the
additional level of isotopic ionization selectivity
may be achievable for selected elements(53).

Thermal vapor sources used in TIMS can be
directly applicable to the atomization required for
resonance ionization. In general, direct atomization
is possible from metallic deposits of elements on
appropriate substrates. These deposits are achieved
either through reduction in a hydrogen atmosphere to
the metal or by in-situ reduction in a graphite
slurry (11,42-43). These methods have been used to
produce spectra for the four elements in Figure 5.
Since more than eighty percent of the periodic table
has a metallic character, this approach is broadly
applicable. Moreover, since about thirty elements
can be accessed in a given tunable dye frequency
range, a potential multi-element analysis capability
exists for mixed transition metals and nonmetals,
including those elements important for nutritional
bioavailability studies (54).

Although numerous laser systems have been
applied to RIMS, none has provem to be more
versatile than the Nd:YAG-pumped tunable dye system.
A schematic of the RIMS system used in our laboratory
is illustrated in Figure 6. The duty cycle of the
laser ionization system is low compared to the
continuous TIMS ion source; i.e., the combined
thermal diffusion and laser repetition rate of 10 Hz
(approximately 10 ns/ pulse) limit% the ion
production to an ON/OFF ratio of about 10 2. For most
trace element applications with nanogram and
microgram size samples the duty cycle is not a
measurement limitation. In fact, the use of a time-
gated detection system can be a great advantage in
improving the signal to noise ratio by factors that
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Figure 5. Resonance ionization spectra of the elements Re, Fe, Ni,
and Mo. For each element the wavelength of the frequency-
doubled dye output was scanned while focussing the mass spectro-
meter on the most sbundant atomic ion of the element. Each wave-
length dependent pesk represents ion formation from a specific
ground state or metastable atomic energy level (11).
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Figure 6. Block diagram of the experimental RIMS system, which

consists of three basic components:

a laser system capable of

producing tunable ultraviolet radiation, a magnetic sector mass
spectrometer with a suitably modified thermal atomization source,
and a detection and measurement circuit capable of quantifying
the pulsed ion currents produced in the experiment.
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are commgnsurate with the reciprocal of the duty
cycle: 10°. Thus, continuously produced hydrocarbon
backgrounds from a hot surface can be discriminated
against and reduced to negligible levels. However, to
approach the ultimate in absolute sensitivities a
pulsed atom source has been developed to produce
full-width, half maximum (FWHM) atom pulses < 1 ms,
which_potentially improves the overall duty cycle to
> 1077 (55). Improvements in this pulsed atom source
are expected to reduce the FWHM substantially.

Ion Manipulation and Measurement

The most accurate and precise thermal ionization
isotope ratio measurements have always been achieved
with magnetic sector mass spectrometers, and this
type of instrumentation has been used for isotope
enrichment studies in nutrition with thermal
ionization (8,10,56) or electron impact ionization
(57). Less expensive alternates to this approach are
quadrupole and time-of-flight mass spectrometers.
Quadrupole mass spectrometers have been used
extensively for gas chromatography-mass spectrometry
(GC-MS), often via metal-chelate compounds, for
isotope ratio measurements of nutritionally important
elements (58-59). There has been a renewal of
interest in time-of-flight mass spectrometers due
largely to a resBSQence in the use of pulsed ion
sources, such as Cf and laser desorption(60-61).

Although it may not be necessary to achieve
precisions and accuracies at a level of 0.,01-0.1% to
measure stable isotope enrichments in nutritional and
bioavailability studies for some applications, TIMS
will probably be the method of choice for at least
immediate and medium term applications, because of
the breadth of applicability, ion tramsmission
efficiency of the ion optics, and the attendant
precisions and accuracies that are unavailable from
other instruments. Precision measurement
capabilities, for example, would be appropriate for
applications to extended kinetic studies, for which
high precisions must be available to resolve
increasingly small isotope enrichments as a function
of time., Isotope ratio precisions better thanm 10
ppm are available from modern instrumentation and
inaccuracies less than 0.02% can be achieved.

Less expensive and less precise instrumentation
can be used for meaningful isotope ratio measurements
within biological sampling uncertainties. However,
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long-term measurement experience in related
geological areas suggests a philosophy in which the
'best' measurements are always made. The levels of
precision required to achieve existing nutrition and
bioavailability objectives preclude significant
breakthroughs possible with the resolution of
increasingly smaller variations imn isotope
enrichments. Phenomena that are obscured by sampling
variations may 1limit the scientific advances.

Chemical Separations

Chemical separations for isotope measurements at NBS
have evolved along two basic thrusts: highly precise
and accurate chemical stoichiometry orienmted toward
absolute isotope abundance measurements, and chemical
purification techmiques for the isotope dilution
analysis of trace elements in a variety of matrices.
The technology developed for each of these thrusts
has reinforced the other. Accuracies of 0.02% in
chemical assays with separated isotopes have produced
a knowledge base for high accuracy handling of
chemicals, solutions and ion exchange separations.
Much of this knowledge has been directly transferable
to high accuracy isotope dilution measurements with
TIMS (3). Conversely, the need to develop separation
techniques for diverse matrices, ranging from soils
to bovine liver, has produced a number of innovative
approaches to chemical separations which have in turn
provided amalytical techmniques that have been
employed in chemical stoichiometry for absolute
abundance measurements. Chemical separation of the
nutrition analyte from the matrix is an essential
part of isotope dilution methodology (each separation
is usually very matrix-specific), since a highly
purified amalyte is required to produce thermal ions
efficiently and free of interferences. Cation and
anion exchange separations have proved sufficiently
versatile for most elements studied to date, and
solvent extraction has been used for special cases
such as chromium in biological materials(62).
Electrodeposition of certain elements such as lead
has been very effective as a final purification step
prior to analysis with silica gel-phosphoric acid
enhanced ionization procedures.

Element- and group-specific separations have
been achieved for multi-element analyses with
chelating materials (63). Using this approach,
chemical separations can be tailored for certain
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groups of elements that are specifically oriented
toward a given matrix or analysis technique. Thus,
transition element groups from ocean water samples
can be selectively freed of alkali and alkaline earth
element contamination prior to analysis with neutron
activation or x-ray fluorescence (64-65).
Analogously, similar separation schemes should be
directly applicable to multi-element RIMS analyses,
for which transition and other metals camn be
aggregated by groups that are peculiar to RIMS
measurement capabilities (43). Such a capability
would open up the possibility for multielement
stable isotope tracer studies with the attendant
cost-effective ability to measure inter-element
bioavailability distributions and interactions among
exchangeable body pools. Automation of chemical
separations is currently underway, which would add
substantially to the economy of measurement.

Sample Contamination

Trace element concentration determinations at the
part per million and lower levels with IDMS require
rigorous attention to contamination of the sample.
Sources of contamination that comprise the analytical
blank have been documented by Murphy (66). These are
principally derived from chemical reagents,
separations media, particulate fallout and
instrumental sources, such as impurities im the
filament material used to form thermal ions. Lead
concentrations in ocean waters and natural materials
have been recorded with isotope dilution by paying
strict attention to such sources of contamination
(67).

Present and Potential Applications to Nutrition

and Bioavailability Studies

Isotope dilution mass spectrometry can be used to
determine element concentrations at trace and macro
levels with high sensitivity and high accuracy.
Several examples of sensitive and accurate
measurements with IDMS are illustrated in Table I for
The accuracy of IDMS has been used to certify
elemental concentrations in a wide variety of
matrices, with concentrations ranging over eight
orders of magnitude.
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Table I. Trace and Macro Elemental Concentrations
In Selected Matrices

Element Matrix No. Conc. / Error / Units Ref.
(Nuclide) Samp.

K Freeze-Dried 7 44.092 +-0.0502 umol/g 4

Serum 44,102 +-0.,0272 umol/g
K Reconstituted 7 3.,5189 +-0.01402 mmol/g 4
Serum
(238y) Bovine Liver 6 704+-11.9P pgl/g 62
(SRM 1577a)
U,total 709 rg/g
Cr Brewer's Yeast 6 2.12 +-0,13¢ ug/g 54
(SRM 1569)
Ca Bovine Serum 12 3.570 +-0.008¢ meq/L 2
4,294 +-0,009¢ meq/L
5.032 +-0,011°€ meq/L
5.733 +-0.012°¢ meq/L
Mo Ore Concentrates 12 55.312 +-0.044C wtZ 35
(SRM 333)

8 gtandard deviation

b 2 x standard deviation
€ t x standard deviation

Collaborative efforts with experts inm nutrition
and bioavailability have been carried out at NBS and
have resulted in the wuse of TIMS for the measurement
of stable 1isotope tracers im adults and
newborns(8,10). Typical data for these efforts are
summarized in Tables II and III for Ca and Zn
isotopes. For each of these elements, optimum isotope
ratio precisions of about 0.1% (R.S.D.)were achieved,
which permitted the resolution of extended term
kinetic effects that would be impossible to achieve
with less accurate and precise mass spectrometry.

The calcium isotope ratio data of Table IIA were
obtained using a triple filament thermal ionization
procedure (2) that was modified to permit operation
of the ionizing filament at a higher temperature
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(1600°C vs. 1400°C). This is believed to preclude
the deposition and re-emission of atomic calcium from
ZBe izQizing filament, and yields a lower observed

Ca/*"Ca ratio of 46.3469 compared to the earlier
value of 46.4800 (2). The observed zzotope ratios of
Table IIA were normalized to 4003/ Ca = 46.4800 to
retain consistency with earlier meagfre%%nts, and
were also normalized to the average Ca/**Ca ratio
to demonstrate the effectiveness of the proportional-
to-mass difference fractionation correction. The
value of internal normalization (35) can be observed
by intercomparing Tables IIA and IIB. The data of
Table IIB were acquired by measuring the calcium
isotope ratios in serum samples taken at successive
igtervals following injection of a newborn human with

Ca and during continuo oral administration_ of
48Ca The 4{Ea, 43Ca and 22Ca contained in the 26Ca
and Ca separated isotopes make negligible (<< 0.1%)
contributions to the corresponding mass positions of
the natural calcium in the serum sample (lg). This
permits normalization of ,the observed ratios to the
average observed 42Ca/44Ca ratio and provides a
correction for inter-analysis vaI}atizzs that might
be as much as one percent. The Ca/""Ca serves as
an adq&{iongi cross-check, and when corrected to the
same %3/ 22 ratio for SRM 915 (Table IIA), the
average Ca/**Ca ratio for the standard and samples
agree within about 0.1%.

Table IIA. Isotopic Analysezaof SRM 915, CaC0;?
(Relative to Ca)

"'iﬁca T'Fhrca “fSCa il’?ca :Deca

Ave 46.3469 0.30941 0.064570 0.001506_0.090088
S.D. 0.0341 0.00022 0.000094 0.000029° 0.000163

Normalized to 4OCa/“‘Ca- 46,4800 :

46.4800 0.30987 0.064616 0.001504 0.089831
S.Ds =-=-- 0.00011 0.000070 0.000029° 0.000082

Normalized to 42Ca/l"’Ca = 0.309411 :

46.3467 0.30941 0.064570 0.,001506_ 0.090088
S.D. 0.0341 -—— 0.000076 0.000029° 0.000080

:(seven analyses)
estimated uncertainty



STABLE ISOTOPES IN NUTRITION

Table IIB. Calcium Isotope, Ratios in Serun®7¢

(Relative to Ca)

Samp. Post-Injec. 480a 46Ca 43Ca 420a

t,min

15 0.092214 0.02850 0.06448 0.30891
30 0.093538 0.02558 0.06439 —-——-
0.097412 0.01970 0.06442 ———-
720 0.13321 0.00482 0.06445 —-———-
1440 0.13982 0.00299 0.06451 —-———-
Ave. 0.06445
s.D. 0.00005

Vs WN -
(=
o

Normalized to 42Ca/“‘Ca = 0.30891
Data used to compute a portion of the
dilution curves of Ref. 10

Table IIIA. Datg Comp,sing grecision of IRMS®
and RNAAP for 79zn/68zn Ratios
in Unenriched Samples®

Method No. Determs. Ave. S.D.

Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch001

" 1RMS 5 0.03247 0.00004

RNAA 6 0.00824 0.00068
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Table IIIB. Comparative Isotoge Ratio Data
for RNAA and IRMS

Time Post- (PA)386/(PA)439 (7ozn/6azn)IRMS Kd
admin. ,min.

Unenriched 0.00824+-0.00068 0.03247+-0.00004 3.94

(0.13%)
15 0.00956 0.03817 3.99
30 0.01001 0.04934 4.93
45 0.0124 0.05659 4.56
60 0.0145 0.06193 4,27
75 0.0162 0.06501 4.01
90 0.0163 0.07067 4,33
120 0.0164 0.07348 4.48
150 0.0162 0.07339 4.53
180 0.0144 0.06697 4.65
210 0.0144 0.07120 4.94
240 0.0172 0.07378 4,29
270 0.0161 0.07085 4.40
330 -- - --
390 0.0128 0.05916 4,62
450 0.0131 0.06007 4.59

Aveo 4045"’-0030 (6.71)
:IRMS = Isotope Ratio Mass Spectrometry
RNAA = Radiochemical Neutron Activation
c Analysis
Reference
d 78 68
( Zn/ Zn)IRMS

(PA3g6/PA,39)RNAA

The ionization efficiency and selectivity of
RIMS can be utilized for the analysis of ultra-small
samples at atom-counting sensitivity levels.
Simplified chemical separations may also result from
the ability to analyze atoms selectively in the
presence of other matrix components, within
limitations that will be determined by ongoing
research. Combined with the possibility of
multielement analysis, RIMS may become a cost-
effective way of providing multi-element isotope
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tracer information in nutrition studies. Most
recently, RIMS has been used to measure iron
concentrations in trace element in water and human
serum SRMs, and a calibration of the RIMS systemn
with iron isotopes has been achieved at precisions
and accuracies of 1-2% over an isotope ratio range of
nearly 1000 (69). The potential sensitivity of RI?&
is illustrated by the observation of less than 10
atoms of lead, and preliminary indications suggesg
that measurements of substantially less than 10
atoms will be achievable (70). The availability of
these sensitivities and accuracies makes it
conceivable that stable isotope tracer metal
concentration studies can be extended to the
exploration of the most minute partitioning levels in
human and other biological samples. The emergence of
biotechnology as a rapidly evolving trend in science
may also be abetted by the application of RIMS. For
example, the ability to examine the role of ultra-
trace metal transport among cellular organisms and
within biological systems would permit a better
understanding of the function. of essential nutrients
and of optimal metallo-organic compound selection to
maximize their bioavailability. Similarly, selective
multi-photon resonance ionization of organic and
metallo-organic compounds may provide a sensitive and
broadly applicable method for the characterization of
species that are important in biotechnology
development. The ability to examine iron isotope
ratios, one red blood cell at a time, may be just
around the analytical corner.
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Physiologically important calcium flow rates can be
determined using calcium isotopic tracers without
resorting to classical metabolic balance
methodology. Calcium stable isotopic tracers are
sufficiently benign to permit their use in studies
of calcium metabolism in children. The measurement
techniques and clinical protocol for our studies of
skeletal development in children are described.
Partial results of studies of normal newborns and
children with abnormalities of calcium metabolism
are given.

Over the past several years we have been using highly enriched
calcium isotopes as tracers for the elucidation of calcium
metabolism in children. Normal growth and development of the
skeletal system results in the accumulation of about 1000g of
elemental calcium over about 15 years. The average rate of this
calcium accretion is about 180 mg/day, but it is apparant that
the accretion rate cannot be uniform. The rate must be much
higher than average during a number of periods of marked growth
which would then be bracketed by plateaus of slower development.
It 1is expected that, on the average, normal children must be in
positive calcium balance during the -entire growth period, but
during periods of rapid skeletal growth, calcium balance must be
strikingly positive. There are, however, almost no direct
measurements available to show the manner in which calcium is
distributed internally, i.e. calcium kinetic parameters. Such
measurement of these should 1lead to a more definitive
determination of bone accretion rate than is possible from
classical balance studies. The most 1likely reason for this
dearth of kinetic information is that, until recently, studies of
calcium metabolism generally required experiments that exposed
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the subject to radioactive isotopic tracers. The wuse of
radiolabled materials in normal children represents an
unacceptable ethical situation. Our development of a rapid
analytical methodology that permits the use stable calcium
isotopes as tracers (l),permits studying calcium metabolism with
virtually no risk to the subject.

In order to carry out such studies successfully, a number of
complex tasks must each be executed at a high level of competnce.
Not only are the costs of stable isotopes high for such studies,
and the commitment of time by the group undertaking each study
substantial, but any extended study involving humans, especially
children, must be justified only with carefully designed and
executed procedures. The procedures that we have developed and
use for such studies fall into three major catagories, isotopic
analysis, clinical protocol and data analysis, which we will
discuss further.

Isotopic Analysis

Thermal ionization mass spectrometry is used for the analysis of
calcium tracers in preference to other potential analytical
methodologies. Thermal ionization is a direct ionization method
that produces intense ions at the isotopic masses and virtually
nowhere else in the mass spectrum. It is superior to potential
GC/MS methods employing chelates of calcium since all of these
methods involve correcting observed ion intensities for the
presence of elements in the ligand, even though such methods give
reasonable isotope ratios (2). Virtually any mass spectrometric
analysis is chosen over neutron activation analysis (NAA) because
of the measurement of tracer abundance is done by a ratio
technique in mass spectrometry versus the absolute measurement
required by NAA. As a consequence of the ratio measurements, the
sample workup is simpler and the accuracy possible is greater for
mass spectrometric measurements compared to NAA. While thermal
ionization is the preferred ionization method at the present
time, ionization techniques that may become important in the
future include inductively coupled plasma (ICP), fast atom
bombardment (FAB) and laser desorption. While all of these
methods have the potential for greater sensitivity than thermal
ionization, they have not been wused for the high
accuracy/precision analysis of biological samples.

We have developed a thermal ionization method for use in a
standard quadrupole mass spectrometer (l1). The method uses a
modified solids inlet probe, Figure 1, in conjunction with
replacable filament assemblies. The rhenium filaments are coated
with calcium salts precipitated from biological materials in a
basic ammonium oxalate solution. Calcium 1is precipitated
directly from wurine and serum first made basic with ammonium
hydroxide; fecal samples and aliquots of diet are homogenized
with a 9:1 water/nitric acid mixture, centrifuged, made basic and
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then precipitated.The precipitates are conditioned in a steam
bath and centrifuged. After drying, precipitates are heated at
500 "C to convert the oxaltes to carbonate/oxide salts, then
disolved in 3% ultrapure nitric acid and placed on a filament.
Filaments are degassed in a vacuum bell jar prior to being
coated, and are dried under a heat lamp after coating. Dried
filaments are placed on the tip of the probe, inserted into the
vacuum system of the mass spectrometer, and finally positioned in
the source region. The filaments are heated directly while on
the probe, and ions are produced solely from this heating; no
other ionization means are used. The response of the m/z 40
intensity from calcium as a function of time is shown in Figure
2. Ion intensities are measured when the ion signal has
stabilized to the plateau region of the curve using a dedicated
microprocessor controlled data acquisition device (3). Natural
abundance isotope ratios obtained with the method are shown in
Table I, and compared to the best measured values (4).

Table I. Calcium Isotope Ratios

Observed Best Measured
44142 3.203 + 0.006 3.203 + 0.001
46/42 0.0050 + 0.00003 0.00486 + 0.00003
48/42 0.284 + 0.001 0.284 + 0.0008

While the agreement of our natural abundance measurements
with the best measured values are quite good, the average
relative standard deviation of measurements by our method is
about 0.2% compared to about 0.1% for the best measured values.
It is important to note, however, that our measurements are well
within error 1limits that might reasonably be expected from
measurements of a biological system. Our method, while a
modification of that used to produce the best measured values
(4), has introduced some simplifications to the sample workup
that speed sample processing.

Thermal ionization has been used to determine isotopic
abundance of virtually all the elements. We have recently
extnded our own capability in this direction by adapting the
silica gel/phosphoric acid filament coating technique (5) to our
system. Five yl of a fine silica gel suspension is placed on a
filament. Five yl of the analyte ion solution is coated, dried
then coated with 2 1l of a 0.7N phosphoric acid solution and
heated until dry again. The analysis is performed in a similar
manner as before, except that the signal is more transient and
somewhat less intense than the calcium analysis. With this
approach, however, we have made natural abundance isotope ratio
measurements on zinc, copper, and magnesium. Table II shows our
measurements compared to the accepted values, shown in
parenthesis, for these elements. The isotope used as reference
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Figure 1. Thermal ionization solids inlet probe and disposable
filament. Note two different scales. (Reproduced from Ref. 1.
Copyright 1980, American Chemical Society.)

Ca* X10° A

Time, min

Figure 2. Evolution of Ca+ from thermal ionization filament.
(Reproduced from Ref. 1. Copyright 1980, American Chemical
Society.)
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for the ratios of each element is shown by a dashed line in the
Table.

Table II. Natural Abundance Ratios of Several Metals

64 66 67 68
Zn 1.766 - 0.152 0.220
(1.758) (0.148)  (0.223)
63 65
(2.235)
24 25 26
Mg 7.858 - 1.066
(7.769) (1.103)

(accepted value)

Table II shows quite reasonable results for natural
abundance isotope ratios, it must be noted that Cr, Fe and Mg are
frequently observed as interferences. Heating a clean, but
unloaded filament gives rise to Cr and Fe ions implying that
these two elements are contaminants of the rhenium filament
ribbon. Heating a filament loaded with silica gel and phosphoric
acid gives rise to Mg ions as well as those from Cr and Fe while
only Cr and Fe ions are seen when silica gel alone is on the
filament. This implies a Mg contamination of the acid. Finally,
inhibition of one metal’s emmission by another has been seen
previously (5). The previously reported inhibition of iron by
zinc, and of cadmium by iron is seen in this work when the metals
of Table II are contaminated with the appropriate ioms.

Despite these difficulties, the use of the silica gel
technique for the solid probe/quadrupole mass spectrometer system
holds promise for the analysis of some nutritionally important
metals. Both zinc and copper have been extracted successfully
from serum, and zinc has also been extracted from urine and
feces, by using an anion exchange purification. Biorad AGl1X8
(100-200 mesh, chloride form) anion exchange resin has been used
to separate copper and zinc from acidic solutions (6). We have
adapted this method to the separation of these two metals from
acidic solutions of AAS standards, urine, serum and deproteinated
fecal homogenate by elution with sucessively dilute acid
solutions. Recovery of an isotopic spike agd subsequent mass
spectral analysis has been demonstrated with a Zn spike added
to 1lml aliquots of a Fisher Certified AA Standard (zinc
concentration = lmg/ml).Results of this experiment are shown in
Table III.
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Table III. Zn Isotope Spike Recovery

Spike Enrichment Recovery
Added Observed
25% 20.2% 817%
50 43.8 87
75 66.2 88
100 92.4 92

Clinical Protocol/ Data Acquisition

The clinical protocol, which includes the data acquisiton portion
of a study, must be designed with some expectation of the
results; these results are used to shape the protocol further.
The hypothesis/model that was used as the analysis portion of
this study was used to simulate the experimental measurements and
to design the initial studies. Analysis of results was done by
referring to this model. The results were used to modify the
protocol for the second studies. The model is discussed below in
the data analysis section.

Clinical protocols are designed to maximize the amount of
data that can be obtained in a particular study while minimizing
the risk to the subject. The situation is complicated since our
major interests are the investigation of calcium kinetics in
children. The protocol must be designed to be benign, yet give
the required kinetic datgs. Because the subjects are minors,
informed parental consent must be obtained in addition to the
assent of the subject.

Two tracers are given simultaneously, one orally the other
intravenously. The 1isotopes that are candidates for
administration are shown in Table 1IV. The isotopes that are
actually used are chosen for the optimum balance of cost and
availability. The dose levels are most critical for the i.v.
isotope since the mass of it that is injected must be great
enough to provide a perturbation of the natural abundance level
of that isotope for the entire time period of the study while not
perturbing the plasma calcium homeostasis. The sensitivity of
the measuring technique 1is critical to the isotope selection
since the ability to detect small changes in natural abundance
levels permits the use of smaller i.v. doses. For our
measurement methodology, the dose levels shown in Table IV yield
initial elevations in the natural abundance levels of the 46Ca
and 48Ca of about 10 fold over natural levels and 5 fold
elevations over natural levels for the 42Ca. The 44Ca cannot be
used as an i.v. tracer because its natural level is too great to
yield adequate elevations of the natural 1levels without
perturbing plasma calcium levels.
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Table IV. Calcium Isotope Doses

42Ca 44Ca 46Ca 48Ca
Oral Dose 0.64 2.5 - 0.22
(mg/kg)
ioVo Dose 102 - 0.03 0.73
(mg/kg)
Cost 16.70 3.60 1492.00 167.00
($/mg)
Isotopic 98.0 98.6 34.9 97.7
Purity

Participants in our recent studies were normal children
between the ages of 6 and 15 who were within 20% of normal weight
for their age and height. They were brought into the hospital
with a stabilized daily calcium intake. After acclimatizing to
the hospital routine, the isotope was injected in the morning of
the first day, and the other isotope was given orally in their
breakfast milk. Blood samples were drawn periodically during the
first 12 hours, at .083,.167,.25,.5,1,2,4,8,12 hrs; urine samples
were collected for the next 2 wks, as 8 hr. pooled samples for
the first 6 days and as 12 hr. pooled samples thereafter. Two
non absorbed fecal markers were used in this work. The first is
a colored marker given daily with breakfast for three days
beginning with the day of isotope administration.
Polyethyleneglycol (PEG) is given with each meal for the same
three days. Stool samples are collected for three days after the
first colored marker is passed. PEG is used as a recovery
standard, and is analyzed by a modification of the standard
nephalometric method (7).

Results of isotope ratio measurements from an earlier study,
that used a similar protocol to the one just described, are shown
in Figure 3. These curves show plasma isotope levels for both the
i.v.oral tracer, labelled as PTA and CTA respectively. It is
generally accepted that isotopic enrichment, atom percent excess,
of urine reflects that of plasma, and after the initial period of
rapid mixing, urinary atom percent excess is used in lieu of
plasma measurements. The curves drawn through the data are those
generated using the proposed model for calcium kinetics.

Data Analysis/Modeling

The SAAM (Simulation, Analysis And Modeling) computer program
developed by Berman and Weiss (8) was used to analyze the isotope
dilution and balance data. The observed time dependent dilution
of both calcium tracers in plasma, as reflected in wurine at
longer times, coupled with their cumulative appearance in urine
and feces is used to calculate kinetic parameters of the model.
The balance data are then used to calculate the steady state
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fluxes of the system. It is assumed that the tracers distribute
themselves throughout the subject’s bodies in physiological pools
that are represented by the mathematical analogy of compartments
in the model. It should be noted however, that there is no
physiological identity ascribed to any of the mathematical
compartments. The SAAM program permits direct input of observed
data. A proposed model is also entered into the program, and a
statistical fit between the observations and the hypothetical
system is calculated. The quality of the fit is a basis for
assessing the quality of the model. The minimum number of
internal compartments that can be used to provide an acceptable
fit is the basic premise for establishing the number of internal
compartments. The data are fit to a model that is the equivalent
of the classical sum of exponential terms, but uses the
deconvolution methods developed by Berman and Weiss.

The basic model used in this work is shown in Figure 4. The
three compartment serial model shown uses three internal
compartments that each mix more slowly in progression. These
three represent the overall rapidly exchangeable calcium pool
with compartment 1 being assumed to include plasma and
extracellular calcium. Bone deposition is assumed to occur from
the third compartment of the model. This third compartment is
presumed to be at least partially associated with the rapidly
exchanging calcium deposits at the surface of bone. Bone
resorption is assumed to place calcium back into the first
compartment. This model is a simpler version of the four
internal compartment system proposed by Neer et al. (9) and used
by a number of others (10,11). The present work employs a
simpler model than that used in the Neer, et al work because the
time resolution of the early portion of our studies is such that
only one compartement is required where the earlier workers used
two. This is a consequence of slow sampling after the isotope
injection. Further assumptions that are made in this modelling
are that: 1) the subject is in a steady state with respect to
calcium metabolism during the time period of the study; 2) the
injected isotope mixes instantly after injection; 3)
gastrointestinal absorption occurs continuously during the
experiment; 4) tracer is not resorbed from bone during the
experiment. These assumptions are simplifying assumptions that
serve to make the model work, and are generally reasonable
approximations.

Results from several studies are presented below in Tables
VI and VII in terms of calcium flow rates. The symbols used to
express the calcium-flow rates are defined in Table V and shown
schematically in Figure 4. Data from a newborn subject (12) in
some earlier studies are shown in Table VI in comparison to data
from an adult (13). All values are expressed per kg body weight
per hour. The newborn subject shown in Table VI exhibits some
interesting contrasts with the typical adult shown there; these
contrasts are consistent with other subjects of this study (12).
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Figure 3. Time dependence of i.v. (diminishing) and oral isotope
(increasing) for newborn subject.

Figure 4. Three internal compartment serial model for calcium
metabolism defining metabolic parameters.
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Total calcium turnover is five to ten times greater in the
newborn than in the adult. This is reflected in the fact that
normalized calcium intake is 5-10 times higher in the newborn
than in the adult, although the fraction absorbed (Va/Vi) is
similar. A second observation is that in all five newborns, more
calcium 1is 1lost through the endogenous fecal route than by
urinary excretion. The reverse 1is true for typical adults.
Finally, the is in positive balance for both bone and total
organism calcium in contrast to the typical adult.

Table V. Symbols for Calcium Physiological Flow Rates

Symbol Meaning
(mg/kg/hr)

Vi Ingestion

Va Absorption

Vu Urinary excretion

VE Endogenous fecal excretion

Vo+ Bone Accretion

Vo- Bone resorption

VF Total fecal excretion

Vbal Total calcium balance
=(Vi - Vu -Vf)

Vobal Bone balance
=(Vo+ - Vo-)

Table VI. Calcium Metabolism in Newborn and Adult

Newborn Adult
(mg/kg/hr) (mg/kg/hr)

Vi .46 575
Va 3.86 249
Vu 0.077 .166
\'23 0.316 .101
Vo+ 5.15 .323
Vo- 2.4 344
VF 0.91 432
Vbal +3.47 -.023
Vobal +2.75 -.021
Va/Vi 0.87 .43

VE/Vu 4.0 .62

The power of this modeling technique might be better
appreciated by considering a case of abnormal calcium metabolism,
such as fibroplasia ossificans progressiva (FOP). The shape of
the isotope dilution curves for this subject are notably
different in the period of 1-2 days into the study as Figure 5
shows. They have a flattening in the first 20 hours that is not
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Figure 5. Time dependence of i.v. (diminishing) and oral isotope
(increasing) for FOP subject.

Figure 6. Four internal compartment serisl model used to calcu-
late calcium metabolic parameters for FOP subject.
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seen in the normal tracer washout curves. The only way that a
model could be made to fit the kinetic data for this subject was
to include a fourth internal compartment of the sort shown in
Figure 6. An additional compartment undergoing rapid exchange
with another internal compartment, not contributing to the
irreversible losses of those pools, 1is consistent with
physiological intuition. The subject has greatly increased
internal calcium stores that should be in contact with rapidly
mixing calcium compartments, but these stores are undoubdtly at
sites of very rapid growth which are almost certainly different
from the slowly turning over bone pool represented by the loss
from compartment 3 and the subsequent reentry into compartment 1.
Data for this subject are given in Table VII along with the data
for the normal subject used above.

Table VII. Calcium Metabolism in FOP and Adult

FOP Adult
(mg/kg/hr) (mg/kg/hr)

Vi 416 575
Va .169 «249
Vu .009 .166
\'43 .312 .101
Vo+ 325 323
Vo- .478 344
VF +559 2432
Vbal -0153 -0023
Vobal -.153 -.021
Va/Vu .41 .43
VE/Vu 34.7 .62

Future

The studies of calcium metabolism in normal children are
underway, with 15-20 children to be studied in the near future.
The data generated from these studies will be used as the basis
for studies of diseases of calcium metabolism in children. We
anticipate being able to study a number of children with FOP and
possibly contribute to innovative therapies for these children by
monitoring changes in calcium kinetics. Improvements in the
thermal ionization source for the quadrupole mass spectrometer
are underway; a substantial improvement in sesitivity is expected
from this effort. The model used for data analysis is under
continuing investigation in order to improve its predictive and
experimental design capabilities.
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Trace Element Utilization in Humans

Studied with Enriched Stable Isotopes and Thermal Ionization Mass
Spectrometry

JUDITH R. TURNLUND

U.S. Department of Agriculture, Western Regional Research Center, Berkeley, CA 94710

Stable isotopes have recently proved to be valuable
for determining absorption of zinc, copper, and iron
in humans. Thermal ionization mass spectrometry,
with its high degree of precision, has been
successfully used for analysis of stable isotopes in
samples from bioavailability studies. While
precision of this analytical approach is excellent,
analysis is time consuming. Isotopic ratios of iron
can now be determined using an automated thermal
ionization mass spectrometer, which markedly reduces
analytical time. Two methods can be wused to
determine the amount of an isotopic spike in a
sample with mass spectrometry: (1) by using the
ratio of an enriched isotope to a natural isotope
and the total mineral content of the sample,
determined independently and (2) by using isotope
dilution and determining two isotopic ratios.
Several aspects of experimental design are critical
when using stable isotopes to study mineral
bioavailability. These include the level of isotope
required to achieve an adequate enrichment in the
tissue to be sampled, the effect of this level on
mineral metabolism or absorption, complete
intestinal transit time in studies using fecal
monitoring, and sample homogeneity. Adaptation to
type of diet or level of a nutrient, individual
variability, and nutritional status must also be
considered. Mineral absorption has been determined
in several studies, comparing zinc, copper, and iron
abgorption from several types of diets and in
different population groups. Results of these
studies suggest a high level of phytate in the diet
inhibits zinc, but not copper, absorption; pregnant
women tend to absorb slightly, but not significantly
more zinc and significantly more copper than
nonpregnant women; and elderly men absorb less zinc,
but not less copper or iron, than young men.

This chapter not subject to U.S. copyright.
Published 1984, American Chemical Society
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Several approaches have jbeen used to determine absorption of
trace elements in humans. The most frequently used method has
been balance studies, in which the amount of a mineral ingested
is compared with the amount eliminated in the feces. However,
absorption calculated from total mineral eliminated in fecal
collections generally differs greatly from true absorption,
since some of the mineral eliminated in the feces 1is of
endogenous origin (l). A number of other difficulties with
metabolic balance studies, such as variation in intestinal
transit time and inadequate analytical precision, limit their
ugsefulness and often result in conflicting results (2).

Use of Isotopic Tracers

Many of the disadvantages of the balance approach to determining
bioavailability can be eliminated or minimized by wusing
radioactive tracers to measure absorption and utilization of
trace elements. This approach has been used by a number of
investigators to study zinc and iron absorption (3-7). Recently
methods have been developed using enriched stable isotopes of
trace elements to study absorption and utilization. A number of
these studies, using a variety of methods and minerals, are
described in this symposium. Using enriched stable isotopes
provides many of the advantages of radioisotopic tracers without
the exposure to radioactivity. Minerals contained in a specific
meal or consumed on a specific day can be 1labeled and
differentiated from minerals consumed at other times and from
other endogenous minerals (8). Use of either stable or
radioactive isotopes eliminates the problems of variablity of
fecal flow, prolonged transit time, and excretion of endogenous
minerals which confound results of absorption studies using the
balance approach. The stable isotopes and several of the
radioactive isotopes which have been used in human and animal
studies are shown in Table 1. The natural abundance of stable
isotopes and the half-lives of some of the most suitable
radioisotopes are also included in Table I.

Both zinc and iron have several stable isotopes and
radiosotopes well suited for wuse as tracers. Magnesium and
copper have relatively abundant amounts of their stable
isotopes. Therefore, higher 1levels of these isotopes are
required to achieve adequate sample enrichment. Nevertheless,
stable isotopes of these minerals are particularly attractive
alternatives to radioisotopes, since the radioactive isotopes

have very short half-lives. The half life of 28!3 is only 21
hours. Half-lives of 6aCu and 67Cu are 12.9 and 61.9 hours

respectively. Stable isotopes techniques cannot be used for
manganese, since it has only one stable isotope.
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Table I. Stable Isotopes

Stable Radio
Mineral Isotope Abundance Isotope Half-Life
%
Zine 64 48.89 65 243.6 days (Y)
66 27.81 ') 13.9 hours (Y)
67 4.11
68 18.57
70 0.62
Iron 54 5.82 59 45.1 days (y & B7)
56 91.66 55 2.6 years (X-Ray)
57 2.19
58 0.33
Magnesium 24 78.70 28 21 hours (y & B7)
25 10.13
26 11.17
Copper 63 69.09 64 12.9 hours (87)
65 30.90 67 61.9 hours (y & B7)
Manganese 55 100 54 303 days (Y)

Selecting the Stable Isotope and Determing the Amount to Use

Ideally, stable isotopes selected for use as tracers are
naturally low in abundance, such as 702n and Fe. These
isotopes are also expensive. The cost of 1 mg of zinc
containing 99% 7OZn was $154 in 1983 (Oak Ridge National
Laboratory), while 1 mg of zinc containg 99% 64Zn cost only
$0.55. However, the 1level of Zn which occurs naturally,
48.89%, makes it impractical to satisfactorily enrich human
samples with 6"‘Zn for absorption studies without greatly
exceeding normal dietary levels of zinc. Zn is another
isotope that is useful for labeling. The price of 67Zn is much
less than 702n, $5.25 for 1 mg of zinc containing 93% 67Zn.
Maximum precision of isotopic ratio determinations is achieved
when the ratio between the two measured isotopes is between 1:10
and 10:1, and problems with background levels of the enrichment

isotope are minimized when the abundance of the enriched isotope
is at least doubled or 100% atom excess (9).
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The amount and cost of 702n and 67Zn to meet these

requirements for a sam&le expected to contain 100 mg of zinc can
be calculated. When Zn is used as the ratio isotope, 100 mg
of zinc contains approximately 19 mg of 68Zu. Lesgs than 0.7 mg
of 7OZn would be required to double the 7OZn content of the
sample; however, 2 mg of Zn would be required at a cost of
$308, to achieve a ratio of 682n:702n between 1:10 and 10:1.

The 68Zn to 67Zn ratio is naturally within the 1:10 to 10:1
range, and it remains in that range after doubling the natural
ratio. Therefore, best precision can be achieved by doubling

the natural 7Zn. or using about 5 mg of 67Zn at a cost of only
$26.

To determine the amount of isotope required for an
absorption study using fecal monitoring, the length of time of
fecal collections must be considered. Polyethylene glycol (PEG)
and radioisotopes were used for to determine complete intestinal
transit time in the studies described in this paper. In one
study PEG and radioisotopes were fed simultaneously and
excretion patterns were similar for the two (1,9). Most
individuals eliminate all PEG or unabsorbed radioisotopes within
12 days, but a few individuals have longer transit times.
Therefore 12 days collection time can be used for calculationms.
The amount of mineral expected in the 12 day collection is used
to determine the amount of isotope to feed for best analytical
precision. A mineral such as copper cannot be fed at a level to
meet ideal enrichment conditions without greatly exceeding
normal dietary 1levels. This is because the least abundant

isotope, Cu, occurs naturally at the level of 30.9%. Because
less than ideal enrichment of fecal collections is achieved with
normal dietary levels, excellent precision of isotopic copper
measurement is required for meaningful results. The precision

of the absorption measurement can be improved by feeding Cu
for several days to increase the level of enrichment.
Determination of stable isotopes in other tissues requires
additional considerations. To measure iron absorption via
isotopic enrichment of erythrocytes requires labeling of 2.5 to
3.0 g of erythrocyte iron. To double the natural ratio of 100
mg of erythrocyte iron would require less then 0.4 mg of SaFe or
less than 6 mg of Fe. However, this does ngt achieve the
ideal enrichment range for SaFe. About 9 mg of 3 Fe is required
to achieve the ideal range. Since less than 10% of dietary iron
is usuallgb absorbed ten times the above amounts, approximately
60 mg of ~ Fe or 90 mg of 58“ have to be fed to optimally label
100 mg of erythrocyte iron. To label the 2.5 to 3.0 g of

erythrocyte iron, extremely high levels of dietary iron would
have to be used. For enrichment sufficient to measurement
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absorption with less then ideal conditions, but adequate to see
differences in absorption, would require that iron isotopes be
fed for several days. In this case, as with copper, a high
degree of analytical precision is required.

Measuring stable isotopes in tissues such as blood serum or
urine after feeding isotopes also requires the ability to
meagsure 1less than ideal 1levels of enrichment. Therefore,
excellent precision and accuracy are necessary. A study is in
progress at the USDA Western Human Nutrition Research Center in
San Francisco to establish the levels of isotopes that can be
measured and followed in serum, urine and feces. Approximately
10% of circulating levels of zinc, copper, iron, calcium, and
magnesium were injected into several young men in preparation
for future mineral kinetic studies. Ideal enrichment levels may
not be achieved when these amounts are injected, but injection
of larger amounts could result in major changes in mineral
metabolism (10).

Sample Collection and Preparation

Two critical aspects of fecal monitoring for absorption
determinations are complete collection of unabsorbed isotopes
and sample homogeneity. The times required for complete
collections of wunabsorbed isotopes vary markedly between
subjects and also within the same subject. Therefore fecal
makers are required to assure complete collections (9). The
times required for complete elimination of a fecal marker have
ranged from 6 to 18 days and included from 3 to 23 fecal samples
in the experiments discussed later in this paper. Collection of
only 80% of unabsorbed isotopes, particularly when absorption is
low, will result in serious overestimation of absorption. 1In
the case of iron, absorption of only 10% would appear to be
nearly 30%, if 20% of the unabsorbed iron was not collected. A
marker such as PEG, which can be measured quantitatively, must
be used. Stools are collected until no trace of the inert
marker can be detected. Recovery of less than 90% of the PEG
would suggest that one or more collections were missed and
absorption data would not be valid. Prior to sampling for
analysis, the fecal pool must be homogenous in both isotopic
distribution and in total mineral content. Both may vary
considerably within the same stool and vary even more between
stools. To assure sample homogeneity, the approach we have used
in studies reported to date (1,9,11,12) has been to add
deionized water to samples, homogenize thoroughly in a colloid
mill, take subsamples while the colloid mill is running, and
freeze for later analysis. However, after freezing and thawing
of samples, some settling occurs, which makes it difficult to
obtain a homogeneous sample. Settling does not affect isotopic
homogeneity. It can alter mineral distribution in the sample,
requiring numerous replicate determinations of total mineral
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content of samples. To avoid this problem, the procedure has
been changed. The fecal pool is thoroughly mixed in a plastic
container with added water using a polytron. Once the sample
appears homogeneougs, mixing is continued for 10 minutes. The
fecal pools are then frozen, lyophilized, and crushed to a fine
powder prior to sampling and preparation for analysis.

Calculation of Stable Isotope Content

Sample analysis by thermal ionization mass spectrometry (TIMS)
results in measurement of isotopic ratios of minerals. Total
mineral content of samples is then determined by one of two
methods. One approach is to use flame atomic absorption
spectrophotometry (AAS) to determine total mineral content of
samples. Since AAS does not have the same level of precision as
TIMS, a sufficient number of replicates is analyzed for a
mineral content determination with a CV of within 1%.
Alternatively, if a mineral has 3 or more isotopes and
fractionation corrections are not made, the following procedure
may be used. An individual is fed one isotope and another
isotope is added to the sample prior to analysis to determine
the total mineral content of the sample by dilution of the
second isotope. In this way, both the amount of the isotope fed
which is recovered in the feces and the total mineral content of
the sample can be determined simultaneously. If fractionation
corrections are to be made, a mineral must have at least four
isotopes. Details of these procedures will be reported
separately.

In general, formulas used to calculate the fraction of a
stable isotope ingested which is recovered in feces using AAS to
measure total mineral content are:

Ny s, °M

n
Ma M

30 ™™ s, M
js‘,

This is solved for :l by rearranging terms and simplifying.

M
Since tl! = “u + 'u. and tu and :—u are known, ‘u can be
determined. M
t
‘u = —!n_u_.
l+ —
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i, j and isotopes
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isotopic abundance

mass of mineral

atomic weight of mineral
natural mineral

isotope spike fed to subjects
total mineral

isotopic diluent added to sample
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M
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The amount of the stable isotope spike which is recovered in
the feces is subtracted from the total amount fed to determine
the amount absorbed.

When isotope dilution is used to determine total mineral
content, two ratios are measured. The following two equations
are used to determine the two unknowns, (1) the total natural

mineral content of the sample ("M) and (2) the amount of isotope
spike (sll) recovered in feces:

s
R P
e n, " s, °u a, %
et

R T

The two equations are solved for the two unknowns, Sy and “I!.

When a mineral has more than two stable isotopes,
experiments can be conducted using more than one isotope to
label diets (13). Different isotopes can be used for different
routes of administration, as has been done with radioisotopes of
iron (14). Information can potentially be obtained on excretion
of circulating mineral into the gastrointestinal tract by
injecting stable isotopes, provided the injected dose is
excreted similar to circulating mineral. Urinary excretion of
minerals, and disappearance of the injected isotopes from the
blood may also be measured. 1In combination with oral doses,
these data can be used to advance the current knowledge of
mineral metabolism and kinetics.

Thermal Ionization Mass Spectrometry Analysis

The method of isotope analysis I have selected is thermal
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ionization, magnetic sector mass spectrometry (TIMS). This
method was selected because the level of precision which can be
achieved using TIMS is far better than precision which can be
attained with other analytical methods (15). The improved
precision has been demonstrated by measuring zinc isotopes in
human plasma samples. The relative standard deviation of TIMS

determinations of 7OZn was 0.13%, while the relative standard
deviation of neutron activation analysis (NAA) was 8.3% (16).
The precision of TIMS was better than NAA by a factor of 64. 1In
another human study, stable and radioisotopes of zinc and iron
were fed to determine their absorption (8). Both TIMS and NAA
were used for stable isotope analysis. The results of stable
isotope analysis using TIMS were closer to the results using
radioisotopes than those from NAA (8).

Two TIMS instruments have been used for the work described
here. The instrument used most extensively is a single
direction focusing magnetic sector mass spectrometer consisting
of a sixty-degree magnetic sector with an ion radius of 30 cm
(9). Recently iron determinations have been made using an
automatic, computer controlled TIMS with a 13 sample turret.
The iron content of a sample was determined with this instrument
with a coefficient of variation of 0.6% using isotope dilution
and several levels of isotope enrichment (17). Iron
concentrations from TIMS were more precise, and were comparable
to iron content determined using atomic absorption
spectrophotometry, after atomic absorption values were corrected
for recovery.

Experimental Diets

Absorption studies have been conducted using several dietary
treatments. One dietary approach has been to use purified diets
with egg albumen as the protein source. This approach reduces
of day to day and between subject variability in the nutrient
content of diets. It is well suited for use when levels of
specific nutrients or dietary components must be carefully
controlled and/or varied without changing any other factors in
the diet. Since all other dietary components remain constant,
any differences found between treatments can be ascribed to the
altered nutrient under study.

Regular diets are used in some experiments, since they are
most similar to diets consumed by a free-living population.
However the problem of identifying a cause and effect
relationship often limits their use in experiments designed to
study specific nutrient effects. Alterations in the level of
one nutrient in a regular food diet requires simultaneous
changes in many nutrients and non-nutrient components of the
diet. As a result, changes cannot be ascribed exclusively to
the nutrient under study. For example, if zinc absorption from
low zinc and a high zinc diet are to be compared using normal



Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch003

3. TURNLUND Trace Elements in Humans 49

food diets, it may be possible to keep protein, carbohydrate and
fat levels constant, but the food sources of these components
will change. Mineral content of the two diets will differ
widely, since foods low in zinc are likely to be low in other
minerals as well. Levels of vitamins, phytate, fiber, and other
components of foods may also vary. In addition, composition of
regular foods can vary markedly, and constant nutrient intake
may be compromised.

One approach which has been wused to improve diet
homogeneity, which is important for balance and absorption
studies, is to use regular foods and then homogenized them in a
blender. However, it is not known if absorption of minerals is
the same when foods are homogenized as when they are not.

Factors Affecting Mineral Absorption

Another important consideration in designing mineral absorption
experiments is the effect of adaptation to a specific type of
diet or 1level of mineral. In mineral absorption studies
conducted to date, increasing periods of adaptation to a diet or
to a level of nutrient results in decreased variability between
subjects. Absorption determined from a diet which is fed only
at one meal or on one day may be very different from absorption
studied after a period of adaptation to the diet is allowed.
Individual variability and nutritional status of individuals
must also be considered when evaluating results of absorption
studies. These effects are minimized when subjects are used as
their own controls. Absorption studies of zinc, copper, and
iron have been conducted with elderly men (9,11), young men,
pregnant and nonpregnant women (1,12). Several types of diets
have been used including purified diets with egg albumen as the
protein source, homogenized food diets with protein from
primarily animal or vegetable sources, regular food diets, and
purified diets with a-cellulose or phytate added (18, 19).

Experimental Results

Trace mineral absorption by young and elderly men is shown in
Table II. Zinc absorption was found to be significantly lower
in elderly men than in young men who consumed a nearly identical
diet. However, no difference in copper or iron absorption was
seen between the young and elderly subjects.

When pregnant and nonpregnant women were fed diets
containing protein from primarily animal or vegetable protein
sources (Table III) pregnant women tended to absorb slightly,
but not significantly more zinc and significantly more copper
than nonpregnant women (1,12). Zinc absorption was similar from
both diets, but fractional copper absorption was lower from the
plant protein diet, which contained more copper than the animal
protein diet.
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Table II. Trace element absorption by young and elderly men

Young Men Elderly Men
n==6 n=¢6
Zinc absorption (%)* 32.8 + 1.9 18.0 + 4.2%x
Copper absorption (%) 26.5 + 1.3 27.7 + 0.31
Iron absorption (%) 8.3 + 2.6 8.7 + 3.6

* Mean + SEM
*x Significantly different (P < 0.005)

Table III. Zinc and copper absorption by pregnant and non-
pregnant women.

Nonpregnant women Pregnant women
Zinc absorption (%)*

Animal protein diet 23.8 + 2.0 (5)** 24.1 + 2.2 (5)

Plant protein diet 25.4 + 1.7 (5) 26.6 + 3.5 (4)
Copper absorption (%)

Animal protein diet 41.2 + 1.3 (S) 42.2 + 2.5 (5)

Plant protein diet 33.8 + 0.8 (5) 40.7 + 3.0 (4)

* Mean + SEM.
** Numeral in parentheses is n.

Zinc and copper absorption were compared in young men when
a-cellulose or phytate were added to purified diets (Table IV).
Copper absorption was not affected by the additions (19), but
zinc absorption was significantly 1lower when phytate was
included in the diet (18). Differences in copper absorption
were between subjects also noted .
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Table IV. Zinc and copper absorption from diets containing
phytate and fiber.

Basal* Phytate a-cellulose

diet =~ _added =~ _____ added
Zinc absorption (%) 34.0 17.5%* 33.8
(standard error of pooled
mean = 3.54)
Copper absgorption (%) 35.0 31.4 35.1

(standard error of pooled
mean = 2.36

X n = 4 for each treatment
** gignificantly lower (P < 0.02)

These studies demonstrated that differences due to
population group or dietary treatment can be detected using
stable isotopes with analysis by thermal 1ionization mass
spectrometry. Further research using stable isotopes and TIMS
promises to provide valuable information on mineral absorption
and utilization.
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Maossbauer Spectroscopy in Nutritional Research

LEOPOLD MAY
Department of Chemistry, Catholic University of America, Washington, DC 20017

Mbssbauer spectroscopy provides a probe of atoms that
is sensitive to changes in oxidation and spin state
and the configuration of the ligands around the atom.
It is a nondestructive method and specific for the
isotope being examined. The number of elements that
can be examined by MBssbauer spectroscopy is limited
but includes several that are important in nutritional
studies, such as «oobalt and iron. The basic
principles and techniques of Mdssbauer spectroscopy
will be described, including the isotope enrichment
procedures that have been used. Its wuse in
nutritional research will be illustrated with
structural studies of Vitamin By, using oobalt
emission MBssbauer spectroscopy and the identification
of the iron ocompounds in wheat bran using iron
absorption Mbssbauer spectroscopy.

MBssbauer or nuclear gamma resonance fluorescence spectroscopy,
akin to other forms of spectroscopy, is the study of the
radiation emitted or absorbed in the transition between two or
more energy levels (1). These levels are those of the nucleus,
and the energy of radiation is found in the gamma ray region. In
the observation of these changes, the energy of the transition in
the source nucleus (radiation emitter) and the energy of the
transition in the absorber nucleus must be equal (Figure 1).
Since the emitting or absorbing ray imparts recoil energy to the
nuclei causing a decrease in the energy of the gamma ray, it is
difficult to observe resonant absorption. Mbssbauer (2) found
that in crystalline lattices at temperatures significantly below
the Debye temperature of the crystal, the nucleus could emit or
absorb gamma radiation with little or no recoil energy, and
resonance oould be observed. If the nucleus is placed in a

0097-6156/84/0258-0053$06.00/0
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Figure 1. Nuclear transitions and Mossbauer spectra. EFG,
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different electronic (chemical) enviromment, as the absorber in
Figure 1, the transition energy of the absorber is changed
destroying resonance. To restore resonance, if the source and
absorber do not have the identical transition energies, i.e.,
chemical environment, additional energy must be added to or
subtracted from the gamma rays of the source, as in Figure 1.
The required energy can be supplied by moving the source and
absorber relative to each other, which adds Doppler motion energy
to the system permitting the resonance oondition to be
established.

If the nucleus has a quadrupole moment and its electric
field gradient (EFG) about the nucleus is asymmetric, the nuclear
energy levels are split as shown for iron in Figure 1B. This
gives rise to a doublet in the MBssbauer spectrum. A Zeeman
effect can also be observed in a magnetic field (external or
internal) giving rise to a six-line - spectrum for iron as
illustrated in Figure 1C. The simultaneous presence of both an
EFG and magnetic field with the nucleus causes the resulting
spectrum to be asymmetric.

If the source and the absorber are identical, resonance
absorption will occur with both stationary. However, if they are
not identical (Figure 1A) resonance absorption will appear at a
Doppler velocity different from zero. This difference is the
isomer shift,§, and is related to the s-electron density at the
nucleus. If the spectrum is split, as in Figure 1B, then the
difference between the welocities of the two peaks is the
quadrupole splitting (Q.S.). This splitting is influenced by the
configuration of the electronic environment around the nucleus,
and its magnitude yields information concerning the bonding of
the atam. The amount of the splitting of the peaks in a
magnetically split spectra, as in Figure 1C, can be related to
the internal magnetic field in paramagnetic and ferramagnetic
substances.,

Essential Nutritional Elements and MBssbauer Nuclides

The MBssbauer effect has been observed with about 50 elements,
including several that are accepted as essential for nutrition
(3), shown as shaded in Figure 2. Those that in principle may be
observed in the absorption mode are shown with small dots and
those that in principle may be observed in the emission mode are
shown with large dots. The elements that have been observed in
either the absorption or the emission mode include oobalt,
iodine, iron, and zinc. The cobalt Mbssbauer spectrum has been
observed in the emission mode, and the spectra of the other
elements have been observed in the absorption mode.



STABLE ISOTOPES IN NUTRITION

*9poW UOTSSTWS JISNBYSSON UT POAJISSqO 9q
few ¢sqop 98asT pus (apom uoTrdiosqe JISNBASSON UT POAISSqO 9q Afew

¢gq0p TTBWS $SHUSWSTS® TBTIUSSSS ‘PapBYS °ITqBY OTPOTISd °g SanITd
_‘cm V| od| '8 IL| B6H [ nv | id W) sOf Y| M OL | 4H | O | ©°8 | SO
98| S8 | v8 | €8 18| 08| 64| 82| LL| 9L | SL| vL| €L 2L | LS | 96| SS
ax 8l | a@s vl by | Pd | Uy | Ny | oL aN | 4Z | A IS | 9y
14° 2G| IS 514 b | 9V [SP | bb | € It | Ov | 6€ | BE | L€
| dig 89 | 09 i
9¢ | S¢ 2g | Ig 14
iy v
8l €l
aN 8
ol S
aH
e

#00U2"8520-86T-%0/TZ0T 0T :10P | #86T ‘6 AInC 1@ uoiealgnd




Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch004

4. MAY Mossbauer Spectroscopy in Nutritional Research 57

Requirement for Enrichment

Many of the MBssbauer nuclides occur in nature, for example,
1271, wWith other elements, the percen of the MBssbauer
nuclide is low (2.17% for 57Fe and 4.11% for 67zn). In the case
of oobalt, the radioactive nuclide, 57Co, must be inserted into
the material being examined. It is desired to have the amount of
the MBssbauer nuclide in the sample large so that the MdBssbauer
effect will be large. In many biological samples, the Mdssbauer
effect is small, so it is advantageous to have a large
concentration of the MBssbauer nuclide. This requires that the
concentration of the nuclide in the sample be increased. The
enrichment can be accomplished by removing the metal and
replacing it with the MBssbauer nuclide. This can be done
directly if the compound does not denature when the metal is
removed, For oobalt emission spectroscopy, the cobalt in the
sample must be replaced with 57Co, the MBssbauer nuclide. If the
compound is to be separated fram an organism, for example, plant
or bacteria, the organism can be grown in a medium containing a
high oconcentration of the Mdssbauer nuclide. If a compound is to
be enriched in an animal, the feed can be enriched with the
MBssbauer nuclide, or the appropiate enriched compound can be
injected into the bloodstream.

Application to Vitamin Byo

One of the important applications of Mdssbauer spectroscopy is in
the determination of bonding of the MBssbauer nuclide. Since the
cobalt MBssbauer spectrum can only be observed in the emission
mode, the radioactive 57Co isotope must be inserted into the
compound. The compound then serves as the source with the
absorber being an iron compound such as potassium ferrocyanide.
This requires the removal of the normally occurring oobalt
isotope and replacement with the MBssbauer nuclide without
altering the structure of the compound, For example, Vitamin By
(cyanocobalamin) that ocontains oobalt bound to a corrin ring
system with cyanide ligand in the sixth position was examined.
The electron capture decay of a 57Co atam with the emission of
the gamma rays triggers events in which energy is deposited into
the molecule resulting possibly in fragmentation of the molecule.
Nath, et al. (4) observed that this did not occur with the
cobalamins. The oxidation state and binding of the daughter
atom, 57Fe, remains the same as the 5/Co. Thus, the oxidation
state and binding of the cobalt atom has been studied in Vitamin
By, and derivatives with the cyanide ligand replaced by other
ligands such as aguo, acetato, etc.(4-6). Emission MBssbauer
spectroscopy of some of these derivatives has been used to study
ethanolamine ammonia lyase, a coenzyme Bjo-dependent enzyme (7).
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Identification of Endogenous Iron in Wheat Bran

Another application of Mbssbauer spectroscopy is illustrated by
the identification of the endogenous iron in wheat bran (8).
Morris and Ellis (9) found that more than 60% of the iron in the
bran was extracted in association with phytic acid as monoferric
phytate. The biocavailability of the isolated iron product and
the synthetic phytate did not differ (9,10). Knowledge of the
chemical nature in situ of the iron in the bran might aid in
explaining the action of bran on iron absorption. The MBssbauer
spectra of wheat seeds, wheat bran, monoferric phytate, and
diferric phytate were measured. To enrich the iron in_the wheat
seeds, the wheat was grown in a medium ocontaining 57Fe, The
spectra are shown in Figure 3, and the results in Table I. It
can be seen that the MBssbauer parameters of the spectra of seeds
and bran agree within experimental error with the parameters
found in the spectrum of monoferric phytate. These results
indicate that the iron associated with the phytate in situ is in
the same combination as in monoferric phytate.

Table I. MBssbauer Spectral Parameters of
Wheat Seeds, Wheat bran, and Ferric Phytates*

Sample Quadrupole Iscmer

Splitting shift
Wheat seeds 0.55 0.76
Wheat bran 0.56 0.77
Monoferric phytate 0.55 0.77
Diferric phytate 0.60 0.76

*Parameters are in my/s relative to sodium nitroprusside
and were measured at 80 K (8).

Although the number of MBssbauer nuclides for the study of
the nutritionally essential elements is limited, these examples
illustrate the information and use that Mbdssbauer spectroscopy
can provide in nutritional research.
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Figure 3. Mossbauer spectra of monoferric phytate (top), wheat
seed (middle), and wheat bran (bottom). (Reproduced from Ref. 8.
Copyright 1980, American Chemical Society.)
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Intrinsic Labeling of Edible Plants with Stable
Isotopes

CONNIE M. WEAVER
Department of Foods and Nutrition, Purdue University, West Lafayette, IN 47907

Nutritionists and food scientists are seeking re-
liable and efficient methods to study bioavailability
of trace elements from various foods. Among the
several methods available, the most promising for
human use involves labeling of foods with stable iso-
topes. This approach allows safe testing in human
population groups and use of foods prepared in nor-
mal food handling and processing facilities. How-
ever, because of the high cost of stable isotopes,
efficient labeling of foods is imperative. This
paper will describe a non-cycling hydroponic system
we have developed to incorporate isotopes into

edible portions of plants. This system has been
successfully employed in the efficient labeling of
soybeans and wheat with isotopes of zinc, iron, and
selenium.

Bioavailability of minerals from foods is most directly assessed
by following the fate of the mineral after consumption of foods
endogenously labeled with the mineral of interest. Labeling foods
with stable isotopes rather than radioisotopes offers the advan-
tage of using humans rather than animal models without the risks
associated with radiation exposure. Also, foods can be prepared in
normal food handling and processing facilities with use of stable
isotopes. Therefore, the use of stable isotope tracer techniques
allows bioavailability of trace elements to be studied safely in
all human population groups using foods processed under normal
conditions and in the form in which it is normally consumed.

Intrinsic vs Extrinsic Labeling Techniques

Intrinsic labeling is time consuming and specialized. Extrin-
sic labeling whereby a mineral isotope is mixed with a food prior
to consumption is an appealing alternative to intrinsic labeling.
The extrinsic labeling approach assumes that the extrinsic label

0097-6156/84/0258-0061$06.00/0
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completely exchanges with the mineral endogenous to the food. The
validity of this assumption requires testing against intrinsically
labeled foods for each mineral and testing condition.

Extrinsic and intrinsic non-heme radioiron has been shown to
exchange for a number of foods when the extrinsic label is
thoroughly mixed with the food being tested prior to consumption
(1,2). Using the rat model, an extrinsic labeling approach gave
a similar assessment as an intrinsic labeling approach 8§ zinc
bioavailability for a few foods (3,4). However, when ~~ZnCl_ was
mixed with a soy flour based diet rather than with ke soy £18ur
prior to incorporation into the diet, retention of Zn was sig-
nificantly different between the intrinsic and extrinsic labels
(i). Thus, the potential of the extrinsic label for giving an
accurate assessment of bioavailability from a specific food seems
dependent on the manner of incorporation of the extrinsic label.

In humans, génc from chicken intrinsically labeled with the
stable isotope 70Zn was absorbed to a greater extent than was an
extrinsic tag, ' "ZnCl_, (5). Perhaps extrinsic and intrinsic
labels do exchange in many instances where the labeled fraction is
a small portion of the total mineral content such as in the case
for radiosotopes. However, stable isotope labeling involves re-
placing a much larger fraction (mg quantities) of the total
mineral with the label. These larger pools may not entirely ex-
change. Further testing of the validity of extrinsic labeling
approach in stable isotope methodology is required for all minerals.

Intrinsic Labeling Methodology

Growing Conditions. Foods must be highly enriched with stable
isotopes to be useful as labels for bioavailability experiments in
order to accurately distinguish the label from naturally occuring
isotopes. However, stable isotopes are expensive and their supply
limited. Therefore, the labeling methodology must be as efficient
as possible.

Labeling of plants via a nutrient solution is more efficient
than by soil application due to the possible adherance of the
added mineral on soil components. Stem injection may be an effi-
cient labeling technique, but until the mineral complexes which
are transported in the vascular system are clearly defined, this
technique may not result in deposition of isotopes which are
characteristic of field grown crops.

For the purpose of enriching plants with stable isotopes, it
was necessary to develop a hydroponic technique which requires a
small amount of nutrient solution per plant and which maintains
the same nutrient solution from the addition of the stable isotope
until maturity of the plant. The expense of stable isotopes pro-
hibits using a great volume of nutrient solution or discarding
nutrient solution before maximal uptake of the isotope is achieved.

The method I have developed for enriching with stable isotopes
is a pot culture technique. Seeds are germinated in Perlite and
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seedlings are transferred to plastic pots (14 cm diameter and 19
cm depth) containing two liters of a modified Hoagland-Arnon (Q)
nutrient solution. The outer surfaces of the pots are sprayed
with black paint or covered with black plastic to inhibit growth
of algae. Four soybean or eight wheat seedlings per container are
placed in holes in the lids and supported with foam rubber. Dur-
ing the entire growth cycle, solutions are aerated and deionized
water is used to replace losses due to transpiration and evapora-
tion. The pH is maintained between 5.8 and 6.0 with 1 N HC1l or 1
N KOH. Conductivity is maintained with complete nutrient solution
as needed; usually this requires replentishing with nutrient solu-
tion twice weekly. Nitrate, potassium, and phosphorus levels are
monitored and adjusted as needed, with 1 M Ca(NO,),, 1 M KNO,, and
1N KH2PO . This system has been employed in a Variety of green-
house Conditions and outside during the summer. For the experi-
ments described here, plants were grown in the greenhouse where
day temperatures were approximately 27°C. Supplemental lighting
supplied 146 microeinsteins/ (cloudy day) with 14 hour light
period. Once stable isotopes are added, solutions are not re-
placed.

To determine the optimal conditions for efficiently labeling
plants with stable isotopes, several experiments employing radio-
isotopes and the non-cycling hydroponic system were designed.

When to Dose. To determine whether efficiency of incorpora-
tion7of an isotope is depggdent on time of tracer ?gplicggion, 1.1
x 10 cpm/pg§ radiozinc (~°ZnCl,), radioselenium ('~“Se0, ), or
radioiron (““FeCl,) were adminiétered with a stable cargier to
provide 1.5 ppm Z%, 0.5 ppm Se, or 0.5 ppm Fe either 5 weeks from
germination or during flowering or fertilization of soybeans or
wheat. The radionuclides were not chelated because under the same
conditions employed here chelation did not improve uptake of 59e
by soybeans from the nutrient solution (7). The distribution of
the radioactivity among the plant parts and the efficiency of in-
corporation of the dose into the edible tissues as a function of
time of application are given in Tables I and II.

*  The relative order of efficiency of accumulation of the tggee
radionuclides into edible tissues was Zn>Fe>Se. Most of the "“Zn
transported to the above ground plant parts was accumulated by the
seeds, however, much of the dose of each of the radionuclides re-
mained in the roots and nutrient solution. The calculated percent
of the applied dose taken up by soybean leaves is underestimated
since some of the leaves abscised as the plants senesced and they
were discarded. Zinc and iron have been classified as partially
mobile in the phloem (8). Translocation of iron within plants is
poor since new growth of plants require a continuous supply of
iron via the xylem or from external applications (9). Zinc defi-
ciencies of plants can be corrected by applying ZnSO, in a dilute
spray. However, iron deficiences of plants areusualéy difficult
to correct which implies a lesser mobility within the plant.
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Little is known about the mobility of selenium in plants. The
lesser uptake of selenium may be due to a lower mobility of
selenium, to the formation of an insoluble complex between selenite
and iron at ths acidic pH of th?Snutrient solution or to selenium
toxicity. The large amount of '~“Se accumulated by the roots of
soybeans may reflect a selenigg toxicity.

A greater percent of the “~“Zn dose was accumulated by the
seeds of soybeans and wheat when the radionuclide w?g administered
during the reproductive period of the plant. More '“Se was accum-
ulated by edible portions of wheat when administered dug&ng
fertilization, but the reverse was true for soybeans. Fe was
also translocated to soybean seeds more efficiently when admini-
stered prior to flowering. When seeds are forming, they serve as
a nutrient sink and nutrients are readily deposited in the re-
productive tissues. Since iron deposited in leaves while plants
are still growing is supposedly relatively immobile for trans-
location to the grain, one would expect a greater accumulation by
seeds when applied durigg flowering. Perhaps iron at the roots
was competing with the ““Fe for the uptake sites and saturation of
the sites increased with age of the plant.

75 Yields were not affected by an¥50f the treatments except for
Se in wheat (Table III). The Na SeO3 was administered with
Table III. Weights by Plant Parts of Wheat Exposed to '°Se’
75
Controls Se
Plant Part (unlabeled) added during
Vegetative Fertilization
Period
Dry wt (g) Dry wt (g) Dry wt (g)
X+S X+S X+S
a b a
Grain 2.053:_0.603a 0.666:9.427a 3.544:j/593b
Spike minus grain 0~527:9-1883 0'38219'206a 1.395:9.540b
Leaves 1-08319-3783 1.0261-9.308b 1.812:9.328a
Stem 1.818+0.792 1.068+0.313 2.278+0.373

1Means and standard deviations for 8 plants in that container;
different superscripts within rows denote significant differences
(P<0.05) according to Duncans Multiple Range Test.

sufficient NaSeO, to provide 0.5 ppm Se. The low yields of wheat
exposed to 0.5 me Se during the vegetative perio?Smay be respon-
sible for the low efficiency of incorporation of '~Se with the
grain.

To further define the stage of development at which optimal
efficiency of labeling edible portions of soybeans and wheat, a
series of pots were dosed sequentially beginning with the first
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appearance of flowering and ending with beginning of senescence
(Figures 1-5). Stable carriers_were not added with the single
dose of radionuclides (1.1 x 107 cpm/pot) beyond what was present
in the complete nutrient solution: 0.05 ppm Zn, 2.5 ppm Fe and no
added Se. Seeds from the 4 soybean plants in each pot or 8 wheat
plants in each pot per treatment were pooled and assayed for
radioactivity on a Beckman 4000 coung%ng sgstem with7§ounting
efficiencies of 27, 48, and 33% for ~“Zn, Fe, agg Se, re-
spectively. As in the previous experiment, more ~~“Zn was accumu-
}gted by seeds of wheat (F%gure 2) and soybeans (Figure 4) than
Se (Figures 1 and 3) or “’Fe (Figure 5).

No overall conclusion can be made that would allow a recom-
mendation for dosing at a particular stage of development for all
radionuclides and plants studied. Delaying administration of the
label until senescence of soybeans was apparent (leaves began
turning yellow at 8 weeks and pods at 9 week?Safter flower-ingg5
resulted in a log&r labeling efficiency for '“Se (Figure 3), “Zn
(Figure 4), and “’Fe (Figure 5) so that labeling should begin
prior to this period for maximum incorporation into seeds. It is
tempting to recommend spggific periods of application for some of
the radionuclides ie.e. "~“Zn 20 days from anthesis for wheat
(Figure 2) and 6 weeks from flowering for soybeans (Figure 4) or
to recommend avoiding dosing during certain stages of development
}Se. weeks 4 and 5 fggm flowering of soybeans for application of

Se (Figure 3) and ““Fe (Figure 5) respectively. However, these
data were collected on single pots at each dosing period for each
treatment and were intended to use to establish trends rather than
for literal use of the percentage dose accumulated by the seeds.
The variety of plant, growing season, day length, temperature,
etc. would affect the optimal time of uptake. Biological varia-
tion in uptake of minerals from plant to plant even in the same
pot is great as evidenced by Tables I and II.

Representative wheat spikes or soybean flowers from each pot
in this experiment were tagged with a paper label dated with their
flowering date. Representative fruits were also identified with
tags marked with colored tape which served as a code for the
stage of development of the seeds at the time of dosing. These
seeds were kept separate when harvested at maturity for assess-
ment of radioactivity. The concentration of the radicnuclides in
seeds that were at different stages of development when dosing
occurred for soybeans and wheat is given in Tables IV and V.

If the concentration of radioactivity in the mature seeds was
higher for any radionuclide at any particular stage of fruiting,
efficiency of incorporation of a label should be higher when
most of the fruits were at that stage of development. No stage
of seed maturity can be selected as the optimal dosing time. The
data selected for Tables IV and V were from pots with the widest
range of stage of seed development at time of dosing. Only data
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Figure 1. 75Se accumulation efficiency in wheat vs day dosed.
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Figure 2. 6“:’Zn accumulation efficiency in wheat vs day dosed.
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Figure 4. 65211 accumulation efficiency in soybeans vs day dosed.
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Fe accumulation efficiency in soybeans vs day dosed.
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Table IV. Concentration of Radionuclide in Mature Soybean Seeds
as Related to Stage of Development When Dosed

Concentration of Radionuclide

Stage of D?velopment 652n 75Se 59Fe
When Dosed cpm/g cpm/g cpm/g
Beginning flowering 14,400

End flowering 45,769 16,215 6,787
Small pod 49,759 13.023 4,631
Seed developing 34,357 11,735 5,425
Seed almost full sized 37,367 10,367 5,307

1Radionuclides were applied as a single dose 5 weeks from first
flowering.

Table V. Concentration of Radionuclide in Mature Wheat Grains as
Related to Stage of Development When Dosed

Concentration of Radionuclide

Stage of Development 652n 758e

When Dosed cpm/g cpm/g
4 wks before anthesis 31,792
3 wks before anthesis 26,980
2 wKks before anthesis 331,009 36,487
1 wk before anthesis 298,695 32,047
2 wks after anthesis 478,440 17,518
3 wks after anthesis 454,831 22,949
3.5 wks after anthesis 484,431 29,646

1Radionuclides were applied as a single dose 3.5 weeks after
beginning anthesis.

from one period of radionuclide application for either soybeans

or wheat are presented because no obvious differences were observed
between radionuclide accumulation when dosed prior to fertiliza-
tion or during flowering vs when seeds were maturing. One excep-
tion was a dramatic reduction in radionuclide concentration of
soybeans dosed after pods began to senesce (not shown).

Production of Soybeans Labeled with 70Zn

The radiotracer studies indicated that our system of labeling
plants with a single dose of zinc could result in the deposition
of a substantial portion of the dose in the seeds, especially if
administered during flowering. Therefoys, we undertook a study to
label soybeans with the stable isotope '~Zn (10). The percent of
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the applied dose accumulated by6§he seeds was 14-23 for 10 pots
e2nalyzed compared to the 27.6% ~Zn accumulated by soy?san ggeds
treated similarly. The natural mass isotope ratio of ' “Zn: Zn

in the soybeans was enriched by 85-fold (Table VI). This level of
enrichment is sufficient for use in human bioavailability studies
using 100 g portion of the labeled seeds per person.

70, 1

Table VI. Soybeans Labeled With " “Zn

T

Mass Isotope Ratio 0Zn/682n

Natural 0.0343
Applied Isotope 8.05
Seeds 2.93+0.38

'See Ref. (10) for details.

Maximal enrichment of plant tissues with stable isotopes would
occur if the mineral in the nutrient solution were totally re-
placed with the stable isotope throughout the entire growing
period. However, this would not be the most efficient use of
stable isotopes and cou%a be prohibitively expensive for some
stable isotpes such as '“Zn in quantities needed for a human bio-
availability study.
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Stable 26Mg for Dietary Magnesium Availability
Measurements

RUTH SCHWARTZ
Division of Nutritional Sciences, Cornell University, Ithaca, NY 14853

Magnesium has only one short lived radiotracer 28yMg
(T 1/2=21.3 h). Thus stable 26Mg (11.01%) offers
not only a radiation-free alternative to ZBMg, it
can be used as a second, non-decaying tracer in
single and dual tracer studies on magnesium metabo-
lism. So far, only a fraction of the potential of
ZGMg has been realized. Magnesium-26 can be ana-
lyzed by neutron activation analysis (NAA) as well
as by various mass spectometric techniques. Mass
spectrometers which are most accessible to invest-
igators in the biological sciences utilize electron
impact ionization (EIMS). This has been the pre-
ferred analytical technique for 26Mg in nutritional
studies to date since it is more sensitive and pre-
cise than NAA. The usefulness of 26Mg is limited
by its relatively high natural abundance. Magne-
sium-26 doses needed for its accurate detection in
blood or tissues are too large for injection into
the circulation. For this reason, research using
26Mg has been limited to studies of Mg absorption
and bioavailability. Magnesium-26 has been intrin-
sically incorporated into leafy vegetables. These
were subsequently labelled extrinsically with 2BMg
and tested for isotopic exchangeability in rats and
in human subjects. In addition, true Mg absorption
was measured bg simultaneous administration of stg
(orally) and 28Mg (intravenously). The relative
merits and limitations of 25Mg and 28Mg are dis-
cussed with emphasis on their utilization in dual
tracer protocols.

Magnesium is the fourth most abundant element in the body and,

after potassium, the most abundant intracellular cation. It is a
co-factor or participant in numerous biological and physiological
processes, encompassing such diverse functions as hydrolysis and

0097-6156/84/0258-0077$06.00/0
© 1984 American Chemical Society



Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch006

78 STABLE ISOTOPES IN NUTRITION

synthesis of ATP and all enzymatic reactions that depend on ATP,
maintenance of membrane integrity, control of muscle tone and
contraction, and the functioning of the nervous system (1). De-
spite the well established importance of magnesium in living
systems, information is scant on its various roles in the body and
their relationships to health and disease. The Recommended Diet-
ary Allowances formulated by the National Research Council have
included recommendations for magnesium since 1968 (2), but the
levels recommended are still under debate (3). There are few re-
liable indicators of marginal magnesium status, and little is
known with certainty of the adequacy of magnesium in normal diets.
One of several factors that have impeded research on magne-
sium metabolism is lack of a satisfactory isotope. The short-
lived radiotracer 28Mg (T% = 21.3h) (4,5) has been used in intact
animals and man, primarily, to estimate rapidly exchanging magne-
sium pools (6-11). Such studies, which seldom exceed 24-48 hours
in duration, have yielded useful information in magnesium-depleted
patients before and after magnesium therapy (10,11). However,
even with high initial doses of 28Mg that allow radioactivity
measurements to be continued for up to six days, less than 20% of
body magnesium can be accounted for by isotope dilution (9). The
short half life of 28Mg further limits estimations of magnesium
absorption which may reguire fecal collections for longer periods
than those optimal for 28Mg detection (9,12,13) by methods other
than whole body counting (13). Clearly, a second magnesium iso-
tope, not limited by rapid decay, would be useful in research on
magnesium metabolism.
The following is an examination of the potential of the

stable isotope Mg (11.01%) as an alternative and complement to

28Mg. While the second minor isotope of magnesium, 25Mg (10.00%),
has a lower natural abundance, 26Mg has the advantage of being de-~
tectable by analytical techniques that are currently accessible to
investigators in biomedical fields (14-16). These techniques have
been published elsewhere (14,15) and will not be described in de-
tail here except where such details serve to underline or illu-
strate the central theme of this review: to compare and contrast
tracer capabilities of 26Mg and 28Mg.

Methods for the Detection of ZGME

The most accurate and precise method for isotope ratio measure-~
ments of metals available at present is thermal ionization mass
spectrometry (TIMS). The technique has been used successfully for
isotope dilution measurements of magnesium (17), but no tracer
studies with magnesium isotopes using TIMS have been published to
date. Thermal ionization mass spectrometry is fairly time con-
suming, even with recently developed automated instruments (18).
This factor must be weighed against the superior precision of
TIMS, however, which greatly reduces the need for multiple repli-
cates. By far the greatest deterrant to the use of TIMS in in
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vivo tracer studies with stable isotopes is the cost of the in-
struments which are seldom accessible to investigators in biomedi-
cal research units.

Two methods that have been used in tracer studies with.zsng
are neutron activation analysis (NAA) and EIMS, mass spectrometry
of a volatile chelate with electron impact ionization (15,19,20).
Neither technique can match TIMS in accuracy or precision, but
both may offer greater sample throughput. Until more precise
techniques become more generally available, research utilizing
stable metal isotopes will remain limited to the conditions im-
posed by the analytical facilities at hand. As will be shown
below, research with stable magnesium isotopes to date, has had to
be tailored to the limitations of available analytical techniques.

Neutron Activation Analysis. Magnesium-26 has a small cross sec-
tion of 0.03 b. The product of irradiation with thermal neutroms
is 27Mg (Ty = 9.5m). As shown in Table 1, several elements com~
monly present in biological materials give rise to radioactive
nuclides with radiations at energy levels close to those charac-
teristic of 27Mg. Neutron activation was used in the first trials
of 26Mg as an in vivo tracer when measurements were made with a
well-type NaI-Tl crystal detector (14,21). Under these conditions
the presence of sodium, aluminum and manganese in the samples in-
terfered in the accurate detection of 26Mg, but could be reduced
or eliminated by sample purification.

Table I. NAA Characteristics of 2®Mg and Common Contaminants

Natural
Metal Abundance Cross Section Product T Major Energies
A (b) Nuclidel (MeV)
26Mg 11.01 0.038 27Mg  9.5m 0.84 (70),
1.013
2751 100 0.235 28a1  2,2m 1.78 (100)
23Na 100 0.400 24Na 15h 1.37 (100),
2.75
40py 99.6 0.610 lar  1.8h 1.29 (100)
55Mn 100 13.3 SéMn  2.6h 0.847 (99),
1.81

1 Irradiation with thermal neutrons

Samples were purified before activation using the solvent extrace
tion procedure of Hahn et al. (22) with thenoyltrifluoroacetone as
the ligand. An activation routine was developed to avoid subse-
quent contamination with aluminum, to allow the excape of l‘lAr, to
monitor flux variations, and to facilitate spectrum stripping of
residues of manganese, aluminum, and sodium (15). The advent of
high efficiency germanium detectors has significantly reduced the
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influence of contaminants other than 55Mn, which has a far longer
half life than 2 Mg. Corrections for °5Mn can be made by repeated
counting after 7Mg has decayed to non-detectable levels.

Neutron activation analysis has low sensitivity for the de-
tection of 2 Mg The best results were obtained, in our hands, by
irradiating samples containing 200-300 ug natural magnesium (20-
35 ug 26Mg) for one minute at a neutron flux of 10l2cm -2gec”
followed by detection with a HP-Ge detector. Since it is usually
necessary to run activations in triplicate and to carry out addi-
tional analyses for total magnesium by an independent method, such
as atomic absorption, NAA is not suitable for specimens containing
magnesium at low concentrations. It was found suitable for the
analyses of fecal samples, marginal for urine and unsuitable for
plasma (15,21).

Mass Spectrometry with electron imgact ionization (EIMS). Mass
spectrometers with electron impact ionization are widely used in
biomedical research, primarily for identification and quantitation
of organic molecules. Adaptation of EIMS to isotope ratio mea-
surements of minerals has, therefore, considerable appeal for in-
vestigators interested in using stable mineral isotopes as biolo-
gical tracers.

Since EIMS is suitable only for relatively volatile mate-
rials, most metals must be couverted to volatile chelates before
they can be analysed by this technique. The magnesium chelate
found most amenable to EIMS is the diketonate Mg(2,2',6,6'-tetra-
methyl-3,5-heptanedione), (Mg(THD) ) (19). The chelate can be
formed in aqueous solutions at pH >9 in the presence of excess THD
(16). Extraction into ethyl ether provided a simple method for
separating the chelate from excess THD which otherwise interferes
in the MS analysis of Mg(THD),. The ether layer was transferred
to a 10 ml glass tube and allowed to stand at room temperature.

As the ether evaporated, crystals of Mg(THD)2 were deposited on
the middle and upper inside surfaces of the tube, leaving a THD
layer in the well. The latter was aspirated and washed out with
2 successive 200-300 ul aliquots of methanol. The crystals were
redissolved in methanol at a concentration of 1-4 mg m1-! Mg(THD%
Recovery of Mg as the chelate is about 25-457%.

Reproducible mass spectra could be obtained by introducing
2-4 ug of the chelate by direct probe into a Finnigan 3300 quad-
rupole mass spectrometer using a heating rate of 200° per hour
(16). Under these conditions, the most abundant ion peaks seen
were those of MgTHD with peaks at m/z 207, 208, 209 corresponding

M Mg and 2 Mg respectively. Carbon-13 contributions
from MgTHD raise the relative intensity at m/z 208 to about
twice the level that can be accounted for by the natural abundance
of 5Mg, while the peak at m/z 209 is increased by less than 87 by
ligand contributions of 13C and 180. The relative intensities de-
termined in standards of known isotope concentrations deviated
somewhat from theoretical values and varied from day to day. Con-
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sequently, all isotope ratio measurements in unknown mixtures were
based on standard determinations included in each set of analyses.

Table II. Comparison of NAA and EIMS Analyses for 26Mg.

NAA EIMS
ug Mg per replicate 100 0.1-0.2
Detection limit, % excess of n.a.! 15-20 5
% precision at detection limit 26 18
Maximum precision, (% S.D.) 3-4 0.5

1 In excess of natural abundance

Table II summarizes the differences in EIMS and NAA for the detec-
tion of 26Mg in biological materials. Sample processing for EIMS
analysis is simpler and more rapid'than that in preparation for
NAA. The absolute sensitivity is increased by about two orders of
magnitude, and precision by a factor of 2-3. Consequently, lower
levels of ZGMg excess can be detected with confidence (16). This
comparison suggests that EIMS can be applied to Mg measurements
in speciments likely to be low in total magnesium and 2 Mg excess,
e.g. urine and plasma. Unfortunately, these expectations were not
fully realized.

The comparisons summarized in Table II do not take into
account the influence of instrumental memory, a factor that was
observed during earlier trials (15,16) but became increasingly
troublesome as the volume of analyses increased. The effect of
memory can be minimized by grouping sample sets within incremental
ranges of 10-20% in excess of natural abundance, and by adapting
the mass spectrometer with standards enriched with 2 Mg to the
levels anticipated in a given series of analyses. Four to six
replicates were analysed routinely, but the number of replicates
needed was greater with samples highly enriched with 2 g Theo-
retically, the precision with which isotope excess is measured in-
creases with increasing levels of enrichment. Because of the
memory problem, precision expressed as % standard deviation was
best at enrichment levels of 20-35% in excess of natural abun-
dance. At these levels the relative standard deviation for re-
covery of added 26Mg was 3-5% of the mean. At higher enrichment
levels NAA may provide better precision than EIMS. Buté as will
be shown below, most enrichment levels encountered in 2 Mg tracer
studies are less than 407 in excess of natural abundance. It must
be stressed that both methods have deficiencies. Until better
techniques become available the method chosen by investigators
will continue to depend on the facilities available to them.
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Potential Uses of 26Mg as an alternative or Complementary Tracer
to Mg

The obvious advantages of a stabhle tracer over a shortwlived
radioactive isotope are lack of radiation hazards, flexibility

in timing of experiments independantly of isotope production sche-
dules, and the possibility of storing for indefinite periods
materials enriched with the tracer. These features add possibili-~
ties to research to magnesium metabolism that could not be consi-~
dered when 28Mg was the only available tracer isotope, if 26Mg
can, in fact, replace or complement 28Mg as a tracer. The extent
to which this is possible will be examined by considering the
major uses of mineral tracers in metabolic research for: kinetic
studies, determination of absorption patterns, measurements of
true absorption, endogenous fecal excretion, and bioavailability
from dietary sources.

Kinetic Studies. Magnesium-26 has a relatively high natural
abundance and thus does not satisfy one of the major requirements
for a true tracer: that it be detectable in systems to which it
has been added in amounts that do not measurably alter the steady
state. Table III shows that 23Mg and stg can, theoretically, be
detected with fairly comparable precision in the plasma of a man
for 12-24 hours after an injection of 20 uCi 28Mg or 20 mg 26Mg.
However, while 20 uCi of virtually carrier-free 8Mg have no dis-
cernible effect of plasma magnesium pools, 20 mg ZGMg are likely
to increase total plasma magnesium by 25-35% and unbound magnesium
by about 80%. Kinetic analysis based on the resulting plasma
isotope curve would lead to erroneousl¥ high estimates of ex-
changeable magnesium pools. Clearly, 6Mg is not suitable for
kinetic studies or any other purpose such as estimation of endo-
genous fecal magnesium for which it must be administered by injec-
tion.

Table III. Plasma Isotope Concentration after an I.V. Injection
of 20 uCi 28Hg or 20 mg 26Mg

Time 28Mg 26pg
(h)
% Dose L7! cpm! % S.D. % e2 % S.D.
0.5 4.6 4020 <1 42 1.8
4 1.7 1300 1.3 25 2.8
8 1.1 850 2.5 10 4.5
12 0.9 500 3.8 8 5.5
24 0.7 300 4.5 6 7.5
48 0.5 90 11.0 4.5 15.0
1 10 4 m1 plasma at the time sample was taken, not corrected for
decay.

% in excess of natural abundance.



Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch006

6. SCHWARTZ Dietary Mg Availability Measurements 83

Estimation of Magnesium Absorption Patterns. The determination of
calcium absorption patterns based on plasma or urinary isotope

levels measured within the first 12 hours after isotope ingestion
has useful diagnositc applications (23,24). A similar test has
not been described for magnesium although, increasingly, defects
in magnesium absorption are being recognized in clinical practice
(25). Since such tests are usually carried out in the fasting
state, it is possible to administer fairly large doses of 26Mg
without appreciable dilution with natural magnesium. Table IV
shows urinary levels of 26Mg excess determined in a patient who
had been given 50 mg 26Mg as part of a breakfast meal which con-
tained about 50 mg natural magnesium. Tolerable levels of preci-
sion were achieved with measurements of 26Mg excess in urine com-
posites collected over 0-4, 4-8, and 8-12 hours after the labelled
breakfast. Doses of up to 100 mg 25Mg are feasible, particularly
if the remainder of the meal is low in magnesium, for a simple test
of magnesium absorption capacity not requiring prolonged periods
of collection or observation.

Table IV. Isotope Levels in Urine Following 20 uCi 2BMg I.V. or
50 mg 26Mg P.oO.

ZBM% 26M§

Time % Dose L-! cpm % S.D. % Dose L'l % e % S.D.
0-4 5.0 26,000 <1 1.1 24 3
4-8 2.0 9,000 <1 0.9 14 5
8-12 1.3 4,100 <1 0.7 7 10
12-24 1.3 2,200 >1 0.7 6 13
24-48 2.7 670 3.5 1.4 4 26

1 In 15 ml urine at the time of sample collection, not corrected

for decay.

2 % in excess of natural abundance.

Measurements of True Magnesium Absorption. Appearance of a single
ingested isotope in the plasma or urine can not provide a quanti-
tative estimate of fractional absorption of a mineral without
concomitant measurement of isotope exchange between the mineral
in the plasma and other body compartments (24). Table IV shows
the levels of urinary 23Mg from an intravenous injection that
accompanied an oral dose of 50 mg 26Mg. Radioactivity was deter-
mined in 15 ml urine with a relative S.D. of < 1% in composites
collected at intervals up to 24 hours, and with < 4% in the 24-48
h collection. The relative standard deviations for stg measure-
ments were consistently higher, reaching unacceptable levels in
samples taken after 12 hours following the test meal.

"True" fractional absorption can be determined from urinary
isotope measurements by estimating the ratio SA,: SA; where Sa is
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the specific activity of the urine as % Dose of tracer per unit of
the mineral of interest and the suffixes p,i refer to oral and
intravenous respectively (25). Because the initial declining
portions of the oral and intravenous tracer curves differ. (Figure
1), the ratio is best determined on the terminal parallel portions
of the curves, or as far removed in time from the point of isotope
administration as possible. As the summary in Table V shows,
ratios determined in urine samples taken after 24 hours may be
less acceptable than those based on ratios in earlier samples
which, however, are likely to overestimate "true absorption'". The
recision of the test could be enhanced by increasing the dose of
6Mg, but since fractional magnesium absorption varies inversely
with the quantity consumed, the stable isotope dose should not
exceed the amounts found in normal meals, at most 100-150 mg Mg.

Table V. Ratios 26Mg: za%g In Urine At Increasing Intervals
After 20 uCi 25%Mg I1.V., 50 mg 25Mg P.O.

Ratio
Time (h) Mean! Low High
4-8 0.45 0.43 0.47
8-12 0.54 0.48 0.54
12-24 0.54 0.46 0.61
24-48 0.52 0.40 0.64
0.51 0.44 0.57

1 Mean of three replicate analyses

"True" absorption can also be determined by correcting net absorp-
tion for endogenous fecal excretion (26). Net absorption is
measured by subtracting fecal isotope excretion from isotope in-
take. It is by far the most reliable method for fractional ab-
sorption measurements with 26Mg, given the limitations of 26Mg
detection by EIMS.

Table VI shows 2GMg excess levels in daily fecal excretions and in
composites of 5 and 9-day pools. The subject illustrated in Table
VI showed an unusually rapid return of the isotope dose. In this
instance a fecal collection period of 5-6 days should have been
adequate for recovery of at least 957 of the ingested tracer.
Since some subjects may require longer fecal collections, poly-
ethyleneglycol (PEG) 4000 was included with test meals (Table VII).
The results showed a constant relationship of 26Mg to PEG in all
fecal pools that contained at least 40% of ingested PEG. It
should thus be possible to make accurate measurements of fractional
magnesium isotope absorption by limiting isotope analyses to the
first four or five days of fecal excretion when isotope concen-
trations are at levels detectable with acceptable precision.

ZGMg in Measurements of Mineral Bioavailability from Dietary
Sources. One of the most convenient methods for measuring dietary
mineral bioavailability is to follow the absorption of a tracer
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o—o 28Mq v

a—a 26Mg p.o.] Day 109

% Dose /100 mg Mg

Figure 1. Urinary Excretion of 28Mg (i.v.) and 26Mg (p.o.)

administered to a subject who had consumed a constant adequate

diet for 109 days. Isotope doses were 20uCi 28Mg, 50 mg 26Mg.
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Table VI. Fecal Isotope concentrations after 30 uCi 28Mg and
50 mg 26Mg (orally)

Time 28yMg 26Mg
Days % Dose cpm!(15 ml) % S.D. % e.?2 % S.D.
1 45.5 348,000 <0.1 143 0.6
2 8.4 29,000 <1.0 25 2.8
3 0.8 1,300 3.0 3 27
4 0.3 250 >5.0 1.4 50
5 0.2 80 > 20 0.9 125
1-5 55.0 4,300 1.5 42 2.3
1-9 ! 270 5.0 16 4.5

1 Ave. volume of fecal homogenate = 300 ml day~!
2 % in excess of natural abundance

isotope which has been added extrinsically to the food or meal of
interest. This method is only valid, however, if the tracer can
be assumed to mix completely with the dietary mineral before it
arrives at its normal sites of absorption. The validity of this
assumption can be ascertained by intrinsically (biologically)
labelling foods and subsequently comparing the fractional absorp-
tion of the intrinsic tag with that of a second isotope that is
added extrinsically to the same food. The test is best carried
out with two isotopes used at the same time (27) but can be done
with a single isotope administered in sequence intrinsically and
extrinsically to the same subject.

Table VII. 28Mg: 26Mg Exchangeability and Net Absorption! from
Bran? and Vegetable3 Muffins

Net Absorption

Test Meal 26Mg stg:stg
Year 1
Bran 41.6+7.12 1.1 +0.18
Collards 54.246. 5 0.95+0.94
Spinach 47.5%5.6P 0.95+0.05
Year 2
Bran 41.9+8.22 1.05+0.13
Lettuce 51.2+7.9° 0.9810.08
Turnips 53.7+7.4€ 0.97+0.11

1 % Dose PEG - % Dose Isotope
% Dose PEG
2 Standard test meal(see Table VIII).
3 Intrinsically labelled with 26Mg,
a,b,C Means without a common letter in the superscript are signi-
ficantly different (p < 0.05). Comparisons were made ver-
tically and horizontally.

(all measurements in feces).
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Magnesium-26 offers the opportunity for the applications of this
procedure in magnesium bioavailability studies that were not
feasible with the short lived 2 Four leafy vegetables were
intrinsically labelled by using 2 Mg as the sole source of magne-
sium in nutrient culture solution (28). The vegetables were then
extrinsically tagged with 28Mg and tested in rats (28) and in
human volunteer subjects (29). Table VII shows the data obtained
in the tests in human subjects. Exchangeability of the extrinmsic
and intrinsic tracers was close to 100% in both species. Frac-
tional magnesium absorption was similar in all test vegetables

Table VIII. Magnesium and 2®Mg Content of Test Meals (3 Muffins)

(29)
g in: mg per 3 muffins:
Total 26Mg added

Test Meal Vegetable Muffin Mg as tracer
Standard Bran - 11.0 148 48!
Collards 90.9 56.0 149 502
Lettuce 92.0 48.6 156 42
Spinach 89.0 52.6 153 46
Turnips 87.4 47.2 154 39

1 Added extrinsically in solution to replace the daily supplement

of 50 mg Mg.
2 In the muffins. The supplement of 50 mg Mg (as MgO) was taken
with test meal.

The test meals consumed by the human volunteers were bran muffins
(Table VIII) in which about half the bran was replaced by a 26Mge
labeled freeze-dried vegetable, The standard test meal to which
both isotopes were added in solution as MgCl,;, therefore, cone
tained about twice the amount of wheat bran included in the vege«
table muffins. As Table VII shows, fractional magnesium absorp-
tion was consistently and significantly lower from the standard
test meal than from the meals containing one of the green vegeta~
bles, suggesting that bran may suppress magnesium availability.

Conclusions regarding the potential of zsngfas a substitute and
complement for <°Mg

At present, uses of 26Mg are restricted to objectives that can be
attained by oral isotope administration only. One of these is the
measurement of "true" magnesium absorption in which 26Mg is given
orally, and 28Mg by injection. "True" absorption fs then computed
either by estimation of the ratio 25Mg:28Mg in urine or, more
precisely, by measuring net absorption (subtraction of fecal ex«
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cretion from isotope intake) corrected for endogenous fecal excre~
tion. The latter is determined with data obtained with intrave-
nously injected 8Mg (26). A second, and probably the most useful
application of 2 Mg to date, is in measurements of dietary magne-
sium bioavailability in which 2®Mg is used as an extrinsic label,
Such measurements can be carried out with 2®Mg alone. using each
subject as his own control in a sequence of tests comparing net
magnesium absorption from different foods, or to assess the effect
of certain dietary components, e.g. fibre, phytates or other
minerals on Mg absorption.
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GC/MS Measurement of Stable Isotopes of Selenium
For Use in Metabolic Tracer Studies

CLAUDE VEILLON
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Room 215, Beltsville, MD 20705

Numerous trace elements are known to be nutritionally
essential in man. In order to assess the essentiality,
dietary availability, and metabolic fate of these, means of
labeling for subsequent identification are needed. In
animal studies, radioisotopes are often used for this
purpose, but their use in human studies is generally
contraindicated due to the radiation hazards. An alternate
method is to use stable isotopes of the elements, which
overcomes this limitation. A method will be described for
conveniently measuring the stable isotopes of selenium,
permitting their use as metabolic tags in tracer studies.
Using one stable isotope as the tracer and another as
internal standard, one can quantitatively identify in a
sample the tracer, natural (unenriched) selenium present
with it, and total selenium. Some of the kinds of infor-
mation obtainable from metabolic tracer studies will be
discussed. ’

Selenium has been recognized as an essential trace element in the
diets of man and animals for many years (1). Another strong
indication of its essentiality is the fact that it is an
essential component of the enzyme glutathione peroxidase 2).
Recently, scientists from the People's Republic of China
demonstrated that Keshan disease (a cardiomyopathy in children)
was correlated with low dietary selenium intakes (3) and could
largely be prevented with supplementation. Similarly, poor
selenium nutrition in patients receiving total parenteral
nutrition has been linked to muscular discomfort (4) and
cardiomyopathy (5).

These studies indicate that a much better understanding of the
role of selenium in human nutrition is needed. The types of
questions to be answered more fully are the biological avail-
ability of selenium from foods, the fraction of dietary intake
that is absorbed, the metabolic fate of absorbed selenium, bodily

This chapter not subject to U.S. copyright.
Published 1984, American Chemical Society
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requirements, stores and nutritional status of individuals, and
factors affecting these.

Stable isotopes of selenium (as well as those of other
elements) can provide a means of addressing these questions by
their employment in metabolic tracer studies. The same infor-
mation can be obtained as when employing radiotracers in animal
studies, but without the associated radiation hazards in human
studies. For example, stable isotopes of selenium can be
biologically incorporated into test foods and these used to
monitor selenium bioavailability (6,7).

Described herein is a convenient, accurate, sensitive and
rapid method for measuring stable isotopes of selenium in
biological materials. A rapid sample preparation technique is
used which does not require perchloric acid, with its associated
dangers. Based on isotope dilution techniques and isotope ratio
measurements, the method employs one enriched stable isotope as
the internal standard and another as the metabolic tag. This
permits the quantitative measurement of the enriched tracer,
unenriched (natural) selenium present with it, and total selenium
in the samples. Some examples of the type of information that
can be obtained with these techniques will be described.

Isotope Dilution

The technique of stable isotope dilution permits one to determine
very accurately the trace element content of a particular sample
as well as using stable isotopes as metabolic tracers. The
concept of isotope dilution for trace element determinations is
both simple and elegant. A known quantity of an enriched stable
isotope is added to the sample to be analyzed. By measuring the
amount of that isotope (added) relative to another isotope (not
added) of the element, one can easily calculate the amount of
analyte present originally in the sample. Thus, the normal
relative amounts of the two isotopes (natural abundance) have
been altered, or "diluted".

Advantages. Let us assume for the moment that the requirements
for most trace element analysis methods are also met here. These
are: that a known amount of an enriched isotope of the element
in question (spike) has been added to the sample; that subsequent
chemical processing renders the spike and endogenous analyte in
the same chemical form; and that contamination is under control.
The second assumption, equilibration of analyte and spike, can be
a critical one, in that lack of equilibration could contribute
systematic errors.

One major advantage of stable isotope dilution methodology is
that quantitative recovery of the analyte is not required. Both
the analyte and the added spike are identical chemically, so
incomplete recoveries will affect both analyte and spike in the
same way. In this regard the enriched spike serves not only as
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an internal standard for the determination, but also constitutes
an ideal internal standard.

Another major advantage of the method is that it has the
potential of being an absolute method, that is, unlike most other
methods, it is not necessary to calibrate instrument response
against known standards. It is simply a ratio measurement, of
two chemically identical species.

Limitations. About 17 elements are mononuclidic, i.e., only one
isotope of the element exists in nature, and several of these are
of interest biologically, such as F, Na, Al, P, Mn, Co, and As.

In studies where radioisotopes can be used, using stable iso-
topes is usually less convenient and more time consuming. For
trace element determinations, other methods like atomic absorption
spectrometry are usually faster, more convenient and require
simpler instrumenation. Other than for tracer studies in humans,
stable isotope dilution methods perhaps serve best in establishing
the accuracy of other methods.

Basis of the Method

In this method, samples are spiked with a known amount of an
enriched isotope of selenium (328e in this case) and wet
digested to destroy the organic matter and render all of the
selenium into the +U4 oxidation state. Next, the selenium is
reacted with Y-nitro-o-phenylenediamine (NPD) to form the
nitropiazselenol (Se-NPD) which is extracted into chloroform.
Aliquots of the extract are then introduced into the mass
spectrometer (MS) via a gas chromatograph (GC) and individual
ions measured to determine isotope ratios of the various selenium
isotopes. From the observed isotope ratios and the known amount
of 82ge spike added, the amounts of enriched tracer (e.g.,

76Se, 7“Se, etc.), unenriched selenium and total selenium in

the samples can be’calculated. Let us now look at each of these
steps in detail.

-Sample Digestion. Samples (1-5 g or mL) are weighed or pipetted

into 100 mL micro Kjeldahl flasks containing 2 glass boiling
beads. Depending on sample size, 3-5 mL of concentrated HNOg3,

1 mL of H3POy, and a known amount of enriched 82se are

added and samples allowed to stand for 1 hr at room temperature.
Then samples are heated to boiling and additions of 30-50% H20,
begun slowly. This is continued until the volume is reduced to
about 1 mL. Samples are then cooled briefly, 1 mL formic acid
added, and reheated. This reduces any residual HNO3 to NOj.
Next, 2 mL concentrated HCl are added and the samples boiled
gently for 10 min to convert any Se (VI) to Se (IV). Ten mL of
water are added and the samples allowed to cool. They are then
extracted with 3-5 mL of chloroform to remove any lipids present.
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Chelation. The nitropiazselenol is formed by adding 0.5 mL of 1%
NPD in water and the samples allowed to stand for 1 hr at room
temperature with occasional shaking. The resulting Se-NPD is
then extracted into 2 mL chloroform with mechanical shaking for
15 minutes. The chloroform layer is removed, placed in small
glass test tubes and evaporated in a vacuum oven ( 100 Torr) at
50°. Then 100 uL of chloroform are added, the tubes closed

with polyethylene plugs, and aliquots of this solution (1-10 uL)
injected into the GC/MS for analysis.

Total Selenium. As mentioned earlier, stable isotope dilution is
a powerful tool in trace element analysis. Let us first look at
how it can be used to determine the total selenium content of a
sample. In the following section we will develop the method
further for stable isotopes in metabolic tracer studies.

As it occurs in nature, selenium consits of six stable
isotopes with the relative abundances shown in Table I.

Table I. Relative Abundance of Se Isotopes in Natural Se

Isotope Abundance, atom %
T4 0.87
77 7.58
78 23.52
80 49.82
82 9.19

When Se-NPD is introduced into the mass spectrometer, the most
intense group of ions is that of the parent ion, Se-NPD*., This
is illustrated in Figure 1 for natural (unenriched) Se-NPD. Six
peaks are observed, corresponding to Se-NPD* containing each of
he six Se stable isotopes. By adding a known amount of enriched
2se (spike) to the samples, and monitoring the observed isotope
ratio of, say, 0Se/828e, we can readily calculate the amount
of natural selenium that had to be present in the sample.
The enriched 82se spike which we use has relative abundances
as shown in Table II.

Table II. Relative Abundance of Se Isotopes in Enriched 825e

Isotope Abundance, atom %
Th 0.13
76 0.19
77 0.30
78 0.60
80 1.96

82 96.81
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Thus, we can set up an expression for the 80se/82se ratio
as follows:

8083/8283 =R = Sen(O.u98) + Se82(0.0196) (1)
Sen(0.0919) + 8382(0.968)

Here the numerator is the sum of all sources of 8OSe, i.e.,
49.8% in natural selenium (Sep) and 1.96% in the 82se (Segn)
spike (Tables I and II). Similarly, the denominator is all
sources of 82Se; 9.19% in Se, and 96.8% in Segs.

We wish to express the amounts of Se, and Segp as weights
(e.g., ng). Yet the mass spectrometer measures the number of ions
at a given mass. Since 82Se and 80Se differ in mass, a
correction must be made to Equation 1. Looking at this another
way, let us assume that we had added enough 82se to a sample so
that the 80Se and 82Se peaks in Figure 1 were the same size.
This would correspond to the same number of 82se and 80se
ions but different amounts (weights) of each isotope. So,
Equation 1 has to be modified:

Se (0.498) + 0.976 Se82(0 .0196)

The 0.976 factor now corrects this equation so that Se, and
Sego are in terms of weights of each (80/82 = 0.976). In other
words, for an equal number of 80se and 82se ions there is a
greater weight of 82ge present, so this term must be reduced by
the 0.976 factor.

There is one more factor to consider here. We are not
actually measuring 80Se* and 82se+, but 80Se-NPD*+ and

23e-NPD*. The NPD portion of the ion contains six carbon
atoms, three nitrogen atoms and two oxygen atoms. Carbon is
mostly 120 but 1.1% of carbon 15 13c, Likewise, nitrogen is
0.37% 15N and oxygen is 0. 231 180, The occurrence of these
in the ions will alter the 80Se-NPD/82Se-NPD ratio slightly
from that of 80se/82se.

The natural isotope ratio of 80se/82se is 5.42. Correct-
ing for the contributions of the ligand isotopes, the ratio should
be 5.36. This ratio is actually observed, indicating no
instrumental bias in the measurements. Frew et al. (8) have
discussed these corrections in detail. So, Equation 2 must be
corrected for this small effect of the ratio differences of a
factor of 1.01 (i.e., 5.42/5.36), namely:

Se (0.0919) + 0.976 Seg,(0.968)

1.01R =
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The correction for the ligand isotopes is small because of the
2 amu separation of the peaks. Adjacent pairs would have larger
corrections.

Solving Equation 3 for Se,, we get:

Se v Seg,(0.0191 - 0.954R) )
n- 0.0928R - 0.498

Here R is the observed 80Se-NPD/82Se-NPD ratio, Segp is
the known weight of the added 82Se spike, and Sep is the
weight of natural selenium in the original sample in the same
units as Segp.

This relationship can also be used to establish the accuracy
of the 82se spike concentration, which is most conveniently
added as a solution. Employing accurately prepared samples of
gatural selenium (Sep known) spiked with known amounts of the

2Se solution, R is then measured and Equation 4 solved for
Seg2. This is basically an inverse isotope dilution procedure.
When performed on the same instrument to be used for subsequent
measurements, it has the added advantage of cancelling out any
mass discrimination by the instrument.

Tracer Studies. In addition to using 82se as an internal
standard as described above, a second enriched isotope of
selenium can be used as a metabolic tag. Let us take as an
example the use of enriched 76se as a tracer. We have used a
batch of 76Se for this purpose, with the relative abundances
shown in Table III.

Table III. Relative Abundances of Se isotopes in Enriched Tbse

Isotope Abundance, atom %
T 0.14
76 96.88
7 0.85
78 0.99
80 0.95
82 0.18

In this case, we will need to measure 2 isotope ratios, namely
805e/825¢ (spiking samples with 82Se, as before) and T6se/82se
(using 76Se as the metabolic tag). Proceeding as before, we can
set up expressions for these 2 ratios using the coefficients from
Tables I-III:

8°Se Sen(O.u98) +,Se82(0.0196) + 8376(0.0095) (5)

R,= =
1 828e Sen(0.0919) + Se82(0.968) + Se76(0.0018)
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and:

76 Se (0.0902) + Se (0.0019) + Se (0.969)
Se n 82 76 (6)

R = =
2 82 Se (0.0919) + Se (0.968) + Se (0.0018)
Se n 82 76

As before, we have to incorporate corrections for the ligand
isotopes and mass differences, but we now have 2 equations with
two unknowns which can be solved simultaneously. The algebraic
manipulations are quite messy and will not be presented here.
Many of the terms in the solution have small insignificant
coefficients and can be eliminated. The solution simplifies to:

Se - 8682(0.915R1~ 0.009R2- 0.0184) )
n” 0.482 - 0.090R1
and:
76~ 0.0018R2~ 0.9688

From 2 ratio measurements and the known amount of 82Se spike
added, one can quantitatively identify: a) the T6se tracer
present in the sample, and b) the amount of natural selenium
present with it. As a bonus, one also gets the total selenium
content of the sample, which is simply the sum of these.

Note that the equations derived here are valid only for the
enriched materials described in Tables II and III. Different
coefficients would have to be used for other enrichments and
isotopes, but in principle any combination of isotopes could be
used for internal standrad and metabolic tag.

Applications

Let us now consider some of the types of information one can
obtain using stable isotopes in metabolic studies. In essence,
one can obtain the same information as with radioisotopes, but
with less convenient measurement. Stable isotopes also have the
advantage of an "infinite" half-life, permitting long term
studies. For an element like selenium with six stable isotopes,
more than one can be used in the same experiment at the same time.
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Several groups have been active in recent years in employing
stable isotopes of various elements in tracer studies involving
trace element metabolism. Janghorbani et al. (9-11) have recently
reported on metabolic studies with Zn and Se stable iso opes.
Carni et al. (12) investigated iron utilization using 58re. 1In
an elegant study, Harvey investigated Cu uptake in fish (13).
Copper is an example of an element for which no suitably long-
lived radioisotopes exist. Turnlund et al. (14) measured iron
and zinc absorption in elderly men using 70Zn and 58Fe.

Yergey and co-workers (15) have studied calcium metabolism with
stable isotopes of that element, with relatively inexpensive
instrumentation. Schwartz and Giesecke 16) investigated
magnesium metagolism using both stable 2 Mg and the short-lived
radioisotope . A number of elements of nutritional
interest, including Mg, Ca, Cr, Fe, Ni, Cu, Cd and Zn, were
investigated by Hachey and co-workers (17). Johnson (18)
investigated mineral metabolism in human subjects employing

Fe 5 0zn and 65Cu. The method described
herein has been described in part earlier (19). The methodology
was subsequently employed in monitoring the intrinsic labeling of
chicken products with Uge (7). These endogenously labeled
products were subsequently used in a controlled metabolic study
to measure selenium uptake in pregnant women (20).

Pool Sizes. Metabolic tracers can in principle be used to
estimate the size of various body pools for trace elements. It
is somewhat analogous to making specific activity measurements in
radiotracer experiments.

Let us take as an example the following. We have a container
of a fixed size or volume (P). Into this container water is
flowing at a constant flow rate (U) and flowing out at the same
rate through a radioactivity detector. Let us assume that the
contents of the container are constantly and rapidly mixed. If
at time t = 0 we introduce a known amount of soluble radioactive
material into the inflowing stream, the concentration of this
material in the outflowing stream would be at a maximum (rapid
mixing assumed). The concentration would then decline as
additional water flowed into the container, but in a predictable
manner. It would decline exponentially and asymptotically
approach zero as more water continued to flow in. If we were to
plot counts-per-minute (CPM) in the outflow versus time we would
see something like that shown in Figure 2. This process is known
as exponential dilution and our hypothetical set-up would
constitute an exponential dilution flask.

This is a general procedure and can be used to calibrate
detector response in both liquid and gaseous systems. The
equation describing this exponential dilution in Figure 2 is:

Ut
(CPM) = (CPM) e TP (9)
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where (CPM)¢ is the counts per minute at time t; (CPM), is
the counts per minute at time 0; U is the flow rate of water into
the container; and P is the size of the container.

We can extend this concept to tracer studies in humans as
well. Let us take as an example the metabolic study of Swanson
et al. (20). In this study, 3 groups of women (non-pregnant,
early-pregnant and late-pregnant) were placed on a controlled
diet containing 150 ug Se/day. On day 8, they also ingested 150
ug Se, but 110 ug of it was natural (unenriched) selenium and 40
ug of it was enriched 76Se incorporated into egg products (7).
So we now have the situation illustrated in Figure 3. Here we
have a situation analogous to our exponential dilution flask.
The equation describing this situation would be:

Ut
(Se),= (se) e ~ P (10)

where: (Se)y is the ug of 76Se at time t; (Se), is the ug of
T6Se at time 0; U is the ug Se flowing in (e.g., 150 ug/day);
and P would be the "pool size" (in ug).

In this situation, the most convenient time unit would be
days. If we look at, say, urinary excretion (24-hour collections)
using days as our time unit, then (Se)y would be the of
T6Se in each 2l-hour urine, (Se), would be the ug of Tbse
for the day that the T6se was ingested; U would be 150 ug
Se/day; and P would be their "pool size" in ug.

Plotting 24-hour urinary 70Se excretion for these subjects
versus days yields curves very similar to Figure 2. However,
there is a more informative way to look at these data. If we
take the natural logarithm of both sides of Equation 10 we get:

_ut

ln(Se) ln(Se) -5

(11)

Thus, a plot of 1ln(Se)y (i.e., 1ln of the daily Tése urinary
excretion) versus t (i.e., days) should yield a straight line
with a slope of -U/P. Since U is known in this case, P can be
calculated.

This is illustrated for the non-pregnant subjects in this
example in Figure 4. The slope for the first 3 days corresponds
to a "pool size" of 230 ug Se. An interesting coincidence is that
the plasma selenium concentrations and the estimated plasma
volumes (very similar in these subjects) correspond to about 230
ug of circulating plasma selenium. This may, of course, be
coincidence, but since plasma and urine can exchange things in
the kidneys one might speculate that there is perhaps more to it
than coincidence.

The less-negative slope seen for days 11 and 12 indicates a
larger additional pool with possibly a slower turnover rate than
that of days 8-10.
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Figure 3. Diagram of the metabolic tracer study of Swanson et
al. (20).
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Figure 4. Plot of 1n(Se), vs. t for the non-pregnant subjects of
Swanson et al. (gg). Similar plots for their early-pregnant and
late-pregnant subjects gave increasing values of P.
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A similar plot for the late-pregnant group of subjects gave a
larger P value. However, the difference can not be attributed
solely to the fetus, since all three groups of subjects were in
slightly positive selenium balance.

Conclusions

The method described herein provides one with an excellent means
of determining the selenium content of biological samples and of
measuring enriched stable isotopes of selenium in metabolic tracer
studies. The sample preparation method is rapid and avoids the
problems associated with HC10y. The chelation with NPD combined
with the separation capabilities of gas chromatography and the
mass discrimination of the mass spectrometer result in an
extremely specific method with virtually no chance of interfer-
ence by other elements in the sample. The method has proven
valuable in endogenous food labeling and human metabolic studies
with enriched stable isotopes of selenium. Its potential in
assessing various selenium body pools is currently being further
explored.
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A mass spectrometric method was developed

for quantifying stable iron isotope tracers
present in blood and fecal samples. Volatile Iron
acetylacetonate [Fe(CsH702)3] was prepared.

A conventional mass spectrometer was used to
measure ion abundance ratios of the diligand
fragments [Fe(CsH702)2]% which were formed during
electron-impact ionization. Sample isotopic enrich-
ment levels were obtained from standard curves
that related ion abundance ratios to enrichment
levels. Tracer concentration was calculated from
the values for total iron content and enrichment
level. The relative standard deviation for the ion
abundance measurement was less than 27. Recovery
of tracers from spiked fecal samples ranged from
90% to 104%. The method was used to analyze samples
collected from a human study. Iron availability
from breakfast meals was determined in 6 young
women by giving 7 mg of 54Fe in apple juice on one
day and 7 mg of 57Fe in orange juice on the

next. Absorption estimated with a fecal monitoring
method ranged from —4.8% to 36.5% for 4Fe and
from 5.7% to 42.3% for 57Fe. Enrichment of the
hemoglobin iron pool by giving 7 mg/day of 54Fe
for 7 days was below calculated detection limits
for accurate quantification.

Absorption of iron from the diet is an inefficient process which
may be enhanced or inhibited by the iron status of the
individual consuming the diet, the form of iron in individual
foods, and interactions between foods consumed in a single meal
(1-4). Because of this, estimates of iron bioavailability
obtained from iron absorption measurements are necessary in
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order to assess the iron adequacy of diets. The accuracy and
ease of iron absorption measurements in human subjects can be
improved by labeling the dietary iron with radioactive or stable
isotope tracers.

To determine iron absorption with tracers, a known amount
of an iron tracer is given orally either by itself or with a
meal. The appearance of the tracer, either in the feces or in
whole blood, is monitored. In the fecal monitoring method, the
feces are collected quantitatively. The collection period may
last from as few as 3 (5) to as long as 14 days (6). Iron
absorption is then estimated from the difference between the
total amounts of tracer ingested and excreted. Probably, the
most common and serious error in this method is introduced by
incomplete fecal collection.

In the hemoglobin incorporation method, absorption is
estimated from the amount of tracer appearing in the blood. The
principle of this method is based on the observation that
absorbed iron is incorporated into circulating hemoglobin 10 to
14 days after dosing (7). A factor of 75% to 90% is usually
introduced to correct for the incomplete utilization of absorbed
iron for hemoglobin synthesis in normal subjects (8).

The so called extrinsic labeling technique has been used
extensively to label foods and meals for iron absorption
studies. An inorganic radioiron salt and biosynthetically
radioiron-labeled hemoglobin are mixed with food to label the
nonheme and heme iron pools in the food respectively. It has
been confirmed that absorption of extrinsic tracers is similar
to the absorption of intrinsic iron in the food (9, 10).

Stable Isotope Techniques. Although the availability of
radioiron isotopes has facilitated our understanding of iron
nutrition, their utilization is becoming restricted for safety
and ethical reasons, especially when infants, children, and
women are involved . The availability of enriched stable iron
isotopes (Table I) and methodologies for quantifying them make
stable isotopes a feasible alternative to radioisotopes as
biological tracers. Neutron activation analysis and mass
spectrometry are currently available to nutritionists for
quantifying stable isotopes of minerals.

Table I. Isotopic distribution of natural iron and selected
lots of enriched 54Fe, 57Fe, and 58Fe*.
Abundance in atomic percent

Natural  D4Fe- J(Fe- OSFe-
Isotope Iron Enriched Enriched Enriched
Fe 5.82 97.23 0.32 1.14
56Fe - 91.68 2.68 13.52 23.7
5TFe 2.17 0.06 86.06 1.86
58Fe 0.33 0.03 0.10 73.26

*Values for enriched isotopes were provided by Oak Ridge
National Laboratory (Oak Ridge, TN).
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Neutron activation analysis has been applied in studies of
plasma clearance of 78Fe (11), iron utilization in pregnant
women including maternal-fetal iron transport (12), fecal
excretion patterns of orally dosed 78Fe (5), and the effect of
oral contraceptives on iron absorption (13). Unfortunately,
only 58Fe can be effectively analyzed by neutron activation
analysis.

Mass spectrometry is the classic method for ion abundance
and isotopic ratio measurements. Ions produced from atoms or
molecules introduced into the source of a mass spectrometer are
sorted according to their mass-to-charge (m/e) ratios and
quantified. Since ions must be in the gas phase in order to be
sorted and quantified, elements and compounds of low volatility
present special problems. Analysis of minerals requires either
the use of specialized instruments or derivitization to volatile
compounds.

In thermal ionization mass spectrometry (TI-MS), solid,
inorganic compounds may be volatilized from a heated surface.
TI-MS is the most precise method for the measurement of isotopic
ratios of minerals and has been used to analyze 58Fe in fecal
samples collected from a human study (14). The major drawbacks
of this technique are the costly instrument and the slow sample
through-put. Conventional mass spectrometry produces ions by
electron bombardment of the vapor of volatile compounds. This
is called electron-impact ionization mass spectrometry (EI-MS).
Analysis of iron by EI-MS requires derivitization to volatile
forms before introduction into the mass spectrometer. A method
has been developed for the synthesis of volatile iron-
acetylacetone chelates from iron in blood serum (15). A
tetraphenylporphyrin chelate has also been synthesized and used
%n6?n absorption study in which 54Fe and 57Fe were given orally

1 . !

The aim of this study was to further explore the potential
and limitations of using stable iron isotopes as tracers and EI-
MS in absorption studies. Procedures were developed for
preparing iron acetylacetonate from both blood and fecal samples
for mass spectrometric analysis. The precision and accuracy of
‘ion abundance measurements were evaluated. In vivo use of
stable iron isotope tracers was tested with a human study in
which 54Fe and °7Fe were given orally and absorption was
estimated with the fecal monitoring and hemoglobin incorporation
methods.

Theoretical Considerations

When an enriched isotope is mixed with a sample containing
natural iron, the abundance of that isotope in the sample will
increase and the change in abundance can be measured with a
mass spectrometer. Since the abundance is only a ratio, total
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iron content of the sample must be determined in order to
calculate the amount of the added isotope. Therefore, for
quantification of enriched isotope tracers, two measurements
must be made on each sample: total iron content and ion
abundance ratios.

The enrichment level of an isotope may be expressed as the
percent excess of the isotope over its naturally occurring
amounts

E = (Fe*/(,Fe x A) - 1) x 100 (1)

where E is the enrichment level in 7 excess, Fe* is moles of the
enriched isotope in a sample, yFe is moles of natural iron in a
sample, and A is the fractional abundance on a mole basis of the
enriched isotope in the natural iron.

In this study, iron was derivitized with acetylacetone
(C5H802). A typical mass spectrum of iron acetylacetonate
[Fe(C5H702)3] is shown in Figure 1. The most abundant ion
species are the iron-containing, diligand fragments
[Fe(C5H702)2]". The masses representing 54Fe, 56Fe, 57Fe, and
>8Fe are 252, 254, 255, 256 respectively. The peak at m/e 254
is the most intense peak and is, therefore, the base peak. The
intensities of other ion species are normalized to the value of
the base peak and expressed as abundance ratios.

Because of the occurrence of 2H, 13¢, and 18O, and because
mass spectrometry sorts ions according to m/e values, the peak
intensities at m/e 252-256 do not represent the true proportion
of iron isotopes. Table II is an example of how the abundances
of the diligand ions deviate from the abundances of iron
isotopes. Theoretically, the abundances of the diligand species
can be calculated from the abundances of iron isotopes (15).
Calculated values may be used as a reference for the accuracy of
the experimental values.

Development of Analytical Procedures

Isotopes. Certified iron standards in dilute HC1l solution
(Fisher Scientific Co.) were used as a source of natural iron.
Enriched stable iron isotopes (54Fe and 57Fe) in oxide form were
obtained from Oak Ridge National Laboratory. Stock solutions of
enriched 54Fe and 57Fe were prepared by dissolving segarately
147.5 mg of 54Fey03 (purity 97.08%) and 165.3 mg of 2/Fex0
(purity 86.06%) in 1 ml of concentrated HCl and bringing the
final volume up to 100 ml with iron-free distilled water. The
isotope concentration was 0.990 mg 54Fe/ml for the 4Fe solution
and 1.003 mg 57Fe/ml for the 27Fe solution. A series of 4Fe-
and 57Fe-enriched standards were prepared separately by mixing
known amounts of the enriched stock solutions with known amounts
of natural iron, and the enrichment levels were calculated to be
8.79%-1709% excess for 24Fe standards and 44.79%-2450% excess

for 57Fe standards.
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Figure 1. Mass spectrum of iron acetylacetonate Fe(C5H702)3

prepared from a unenriched iron standard. Spectra obtained for

unenriched blood and fecal samples showed a similar pattern.
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Table II. Abundances of iron isotopes and diligand fragments
[Fe(CgHr705)0]*

Abundance in atomic percent
Natural iron 100%Z excess 24Fe  100% excess °/Fe

Iso- Iso- Chelate Iso- Chelate Iso- Chelate
tope tope Fragment tope Fragment tope Fragment
J4Fe 5.82 5.16 11.00 9.75 5.70 5.05
56Fe  91.68 81.30 86.64 76.90  89.73  79.57
57Fe 2.17  11.04 2.05 10.43 4.25  12.68
58Fe 0.33 1.62 0.31 1.53 0.32 1.79

Sample Treatments. Blood (1 ml) and fecal samples (1 g dry
matter) were ashed on hot plates by sequential treatment with
concentrated nitric acid and 30% hydrogen peroxide. The white
residue of each sample was dissolved in 3-5 ml of 6 N HC1l, and
the final volume was brought up to 25 ml with 6 N HCl. Several
0.1 ml aliquots were transferred to test tubes, and iron
concentrations were determined by a colorimetric method using
the Batho-reagent (17) which contains hydroxylamine
hydrochloride (10%), sodium acetate (1.5 M), and bathophenan-
throline disulfonate (0.5 mM). The analytical precision of iron
quantification was evaluated by measuring the iron concentra-
tions of 13 replicates of one unenriched fecal sample. The mean
of these measurements was 365.7 ug per gram of dry feces, with a
relative standard deviation of 2.48%.

Anion exchange chromatography was used to separate iron
from other cations. The remainder of the acid solutions were
added to mini-columns (4 ml Pasteur pipettes, Fisher Scientific
Co.) containing anion-exchange resin (Bio-Rad AG 1-X8). In 6 N
HC1l, iron is anionic (FeCl,~) and binds to the resin. After
washing with 25 ml of 6 N HC1 to remove cations, iron was eluted
as a cation with 0.5 N HC1.

Synthesis of Acetylacetonate. Acetylacetone (Eastman Kodak Co.)
was redistilled and a 0.1 M stock solution in reagent grade
chloroform was prepared. All glassware was acid-soaked and
thoroughly rinsed with distilled water. Volatile iron acetyl-
acetonate was prepared from iron in the anion-exchange-column
eluates or in the standards by first adjusting the pH to 3.5
with 1 M sodium acetate, then shaking the solution in a
separatory funnel with 5 ml of the 0.1 M acetylacetone solution,
and finally, draining the chloroform phase into a test tube.

The color of the complex solution varied from pale yellow to
reddish brown, depending on the iron concentration. For mass
spectrometric analysis, the chelate solutions were diluted so
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that the iron concentrations were in the range of 12-20 ug/ml.

A 2 ul aliquot of the diluted solution was transferred to a
capillary tube, and the solvent was evaporated under mild vacuum
before analysis.

Instrumentation. Isotopic measurements were carried out with a
DP-102 magnetic sector mass spectrometer (DuPont Instruments)
operated in the electron-impact ionization mode. Because the
chelate was thermally unstable and decomposed on a GC column,
direct probe introduction was used: a capillary tube containing
the chelate was placed in the sample cup at the end of the
probe. The temperature of the ion-source chamber was set at 140
C and the probe heater was turned off.

Mass spectra were obtained by scanning a mass range of 50-
500 a.m.u.. The mass spectra of Fe(CsH;02)3 prepared from
unenriched blood and fecal samples were similar to that of a
unenriched natural iron standard (Figure 1), indicating that
interfering materials were eliminated by the clean-up procedure.
Ion abundances were measured by scanning a mass range of 250-260
a.m.u. at 10 a.m.u./sec. Retention time for each sample ranged
from 1.5 min to 4 min. A data reduction program (MC) in the DP-
102 software was used to quantify the heights and areas of the
peaks of m/e 252, 254, 255, and 256.

Sample Size. Because the accuracy of the intensity measurements
depends on sample size, the effect of sample size was examined
by measuring the abundance ratios of diligand ions in a series of
unenriched iron solutions with concentrations ranging from 6 tb
50 ug/ml. The ion abundance ratios for m/e 252, 255, and 256 to
m/e 254 were abnormally low when the base peak (m/e 254)
intensity was weak; an example is shown in Figure 2. The ratios
reached a plateau only when the base peak reached sufficiently
high counts: 1.5 million, 1.0 million, and 3.0 million for
measurement of 252, 255 and 256, respectively. Data for 252 and
255 measurements were thus accepted only when the height counts
of the base peak were greater than 1.5 million (Figure 2). Data
obtained from 20 replicates showed that the height ratios were
measured with better precision (%S.D. 0.6%-3.2%) than area
ratios (%S.D. 2.4%-6.7%) (Table III), peak heights instead of
peak areas were, therefore, used in data collection and
quantitative analysis.

Memory Effect. A series of 54Fe- and 57Fe-enriched standards
was analyzed. Abundance measurements were carried out in order
of increasing enrichment with five to seven replicates for each
enrichment level. A significant memory effect was observed
(Figure 3), which was suspected to result from carryover from a
previous sample of a different enrichment level (18). Since
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Figure 3. Memory effect for the ion abundance measurement of m/e
252, expressed as a percentage deviation of the measured ratios
from that of the last replicate for each enrichment level when

enriched standards were analyzed from low to high enrichments.
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Table III. Ion abundance ratios of natural Fe (C5H702)2+ values
were calculated from measured peak heights or peak areas.
Ion abundance ratio

Height Area
Ion species Ratio % S.D. Ratio Z S.D.
252/254 6.97 1.3 6.68 5.0
255/254 14.77 0.6 14.69 2.4
256/254 1.21 3.2 1.94 6.7

the carryover effect would have least influence on the last
replicate of a given enrichment level, the magnitude of the
memory effect was expressed as a percentage deviation of the
measured ratio of each replicate from that of the last
replicate. As shown in Figure 3, the first three measurements
were seriously contaminated by the previous sample of lower
enrichment, and the memory effect was especially significant as
enrichment levels increased. However, the measured ratios
stabilized after three to four replicates of a particular sample
were run. Based on these observations, two steps were taken to
reduce the memory effect: first, preliminary measurements were
carried out on samples to estimate the enrichment levels, then
the samples were analyzed along with the enriched standards in
sequence from low to high enrichments; second, six replicates
were measured for each sample, and only the last three
measurements were accepted.

Standard curves. Standard curves for 94Fe and 57Fe were
established by plotting the measured ion abundance ratios of the
corresponding diligand ions against the enrichment level of each
isotope in the series of enriched standards. Linear curves were
obtained for both isotopes (Figure 4), and the measured ratios
were highly correlated with the theoretical values (r > 0.9998)
by linear regression analysis. Relative standard deviations,
used as an expression of analytical precision, are listed in
Table IV. With values for the precision of these measurements
and for the slope of the standard curves, the detection limit
was calculated according to Skogerboe et al. (19) to be 7.3%
excess for J4Fe and 19.4% excess for 57Fe.

Analysis of Spiked Fecal Samples. To simulate fecal samples
taken from subjects receiving oral doses of stable isotopes,
54Fe- and 57Fe-spiked fecal samples were prepared by adding
known amounts of the enriched stock solutions of each isotope to
aliquots of a homogenized, unenriched, pooled fecal sample.
After ashing, the iron concentrations of these samples were
determined by the Batho-reagent method. Iron acetylacetonate
was then prepared and isotopic measurements of the samples

were carried out along with the enriched standards. The amount
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Table IV. Precision of abundance measurements.

’4Fe standards _ 2/Fe standards
Enrichment 252/254, Precision Enrichment 255/254 Precision
(% excess) ratio % S.D. (% excess) ratio % S.D.

0 7.22 1.1 0 14.88 1.3
88 12.67 0.5 45 16.06 1.7
175 18.26 0.8 223 19.72 0.8
433 34.12 0.8 L4R 24 .84 0.4
867 59.33 0.5 658 30.28 0.8
1291 85.18 0.2 1685 53.72 0.1

of 54Fe or 57Fe recovered from each sample was calculated from
the total iron content and the measured enrichments as follows:

Fe* = tFe - NFe (2)

E = 100 x Fe* / (BFe x W) (3)
Substituting (3) into (2) and rearranging yields

Fe* = ((Fe x Ex W) / (100 + E x W) (4)
where Fe* is mg of added tracer in the sample, tFe is mg of
total iron, PMFe is mg of natural iron, E is the enrichment level
of the tracer, and W is a constant representing the natural
abundance of the added isotope in weight fraction (0.0562 for
54Fe and 0.0222 for 57Fe). Recoveries of the spiked isotopes
were: 93% to 102% for 54Fe and 91% to 104% for 57Fe (Table V).

Table V. Recovery of 54Fe and 57Fe from spiked fecal samples.

_Recovery of 54Fe spikes Recovery of 57Fe spikes
Total Fe Added 54Fe Recovery Total Fe Added 57Fe Recovery
(ug) (ug) (%) (ug) (ug) (%)
700 25.8 93 755 30.1 100
845 2.8 101 740 30.1 91
860 49.5 100 885 100.0 104
797 99.0 98 1107 301.0 98
820 99.0 102 1058 301.0 98

Human Study

A study for examining the feasibility of using stable iron
isotopes to measure iron absorption by human subjects was
carried out as part of a 12 week study of the effects of
exercise on riboflavin requirements (20). The study was carried
out in the Francis Johnson-Charlotte Young Human Nutrition Unit
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at Cornell University. The protocol for the study was approved
by the Cornell Committee on Human Research Subjects.

The method of the selection of subjects has been reported
in detail (20). Twelve healthy, female university students and
staff aged 19 to 27 years participated. Their average weight and
height were 60.0 kg (+ 4.1 kg) and 163.1 cm (+ 4.8 cm),
respectively. They agreed to participate in the study after
being informed of the purpose of the research and its potential
hazards. A single basic daily menu was used throughout the
study period for all subjects. Details of meal preparation have
been reported (20). The diet provided 11 mg of iron daily. A
supplement of 10 mg of iron as ferrous sulfate was given daily
with orange juice at breakfast. All the subjects took three
meals daily in the metabolic unit. On selected days, about 7 mg
of the iron supplement were replaced by enriched stable iron
isotopes (Table VI). Polyethylene glycol (PEG) was added as a
fecal marker. Hematological parameters (plasma iron, total iron
binding capacity, free erythrocyte protoporphyrin, serum
ferritin) were measured as indices of iron status. The values
for these parameters were within normal ranges for all the
subjects except two (21). The two subjects had serum ferritin
values lower than 10 ng/ml. Iron absorption was estimated by
the fecal monitoring and hemoglobin incorporation methods.

Table VI Experimental design of the iron absorption study.

Dosing/Sampli ng
Fecal monitoring method
1 or 2% 6.73 mg 24Fe in apple juice
1 or 2% 6.94 mg 57Fe in orange juice
1-8 fecal collections

Hemoglobin 1ncor£oration method
9-15 6.73 mg ’4Fe in orange juice
29 blood sample drawn

*On day 1, half of the subjects received 24Fe in orange juice
and half received 57Fe in apple juice. On day two, subjects
were given the isotope they did not receive on day 1. Two grams
of PEG were given with the first dose.

Fecal Monitoring Method. The subjects were instructed to bring
their stool samples back to the metabolic unit as soon as was
possible after collection. Each sample was carefully labelled
with time, date, and subject identification, and was placed in a
freezer in the metabolic unit. The samples were freeze-dried,
and allowed to equilibrate for 24 hours under ambient
conditions. The dry weights of the samples were taken, and the
samples were powdered and mixed thoroughly to provide
homogeneous portions for analysis.
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The fecal marker (PEG) was analyzed by the turbidimetric
method of Malaware and Powell (22). Total recoveries of
ingested PEG in feces ranged from 20% to 99.7%. Three subjects
excreted less than 607 of the ingested PEG, whereas the rest had
an average recovery of 85.3% (range 73%-99.7%).

Iron concentration in each fecal sample was measured after
ashing and total iron content was calculated from the iron
concentration and dry weight of the sample. Iron acetyl-
acetonate was prepared and abundance measurements of samples
were carried out along with the enriched standards. Since most
of the fecal samples were labeled with both 4Fe and 57Fe, the
content of each isotope in the sample were calculated as
follows:

tFe = NFe + S4Fe* + 5TFex (5)
54Fe* = 54E x 0.0562 x DFe / 100 (6)
57re* = 57TE x 0.0222 x DFe / 100 (7)

After substituting equation 6 and 7 into 5 and rearranging, the
amount of natural iron can be obtained given the total iron
content and the enrichment levels:

nFe = tF / (1 + 0.000562 54E + 0.000222 57E) (8)

The content of each isotope tracer in a sample was then
calculated from values for natural iron content and enrichment
level (Equation 6 and 7). A computer program was set up to
carry out all these calculations.

Some examples of the excretion patterns of both PEG and
54Fe are shown in Figure 5. Based on PEG recovery and
regularity of bowel movement, only six subjects were selected
for analysis. PEG appears to be a good qualitative marker of
iron tracer excretion. However, since PEG recovery was lower
than 54Fe recovery for two out of six subjects, the reliability
of quantitative corrections based on the PEG recovery are
questionable. The total amounts of 54Fe or 57Fe tracers
excreted by each subject were calculated by summing the amounts
in each individual sample. Absorption calculated as the
difference between the amounts of the ingested and excreted
tracers without corrections for PEG recovery was expressed as a
percentage of the tracer doses: for 54Fe in apple juice, it
ranged from -4.8% to 36.5%, equivalent to -0.32 to 2.46 mg of
tracer per day; for 57Fe in orange juice, it ranged from 5.7% to
42.3%, equivalent to 0.40 to 2.94 mg of tracer per day.
Although vitamin C has been shown to enhance iron absorption
(23), and in this study, orange juice provided about 100 mg of
vitamin C (20), the difference between the two dietary treatments



Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch008

8. SHAWETAL.  [lron Absorption in Young Women

EXCRETION (%)

EXCRETION (%)

754

sa+

5@+

3 4 I +
) T

n
T

i 2 3 4w s & 7 @

-
-
-

DAY (subject 42)

Figure 5.
subjects.

E <7 @&

N
W
L

3
DAY (subject 50)

Daily and cumulative excretion of PEG and

I

*-%

:l

119
54ce daily
54re cumulative
PEG daily

PEG cumulative

5k

e in two
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g of PEG fecal marker were served with apple juice. Results for a
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was not significant when the paired data for each subject were
analyzed by Student's t test.

The Hemoglobin Incorporation Method. The hemoglobin
concentration of each blood sample was determined, and iron
chelates were prepared for abundance measurements. The blood
volume was estimated from the equation of Jarnum (24):

BV = 0.414 x H3 + 0.0328 x W - 0.030 (9)

where BV is blood volume in liters, H is height in meters, and W
is body weight in kilograms. Total iron content in blood (BFe,
mg) was calculated from hemoglobin concentration (Hb, mg/l),
blood volume (BV), and the iron content of hemoglobin (0.334%):

BFe = Hb x BV x 0.00334 (10)

The total amount of the 54Fe tracer in blood was calculated from
the hemoglobin concentration, blood volume, and enrichment level
of 54Fe in blood (BE):

54Fe* = 1.877 x 10-6 x Hb x BV x BE (11)

Percentage absorption was calculated from the values for total
54Fe in the blood and the total ingested %4Fe for the 7 day
period. The range for 12 subjects was O to 17.8 %, which was
equivalent to O to 1.05 mg of 54Fe tracer per day (assuming 85%
hemoglobin utilization). Table VII is a comparison of
absorption data of iron in orange juice obtained with the fecal
and hemoglobin monitoring methods.

Table VII. Absorption of stable iron isotopes in orange juice
measured with the fecal monitoring and hemoglobin incorporation

_ methods
Fecal monitoring Hemoglobin Incorporation
Enrich-
Absorption Absorption ment of
with PEG w/o PEG hemoglobin Absorp-
correction correction pool tion
Subject (%) (%) (% excess) (%)
41 ¥ 10.6 2.29 5.5
42 21.0 42.3 1.57 3.8
46 20.1 20.3 4.11 7.8
50 6.0 25.3 1.26 3.2
51 - 5.7 3.23 9.0
52 11.7 17.8 7.78 15.6

*Recovery of isotope tracers was higher than PEG recovery.
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Discussion

Variability in Absorption Estimates. In this study, the
occurrence of a negative absorption value for one subject and
the absence of a significant vitamin C effect raise some
questions about the accuracy of the method. However, the
expected changes in absorption due to dietary treatments may be
masked by the analytical variations associated with absorption
measurements and biological variabilities of iron absorption.
Analytical variations can be introduced at several stages of the
analytical procedures: incomplete fecal collection,
inhomogeneous samples, iron contamination, incomplete
colorimetric reaction, non-quantitative recovery after chemical
ashing, and variations in isotopic measurements due to ion
statistics, memory effects, instrument drift, etc. Some of
these are not as serious as others, for example, contamination
with natural iron would not affect the estimate of tracer
concentrations provided it occurs before the total iron content
is measured.

Errors associated with iron quantification and abundance
measurements are common to both fecal monitoring and hemoglobin
incorporation methods. According to Janghorbani and Young (25),
acceptable absorption estimates can be obtained if the precision
of these measurements is kept below 5%. The analytical
procedures developed in this study are thus considered
satisfactory since the relative standard deviation was 2.48% for
total iron quantification and less than 27 for ion abundance
determinations.

Incomplete fecal collection introduces an error unique to
the fecal monitoring method. Careful instruction of the
subjects regarding collections will help to ensure complete
collection, however, without the use of a suitable fecal marker
that is completely unabsorbable, has the same mobility as
ingested iron, and can be accurately quantified in the stool,
absolute certainty of complete collection cannot be achieved.
PEG, chromic oxide, and radio-opaque plastic pellets are
commonly used as fecal markers. Chromic oxide and plastic
pellets are usually considered as markers for the solid phase,
whereas PEG marks the liquid phase (26). As shown in this
study, PEG seems to have an excretion pattern similar to iron,
yet it failed as a quantitative marker. This was probably due
to interference in PEG quantification and reexcretion of the
absorbed iron tracers (27). Unabsorbable compounds of chromium
and barium have also been used as markers in iron and zinc
absorption studies (6, 28). Chromium has potential as a marker
for stable isotope studies because it has four stable isotopes
and can form volatile chelates, thus permitting quantification
by EI-MS.

In the hemoglobin incorporation method, estimation of blood
volume from height and weight may introduce a 5% error (29). A
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more serious source of error is the low enrichment level
obtainable in whole blood: the hemoglobin iron pool is large
(1.5-2g) and daily iron absorption is relatively small (about
1 mg or less). Most of the subjects in this study did not
absorb enough of the tracer to enrich the blood pool up to the
detection limit. Either lengthening the study period from 7
days to 2 weeks or increasing the tracer dose from 7 mg daily to
10 mg would significantly raise the enrichment level. Because
fecal collections are not required with this method, it is an
extremely attractive alternative to the fecal monitoring method.
Further work to improve the precision of the enrichment
determination seems justified since this would reduce the
detection limits for the measurement of stable isotope tracers
in blood and make the use of the method more feasible.
Biological variabilities include intra-subject and inter-
subject variabilities. Intra-subject variability is best
demonstrated in the day-to-day variation in absorption when the
same test meal labelled with different iron tracers is given to
the same subject on two successive days. A threefold to
fourfold difference has been reported with standard deviations
of -50% to +80% (30) within a group of normal subjects. This
variability can be reduced to about 35% by giving iron doses
over several days and using the average absorption value instead
of the individral values (31). Inter-subject variability
results from differences in individual iron status; subjects
with low iron stores absorb more dietary iron than those with
larger iron stores (2). The significance of these variabilities
depends on the purpose of the study. If comparison of dietary
treatments is desired, it is desirable to reduce these
variabilities as much as possible so that the changes due to
treatment will not be masked. If the interest is in iron
requirements, then the variabilities must be considered for
proper dietary recommendations.

Comparison of Absorption Data. Little correlation was found
between the absorption data obtained with the hemoglobin
incorporation and fecal monitoring methods with or without
correction for PEG recovery (Table VII). There are several
possible reasons for this poor correlation.

a) Total or partial loss of stool samples occurred and
correction based on PEG recovery was inadequate.

b) A portion of the ingested iron was temporarily retained by
the mucosal cells and was excreted in the feces after fecal
collection was stopped (6).

¢) Intra-subject variability resulting from daily variations of
the gastrointestinal secretion and motility makes the fecal
monitoring data highly variable. It has been reported that this
variability can account for up to half of the overall
variability in iron absorption within a group of normal subjects

(29).
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d) The different experimental designs of the two methods may
provide different kinds of information. The fecal method
measured absorption from a single dose, while the hemoglobin
method provided an average value spread over 7 doses. Since
nutrient balance is a dynamic state that fluctuates between
negative and positive balance (32), absorption of a single dose
may not be representative, and an average value probably is a
better indication of actual iron absorption.

The data available from the study described here do not pernit a
conclusive statement as to which of the above reasons offers the
best explanation of the results. However, in future planning of
human metabolic studies, the factors mentioned above should be
taken into consideration.

Comments and Perspectives

The analytical procedures presented in this study are relatively
simple and sample through-put through the mass spectrometer is
reasonable (15 min per replicate). The results indicate that
the method has promise as an alternative to radioisotope tracer
methods. Long-term studies and studies with infants, children,
and women are feasible without hazards to the subjects.
Although the precision of EI-MS abundance measurements is not
comparable to that of TI-MS, the EI mass spectrometer is much
more widely available. More stable iron chelates that would
permit GC sample introduction and reduce the memory effect
problem would significantly improve the method. A potentially
serious drawback of stable isotope tracers is that the amounts
used are more in the range of substrate than tracer levels. A
related question pertains to the validity of the extrinsic
labeling technique when stable isotope tracers are used. In an
ongoing study in our laboratory, we are attempting to compare
the absorption of intrinsic and extrinsic stable iron isotope
tracers.
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Bioactive Trace Metals and Trace Metal Stable
Isotopes
Quantitative Analysis Using Mass Spectrometric Techniques

D. B. CHRISTIE, M. HALL, C. M. MOYNIHAN, K. M. HAMBIDGE,
and P. V. FENNESSEY

University of Colorado Health Sciences Center, Denver, CO 80262

Understanding the factors controlling the bioavail-
ability of trace metals in human nutrition is
central to the treatment of deficiencies of these
elements. Nutrition science has been hampered in
these studies by techniques that require pharmaco-
logical doses (10 to 100 X physiological), radio-
isotopes or equipment that is expensive and of
limited availability. In spite of these limita-
tions, a few laboratories are obtaining data on
this important topic. The advent of high resolu-
tion gas chromatography has opened the door for the
quantitative analysis of trace elements from
physiological sources using relatively inexpensive
equipment. We will present data on the analysis of
trace elements at the ppb and sub-ppb range. 1In
achieving this 1level of sensitivity, we have
encountered and overcome a number of technical
problems which will also be discussed. Analysis of
the stable isotopes of trace metals has presented
itself as a complex and difficult analytical
problem. The causes and solutions to a number of
the problems encountered in our laboratory will be
discussed. The techniques we are currently using
involve both standard gas chromatography/mass
spectrometry and fast atom bombardment mass spec-
trometry techniques.

There appears to be an ever increasing momentum in the field of
human nutrition to measure true bioavailability of a wide variety
of physiologically important metals. A key driving force for
these studies is a desire to understand the important mechanistic
steps in both the absorption and transport of metals across the
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gut wall. An understanding of the processes will lead to changes
in dietary supplementation and ultimately to healthier individ-
uals.

The ideal trace metal bioavailability study would be carried
out at no risk and on a human population. However, many of the
early investigations could only be accomplished using radioactive
trace metals and were carried out on animals, A few studies have
been reported using these radioactive compounds on adult human
volunteers and these have provided us with important data for
human nutrition.(1-6) Unfortunately, two important groups of
patients, namely, pregnant women and infants, cannot be studied
using radioactive material. For these groups the most promising
data appear to be from the area of stable isotope analysis. This
technique is apparently of low risk and can be applied to a wide
variety of both healthy and sick individuals. (7-12) Further,
stable isotopes are available for many of the metals of interest
in human nutrition.

The Achilles Heel in the use of stable isotopes for human
nutritional studies is the methodology available for the detec-
tion of the enriched stable isotope. Unlike the radioactive
studies where one can use a relatively cheap and very accessible
technique such as scintillation counting, there appear to be only
two methods for the analysis of metal isotopes: mass spectrometry
(10-18) and neutron activation analysis.(7-9) To date, both
methods have proven to be less than desirable because of the
time-intensive nature of the analysis.

Mass spectrometry of zinc isotopes has been realized using
either chelates on a solids probe(10,11,17) or thermal ionization
of purified solutions(12). Both of these approaches require a
chemical separation of all of the metals and this separation must
be accomplished in an environment free of contamination from the
metal(s) of interest in the part-per~billion range (19). Neutron
activation also requires a set of separation steps. In this case
the requirement for a contamination-free environment is the same
but the chemical separation is mainly to remove sodium and
chlorine (7).

In addition to the human labor problems created by chemical
separation and ultra-clean environments, both neutron activation
and thermal ionization mass spectrometry require unique equipment
that is not available to most research groups. Because of these
factors progress in trace metal analysis has been slow and prac-
tical data acquisition from large populations is essentially
non-existent.

Gas chromatography and gas chromatography mass spectrometry
offer a potential solution to the problems mentioned above. For
example, a separation of a variety of interesting trace metals is
achieved by the gas chromatograph and the methodology for deriva-
tization to form a chelate from an HC1l solution of dry ashed
material has been achieved at high levels of efficiency (20). 1In
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addition, the flame ionization detector of a gas chromatograph
can be used to generate quantitative measurements of trace
elements from physiological samples. The gas chromatographic
detector can be replaced by a mass spectrometer and one can
obtain measurements on isotopic distributions from all of the
trace elements in each sample. Although this approach would
appear to be the method of choice, it has been abandoned by most
investigators. This is because the precision, or lack of preci-
sion, of 2-100% has been reported for gas chromatography/mass
spectrometry of trace metal chelates (12). The problems that
have lead to this imprecision and their solutions are the subject
of this report.

Gas Chromatography

The key to the analysis of a trace metal by gas chromatography is
the formation of a volatile chemical complex. In early studies
this was accomplished using derivatives of B-diketones (21-23).
These compounds formed chelates that were stable in the gas phase
and would separate many of the common elements. In our review of
the literature we were impressed by the work of two Polish scien-
tists who were studying zinc, copper and nickel in marine sedi-
ments(20,24). These investigators were able to quantitate these
elements at the part-per-billion level (50 ng/ul injected).
These results were obtained using diethyldithiocarbamates as
organic chelators. Our goal was to develop a technique that
would provide trace metal concentration data on samples obtained
from 0.1 to 0.2 ml blood samples. Using the carbamate on an
0V-101 column we were able to measure 500 ng samples but at lower
levels the data was too variable. After switching to a capillary
column and a dry needle injector we were able to reduce our level
of detection to less than 1.0 ng. This level is a factor of 20
less than what we would expect to see in a patient sample and is
adequate for the quantitative analysis. A typical gas chroma-
togram from the injection of a complex mixture of 20 ng each of
metals is shown in Figure 1. The peaks are sharp and the sepa-
ration such that one can carry out a low concentration analysis
on any one of a number of interesting trace metals.

Quantitative analysis of trace metals has been accomplished
using this system and a hydrocarbon as a reference material. The
concentration data obtained in this manner had a coefficient of
variation of 8% (see Figure 2), and when compared to atomic
absorption, data collected from the same samples gave concentra-
tions that were essentially the same. The use of hydrocarbons as
a standard is recognized as a problem and we plan to evaluate
other metal chelates for this purpose. The internal standard
could then be added to our original samples prior to dry ashing.

In interpreting the gas chromatographic data from our
initial plasma extracts we were surprised to see a variable size
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DEDTC CHELATES (DEDTC), Me2t
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Figure 1. Gas chromatograph trace using F.I.D. of a standard

mixture of 20 ng each metal chelates.
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in the area of the iron chelate peak. This observation immedi-
ately raised the issue of possible poor reproducibility through-
out the extraction of all the metals. Additional work indicated
that the variability was associated with the pH of the chelation
reaction. In order to find the optimum pH, we chelated and
extracted a series of metals from the same stock solution at
different pH values. The iron was extracted well at pH < 4 while
the zinc and copper showed a maximum at pH 6.5. In our present
work we use a pH of 6.0 because of our interest in 2zinc and
copper and at this pH one can still see an iron peak. However,
if our interest were to change to iron we would certainly move
the pH lower. We have concluded that some of the variability
that we and others have observed in our analysis could have been
accounted for by a lack of careful control of the pH of our
solutions.

Mass Spectrometry

The real drive in using gc and gc/ms techniques for the analysis
of trace metals is measuring changes in isotopic enrichment. The
quantitative data provided by the gas chromatograph is important
but we consider it only a spin-off of the real goal of this
research. This final goal has also been the source of real
frustration. After we had attained good peak shape and separa-
tion from the gas chromatograph, we began taking data on a low
resolution mass spectrometer. This system had an "all glass"
interface and the total ion current showed separate peaks for
zin¢, copper and nickel standards. However, the mass spectrum of
the zinc peak showed contamination from both nickel and copper.
This contamination appeared in the zinc peak after changing both
the column and injector. Since the zinc peak was separate from
the copper and nickel and still contained contamination from
copper and nickel, we suspected the interface between the gas
chromatograph and the mass spectrometer. After reviewing the
manufacturer's design for the interface we found that the end of
the gas chromatograph column terminated in a small chamber that
was connected to the mass spectrometer source through a fine
capillary interface tube. The chamber was connected to the glass
line tubing using a standard % inch stainless steel connector.
We could envision that the chelated sample would swirl around
this connection while waiting to be aspirated into the source.
After modification of this "all glass" interface into a unit
where the column effluent did not come into contact with metal we
were able to eliminate the copper and nickel contamination of the
zinc peak.

The next problem that we had to face was the issue of
memory. This can best be seen from the results of an experiment
where we repeatedly injected a series of eleven zinc chelates
from the same container and monitored the ratio of zinc-64 to
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both zinc-67 and zinc-68 (see Figure 3). This was followed by an
equal number of injections where the isotaope ratio was enriched
and, finally, by a series of injections of the original solution.
We expected to see the data follow a square wave pattern but
found the rather slumped pattern seen in Figure 3. The ratio did
not return to baseline even after eleven injections of the
original solution. Initially we thought that this was due to
thermal decomposition of the chelate. We were able to obtain
some improvement in our ability to return to baseline by control-
ling the injector and interface temperatures but for the most
part the memory remained.

While still facing what we perceived as a thermal problem we
began a program to synthesize the bis-trifluoroethyldithio-
carbamate. This compound was reported to chromatograph at a lower
temperature (circa 100°C less) than the diethyl analog (25).
This would allow us to lower our injection and tramsfer lines by
100°C and reduce possible decomposition problems. We synthesized
the trifluoro compound and we were surprised by the experimental
data which showed a clear memory effect between the trifluoro-
ethyl and diethyl chelates. This effect was exemplified by peaks
of intermediate retention time when the pure trifluoro or pure
ethyl chelates were injected in sequence. For example, after
injg.ction of the diethyl derivative which elutes at approximately
215°C, we would inject the trifluoro derivative and expect to see
a peak at approximately 120 C. In fact the peak would coge out
at 180°C. A second injection would produce a peak at 150 C and
so on until the peak would elute at the expected 120 C. The same
type of progressive increase was observed if one then injected
the pure diethyl compound after first stabilizing the trifluoro
derivative's elution at 120°C.

The observation using the two chelators led us to reevaluate
the causes for the memory. We began to consider the possibility
of some interaction between the zinc and the gas chromatograph
column. A review of data available on zinc diethyldithiocarba-
mate chelate structure indicated that these compounds had weak
coordination with a fifth ligand (26). We began to think that
this fifth ligand could interact with either a second zinc atom
or with the gc column support material (e.g. oxygen or silicome).
A possible method to remove this interaction would be to supply a
fifth ligand binding molecule either in the carrier gas or in the
chelate solution.

Our first attempt was to try ammonia. This was added to the
chelator solution in the form of ammonium acetate and proved to
be very effective in reducing the interaction of the chelated
zinc with the column. One experiment that exemplifies the effect
of ammonium acetate is shown in Figure 4. Here we put a mixture
of both the bis-trifluoro and the diethyl chelate on our injec-
tor. The first gas chromatogram (gc) was obtained by using a
mixture of copper and zinc where ammonium acetate has been added
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Figure 4, Three gas chromatograms of a mixture of zinc and
copper trifluoroethyl and ethyl dithiocarbamate. Panels 1 and 3
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to the chelation solution. The second gc was of the same solu-
tion but where ammonium acetate was not added. The third gc was
obtained from the original solution containing ammonium acetate.
The results of this experiment are shown in Figure 4. The two
chromatograms from the solution where the ammonium ion has been
added show only 4 peaks representing the pair of bis-trifluoro
chelates of copper and zinc and the corresponding pair of diethyl
derivatives. The chromatogram from the sample without the
ammonium ion shows multiple peaks. We interpret these results to
indicate that the fifth ligand binding molecule has a stabilizing
effect on the chelate complexes. The complexity and number of
peaks seen in the center frame of Figure 4 present an additional
problem in the interpretation of exactly what type of species is
being chromatographed. With a simple exchange of ligands one
would predict six or fewer peaks to be formed. The chromatogram
shows at least eight major peaks and possibly more. This would
lead one to consider that we are dealing with dimers of the metal
chelates in the gas phase. These dimers would lead to at least
ten peaks, and if the metals could also exchange this number
would increase even more. Further study must be carried out on
this aspect of the project.

More importantly, the fifth ligand apparently has greatly
reduced the memory effect on the mass spectrometer. The results
of a repeat of our earlier experiment where we inject natural
zinc, enriched zinc and natural zinc are shown in Figure 5. The
solid lines shown with each set represent the theoretical ratios.
First, it is clear that we have essentially eliminated the memory
and approached the theoretical ratios from either natural or
enriched solution. This in itself represents a substantial step
forward. Second, it is important to note that we have not
completely eliminated the memory effect. A loading dose of 5 to
10 times the injected amounts is necessary to eliminate the final
vestiges of earlier injections. Again, work is currently in
progress to help understand the causes of this effect and to
eliminate them.

Finally, in Figure 6 we show a calibration curve generated
from multiple injections of known isotopic enrichments. In
generating this curve we injected essentially a random selection
of enrichments (i.e., high, natural, medium, etc.) so as to
simulate a practical condition. The extrapolated line does have
a slight curvature but we feel that it is good enough for us to
begin our pilot patient studies.
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Stable Isotopes of Iron, Zinc, and Copper
Used to Study Mineral Absorption in Humans

PHYLLIS E. JOHNSON
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Stable isotopes of minerals are useful tools for
studying metal absorption and bioavailability in
humans. Analyses of stable isotope enrichment in
biological samples are much more complex than
radioisotope measurements. Conventional electron-
impact mass spectrometry (EI-MS) of metal chelates
provides a relatively rapid method for measurement
of enrichment levels. Precision of EI-MS isotope
ratio measurements in metal-tetraphenylporphyrins
is about 2%, This is usually adequate for metal
apsorption studies using the fecal monitoring
method. Uncertainty in fractional absorption
values caleulated from EI-MS data is 0.005-0.03
absorption units, This method was used to measure
Fe, Zn, and Cu absorption in adult men
participating in metabolic studies, and in
infants. Addition of picolinic acid to a
tryptophan-limited diet increased absorption of
zinc but did not affect copper absorption. Breast-
fed infants appeared to absorb more Zn, Fe, and Cu
than bottle-fed infants. Post-absorptive
excretion of all three metals occurred from 10
days to six weeks after isotope feeding. Higher
levels of metal absorption were associated with
less post-absorptive excretion.

Determination of human requirements for dietary trace

minerals necessarily includes knowledge of the factors which
affect the availability of minerals for absorption. Inter-
actions of dietary minerals with organic constituents of the
diet and with other minerals are complex. Careful study of
mineral absorption in human subjects is required to delineate
dietary requirements and the factors which affect them. '

This chapter not subject to U.S. copyright.
Published 1984, American Chemical Society
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In the last five years stable isotopes of many metals have
proven to be useful in studying mineral absorption and
metabolism in human subjects. There is growing reluctance to
use radioisotopes for such experiments, and they are
contraindicated in some populations. Stable isotopes are
beginning to fill this gap.

At present there is no standard method for measurement of
stable isotope enrichment in biological samples. The diversity
of analytical approaches reflects the varied backgrounds of the
investigators involved, and the instrumentation which has been
available to them. Nutrition studies tend to genmerate many
samples, and a dedicated mass spectrometer or other facility is
advantageous.

We wished to develop a method for measuring isotopic
enrichment of iron, zinc, and copper in biological samples
using a conventional electron impact ionization mass
spectrometer. In order to achieve enough volatility to
vaporize a sample into the mass spectrometer, it is necessary
to prepare metal chelates. Various ligands have been used for
this purpose, including 2,4-pentanedione (acetylacetone) (1),
fluorinated diones (2), diethyldithiocarbamates (2), and
meso-tetraphenylporphyrin (TPP) (3). The method used in this
Taboratory utilizes metal-TPP chelates.

Chelation of copper with tetraphenylporphyrin was first
reported as a technique for measuring copper in rat brain by
isotope dilution (3). This method appeared to be adaptable for
measurement of isotopic enrichment in other biological samples.
Tetraphenylporphyrin reacts quickly and quantitatively to form
chelates with nearly all of the transition metals (4). The
mass spectrum of a TPP chelate is dominated by the molecular
ion cluster (Figure 1); the molecular ion is also the base
peak, so it is well-suited for quantitation of isotope ratios.

Materials and Methods

Preparation of Chelates. The procedure we use is adapted from
that used by Hui et al. (3) to measure copper in rat brain.
Samples of feces, approximately 0.25 g, were ashed in a low
temperature asher, dissolved in concentrated HC1l, and applied
to Bio-Rad AG-1 anion exchange columns. [Mention of a trademark
or proprietary produce does not constitute a guarantee or
warranty of the product by the U.S. Department of Agriculture,
and does not imply its approval to the exclusion of other
products that may also be suitable.] The various metals were
then separated by elution with successively lower
concentrations of HCl. Recovery of metals from the columns was
97.6+2.7% for Fe, 100+4.2% for Cu, and 93.7+1.8% for Zn (5).
Each metal fraction was then refluxed separately with TPP in
dimethylformamide to form the metal chelate (5).

Hui et al. did not separate metals in their samples before
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Figure 1., Mass spectrum of copper tetraphenylporphyrin.
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chelation; instead they performed a thin-layer chromatography
(TLC) step after formation of the metal-TPP complexes. We
found that this procedure worked well for synthetic mixtures of
metals, but not for fecal samples. We have better results when
the metals are first separated and then refluxed separately
with the TPP. The Cu-TPP samples were further purified by TLC
after chelation to remove residual Zn-TPP, but TLC of the Zn-
or Fe-TPPs did not seem to improve the quality of the mass
spectrum, Although Hui et al. reported separation of metal-TPP
mixtures in eleven solvent systems and on four different
adsorbents (6), we achieved good separation with only one
system, toluene:ligroin:acetic acid:water (35:65:15:85) on
Pierce silica gel LKSD precoated plates.

It is necessary to carefully purify the tetraphenylpor-
phyrin before use. Reagent grade TPP contains a small amount
of tetraphenylchlorin, which must be removed. Tetraphenyl-
chlorin contains two more hydrogen atoms than TPP, and it will
also form metal complexes, although to a lesser degree than
TPP, If it is not removed it causes substantial interference
with the mass spectrum and with the measurement of isotopic -
ratios. Purification is accomplished by refluxing with
2,3-dichloro-5,6-dicyanobenzoquinone in ethanol-free
chloroform, followed by filtration on alumina and
recrystallization from methanol (7). Purity of the final
product can be determined from the visible absorption spectrum
(8) and from the mass spectrum. Commercial TPP is sometimes
tontaminated with metals. This can be avoided by synthesizing
the TPP from pyrrole and benzaldehyde in refluxing propionie
acid (9)

Mass Spectrometry. The mass spectrometer used was a DuPont
DP-102., Spectra were recorded in the electon-impact ionization
mode, at a source temperature of 220° and an ionization
potential of 70eV, with a probe temperature of 300°.

Samples sgiked with known amounts of stable isotopes 54Fe,
57pe, 65cu, 67zn, 702n were prepared, and the measured ion
intensities in the mass spectra were compared to theoretical
values. The response of the mass spectrometer was linear over
a wide range of enrichment levels (5). A computer program
included in the mass spectrometer software package was used to
calculate the theoretical values for peak intensities in the
mass spectra. Corrections for isotopic composition of the
ligand (130, 15N, 2H) were made as deseribed previously 5.

Calculation of Absorption. Absorption of isotope doses by
human subjects was calculated by fecal monitoring (5), that is,
by determining the amount of stable isotope ingested compared
to the amount excreted in the feces in excess of the natural
abundance. The fractional absorption A = (I-F*E)/I where I is
the amount of isotope ingested, F is the total metal in the
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feces, and E is the enrichment of the isotope above natural
abundance. If multiple fecal collection periods are used, then

A = (I-ZF4E4)/1.

Precision. The precision of the absorption value depends upon
the precision of I, F, and E measurements. This method for
isotopic enrichment measurements by mass spectrometry has a
precision of 27, as does the measurement of F by atomic
absorption. This precision is adequate for absorption and
bloavailability studies with zinc and copper (Table I), since
zinc and copper absorption are in the range of 30-70%. Only
fairly large changes in iron absorption can be discerned,
because non-heme iron absorption is typically less than 10Z.
This may not be a serious problem in bioavailability studies,
since it is doubtful that very small changes in iron absorption
from single foods are biologically significant.

Table I. Typical Uncertainties in Absorption Values with
Measurement Precision of 2%

Fractional Uncertainty in A
Absorption (GA)

.05 .027

.10 .025

«55 .013

77 .006

«90 .003

Absorption of stable zinc measured by this method compared
to absorption of 652n measured by whole body counting are in
agreement within the limits of error of the two methods (10).

Human Studies. Male volunteers who were participating in
studies at the metabolic unit of the Grand Forks Human
Nutrition Research Center (GFHNRC) gave consent after being
informed of the purpose of the research and its potential
hazards. Consent was given by parents of infants participating
in out-patient studies. This project was approved by the Human
Studies Committees of the University of North Dakota School of
Medicine and of the USDA-Agricultural Research Service.
Informed consent and experimental procedures were consistent
with the Declaration of Helsinki. All volunteers were in good
health except an elderly subject who was studied because he had
gluten enteropathy. All volunteers living in the metabolic
unit were fed constant mixed diets prepared from conventional
foods. All subjects were chaperoned when they left the
metabolic unit to prevent ingestion of unauthorized foods or
loss of excreta samples.
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Stable isotopes of iron, zinc, and copper have been given
to subjects in a Zariety of studies at our Center. Standard
doses were 4 mg 54pe, 4 ng 67Zn and 2 mg of 65cu for adult
subjeets. Isotopes were fed in a single dose in juice at
breakfast or in Trutol (a flavored glucose solution). While
doses of this size are not truly tracer doses, they are in the
physiological range of intake. Recommended daily intakes are
10 mg Fe, 15 mg Zn and 2-3 mg Cu for adult males (11). Table II
shows the average absorption values obtained from subjects who
were consuming diets adequate in all minerals and other dietary
components,

Table II. Typical Values for Absorption of Stable
Fe, Zn, Cu by Adult Males

% Absorption

with food without food
Fe 14 + 18 (7)* 543 (6)
Zn 44 + 15 (12) 72 + 24 (8)
Cu 59 + 13 (7) 78 + 12 (9)

*mean + standard deviation (number of subjects)

The values for iron absorption with food were for iron
given in a breakfast meal containing orange juice, which
explains why they were somewhat higher than the values without
food, since ascorbic acid is known to enhance non-heme iron
absorption (12). Absorption of non-heme iron absorption from
food without added ascorbate is usually 10% or less (13). The
values for zinc absorption in the absence of food were in the
game range as those determined by Aamodt et al. (14) using
65zn, Absorption of 65Zn given with food tends to be lower, as
these values are (15,16). Thus results obtained using this
method appear comparable to absorption values measured by other
techniques.

Some Typical Uses of Stable Isotope Absorption Studies

Tryptophan and Zine Absorption. Doses of 4 mg 672n and 2 ng
95Cu were given in Trutol to subjects consuming a diet in which
tryptophan was the limiting amino acid. Absorption of Zn and
Cu was also measured when they received the same diet plus a
picolinic acid supplement. Picolinic acid is a metabolite of
tryptophan which is thought to enhance zinec absorption (17).
Picolonic acid was not present in the isotope dose. The diets
contained 0.8~1.2 mg Cu/day and 2.7-3.6 mg Zn/day (by
analysis). Total tryptophan content of the diet was
approximately 250 mg/day (calculated). Picolinic acid

supplementation was at a level of 10 mg/day.
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The picolinic acid supplement increased zine absorption in
all three subjects, but had little or no effect on copper
absorption (Table III).

Table III Stable Zinc and Copper Absorption by Men
Consuming a Tryptophan-Limited Diet With and
Without Picolinic Acid Supplementation

% Zn Absorption % Cu Absorption
Subject No. Lo Trp Lo Trp + PA Lo Trp Lo Trp + PA
2055 33 55 59 58
2056 62 82 76 -
2070 47 52 53 57

Gluten-sensitive enteropahy. A subject with gluten enteropathy

was tested. while hospitalized with this disease, he had been
found to have a plasma Zn of < 5ug/dl (18). It was desired to
determine if he had abnormal Zn absorption or was Zn-deficient
due to the diarrhea and malnutrition of his disease. We found
that he had normal absorption of Zn, Fe, and Cu from Trutol
(Table IV) while on a gluten-free diet.

Table IV. Metal Absorption by a Subject with
Gluten-Sensitive Enteropathy

% Absorption

Zn Fe Cu
Subject 75 4, 82
Controls 72 + 26% 5.1 + 3.7 77 +13

*Mean + Standard Deviation

Normal Zn absorption was confirmed by whole-body counting
of 65Zn. However, the subjects retention of 65Zn was extremely
short, and turnover of 652n was faster when he was free-living
than when he resided on the metabolic unit and consumed a
carefully-controlled gluten-free diet (19).

Infants. One advantage of stable isotopes is that they can be

given to infants, children, and pregnant women. We have done

some pilot studies with breast-fed and bottle-fed babies to
whom we have given stable Fe, Zn, and Cu. Stable isotopes of
all three metals (2 mg >%Fe, 2 mg 67Zn, 1 mg 65Cu) were mixed
with breast milk or formula (SMA) and fed to 2-month old
infants. All stools were collected for four days. All three
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metals appear to be better absorbed by the breast-fed infants
(Table V). This is consistent with reports for 65zn absorption
by adults of 41+9% from human milk and 31+7% from a humanized
cow's milk formula S;ean + SD) (20). Iron absorption from
breast milk using 59Fe has been reported to be 10-15% in adults
(21,22) and 49% in 6 month old infants (23).

Table V. Absorption of Zn, Fe, Cu From Breast
Milk or Formula

% Absorption

Zn Fe Cu
Breast-fed i (5)* 30+ 11(2) 50+3(5
Bottle-fed 27%7(3) 20%5 (2) 30 F10(2)

*mean + standard error of the mean (number of subjects)

This pilot study with a small number of infants does not
permit firm conclusions about metal absorption in infants.
However, we have learned that bottle-fed infants tolerate the
metal isotope solutions better than breast-fed infants. In a
subsequent study, many (6/20) breast-fed babies spit up the
milk-isotope mixture within 30 minutes of feeding. Two others
refused it entirely. In contrast, all bottle-fed babies
(12/12) drank the isotope-formula mixture and none had emesis.
The doses of isotopes could probably be reduced by at least
half without sacrificing analytical sensitivity, and this would
probably reduce gastrointestinal intolerance.

Fecal Excretion of Isotopes. One of our more recent activities
has been to examine the patterns of excretion of stable Zn, Cu,
and Fe in the feces. Janghorbani reported that it is necessary
to collect only five stools in order to recover all of the
unabsorbed isotope (24-26). This seemed comtrary to our
experience, so we undertook a systematic examination of our
stool data.

In many cases more than one pulse of isotope was excreted
in the feces after a single dose of stable isotope (Figure 2).
We observed this with more than 20 subjects. The phenomonen is
reproducible for separate doses of isotope in the same subject,
and for three different metals, analyzed independently. To my
knowledge this has not been reported previously, although
Bidrn-Rasmussen et al. (27) and Lykken (28) have observed post-
absorptive excretion of iron using whole-body counting of -7Fe.
They report excretion of "absorbed” iron more than 14 days
after ingestion of the 59Fe. The amount of post-absorptive
excretion (PAE) they observed seemed to be related to serum
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90 Fe

% OF TOTAL EXCRETION
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Figure 2a. Excretion of stable iron, zinc, and copper by two
human subjects.
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ferritin, or in other words, to body iron stores. We postulate
that the first pulse of isotope excretion represents unabsorbed
isotope and that subsequent pulses represent “post-absorptive”
exeretion. If this is true, it obviously has implications for
the size of the fecal pool used in the fecal monitoring method.
A very large (e.g., 21-day) pool might underestimate absorption
considerably. Daily sampling or analysis of individual stools
has the drawback of increasing the sample load considerably.
The work reported here used three-day collections as a
compromise between these two extremes.

The number of stools needed for a complete collection of
unabsorbed isotope (the first pulse of isotope excreted) was
clearly more than five for a large part of our population
(Pigures 3-5). The figures show the number of stools for
complete collection of the first pulse of isotope excreted.

A1l of these subjects were consuming controlled diets made from
conventional foods, while Janghorbani's subjects were consuming
formula (24,25) or semi-synthetic (26) diets. The number of
days needed for complete collection of unabsorbed isotope
ranged from one to 33 days. A 21-day stool collection was
enough to recover unabsorbed material in 90% of our subjects.
However, it is important to note that the feces from the 21-day
period cannot be analyzed in a single pool. Feces must be
analyzed individually or in small (e.g., 3 day) pools, in order
to observe the end of the first pulse of isotope excretion,
which is presumably the unabsorbed isotope. A single too-short
stool collection period may overestimate absorption. If
post-absorptive excretion occurs, a single, extensively long
stool collection period will underestimate absorption.

As mentioned previously, Bj3rn-Rasmussen and Lykken both
reported a relationship between post-absorptive excretion of
iron and serum ferritin. The higher the subject's serum
ferritin, the greater the body iron stores, and the more
post-absorptive excretion which was observed. For uniformity,
we have defined PAE-9 as the percentage of the dose of isotope
which was excreted more than 9 days after the dose. Nine days
comprise three 3-day stool collection periods. Bjorn-Rasmussen
used a 10-day cutoff point (29).

In this group of subjects there was no relationship between
ferritin and Fe-PAE-9, but serum iron was correlated with PAE-9
with an r of 0.508 at p<0.02 (Figure 6). That is, subjects
with higher serum iron tended to excrete more iron 9 days or
more after the dose. Possibly, subjects with better iron
status have some hold-up of iron in the gut and excrete it
later., Likewise, Fe-PAE-9 was exponentially correlated with
the percentage of iron absorbed from the dose with r2=0.35 and
a p0.005 (Figure 7). This means that the more iron which was
absorbed, the less which was excreted at day 10 or later.

A similar relationship between percentage of Zn absorption
and Zn-PAE-9 (Figure 8) was observed except that the
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Fe-PAE-9
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Figure 6. Relationship between serum iron and post-absorptive

excretion (PAE-9) of iron.
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Figure 7. Relationship between percent iron absorption and

post-absorptive excretion (PAE-9) of irom.
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Figure 8. Relationship between percent zinc absorption and

post-absorptive excretion (PAE-9) of zinc.
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relationship was linear rather than exponential. Here r = -0.46
with a p<.02. Serum Zn was not related to Zn-PAE-9.

For Cu there was no relationship between serum Cu or
ceruloplasmin and Cu-PAE-9, However, the percentage of the
total excreted isotope which was excreted after nine days,
which we call E-9, was linearly related to the Z Cu absorption
with r = 0.43 at p<0.03.

Post-absorptive excretion of zinc and copper has not
previously been reported. Presumably the same or similar
mechanisms are involved in the excretion of iron, zine, and
copper, since the excretion of the three metals appears to be
synchronous in most subjects. Post-absorptive excretion of
iron goes on for four to five weeks after an oral dose of 5%re
(29). Using stable isotopes of Fe, Zn, and Cu, we have
observed post-absorptive excretion of all three metals for up
to six weeks after the isotope dose.

Several hypotheses have been proposed to explain post-
absorptive excretion of iron (29), but few data are available
to differentiate among them. It seems unlikely that
post-absorptive excretion is due only to sloughing of
isotopically labelled enterocytes, since their lifespan of a
few days would not account for excretion of isotope for several
weeks following ingestion. Possibly, Fe, Zn, and Cu are
excreted bound to metal-carrying proteins which can be
reabsorbed lower in the gut in an enteroenteric recirculation
process (29). Alternatively, there may be storage of metal in
gut macrophages (29-31) perhaps followed by excretion through
goblet cells (29,31). It is also possible that post-absorptive
excretion involves excretion of metal which ws completely
absorbed and subsequently passed back into the mucosa from
blood. Several mechanisms are known for transfer of iron from
blood to the mucosal cells (32).

Post-absorptive excretion of zinc may involve zinc which
has entered the enteropancreatic eirculation, since not all of
the zinc in pancreatic secretions is reabsorbed (33).

It 1s possible that excretion of isotopes in more than one
pulse i1s due to peristaltic reflux or variations in fecal flow
for different components of feces. Turnlund (34) has observed
excretion of polyethyleneglyecol (PEG), a non-absorbable marker,
in a multiphasic pattern. However, it seems unlikely that this
would explain excretion of isotope as long as six weeks after
ingestion.

All of our absorption calculations, such as those presented
above, have been based on the assumption that the first pulse
of excretion represented unabsorbed isotope and subsequent
excretion was "post-absorptive.” These absorption values agree
with metal absorption determined by other means, such as
whole=body counting.

Arriving at an explanation for multiphasic isotope
excretion patterns will doubtless require much further work.
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In any event, it is clear that for the subjects consuming
conventional diets, collection of five stools was insufficient
for recovery of all unabsorbed isotope.

Some of these questions probably cannot be resolved with
stable isotope studies. However, stable isotopes may well be
of use in identifying conditions which affect post—absorptive
metal excretion.

Summary

Stable isotopes of minerals are safe and convenient to use for
bioavailability studies in humans. Chelation of metals to form
volatile complexes makes it possible to use ordinary EI/MS
instrumentation for measurement of isotopic enrichment. Stable
isotopes can be complementary to radioisotopes in some of
experiments. Observations of fecal isotopic excretion are
inherent to biocavailability and absorption studies using stable
isotopes and are unlikely to be made in studies employing low
level radioisotopes.
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The application of stable isotopes and NMR to the
study of metabolism and its regulation in living
systems has unique advantages over traditional
biochemical or physiological techniques. From the
concentration and labeling patterns observed in
labeled products and intermediates, information
concerning the regulation and relative contribution
of metabolic pathways can be obtained. In experi-
ments investigating the regulation of gluconeo-
genesis in perfused hamster livers, the fluxes of
carbon-13-labeled alanine through multiple meta-
bolic pathways leading to glucose and glycogen have
been determined and modulation of these metabolic
pathways by reducing substrates demonstrated. 1In
addition, the effects of reducing substrates on the
intracellular redox potential of the perfused liver
have been observed by !3C NMR.

For over a decade, the combination of !3C-labeled substrates and

C nuclear magnetic resonance (NMR) spectroscopy has been used
to study product precursor relationships and the activity of
meta?olic pathways in microorganisms (1-3). In these studies,
the '®C-labeled substrate is added to the nutrient medium of the
microorganism and at some later time, metabolic products sus-
pected of containing the label (often on the basis of prior
studies with the radioactive isotope, !“C) are isolated from the
medium or extracted from the microorganism, and the distribution
of the !3C label at specific sites is quantified by high resolu-
tion !3C NMR or !H NMR spectroscopy of an extract containing the
metabolites of interest. Recently !3C NMR spectroscopy in con-
junction with !3C labeling has become an important tool for
studying metabolism in intact, living tissue (4-6).

0097-6156/84/0258-0157$06.00/0
© 1984 American Chemical Society
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The hallmark of the method is that metabolites can be mea-
sured repetitively and non-destructively in intervals approaching
real time, without extraction of the metabolites from the tissue.
The development of large bore magnets and surface coils (7) is
now allowing the non-invasive study of metabolism of 13¢c_Tabeled
compounds in live animals (8). We anticipate that soon '°C NMR
spectroscopy and "~ "C-labeled substrates will be used for non-
invasive studies of metabolism in humans, extending the range of
physiological and biochemical disorders that already are being
actively addressed in °'P NMR studies of humans (5,9). The !3¢C
methodology will be particularly important in the study of nutri-
tional disorders and nutritional requirements under stress since
many metabolites of interest do not contain phosphorus atoms and
cannot be studied directly by 3!P NMR.

Survey of Recent !3C NMR Metabolic Studies

The status of in situ and in vivo !3C NMR studies of !3C-labeled
substrates has been reviewed within the last year (4,5,9). We
survey briefly some of the notable recent developments since
those reviews appeared. Sillerud and Shulman (10) were able to
quantitate the natural abundance !3C signals of glycogen in situ
within the perfused livers of rats and were able to compare the
relaxation properties (T1' T,, and Nuclear Overhauser effect) of
glycogen in situ and in vitro. 1In spite of the high molecular
weight of glycogen, high resolution !3C NMR spectra were obtained
and the relaxation parameters were found to be identical in situ
and in vitro, suggesting a high degree of internal motion  of
segments of the polymer and a pseudo-isotropic overall motion for
the glycogen itself. These studies have been extended to the in
vivo investigation of hepatic glycogen synthesis in rabbits (11)
and in vivo guinea pig heart metabolism (12). In the study of
guinea pig heart metabolism, the time course of glycogen synthe-
sis after intravenous injection of [1-} CJ-D-glucose was followed
serially and the effects of anoxia on glycogen mobilization were
monitored. 1In like manner, Behar et al. (13) have accomplished
in vivo serial 13¢ NMR studies of hypoxia in rabbit brain after
intravenous infusion of [1-!3C]-D-glucose by monitoring the rise
and fall of the flow of label into the C-3 carbon of lactate with
induction and termination of hypoxia. Of special interest is the
recent report (14) of the acquisition of localized !3C NMR spec-
tra (at natural 13C abundance) of the head and body of humans
obtained with a system containing a 1.5 T magnet with a 1 m bore.

Qualitative and Quantitative Aspects of !3C NMR Spectroscopy and
Metabolism

In this symposium on stable isotopes in nutrition, it is appro-
priate to illustrate the nature of the metabolic information
obtainable from '3C NMR spectroscopy with an example from metab-
olism in liver, the liver playing a central role in maintaining
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the body's nutrients within narrow limits while being presented
with a highly variable supply. One of the major regulated pro-
cesses which occurs in the liver is gluconeogenesis, the resyn-
thesis of glucose from the products of glucose catabolism in
brain, muscle, and fat cells. It is important to understand the
regulation of this process because the body normally stores only
enough glucose to fuel the brain for 12 hours, and thus gluconeo-
genesis plays a central role in maintaining energy homeostasis.
The major metabolic pathways for conversion of these products,
which consist of three-carbon skeletons, into glucose which has a
six-carbon skeleton, are depicted schematically in Figure 1.

One of the major waste products of glucose metabolism in
peripheral tissues is the amino acid alanine, and its use as a
substrate for gluconeogenesis requires the disposal of ammonia in
the urea cycle. In the following discussion, we will illustrate
how the flow of the !3C label from alanine into products, by-
products, and intermediates of gluconeogenesis can be used to
obtain qualitative and quantitative information about the rela-
tive activities of these pathways.

The !3C NMR spectra summarized in Figure 2 illustrate the
flow of !3C label from [3-!°C]-L-alanine during gluconeogenesis
by a Syrian hamster liver perfused with a Krebs-Henseleit buffer
containing the 8 mM-labeled alanine. Although 8 mM represents an
unphysiologically high concentration of alanine (normal serum
levels are approximately 300 UM), it is necessary to consider the
low sensitivity of the NMR technique. In order to achieve gluco-
neogenic rates sufficient to permit detection of labeled metabo-
lites and intermediates in real time with relatively short accum-
ulation times, a relatively high concentration of alanine was
used. The resonances observed in these spectra come from both
intra- and extracellular metabolites. However, since the per-
fused hamster liver almost completely fills the sensitive volume
of the Rf coil, resonances from intracellular metabolites domi-
nate in these spectra. Changes in the intensity of resonances
from !3C-labeled metabolites show up more clearly in spectra
(Figure 3) obtained by subtracting the background spectrum of the
liver in the absence of the !3C-labeled substrate. One of the
major advantages of !3C NMR as a tool for metabolic studies is
that information about the distribution of label at specific
carbon sites within metabolites is available directly from the
spectrum. The distribution of label in products and interme-
diates can be used to provide valuable information concerning the
metabolic history of the product or intermediate. For example,
the early appearance of !3C label in C-2 and C-3 of glutamate and
glutamine, but not in C-4 of glutamate and glutamine, provides
information about the early activity of the Krebs cycle and the
pathway by which the !3C label enters it. If labeled pyruvate
(formed by transamination of [3-!3C]-L-alanine) enters the Krebs
cycle as oxaloacetate through pyruvate carboxylase, then the
label will appear in C-2 and C-3 of glutamate as shown in
Figure 4. The appearance of label at two sites in glutamate is a
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Figure 2. Proton decoupled ~~C NMR spectra at 7.0 T from a per-
fused Syrian hamster liver performing gluconeogenesis from

3- 3 alanine. a, Background spectrum before addition of 8 mM
alanine; b, spectrum 60 min after addition of alanine; and c,
spectrum 120 min after alanine addition. These spectra were
accumulated under the following conditions: 37 C, 1.9 s pulse
internal, 65° pulse angle, 16,000 Hz spectra width, 256 scans,
8.3 min total acquisition time, two level gated broad band de-
coupling, .4 watt during delay, T watt during acquisition.
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Figure 3. Proton decoupled 130 NMR spectra of perfused liver
during first hour of gluconeogenesis obtained by subtracting
background liver resonances. The dashed line indicates the
chemical shift for C-4 glutamate.
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consequence of the equilibrium between oxaloacetate, malate and
the symmetrical intermediate fumarate, which scrambles the label
between C-2 and C-3. Alternately, if pyruvate enters the TCA
cycle as [2-!3C]-acetylCoA (through pyruvate dehydrogenase and
citrate syntase), the label would appear at C-4 of glutamate also
as shown in Figure 4.

Since C-2 and C-3 of glutamate are labeled and C-U4 is not,
all of the [3-!3C)-pyruvate derived from [3-!3Cl-alanine enters
the Krebs cycle as oxaloacetate. These results indicate that
acetylCoA, which is required for Krebs cycle activity, is derived
from an unlabeled pool, probably from the mobilization and oxida-
tion of endogenous lipids in the liver.

Also of interest in Figure 3 is the observation that almost
98% of the label from alanine is incorporated into the amino
acids glutamate and glutamine during the first hour of perfusion.
This incorporation of label into these amino acids, rather than
glucose, during the early stages of gluconeogenesis reflects the
requirement for a "metabolically non-toxic" sink for the amino
group from alanine and suggests that urea cycle activity in the
perfused liver is initially rather low. As shown in later spec-
tra in Figures 2 and 3, the glutamate and glutamine resonances
eventually decrease slightly in intensity, and glucose resonances
grow. This observation, together with the observation of urea in
the perfusate at the end of the experiment, suggests that urea
does serve as the major ultimate sink for nitrogen in the liver.

Figures 2 and 3 also show that, in the late stages of
gluconeogenesis, all the carbon atoms of glucose are labeled, but
to different extents, indicating that more than one metabolic
pathway contributes to the formation of glucose. We can use the
relative enrichments for the glucose carbons to probe the contri-
butions of various pathways to the synthesis of glucose from
labeled alanine. As can be appreciated from Figure 1, there are
several metabolic pathways by which alanine can be converted to
glucose. In order to interpret the data quantitatively, we have
used the method of mixtures. A reasonable subset of the possible
metabolic pathways is selected, and the labeling pattern (distri-
bution of isotopomers) for products and/or intermediates is
associated with each pathway. The relative enrichment at each
site is expressed in terms of the relative fluxes of label
through the possible metabolic pathways and the expressions
solved to give the relative fluxes as functions of the relative
enrichments in the products and intermediates. In our analysis
of gluconeogenesis, we have limited the possible pathways to the
nine pathways shown together with their associated labeled
products in Table I. For completeness we have included the
possibility that the acetate pool may be partially labeled
(Pathway M).

As shown in Table I, a number of the pathways are degenerate
in the sense that they lead to identical labeling patterns.
Consequently, our analysis will give only the sum of relative
fluxes through degenerate pathways. For convenience in
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Table I. Subset of Pathways for Biosynthesis of Glucose and Intermediates
During Gluconeogenesis from [3-13C]Alanine

A [3-13C)ALA » Pyr
B [3-13C]JALA » Pyr

C [3-13C]ALA » Pyr
D [3-13C]ALA » Pyr

E [3-13C]ALA » Pyr
F [3-13C]ALA > Pyr

G [3-13C]JALA » Pyr
H [3-13C]ALA > Pyr
M [3-13C)ALA » Pyr

1 |3-13C)JALA » Pyr

J  [3-13C]ALA » Pyr

>

>

>

>

>

>

>

>

Pathway Isotopomer(s)

OAA » MAL + OAA > PEP » » > 1,6 Glucose

OAA > ASP » PEP » » » 1,6 Glucose

OAA ~ F“m(in;ide)OAA > MAL > »> > 1,632,5 Glucose

OAA > F“-(in;ide)OAA > ASP » »> > 1,6;2,5 Glucose

OAA -+ MAL -» F“-(out;ide)OAA -+ PEP » » 1,632,5 Glucose

OAA > ASP » F“m(out;ide)OAA + PEP » » 1,6;2,5 Glucose

OAA » CIT » » > oKG > MAL > OAA » - 3,4 Glucose; CO

OAA » Fum . > OAA » CIT » aKG » MAL » » 1,6;2,5;3,4
(inside) Glucose; CO,

Acetyl-CoA » aKG » MAL » > 1,6;2,5 Glucose

OAA » CIT + > aKG » 2 Glutamate

OAA > Fum . . > OAA » CIT » > oKG » 2,3 Glutamate
(inside)

Acetyl-CoA » CIT » » > aKG » 4 Glutamate

K [3-13C]JALA » Pyr

Abbreviations - ALA
MAL
CIT

F“u(inside)

l:""(out.sicle)

Alanine, Pyr - Pyruvate, OAA - Oxaloacetate,

Malate, PEP - Phosphoenol Pyruvate, ASP - Aspartate

Citrate, aKG - aKeto-glutarate

- Fumarate in equilibrium with the OAA Pool
inside the mitochondria

- Fumarate in equilibrium with the OAA Pool

outside the mitochondria




Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch011

166 STABLE ISOTOPES IN NUTRITION

discussing our results in terms of the cellular physiology, we
have made the following substitutions: A+B=ST; C+D+E+F=Fum; and
G+H=TCA. ST represents the relative flux of label to glucose
that is not scrambled by either the intramitochondrial or the
cytosolic fumarate pool. Fum is the flux of label that is scram-
bled by fumarase activity, either in the mitochondria or cytosol.
TCA represents the flux of label around the citric acid cycle.
For simplicity, we have ignored the possibility that glucose
could be derived from intermediates that have passed around the
TCA cycle several times. This simplification is expected to
result in negligible errors, since very little enrichment at C-1
of glutamate was observed in all experiments.

We have also assumed that the glutamate enrichments are
representative of the oxaloacetate pool from which the glucose is
derived. This assumption allows the C-2/C-3 and the
C-U4/(C-2 + C-3) glutamate enrichments to serve as measures of
intramitochondrial fumarase scrambling of the oxaloacetate pool
and of the enrichment of the acetate pool, respectively.

The expected alteration of the flux through these pathways
in response to alteration in nutrient and hormone supply and the
redox state of the liver provides us with a useful new probe of
the regulatory mechanisms of gluconeogenesis and the health of
the liver. Shown in Table II are the relative fluxes of label

Table II. Relative Fluxes Through Pathways of Gluconeogenesis

Substrates ST Fum “TCA
8 mM 3-13C Alanine 0.18 0.44 0.38
8 mM 3-13C Alanine 0.05 0.71 0.23

+ 20 mM Ethanol

from alanine to glucose through the pathways described above,
determined from the relative enrichment in the glucose and gluta-
mate present in the perfusate at the end of tHe perfusions with
and without 20 mM ethanol. In order to minimize metabolic varia-
tions from livers from different animals, each liver is used as
its own control by changing the perfusion medium halfway through
the experiment. In addition, spectra of the perfusates were
accumulated with gated proton decoupling under fully relaxed
pulsing conditions, so that the intensities observed in the
spectra accurately reflect the enrichments.

Two trends in this table are noteworthy. The first is the
decreased flux of label through the "straight" pathways (ST) in
the presence of ethanol. This trend indicates that ethanol
markedly increases the scrambling of intermediates by fumarase
activity as noted also by Cohen et al. (16) in isolated hepto-
cytes. In addition, ethanol also decreases the relative flux of
label through the TCA cycle. This observation suggests that the
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activity of the TCA cycle is reduced relative to gluconeogenesis
in the presence of ethanol, when the redox potential of the liver
is increased. The relative activity of the TCA cycle is more
strongly controlled by the presence of reduced pyridine nucleo-
tides than by the acetate units produced by ethanol oxidation.

In order to more directly investigate the regulation of
metabolism by the redox potential of the cell, we have recently
labeled the intracellular pools of pyridine nucleotides in the
liver, using the 13c.1abeled vitamins, nicotinic acid and nico-
tinamide.

In the design of these experiments a number of considera-
tions are involved. In order to minimize interferences from
background resonances it is desirable to label sites which give
resonances in relatively clear regions of the spectrum. From
this standpoint, the C-2 carbon represents an attractive labeling
site, since the background spectrum of liver is relatively free
of interfering resonances at 140 ppm (Table III). However, the
chemical shift difference between the oxidized and reduced

Table III. Chemical Shifts of Selected Pyridine Nucleotide

Metabolites
C=2 C-5 C-6
Nicotinate 149.87 124.83 151.17
Nicgtinamide 148.29 124.96 152.48
NAD . 140.72 129.69 143.35
NADP 140.83 129.70 143.34
NADH 139.15 106.22 125.12
NaMN 142.03 129.34 142.26
NaAD 141.52 129.32 142.39

(abbreviations shown in Figure 6 caption)

resonances is only 1.6 ppm, and chemical exchange (15), or poor
resolution may preclude observation of separate reduced and
oxidized resonances. The chemical shift at C-5 is more sensitive
to the oxidation state, but the oxidized resonance falls in the
same region as the intense resonances from thg fatty acyl ole-
finic carbons, making quantitation of the NAD resonance dif-
ficult. The relaxation behavior of the carbon site selected is
also an important consideration. The selection of protonated
carbons has been favored largely because the spin-lattice relaxa-
tion times are short, allowing rapid pulse repetition rates and
good signal-to-noise ratios in short periods of signal averaging.
Protonated carbons offer the additional advantage that their
relaxation mechanisms are dominated by a single well-understood
interaction, and information about the molecular dynamics of
metabolites within cells can be obtained from their relaxation
behavior. Narrow linewidths (long spin-spin relaxation times)
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are also desirable, especially when trying to detect larger
metabolites. For the pyridine nucleotides (MW = 700) we have
found that methine carbons appear to represent a good compromise,
giving narrow resonances with relatively short spin-lattice
relaxation times.

A series of !3C spectra showing the incorporation of nico-
tinate into metabolites of the pyridine salvage pathway in a per-
fused hamster liver is shown in Figure 5. This series of spectra
was accumulated during infusion of 3 mg per hour [2-!3C] nico-
tinic acid into the perfusate. Resonances from the precursor,
nicotinate, and two products, nicotinamide and NAD" are detected
after approximately 1 hour of infusion. Shortly after infusion
of the labeled nicotinate ceases (at approximately 255 min), the
resonance from the precursor disappears. The appearance and dis-
appearance of these resonances duging this experiment are consis-
tent with the biosynthesis of NAD from nicotinate by the Preiss-
Handler pathway (Figure 6) [nicotinate - nicotinate mononucleo-
u«(km)+MqucmMa®MM¢MMmu®(hw)+Mw-
tinamide adenine dinucleotide (NAD)] and the subsequent forma-
tion of nicotinamide by glycohydrocase [NAD -+ nicotinamidel.
Also of note in the spectra in Figure 5 is the lack of any
detectable resonance from reduced pyridine nucleotides (approx-
imately 1.5 ppm upfield from the Nap* resonance).

Figure 7 shows the response of the redox potential in a
perfused hamster liver to the addition of 45 mM ethanol. Instead
of the in vitro labeling strategy just described, the pyridine
nucleotide pools in this hamster liver were labeled in vivo by
intraperitoneal injection of 35 mg [5-1!3C] nicotinamide 5 hours
prior to sacrifice. The bottom two spectra (2.6 min and
12.8 min) were obtained prior to addition of ethanol. They show
resonances from labeled NAD', natural abundance glycogen and
natural abundance choline methyl groups of phospholipids but no
resonance from reduced pyridine nucleotides. After addition of
45 mM 10% [1-1%C] ethanol (at 17.9 min), resonances from C-1 of
ethanol and NADH are detectable. These data demonstrate that the
pyridine nucleotide pools labeled by intraperitoneal injection
are metabolically active and that addition of 45 mM ethanol
results in a marked change in the redox potential of the liver as
measured by NMR. Furthermore, the observation of separate
resonances for the oxidized and reduced pyridine nucleotides
indicates that chemical exchange between oxidized and reduced
forms is slow on the NMR time scale, and demonstrate that NMR may
be used to quantitate the redox potential of free pyridine nucle-
otides in situ.

Since the chemical shifts of carbon nuclei in the+nieotina-
mide moiety of the di-phosphopyridine nucleotides (NAD and NADH)
are almost identical to the tri-phosphopyridine nucleotides
(NADP* and NADPH), the intensities of the oxidized (NAD*) and
reduced (NADH) resonances determine a mean reduction charge of
the cells defined by
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Figure 6. Proposed pyridine nucleotide cycle. Abbreviations:
NaMN, nicotinic acid mononuclgotide; NaAD , nicotinic acid
adenine dinucleotide; and NAD , oxidized form of nicotinamide
adenine dinucleotide.
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Figure 7. Proton decoupled 13C NMR spectra of perfused liver
showing the effect of addit;"_on of 45 mM ethanol at 17.9 min on
the C=5 resonances from NAD and NADH.
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Figure 8. Proton decoupled J’30 NMR spectra of perfused liver
showing est:ngted upper limit for the mean reduction charge as
observed by ~~C NMR.
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I
MRC = [NADH] + [NADPH] . RE
+ I

[NAD*] + [NADH] + [NADP] + [NADPH) RE (0).6

As noted previously, no resonance from reduced pyridine
nucleotides is detectable in well-oxygenated livers, in the
absence of reducing substrates. From the signal-to-noise ratio
in spectra of well oxygenated liver, an upper limit for the mean
reduction charge measured by NMR can be estimated. Figure 8
shows such a spectrum, where the upper limit for the mean reduc-
tion charge is approximately 0.08. This estimate is five-fold
lower than estimates for the MRC obtained using fluorescence
spectroscopy and/or extraction techniques. However, in contrast
to these techniques, NMR primarily measures metabolites in the
cells which are not bound to enzymes. The differences between
the reduction charge in the cell estimated from these in situ
measurements may reflect the higher affinity that triphosphopyri-
dine nucleotides have for enzymes and suggest that a large frac-
tion of the reduced pyridine nucleotides in the cell may be
enzyme bound, and consequently do not give a high resolution NMR
signal.
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Glucose Metabolism in Humans
Studied with Stable Isotopes and Mass Spectrometric Analysis

ROBERT R. WOLFE, MARTA H. WOLFE, and GERALD SHULMAN

Metabolism Unit, Shriners Burns Institute, Departments of Surgery and Anesthesia,
University of Texas Medical Branch, Galveston, TX 77550

The primed constant infusion of stable isotopes

of glucose is a technique that has enabled many
recent advances in the understanding of glucose .
metabolism in humans. In this chapter we present
the theory and validation of the methodology, a de-
scription of the analytical procedures involved, and
examples of application of the technique. We have
tested the response to various rates of exogenous
glucose infusion in normal volunteers and hospital-
ized patients. In normal volunteers, endogenous
glucose production is suppressed an amount equivalent
to the infused glucose at an infusion ratio as low as
1 mg/kg min, which is less than one-half of the
endogenous production rate. In septic and injured
patients, however, the suppressibility of glucose
production is diminished. In all subjects, between
40 and 50% of the infused glucose was directly
oxidized, the exact percent dependent upon the rate
and duration of infusion. Glucose labeled with
deuterium in various positions can be used to deter-
mine the rates of glycolytic/gluconeogenic substrate
cycles. Using this approach, we have found that
there is a measurable amount of substrate cycling in
normal volunteers and that it is significantly de-
pressed in hypothyroid patients.

Over the past several years we have applied stable isotopic
tracers to a variety of metabolic and nutritional problems in hu-
man subjects. This chapter will focus on examples of our studies of
glucose metabolism. The general principle and validation of the
tracer techniques we have used will be presented first, followed by
a review of some of our work examining the response to infused
glucose, In these studies we used stable isotopes because of the

0097-6156/84/0258-0175%$06.00/0
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health risk of using the analagous radioactive labeled glucose mol-
ecules, Finally, we will present results from a recent study in
which glucose labeled with deuterium in various positions has been
used to quantitate rates of substrate cycling in the gluconeogenic/
glycolytic pathway. This later study, although theoretically pos-
sible with tritium-labeled glucose, is an example of an experiment
in which the use of deuterium was far preferable to tritium, irre-
spective of the health issue.

Primed Constant Infusion Technique

In a steady-state situation in which there is a constant rate of
appearance of a substrate (e.g., glucose) into plasma or extra-
cellular fluid that is matched by an equal rate of tissue uptake, a
constant infusion of an isotopically-labeled tracer that is not
distinguished metabolically from the unlabeled tracee will cause

[tracer]
[tracee + tracer]

until an equilibrium (plateau) is achieved. When that equilibrium
enrichment is reached, the rate of appearance of the unlabeled
tracer can be calculated by dividing the known rate of infusion of
isotope by the experimentally determined isotopic enrichment. This
general principle was used more than thirty years ago to study
plasma glucose kinetics using radiolabeled glucose (1), and remains
the backbone of tracer methodology for numerous investigators to
this date.

With many substrates of interest, including glucose, the rate
of turnover is slow relative to the pool size (concentration x vol-
ume of distribution), and consequently several hours of constant
tracer infusion may be needed to reach an equilibrium in enrich-
ment, A long infusion time can not only present logistical diffi-
culties, but can also cause interpretive problems, The physiolo-
gical and metabolic state of the individual may change over the
period of infusion, and any recycling of isotope will become ac-
centuated over long infusion times. For these reasons it is useful
to give a priming dose with a constant infusion.

The general principle of the primed-constant infusion technique
is that if the proper priming dose is given, the sum of the decline
in enrichment resulting from the bolus injection and the rise in
enrichment due to the continuous infusion equal the ultimate pla-
teau enrichment. If the ideal example is considered in which the
concentration of the injected priming dose decays as a single ex-
ponential, then the enrichment at any time (t) following the bolus
injection is described by the following equation:

the enrichment of the substrate to rise

. -kt
APE, = APE e

where k is the rate constant for elimination. If the decay of the
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injection dose is described by APE(t) ] A'PE(o)e'kt, then the APE(t)
during a continuous infusion of the same labeled substrate into the
same physiological space will be:

F -
(iii) APE =z (Q-e )
® " y.oc.k

where V = valume of distribution, C = concentration of unlabeled
substrate, and F = isotope infusion rate.

At plateau: APE = —F
V.C+k
With an appropriate prime in relation to the infusion rate:
-kt
-kt F (1-e _ _F
APE@ye  * Ve ok )= Yok
and: APEO vce 1
F - k
where APE, V C/F = prime/infusion rate ratio.

0
Since the prime dose (P) = APE,,.V C, the P/F ratio is simply
the inverse of the rate constant for gﬂmination, which can be de-
termined from a single bolus injection of the isotope. Although the
single-exponential curve is often an over simplification of the

true kinetics of an injected bolus of isotope, com plications in

mixing rates, pool size, etc. that influence the nature of decay of
isotopic enrichment after a bolus injection will similarly influ-

ence the rate at which the enrichment rises during an unprimed
constant infusion. Thus, from a practical standpoint, this approach
when carefully applied, can shorten the time until an equilibrium

is achieved during the constant infusion of labeled glucose from

6-8 hours to 30 minutes or less. From a practical perspective one
should wait at least 60 minutes, however, before sampling to ensure
attainment of plateau enrichment.

Determination of the oxidation of a substrate by a constant
infusion of tracer quantities of a carbon-labeled isotope of the
substrate require the determination of the equilibrium enrichment
of CO_, in expired air. In humans this necessitates a constant
inf‘usio% of the tracer for 7 or 8 hours (2). The necessary asymp-
ototic value in CO > enrichment can be obtained more rapidly if the
bicarbonate pool is“primed in addition to the priming of the sub-
strate pool. The rationale for determining the appropriate priming
dose for the bicarbonate pool is precisely the same as described
above, The additional information that is necessary to calculate
the aggroprlate bicarbonate prime when a primed-constant infusion
of a C-labeled substrate is given is the percent of substrate
uptake that is oxidized to COZ. In steady-state conditions and at
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isotopic equilibrium for the plasma substrate being traced, the

rate of uptake of tracer equals the rate of infusion of tracer. The
rate of production of labeled bicarbonate equals the rate of iso-
tope uptake times the fraction of the uptake directed to oxidation.
Calculation of the appropriate bicarbonate prime to give with a
primed constant infusion of glucose is then calculated according to
the principles outlined above (3).

Validation of the Primed-Constant Infusion Technique We have con-
firmed experimentally that the theoretical considerations described
above apply in the physiological setting (4). Six dogs were anes-
thetized and all sources of endogenous glucose (liver and kidney)
were removed surgically. Glucose was then infused at a known rate,
and the constant tracer technique was used to calculate the rate of
appearance (Ra) of glucose. The results are shown in Table I. The
mean steady-state Ra of unlabeled glucose calculated from the equ-
ilibrium enrichment was almost identical to the actual rate of in-
fusion of unlabeled glucose. In the dog study, radioactive glucose
was used. However, Figure 1 illustrates the fact that stable iso-
topes of glucose yield the same turnover data as their radioactive
counterparts.

Table I. Ra Calculated by Primed Constant Infusion of Tracer
Actual Rate Tracer Calculated ¥ Deviation

Dog # mlkg min  Rate ml/kg min From Acutal Rate
1 2.76 2.82 + 2.2
2 1.34 1.1 + 5.2
3 1.54 1.54 0
4 2.05 2.05 + 0.5
5 2.75 2.60 - 5.5
6 1.87 1.86 - 0.5
7 1.97 1.90 - 3.6
8 1.87 1.87 - 1.1

The coeflicient of variation of the tracer calculated rate about
actual rate is 3.4%

A limitation in genersl to the use of a 'SC-labeled substrate
to measure the rate of oxidation is that the precursor enrichment
is diluted by unlabeled substrate as it enters the intracellular
compartment before oxidation. With glucose, this is not a problem
at rest because plasma glucose is essentially the only source of
glucose-intramuscular glycogenolysis only occurs to a significant
extent during excercise. Thus, in the resting dog we found the rate
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of glucose oxﬂation, as calculated by means of the primed constant

infusion of U  'C-glucose,to be most significantly different from

the value simultaneously determined by indriect calorimetry (5).
Thus, the primed-constant infusion technique is easily

administered, an experiment can be completed in a couple of hours,

and valid kinetic data. Because of these attributes, we have

applied this technique in a variety of physiological settings,

Glucose Metabolism in Man: Response to Glucose Infusion

Glucose infusion has been used in clinical practice for at least 30
years but the widespread use of large amounts of glucose for nutri-
tional purposes did not become com monplace until the advent of to-
tal parenteal nutrition (TPN) in the 1970's. In the early 1970's,
glucose was usually the primary caloric source during TPN, and was
often given at rates in excess of the level of energy expenditure
for the purpose of repleting patients who had lost weight. However,
concern over certain side effects associated with high rates of
glucose infusion, particularly the development of fatty infiltra-

tion of the liver, led to attempts to define optimal glucose infus-
ion rates in different circumstances.

The ultimate nutritional goal of infused glucose is to spare
protein, There are two principal mechanisms whereby infused glucose
can spare nitrogen., It can result in the suppression of endogenous
gluconeogenesis, thereby sparing amino acids for reincorporation
into protein, and it can compete with amino acids as a substrate
for energy metabolism. In order to investigate these two aspects of
the response to glucose infusion in human .*mb,jec:tts:r we performed a
series of experiments using bq deuterated and "“C-labeled glu-
cose. The highlights of the C glucose method and results are
presented below.

Methods

The primed-constant infusion technique was used in all experiments,
In order to quantitate both the rate of glucose production and glu-
cose oxidation, it was necessary to determine the enrichment of
plasma glucose and of expired CO,.

All measurements were perfogmed on a gas isotope-ratio mass
spectrometer (IRMS) (Nuclide). This is a specialized type of mag-
netic sector mass spectometer designed specifically to measure
isotope ratjos of pure gas samples. In the case of CO,, different
collectors allow the precise determination of the ratio gf m/e 45
to m/e 44, A dual inlet allows the ratio of the sample gas to be
expressed in relation to the ratio of m/e 45 to m/e 44 in a stan-
dard gas.

Expired air was collected through a three-way valve into a 5 L
anesthesia bag. The contents of the bag were bubbled through 15ml
of 0.1 N NaOH to trap the coz. Two mls of the resulting ua2c03
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solution were pipetted into one arm of a Rittenberg tube and 0.5
ml of 8% H3P0u was pipetted into the other arm, The sample in
the tube was”then frozen at -86 C and the tube evacuated. The
tube was then warmed to room temperature and the contents mixed
evolving CO_ gas. Thﬁ CO2 gas was then allowed to enter the
IRMS for affalysis of 3C0.2 enrichment.

The enrichment of pl%ma glucose was determined by first ex-
tracting the glucose, combusting it in a vacuum line and then
analyzing the enrichment of the resulting CO, by IRMS. The
extraction was performed by first precipitatin?g the plasma pro-
teins and passing the resultant supernatant sequentially through
anion (Dowex AG1-X8) and cation (Dowex AG50W-X9) exchange
columns, Most of the water was then evaporated under a stream
of N, gas, and the sample transferred to a porcelain boat which
was gubsequently placed in a quartz combustion tube. Some copper
filings were also added in the tube to act as a catalyst. The
tube was attached to a glass vacuum line (6) which was then
evacuated and 02 combustion oven placed around the quartz tube and
heated to 700 C. Oxygen was allowed to circulate through the tube
by means of a Toepler pump to ensure complete oxidation., A liquid
N, trap collected the primary combustion products (CO_ and H_O).
A?ber com plete combustion, the contents of the trap wgre a]low?ed
to warm and the H_O was separated into a acetone-dry ice slush-
trap and the CO, was frozen into a sample tube surrounded by
liquid N in a dgwar flask. The sample tube containing Co2 was
then rea%y for isotope ratio mass spectrometry as described
above,

The ion-exchange chromotography procedure for isolating
glucose does not eliminate every possible source of carbon other
than glucose from the plasma. The principal contaminant is
glycerol. A significant contamination from nonglucose carbons
would result in falsely low enrichment values after isotope
infusion. Theoretically, glycerol should not be a significant
problem since its concentration in plasma is only about 1/100
that of glucose, and there are only three carbons in glycerol,
Nontheless, we checked the possibility that there was significant
contamination of our glucose sample 1q3two ways.

First, in two dogs we infused U- “C-glucose and withdrew two
blood samples (25 cec). We then divided the samples into two ali-
quots and processed one aliquot as described above, With the
other aliquot, the glucose was specifically isolated as potassium
gluconate crystals (7) so that there was absolutely no contam-
ination from nonglucose carbons. When the percent enrichment of
the carbons from the two aliquots was compared, no significant
difference could be detected. We did not use the potassium
gluconate technique on all our samples because it requires a
large sample and is extremely time consuming.

We further checked the acceptability of our technique for
separating glucose for percﬁpt enrichmﬁpt determination by simul-
taneously infusing both U-'-C and U~ 'C glucose into four dogs
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and comparing the values obtained for the rate of appearance (Ra)
of glucose, calculated by means of both isotopes. If there was a
significant contamination of the glucose in which the percent
enrichment was measured, the Ra calculated from that"f!ata would
be higher than when the Ra was calculated from the C glucose.
Figure 1 shows the data from one experiment; the overall averages
showed no significant difference between the two techniques (3).

R esults

Regulation of Glucose Production Figure 2 shows the suppressive
effects of infused glucose on glucose production in normal,
fasting volunteers. In the basal state, the rate of endogenous
glucose production is slightly more than 2 mg/kg min. When
glucose was infused at 1 mg/kg min there was a precise suppres-
sion of glucose production in equivilant amount. It has been
documented since the early 1950's that glucose infused at this
low rate has a nitrogen sparing effect. The results shown in
Figure 2 demonstrate that the entire basis of this N sparing
effect is the suppression of gluconeogenesis since the total
amount of glucose entering the plasma during the 1 mg/kg min
infusion is not changed from the basal state.

High rates of glucose infusion have further suppression
effects on the rate of glucose production (Figure 2). When
glucose is infused at the rate of 4 mg/kg min, glucose production
from nonrecycled glucose carbons is completely suppressed in
normal volunteers (Figure 2). The same holds true in non-stressed
hospitalized patients. In the situation of severe injury (8) or
sepsis (9), endogenous gluconeogenesis persists during a U4 mg/kg
min infusion but can be suppressed with higher rates of glucose
infusion. In all physiological settings a point is reached at
which further increases in the rate of glucose infusion cannot
induce any greater N sparing as a result of suppression of
gluconeogenesis, In all situations we have tested to date, this
point is below caloric requirments, Nutritional benefit from
glucose infusions at rates in excess of the amount needed to
maximally suppress glucose production must therefore be Jjustified
on the basis of the direct oxidation of the infused glucose.

Figure 3 shows the ‘results of an experiment in which
hospitalized patients were infused at progressively increasing
glucose infusion rates over a six day period (10). Glucose
production was suppressed completely at the lowest infusion rate
tested (4 mg/kg min). During the first two hours of the 4 mg/kg
min infusion, only about 40% of the infused glucose was directly
oxidized to CO,. After two days, there was an adaptation that
resulted in an gncrease in the percent of infused glucose
directly oxidized, but it still only reached 50%. As the glucose
infusion rates were increaed over the next four days, there were
minimal increases in glucose oxidation (Figure3). When expressed
as the % of total co2 production derived from the direct
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Figure 1. Representative example of experiments in dogs showing
that comparable data are obtained when radio-labeled glucose and
the analogs stable isotope of glucose is used to determine the
rate of glucose production (Ra).
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Figure 2. Effect of exogenous glucose infusion on endogenous
glucose production in normal volunteers.
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Figure 3. Glucose oxidation measured by means of U—13C—glucose
in hospitalized patients receiving total parenteral nutrition.
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oxidation of glucose, a maximum value of 65% was achieved even
when glucose was infused at the rate of (9mg/kg min) that
provided greater than the entire caloric requirement of the
individual.

These data led to the conclusion that there is a limit to the
amount of glucose that can be directly oxidized. Additional
glucose is stored as glycogen and, when those stores are filled,
is converted to fat in the liver. That fat is in turn transported
to periphheral tissues where it might be either oxidized or
stored. One consequence of the conversion of glucose to fat at a
high rate is the production of excess CO, (10), since the
respiratory quotient of fat synthesis is 8.7. This extra CO, load
can be a problem in patients in whom respiratory f‘unctior? is
already impaired (11). A second side effect of the high-dose
glucose is the deposition of fat in the liver, since only a small
fraction of the newly synthesized fat needs to remain in the
liver to cause such a problem. Because of these side effects of
overdoses of glucose, it is desirable to determine the optimal
glucose infusion rate under different clinical situations, and
then not exceed that rate. Using the approach outlined here we
have been able to estimate the appropriate glucose infusion rate
in a variety of clinical situations (e.g., 8,9,10).

Substrate Cycling

A substrate cycle is produced when a non-equilibrium reaction
in the forward direction of a pathway is opposed by another non-
equilibrium. reaction in the reverse direction of the pathway. The
two opposing reactions must be catalyzed by separate enzymes.
Such a cycle is called "futile" if both enzymes are simultan-
eously active, allowing substrate 1 to be converted to substrate
2 and substrate 2 converted to substrate 1 with the net results
being chemical energy being converted to heat, Three examples of
such cycles exist in the metabolic pathways involving glycolysis
and gluconeogensis and are shown in Figure 4. Until the 1970's,
it was generally thought that the glycolytic enzymes were
completely suppressed during active gluconeogenesis, However,
over the past several years the existence of such cycles have
been demonstrated to occur in vitro. There are few in vitro
studies that demonstrate the existence of substrate cycles, and
furthermore, their existence in man has yet to be shown.

A role for substrate cycling in the provision of sensitivity
and flexibility in metabolic regulations was first proposed by
Newsholme (12). An increase in sensitivity is achieved, for exam-
ple, in phosphofructokinase, since at rest the net flux through
phosphofructokinase may be reduced to zero as a result of the
biophosphatase reaction. A relatively small rise in one of the
enzymes above the other will result in a marked increase in net
flux, Furthermore, the higher the rate of cycling as compared to
the net flux in the result state, the greater the sensitivity
(12). It is also possible that substrate cycles could play an
important role in thermogenesis and thus be of im portance in
weight control (13).
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It is possible to quantitate the rate of flux through the
cycles illustrated in Figure U4 by using glucose labeled in
different positions, The principle is that the rate of flux
through a cycle can be calculated by the difference in flux rates
obtained when two differently labeled molecules of glucose are
used. One of the labels must be lost when the molecule passes
through the cycle. The other label must not be lost when passing
through the cycle of interest, but must be lost on passage
through the next cycle. We have used this approach to measure the
flux through cycles 1 and 2, illustrated in Figue 4. We have
accom plished this by simultaneously infusing 2-d-glucose, 3-d-
glucose, and 6,6-d_-glucose. Deuterium in the 2 position is lost
in the hexose-isomerase reaction (glucose-6-p <--=> fructose-
6-p). Due to the high activity of this isomerase, most of the d-2
will be removed before glucose-6-p leaves the pool either for
glycogen or for plasma glucose,

Because 2-d is lost after passage through the first substrate
cycle, use of that tracer will yield the value for total glucose
production plus substrate cycles 1,2, and 3. (3-d) glucose can
eycle through substrate cycle 1 and not lose its label, but will
lose its label if it passes through cycle 2 because in the
aldolase cleavage of FDP, the d-3 appears on the C-1 of
dihyroxyacetone phosphate. In the isomeration to glyceraldehyde-
3-phosphate, 3-d is exchanged with protons of water. Thus, Ra as
determined with 3-d-glucose will include glucose production plus
substrate cycles 2 and 3. Ra measured by means of 6,6-d2-51ucose
will not include recyclling through cycles 1 and 2, but will
include recyecling through the pyruvate-phosphoenopyruvate-
pyruvate cycle (cycle 3). This is because one deuterium in the
six positions 'is lost at the pyruvate carboxylase reaction and
the other is lost .in the equilibration with hydrogen pool of the
mitochondria during the equilibration between oxaloacetate,
malate and fumarate.

Calculation of the rates of cycling through cycles 1 and 2 is
then calculated by subtraction. We have currently used this
approach to quantitate substrate cycling in normal volunteers and
have assessed the effect of the thyroid hormones on the rates of
substrate cycling by studying hypothyroid patients and hyper-
thyroid patients.

Analysis All analyses were performed on a Hewlett-Packard 5985 B
quadrupole gas chomatograph mass spectrometer., Plasma glucose was
initially separated using the technique described above and the
penta-acetate derivative of glucose was formed by adding acetic
anhydride and pyridine to the dried glucose sample and heating at
100 C for five minutes. Approximately 1ul of the acetic anhydride
solution was required for analysis,

A three foot glass coil packed with 3% OV101 was used foro
chr%motogray)hic separation with temperature programmed from 175 -
250 at 20 per minute. In the electron impact (EI) mode, He
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carrier gas was used with a flow rate of 20 ml/min. In the chem-
ical ionization (CI) mode methane was used both as the carrier

and the reagent gas with a flow rate of 20 mVmin. The retention
time was approximately 2 minutes. Two anomeric peaks may be
observed and can be integrated together or separately.

Since the samples contained three isotopic isomers with
potential variation in enrichment at each position, all three
positions needed to be measured separately for each data point.
However, because of the nature of the structure of the molecule
and the resultant fragmentation patterns, none of the three
positions could be measured without interference from one or both
of the other two. The use of other derivatives, such as the
butyl-boronate or tri- methylsilyl derivatives, did not im prove
this situation. Thus, corrections for the interfering enrichments
needed to be made. Both (70eV) electron impact ionization (EI)
and methane chemical ionization (CI) were used to take advantage
of particular fragments or enhanced signal abundances which
occurred in each mode,

The sum of the 2d, and 3d, enrichments were measured by
monitoring the ratio of ];he ion abundance at m/e 116.1 to that at
m/e 115.1 in the EI spectrum. The ionic fragment at mass 115.1
contains both the 2 and 3 carbon of glucose. However, it does not
contain the number 6 carbon, This was verified by analyzing the
fragmentation patterns of the three infusates individually.

The ion in the chemical ionization spectrum occurring at m/e
169.1 contains the 3 and the 6 carbon, but does not contain the 2
carbon, Therefore the 3d1 (m+1) value was measured by monitoring
the ratio of m/e 170.1 to 169.1 and the 6d, (m+2) value was
measured by monitoring the m/e ratio of 1ﬁ.1 to 169.1. A correc-
tion factor must be applied for the interfering signal at m/e
171.1 created by the 3d., spectrum overlapping the 171.1 abun-
dance of the 6d_, spectrum., Similarly, the 170.1 value in the 3d
measurement mtét be corrected for the 170.1 overlap from the 61!2
spectrum. After determining the corrected value for the enrich-
ment of the 3d1 molecule, this value was subtracted from the
measured value at the m/e 116.1 to obtain the 2d, enrichment.

The atom percent excess (APE) of the labelec] molecules is de-
fined as the enrichment of the isotopic ion relative to the sum
of all isotopic and non-isotopic ions at the same mass,

APE = [R/(R+1)] 100% where R is the ratio difference
between the enriched and background value normalized to 1.

(m+x)s$ - (m+x)b$
= (100%)
(m-o-x)sl - (m+x)b$ + 1

where (m+x) refers to the abundance of the
isotopic ion relative to the non-isotopic ion
(m) normalized to 100%, for the sample (s)
and background (b).



Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch012

188 STABLE ISOTOPES IN NUTRITION

The correction factors were obtained em pirically with
labeled standards.

Results

The results are shown in Table II. The results clearly demon-
strate the existence of substrate cycles in normal human volun-
teers,

Table II. Rates of Appearance of Glucose Calculated

with Different 'l'r:acers1

Ra(2-d) Rd(3-d) Rd(6,6-d) Cycle 1 Cycle 2

Normal

Volunteers 3.23+0.56 2.64+40.49 2,00+0.27 0.59+0.73 0.63+0.56
Hyper-

thyroid 3.92+0.20 3.51+0.57 2.55+0.08 0.81+0.84 0.97+0.48
Hypo-

thyroid* 1.77+0.56 1.5240.37 1.57+0.31 0.24+0.26

TUnii:s: are mg/kg min. ¥*In some subjects only 2 and 6,6-d2 were
used. Therefore the recycling figure is the total of both cycles.

Secondly, the role of thyroid hormones in stimulating substrate
cycling is suggested by the significant reduction in cycling in
hypothyroid patients. This reduction occurred in conjunction with a
fall in metabolic rate, but the difference in heat production that
could be attributed to the substrate cycling was small in relation
to the difference in metabolic rate. The lack of a causal relation-
ship between thyroid-induced substrate cycling and metabolic rate
is further suggested by the fact that although the metabolic rate
was significantly elevated in the hyperthyroid patients, the ele-
vation in the rate of substrate cycling failed to reach statistical
significance in the hyperthryroid patients.

The failure to explain changes in metabolic rate by changes in
the flux through these substrate cycles does not negate the possi-
ble significance of such cycles throughout the body. The im portant
parts of our work on this topic to date are that we can use stable
isotopes to quantitate substrate cyecling in humans, and that these
cycles are under hormonal control to some extent. Further studies
using these techniques should clarify in more detail the factors
that control the rate of flux through substrate cycles and their
physiological significance.
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M. J. LYNOTT—U.S. Department of the Interior, National Park Service, Federal Building
Room 474, Lincoln, NE 68508

J. E. PRICE—Center for Archaeological Research, Southwest Missouri State University,
Naylor, MO 63953
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Stable carbon isotope analyses of bone collagen
extracted from prehistoric human skeletal remains
from southeastern Missouri and northeastern Arkansas
indicate that intensive maize agriculture began in this
region around 1000 AD, that the incorporation of maize
as a significant component of the human diet was rapid,
and that 35 to 72% of the human diet from 1000 to 1600
AD consisted of maize. While archaeologists generally
have thought that maize agriculture was common by
the start of the Mississippian culture (= 700 AD), these
results indicate that maize agriculture did not reach
full development until some time after 1000 AD.
Stable carbon isotope methods exploit natural
variations in the relative abundances of the isotopes
13C and 12C, and are valuable archaeological tools for
the study of paleonutrition.

The use of the stable isotope !3C as a tracer in biological research has
become increasingly common as evidenced by recent bibliographies (1,2).
The effective use of this isotope has been established in the field of
nutrition, where it has been applied in human clinical studies (3,4), in food
science research (5), and in ecological studies of animal food habits (6,7).
) Many nutrition studies are carried out at natural abundance levels of
3C. Because these levels are low and because differences in the 13C
c?gaterlut of natural materials are small, stable carbon isotoPe ratios
(}3c/'%C) are expressed in relative terms as §13C values. A §!3C value
represents the per mil (parts per thousand) deviation of the 13C content of
the sample from the international PDB limestone standard, the s13c
value of which has been set arbitrarily to O oo. Thus, a §13C
value of -27.0. %o would mean that the sample contained 27 parts per
thousand less 13C than the PDB standard. Although the PDB standard no

0097-6156/84/0258-0191$06.00/0
© 1984 American Chemical Society
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longer exists, the National Bureau of Standards distributes several
reference materials which can be related back to PDB.

The reason for the use of natural abundance levels of 13C in such a
wide variety of nutritional studies is that there are small but predictable
differences in the 13C/12C content of natural materials (Figure 1). All
naturally occurring reduced organic carbon is depleted in 13C relative to
PDB, carbonates, and atmospheric CO, (8-10). The source of much of the
variation in the 13C content of organic carbon ultimately can be traced
back to the process of photosynthesis.

Carbon Isotope Fractionation in Nature

Most plants reduce CO, to carbohydrate according to the well-known
Calvin-Benson or C3 pathway, where the initial product of photosynthesis
is the 3C compound phosphoglycerate. Fixation of CO, to
phosphoglycerate occurs with the assistance of the enzyme ribulose
bisphosphate (RuBP) carboxylase, which discriminates heavily against
13CO, (11). Consequently, plants with C3 photosynthesis have §13C
values that average -27.0 9,, (12). Plants with the Hatch-Slack or C,
photosynthetic pathway initially fix CO, into the #C malic or aspartic
acids, catalyzed by the enzyme phosphoenolpyruvate (PEP) carboxylase.
This enzyme _discriminates much less against 13CO, (13), so that Cy
plants have 813C values closer to that of atmospheric COj, averaging
-12.5 °6o (12). Due to the physiological characteristics that result
from the Cy pathway, Cy plants are most common in warm environments
where water may be limiting, such as grasslands, deserts, and salt
marshes. Examples of common Cy plants include corn, sugar cane,
sorghum, and many grasses important in grazing land in the southern and
western United States. '

A few species of plants are capable of reducing carbon via either
the C3 or Cy pathway and are known as Crassulacean acid metabolism or
CAM plants. As a result of their photosynthetic flexibility, their §13C
values most commonly range from approximately -12 to -27 /oo (14).
CAM plants are succulents, such as the cacti, and are seldom abundant or
of economic importance.

In addition to the fact that plants differ in their 813C values,
another factor of major importance in nutritional studies is that the
carbon isotope ratios of animal tissues and products (e.g., feces or breath
CO,) resemble the isotopic composition of animal diets (15-18).
Consequently, by analyzing animal tissue, feces, or stomach contents, it is
possible to determine whether an animal's diet consists of C3 plants, C,,
plants, or a mixture of both. In ecological studies, the technique is most
useful in situations where C3 and C,, plants coexist, such as in grasslands
or deserts. :

Stable Carbon Isotope Ratios as Archaeological Tools

An area of human nutrition that promises to benefit from stable
carbon isotope techniques is paleonutrition, or the study of past diets.
Until recently, methods of studying diets of prehistoric people were based
largely on the recovery of fragile and poorly preserved plant and animal
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remains. Dietary information based on these methods is fragmentary and
often biased by differential preservation of food items. For example,
animal bones left from a human meal would tend to be more resistant to
decomposition over time than plant remains, and thus would be
overestimated in importance in any attempt to reconstruct a diet. At
best, dietary reconstructions based on food remains can indicate only
what items may have been eaten, and yield only indirect information
concerning the relative importance of the food items.

Human bones frequently are well-preserved components at
archaeological sites, and in many cases retain chemical constituents
without exchange with the environment that contain information about
diet (19-21). For example, ratios of strontium to calcium in bones
indicate the relative importance of meat vs vegetable material in a diet.

Among the most important questions in paleonutrition are 1) when
did agriculture become an important part of man's subsistence program,
and 2) what was the relative importance of cultivated vs native plants?
Stable carbon isotope analysis offers a technique for recognition of maize,
or corn, in the diets of prehistoric people who lived in eastern portions of
the United States. Until recent times, the eastern United States was
covered with deciduous forest containing only plants with the Cj
photosynthetic pathway (22,23). Thus, all the plants and the animals
dependent on them, including humans, must have been relatively depleted
in 13C.  Corn, however, a grass with tropical origins, has the C,
photosynthetic pathway, and is consequently enriched in 13C. Therefore,
the introduction of corn into the diets of people living in areas dominated
by Cs plants should be detectable as an increase in the 13C content of
body tissues, including bone.

To supplement ongoing archeological studies in southeastern
Missouri and northeastern Arkansas, we undertook a study of the 13¢
content of prehistoric human bones to determine when corn became a
component of the human diet in this area, and to estimate the relative
importance of this food item in the diet after it was introduced.

Methods

Preparation_of Bone Samples. Bone samples from 20 individuals dating
from 3200 BC to 1880 AD were obtained from 14 archaeological sites
from several archaeologists who have worked in northeastern Arkansas
and southeastern Missouri. Samples included skeletal remains from sites
in the Mississippi River alluvial valley and the eastern highlands of the
Ozark Mountains (Figure 2). It was not possible to analyze bone from a
single skeletal position; therefore, bone fragments came from a variety
of locations within the skeleton. The ages of the bones had been
determined previously by radiocarbon dating. Sex, social status, and age
at death were not known for the samples used in this study.

Not all portions of bone are equally suitable for §!C analysis of diet.
Carbonate carbon is plentiful in bone tissue, but is known to undergo
exchange with carbonates in the environment. Therefore, bone carbon
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present in carbonates is unsuitable both for radiocarbon datmg and dietary
analysis (24-26). Organic carbon in bone is found largely in the structural
protein, collagen, which does not suffer from exchange phenomena (24,
27) and under ideal conditions may be preserved for several million years.
For the above reasons and because collagen carbon can originate only
from dietary ciarbon this protem is the logical choice for dietary analysis
of bone using ratios.

Bones recovered from archaeological contexts frequently are
contaminated with humic substances which are base-soluble, organic
products of plant decomposition. Humic substances isolated from soils
beneath C3 plant communities have ! values ranging from -22 to
-25 %0 (28). These contaminants are removed most frequently by
treating the bone with NaOH. However, collagen is slightly soluble in salt
solutions (29). Treatment of fresh bone, unaffected by contaminants, with
NaOH results in a 13C enrichment of collagen of 1 %00 more than the
collagen of bone that has not been treated (30). So, despite the fact that
some collagen is removed from the bone durin § NaOH treatment, there is
only a small predictable effect on the §1°C value of the collagen
subsequently isolated.

Soil was removed manually from bone fragments followed by
sonication in distilled water for 15 min. Samples were oven-dried at 50°C
and then ground in a Wiley mill to pass through a 20-mesh screen.
Exchangeable carbonates were removed from the pulverized samples by
placing 2 to 5 g of sample in 200 ml of 1 M HCI at room temperature for
24 hours, and stirring several times during this period. The HCI then was
discarded, and the pulverized bone washed to neutrality with distilled
water. To remove soil humic substances, the sample was placed in 1 M
NaOH at room temperature for 24 hours and agitated frequently. Humic
substances were recovered from the NaOH by evaporation and saved for
isotopic analysis, and the bone sample was washed to neutrality with
distilled water. Collagen was solubilized from the bone by incubation in
distilled water at pH = 3 at 90°C for 24 hours and stirred
occasionally (30-32). The mixture was centrifuged at 3000 x g for 15 min
to precipitate the bone fragments. The supernatant was removed and
dried at 60°C to obtain the collagen, and the pellet was discarded. To
test the reproducibility of the extraction procedure, several bone samples
were subdivided and replicate extractions made.

To verify that this method did remove collagen from the bone
samples, the extract was subjected to amino acid analysis. Five collagen
samples ranging in age from 1000 BC to 1880 AD were dried to constant
weight and then hydrolyzed in 6 N HCl for 24 hours at 1100C,
Approximately 0.10 to 0.15 g of the dried hydrolysate was dissolved in 3
ml of sodium citrate buffer, and a 50 ul aliquot was analyzed on a
Beckman 121 MB amino acid analyzer.

Organic substances such as collagen must be converted to CO. for
high precnsnon determination of stable carbon isotopic abundances. Solid
organic samples are converted to CO2 by combustion in the presence of
an oxidizing agent (33, 34). Quartz tubes (9 mm) were cut to 30 cm
lengths, sealed at one end, and loaded with 2 g of CuOand a9 mm? piece
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of silver foil. The combustion tubes loaded with oxidant then were heated
in a muffle furnace at 850°C for one hour to bake out potential organic
contaminants. After cooling, 5 to 10 mg of collagen were mixed with the
CuO. Sample tubes were attached to a vacuum manifold, evacuated to
102 torr, and sealed with a torch. Sealed tubes were combusted in a
muffle furnace at 850°C for one hour and then cooled to room
temperature.

Mass Spectrometric Analysis. Combusted sample tubes were attached to
a purification vacuum line connected to the inlet system of the mass
spectrometer. Sample tubes were opened under vacuum using a tube-
cracker (35), and the gases were passed through a dry ice trap to remove
water vapor and a liquid nitrogen trap to collect CO2. Noncondensible
gases were pumped away. The purified CO2 was thawed and admitted
into the inlet system of the mass spectrometer for determination of
isotopic composition.

Isotope ratios were measured on a Micromass 602E, a dual inlet,
double collector mass spectrometer. The mass 45 to mass 44 ratio of
CO2 from the sample material was compared with that of a standard gas
of known isotopic composition. Results are expressed as:

§13C %oo0= Rsample - Rstandard « 103

(1)
Rstandard

where R is the mass 45 to mass 44 ratio. Values were corrected for errors
from switching valve leakage, 170 contribution to mass 45 abundance,
peak tailing, and zero enrichment. All results are reported relative to
CO, from carbonate from the international PDB standard (8,36).

Mass spectrometer precision was determined by making repeated
measurements on a gas sample prepared by combustion of carbon isotope
reference material NBS-22. The standard deviation of the mean derived
from 10 consecutive measurements of this gas was 0.02 /oo . The error
associated with the combustion and purification procedure was measured
by replicate combustions of the NBS-22 reference material, which
resulted in a standard deviation of 0.12 %, for five samples. Thus, the
overall precision associated with the mass spectrometric measurement of
813C vs PDB was 0.12 %, , or in absolute terms, 1.3 ppm. Most of the
error clearly was associated with the combustion and sample handling
process. Since sealed-tube combustions have been shown to produce
theoretical recoveries of carbon (33), these small errors most likely arise
from handling the CO, after it is released from the sample tube.

Results

The amino acid composition of the material recovered from the
extraction procedure is representative of known collagen samples from
contemporary humans (Table I). Both the amino acid composition and the
relative abundances of the individual amino acids are characteristic of
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human bone collagen (37). Hydroxyproline and hydroxylysine, amino acids
unique to collagen and some plant proteins, could not be measured by the
methods employed. Despite the absence of data on these characteristic
amino acids, no other known proteins have an amino acid composition with
the relative abundances found in Table II.

813C values of the material solubilized during NaOH treatment
were intermediate between those of the collagen and humic material,
which suggests that both collagen and humic substances were solubilized
in the NaOH. Based on simple isotopic mass balance where collagen and
humic acids are sources, as much as 25% of the NaOH extract may consist
of collagen.

The combusted collagen samples ranged from 20 to 45% carbon by
weight. Since collagen consists of approximately 45% carbon, some of the
samples contained inorganic contaminants, probably salts and minerals
adhermg to collagen fibrils.  Despite this evidence of inorganic
contamination, all standard deviations of &§13C values for replicate
extractions were less than 0.5 /o0 , which indicates that the collagen
extraction procedure was highly reproducible.

81%C values of collagen extracted from the bone samples are given
in Table II. Samples up to and including 1000 AD range from -19.9 to
-21.7 Yoo vs PDB, with an average of -20.9 %o " All samples occurring
after this time have significantly more enriched §!3C values, indicating a
shift in diet to include food with a higher 13C sontent. Collagen §13C
values /after 1000 AD ranged from -10.4 to -15.8 %0 , with an average of
°1307 00 .

Interpretation of Carbon Isotope Ratios

Since all known wild and domestic food plants in the eastern half of the
United States prlor to the introductlon of corn used the C3 pathway, the
dramatic shift in collagen §!3C values seen in these prehistoric bone
samples could be interpreted only as the result of substantial maize
consumption.

Controlled laboratory experiments with small mammals have shown
that bone collagen is approximately 3 “/oo more ennched in 13C than
dietary carbon (15,18). In addition, by measuring collagen §!1C values on
prehistoric humans who could have ingested only carbon from C3 plant
sources, it has been inferred that human collagen ls 5.1 /oo more
enriched in 13C than the diet (19). Allowmg for the +1 °/o0 fractionation
from NaOH treatment and the +5.1 %60 fractionation between diet and
collagen, the §13C value of the human diet prior to 1000 AD averaged
-27.0 /o0, precisely the average value for C3 plants. For the human
bones from the 1penod after 1000 AD, the same calculation indicates that
the average 813C value for their diet would have been approximately
-19.8 /oo.

When a dlet consists of two isotopically distinct food sources for
which the §13C values are known, it becomes possible to estimate the
relative proportions of each by applying an isotopic mass balance
equation:
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D= C3(x)+ Cy(l—x) (2)

In this equation, D is the §13C value of the diet, C3 is the §13C value of
the C; plant material in the diet, C, is the §13C value of the C, portion
of the diet, x is the proportion of C3 material in the diet, and 1-x is the
proportion of C, material in_the diet. Assuming §13C values for C; and
C, plants of -27.0 and -12.5 %00, respectively, the human diet after 1000
AD in our study area averaged 50% C; material and 50% C, material or
corn. For individual bones after 1000 AD, the estimates for corn
consumption range from 35 to 72% of the diet.

Actual corn comsumption may be overestimated if the people in this
sample consumed wild or domestic animals that also had consumed
significant quantities of Cy plants. !3C enrichment from wildlife appears
unlikely since the native vegetation consisted of C3 plants. However, it
is possible that wildlife could have fed on corn fields, and it also is
possible that domestic animals could have been supplemented deliberately
with corn. If either of these phenomena produced a 13C enrichment in the
animals, this enrichment then would have been passed along to the humans
with the result of an overestimation of direct corn consumption. = The
magnitude of this effect presently is not known, but may be estimated in
the future by analyzing the §13C values of collagen from associated
animal bones.

Archaeological Implications

These results indicate that intensive maize agriculture in southeast
Missouri and northeast Arkansas began around 1000 AD, that the shift to
maize was rapid, and 35 to 72% of the diet may have consisted of corn
after this time. While several studies report the presence of maize
kernels at midwestern archaeological sites as early as 500 BC (38), our
data provide isotopic evidence that maize could not have been a
significant part of the human diet prior to 1000 AD. Our §!3C values of
bone collagen before 1000 AD are identical to measurements made on
prehistoric humans from northern temperate zones where no Cy plants
could have been consumed (19). Data from nearby archaeological sites in
Illinois show a similar pattern of §13C values through time, with
significant maize consumption beginning between 1000 to 1200 AD (39).

Archaeologists generally have considered the Mississippian Period to
be associated with intensive maize agriculture (40). Mississippian sites
began to appear in our study area around 700 AD (41), so our data suggest
that the Mississippian Period began several hundred years before maize
agriculture became important. This interpretation is supported by our
data from the Zebree site (Table II). Three of the samples from the
earlier Big Lake Phase which dates to 900 AD show that corn was not a
significant component of the diet at this time. By contrast, the Zebree
sample from the Lawhorn Phase dates to 1200 AD and shows isotopic
evidence for substantial maize in the diet (Table II). Thus, it appears that
the hypothesized shift to maize agriculture in southeast Missouri and
northeast Arkansas is not associated with the appearance of Mississippian
culture, but occurs somewhat later in the chronological sequence.
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The Problem of Collagen Turnover

One of the unresolved questions remaining in the application of stable
carbon isotope techniques to archaeological studies of human nutrition is
the rate of turnover of bone collagen. It is well known that tissues and
biochemicals in the human body are in a state of flux, i.e., being broken
down and resynthesized constantly. Reassembly may occur with other
breakdown products within the body, or with nutrients recently acquired
through the diet. Thus, fluctuations in the isotopic composition of a diet
will produce isotopic fluctuations in body tissues and biochemicals,
dependent upon the turnover rates of the components in question. Some
estimates of human bone collagen turnover are available using 1*C,
introduced into the atmosphere by nuclear weapons testing, as a tracer
(42,43). These studies indicate that bone collagen turns over very slowly,
if at all. However, the long half-life of 1*C does not lend itself to the
measurement of the rapid turnover that occurs in terms of hours or a few
days. ‘

As a continuation of our earlier studies on carbon turnover in animal
tissue (17), we recently have measured the turnover rate of bone collagen
in the gerbil using 13C as a tracer. These data suggest that the half-life
of bone collagen in the gerbil is approximately 60 days, and although this
time is substantially longer than that of other gerbil tissues, it is much
faster than would have been predicted based on turnover of human bone
collagen using atomic-bomb generated atmospheric 1%C. Although
animals with smaller body size, and therefore higher metabolic rates,
would be expected to have much faster turnover rates than larger animals
such as the human, these data suggest that bone collagen may be replaced
faster than previously expected. This creates problems in the
interpretation of human bone §!3C values, i.e., what is the period of time
over which collagen §!3C values reflect the diet. This problem remains
to be solved, but there seems little question that collagen §!3C values do
provide useful information concerning past diets.

Future Prospects for Stable Isotopes in Archaeology

It appears likely that the application of stable isotope techniques to
the study of paleonutrition will continue. = Carbon isotopes have been
shown to be useful to trace the introductions of tropical Cu crops into
temperate regions where Cj; plants predominate. Other recent studies
with carbon isotopes have demonstrated that seafoods are more enriched
in 13C than terrestrial foods, and that the proportions of marine vs land-
derived foods can be estimated in prehistoric coastal people (44).
Elements other than carbon may demonstrate isotopic_distributions that
will provide useful dietary information. For example, 15N/I*N ratios of
bone collagen may indicate the importance of legumes in the diet (30),
and have been shown to be as useful as carbon isotopes in determining the
relative importance of marine vs terrestrial food items (45). Because of
the difficulties involved in determining diets of prehistoric humans from
food remains at archeological sites, it seems likely that chemists and
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archaeologists will continue to collaborate in the development of new
analytical techniques for the elucidation of dietary information from
human bone.

Acknowledgments

This publication is supported in part by the USDA/ARS Children's
Nutrition Research Center in the Department of Pediatrics at Baylor
College of Medicine and Texas Children's Hospital and by a grant from the
William and Flora Hewlett Foundation of Research Corporation. We
would like to thank Drs. C. Chapman, J. Speth, D. Morse, and J. Rose for
assistance in procuring human bone samples. We also are grateful to D.
Nelson for performing the collagen extractions and the isotope analyses,
Dr. C. Garza and M. Peter for the amino acid analyses, and E. R. Klein
and M. Boyd for editing and preparing the manuscript.

Literature Cited

1. Klein, E.R.; Klein, P.D. Biomed. Mass Spectrom. 1978, 5, 321-330.
2. Klein, E.R.; Klein, P.D. Biomed. Mass Spectrom. 1979, 6, 515-545.
3. Bier, D.M. Nutr. Rev. 1982, 40, 129-134.

4. Klein, P.D. Fed. Proc. 1982 41 2698-2701.

5. Krueger, H.W.; Reesman, R.H. Mass Spectrom. Rev. 1982, 1,

205-236.
6. Boutton, T.W.; Smith, B.N.; Harrison, A.T. Oecologia 1980, 45,
299-306.

7. Boutton, T.W.; Arshad, M.A.; Tieszen, L.L. Oecologia 1983, 59, 1-6.

8. Craig, H. Geochim. Cosmochim. Acta 1953, 3, 53-92.

9. Hoefs, J.° "Stable Isotope Geochemistry"; Springer-Verlag: New

10. Deines, P., in "Handbook of Environmental Isotope Geochemistry";
Fritz, P. and J. Fontes, eds.; Elseviers Amsterdam, 1980. pp. 329-

406.
11. Wong, W.W.; Benedict, C., Kohel, R. Plant Physiol. 1979, 63, 852-
856.

12.  Smith, B.N.; Epstein, S. Plant Physiol. 1971, 47, 380-384.

13. Whelan, T.; Sackett, W.; Benedict, C. Plant Physiol. 1973, 51, 1051-
1054,

14. Kluge, M.; Ting, I. "Crassulacean Acid Metabolism; Analysis of an
Ecological Adaptation"; Springer-Verlag: New York, 1978.

15. DeNiro, M.J.; Epstein, S. Geochim. Cosmochim. Acta 1978, 42, 495-
506.

16. Teeri, J.; Schoeller, D. Qecologia 1979, 39, 197-200.

17. Tieszen, L.L.; Boutton, T.W.; Tesdahl, K.G.; Slade, N.A. Oecologia
1983, 57, 32-37.

18. Bender, M.M.; Baerreis, D.A.; Steventon, R.L. Am. Antig. 1981, 46,
346-353.

19. van der Merwe, N.J. Am. Sci. 1982, 70, 596-606.

20. Price, T.D.; Kavanagh, M. , M. Mid-Cont. J. Archaeol. 1982, 7, 61-79.

21. Zurer, P.S. Chem. Eng. News 1983, 61, 26-44.




Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch013

22.
23.

24,
25.

26.
27.

28.
29.
30.

31.
32.
33.
3#.

35.
36.
37.
38.
39.
40.
41.
42.

43.

#0.
45.

STABLE ISOTOPES IN NUTRITION

Steyermark, J.A. "Vegetational History of the Ozark Forest"; Univ.
Missourizs Columbia, MO, 1959; pp. 127-132.

Lewis, R.B. "Mississippian Exploitative Strategies: A Southeast
Missouri Example"; Univ. Missouri: Columbia, MO, 1974; pp. 17-28.
Berger, R.; Horney, A.G.; Libby, W.F. Science 1964, 144, 999-1001.
Krueger, H., in "Proceedings of the Sixth International Conference
on Radiocarbon and Tritium Dating"; U.S. Atomic Energy
Commission: Oak Ridge, TN, 1965; p. 332.

Schoeninger, M.; De Niro, M.J. Nature 1982, 297, 577-578.

Wyckoff, R.W.G. "The Biochemistry of Animal Fossils";
Scientechnica, Ltd.: Bristol, 1972; p. 52-114.

Degens, E.T. in "Organic Geochemistry"; Eglinton, G. and M.
Murphy, eds.; Springer-Verlag: New York, 1969; p. 314.

White, A.; Handler, P.; Smith, E. "Principles of Biochemistry";
McGraw-Hill: New York, 1968; p. 871.

DeNiro, M.J.; Epstein, S. Geochim. Cosmochim. Acta 1981, 45,
341-351.

Hakansson, S. Radiocarbon 1976, 18, 290-320.

Longin, R. Nature 1971, 230, 241-242.

Buchanan, D.; Corcoran, B. Anal. Chem. 1959, 31, 1635-1638.
Boutton, T.W.; Wong, W.W.; Hachey, D.L., Lee, L.S.; Cabrera, M.P.;
Klein, P.D. Anal. Chem. 1982, 55, 1832-1833.

Des Marais, D.; Hayes, J. Anal. Chem. 1976, 48, 1651-1652.

Craig, H. Geochim. Cosmochim. Acta 1957, 12, 133-149,

Eastoe, J.E. Biochem. J. 1955, 61, 589-602.

Struever, S.; Vickery, K.D. Am. Anthropol. 1973, 75, 1197-1220.

van der Merwe, N.J., Vogel, J.C. Nature 1978, 276, 815-816.
Griffin, J.B. Science 1967, 156, 175-191.

Lynott, M.J. Southeast. Archaeol. 1982, 1, 8-21.

Libby, W.F.; Berger, R.; Mead, J.; Alexander, G.; Ross, J. Science
1964, 146, 1170-1172.

Stenhouse, M.J.; Baxter, M.S., in "Radiocarbon Dating"; Berger, R.
and H. Suess, eds.; Univ. California Press: Berkeley, 1979; pp. 324-
341,

Tauber, H. Nature 1981, 292, 332-333.

Schoeninger, M.J.; DeNiro, M.J.; Tauber, H. Science 1983, 220,
1381-1383.

RECEIVED January 30, 1984



Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch014

14

Models for Carbon Isotope Fractionation
Between Diet and Bone

HAROLD W. KRUEGER and CHARLES H. SULLIVAN

Geochron Laboratories Division, Krueger Enterprises, Inc., 24 Blackstone Street, Cambridge,
MA 02139

Dietary evaluation using isotopic analyses of carbon
in collagen from bone is an exciting new area of
archaeological chemistry. Analyses of bone from
herbivores, carnivores, and omnivores (including
humans) suggest that a simple isotopic fractiomation
between dietary carbon and carbon in bone collagen may
be an inadequate model for interpretation of results.
Dietary carbohydrates are primarily metabolized for
energy and their carbon is reflected mainly in the
hydroxyapatite of bone. Dietary lipids are also
important energy components of the diet. Dietary
proteins, on the other hand, are utilized for protein
(e.g. bone collagen) synthesis as needed and onmnly
excess amino acids are metabolized for energy.
Herbivores, carnivores, and omnivores thus might have
different isotopic fractiomation models, each of which
is presented. Biochemical evidence in support of
these models is discussed.

Isotopic studies relating to nutrition and diet have originated
from two diverse fields, bio-medical research and archaeology.
Numerous studies have been reported by researchers in the areas of
biochemistry and medicine, using either isotopically enriched
compounds or the natural variations in isotopic abundances. Such
studies usually involve a specific chemical as a tracer of
biochemical pathways, and in these studies soft tissues or body
fluids are analyzed. Recent work in nutrition has begun to
examine the isotopic composition of carbon in macronutrients in
diets and their disposition in body tissues (1,2). The isotopic
composition of hard tissue (i.e., bone), however, has been largely
ignored in biochemical studies.

Archaeologists are often interested in dietary considerationms,
but normally have only bone to represent the human organism, the
soft tissues having decomposed. Dietary reconstruction using
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artifacts or refuse is circumstantial. The interpretation of such
data is tenuous because these preserved and recovered materials
represent what was not actually eaten, they may not include
evidence of what was eaten elsewhere, so it is difficult to
determine the correct proportionality of food types using only the
recovered materials. Bone, on the other hand, represents a stable
tissue produced by the organism over a long period of time, and
its composition should bear a definite relationship to dietary
intake. Isotopic analyses of bone should reflect the variations
in isotopic composition of the diet.

The primary focus of isotopic studies on human bone has
revolved around the distinction between consumption of C3 plant
material and C, plant material. Some years ago, it was discovered
that the C3 (or Calvin) and the C, (or Hatch-Slack) photosynthef}c
pathways generated plant tissue with quite different c
abundances, an approximately 15 parts per thousand (o/o0)
difference in the isotopic ratio (3). This isotopic difference
between two types of plants is the main basis for most studies of
human diets that have used stable isotopes of carbon as an
analytical tool. Most plants in temperate areas are of the C
type, but corn (maize) is a C4 plant and is of special interest to
archaeologists because of the apparent dependence of many cultures
on maize agriculture.

Serious efforts to understand the relationships between diet
and the isotopic composition of bone began in the mid-1970s.
Vogel and others (4), studied the distribution of C, and C, plants
in southern Africa, and then the collagen in bones of Africamn
animals with known feeding patterns (5). Diet was readily
correlated with isotopic signatures in bone collagen. At about
the same time, DeNiro and Epstein (6) were performing controlled
feeding studies on a variety of lower animals and on mice, to
quantify the isotopic fractionation between diet and animal
tissues. Both groups of investigators soon took up the challenge
of human diets and began studying archaeological human bone from
various sites of interest. Other research groups have joined the
effort in the last few years.

Almost all of these investigators utilize collagen as the
material analyzed, and make the assumption that the isotopic
composition of collagen represents the total average dietary
intake. It is generali.y’ espoused that there is a direct
relationship between the *°C of collagen and the ratio of C3 to C,
plants in the diet. Although it is recognized that marine foods
and some other special diets might make the interpretation
ambiguous with respect to the percentage of C, plants in the diet,
the archaeological context of the bones can often clarify this
point.

The progress of the past decade has been thoroughly rﬁvsiewed
by van der Merwe (7) and has led to a model where the ~7C of
collagen in bone represents the isotopic composition of the plant
food dietary base, adjusted for a fractionation of +5 parts per
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thousand between the diet and the collagen formed. Using this
model, one can calculate the percentages of Csy and C, plant foods
in the diet and thereby draw important conclusions about food
procurement patterns and agriculture development. An example of
this conventional model, adapted from (7), is shown in Figure 1.

Atmospheric C02 is isotopically fractionated during
photosynthesis to yield the characteristic carbon isotope
compositions (see definition below) for C3 and C, plants as shown
in Figure 1. The analysis expected for a 50% mixture of the two
types is also shown. Allowing for the observed shift of +5 o/oo
between diet and collagen formed, the C; plant diet (-26.5 o/co)
would produce collagen with a value of =21.5 o/oo, while the C
plant diet (-11.5 o/oo) would produce collagen with a value oé
-6.5 o/oo. A 50% mixture (-19 o/0oo) would produce collagen of -14
o/oo. This simple relationship appears to hold quite well for
pure vegetarian diets, but might not be adequate to describe the
isotopic effects in the more complex diets of carnivores and
omnivores. We present here new models for all three dietary
types, based upon analyses of both collagen and hydroxyapatite in
bone (8), that take into consideration the actual macronutrients
in the diet and their ultimate fates.

Fate of Dietary Macronutrients

Total diet usually consists of one or more actual foods, but the
diet can be more accurately characterized by breaking it down into
chemical groups termed macronutrients. The major macronutrient
groups are carbohydrates, 1lipids, and proteins. These three
groups comprise the bulk of any diet and will have the largest
influence on the isotopic composition of carbon in tissues formed.
Each macronutrient group has unique isotopic characteristics
relating to its formation (9), and each group is utilized
differently by the body.

Carbohydrates provide the largest single source of carbon in
all but carnivorous diets. They are generally used promptly for
energy metabolism or converted to glycogen for storage and later
use. Other metabolic pathways are available if required, but most
carbohydrates are ultimately converted to C0, which is transported
largely as blood bicarbonate to the lungs and expired. Thus,
tissues which incorporate carbon from blood bicarbonate will be
influenced by the isotopic characteristics of carbohydrates used
for energy metabolism. In bone, that tissue is hydroxyapatite,
which incorporates carbonate ions during crystal growth. The
carbonate ions are presumed to derive from blood bicarbonate (8).

Lipids are a second major source of carbon in most animal
diets, perhaps the major source in some carnivorous diets. Lipids
are metabolized for energy requirements, although somewhat more
slowly than carbohydrates. Lipids tend to be depleted in “°C by
about 2 o/oo or more relative to carbohydrates in any particular
food (data in 6,7,9). Virtually all lipid carbon is ultimately
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Amtmmwﬂccoz
=7 o/oo
Cg Plants 50:50 Mix C4 Plants
-26.5 o/00 -19 o/0o -11.5 o/oo
Cg Collagen Mixed Diet C4 Colla
-21.5 o/o0 -14 o/oo -6.5 o/oo

Figure 1. Model of 13C in bone collagen produced from various
plant diets (from data in 3-9).
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metabolized for emergy and is expired as CO, after passing to the
lungs. In bone, therefore, the isotopic signal of lipids will
appear primarily in hydroxyapatite.

Proteins are the third major carbon source in animal diets,
and are essemtial for tissue growth. They are generally enriched
by about 4 o/oo relative to carbohydrate in any particular food
(see data in 6,7,9). Although animals cammot create totally new
amino acids, pathways are available to modify existing amino
acids, transamination of keto-acids being the most prevalent.
While it is generally stated that most animals require 4 to 5% dry
weight of protein in their diets to thrive (10,11,12), a simple
calculation involving daily dietary mass, time of growth to
adulthood, and protein content of the adult, reveals that less
than 1% dry weight of protein in the bulk diet is actually
required to satisfy met protein growth. The majority of protein
in the diet of a healthy animal is used for the replacement of
tissues being turned over and at least some of the protein
originally in these replaced tissues is metabolized and excreted.

The requirements for net protein increase are usually met in
the diets of healthy animals as evidenced by the growth of the
animal. Although many animals suffer periods of starvation or of
inadequate diet (10,11,12), during which their diets have 1less
protein than required, these periods are times of tissue loss, not
growth, and should have little or no effect om the isotopic
composition of bone tissues. The amino acids required for bome
growth may be derived directly from the diet if the appropriate
amino acids are available; if not, they will be produced, as
required, by transamination of keto-acids derived from the
carbohydrate portion of the diet or from previously assimilated
carbon. Essential amino acids must, of course, be acquired in the
diet by humans.

Chemistry of Bone

Bone is composed of intertwined organic and inorgamic
components which lend this tissue its remarkable properties of
combined strength and resiliency. Fresh air-dried bone is about
70% inorganic, 20Z organic and 10% bound water.

The major organic component in bone is collagen, which
constitutes some 90 to 96% of the dry fat-free organic matter.
Collagen is a long fibrous protein, two-thirds of which is formed
of only four amino acids. Collagen is about 33%Z glycine, 112
alanine, and 22% proline and hydroxyproline (13).

The inorganic matrix of bone is considered to be a calcium
phosphate, more or less well crystallized as hydroxyapatite, which
if pure, would have a formula of:

Cag(P0,)3(0H)

Actually, carbonate ion substitutions make up as much as 5% of
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bone apatite, mainly substituting for phosphate groups, although
it is likely that a small amount exists as a substitute in the
hydroxyl position or attached in labile surface positions on the
crystals. These carbonate ions are presumably incorporated into
the apatite structure from dissolved b1carbonate in body °‘fluids
during crystal growth. .

The major sources of carbon for possible isotopic analysis in
bone are collagen, which contains about 45% carbon, and
hydroxyapatite, which contains a few percent of carbon present as
carbonate ion substituted in the apatite crystals. These two
carbon sources are derived from differemt pathways and different
parts of the diet. Turnover of bone tissues is the slowest of all
tissues in the body that have been studied, the mean residence
time of carbon in collagen being at least 30 years (14).

Other carbon components of fresh bone have generally been
decomposed and removed from archaeological bone, but extraneous
carbon compounds may have been introduced. Interfering organic
contaminants which are likely to occur in bones which have been
buried for some time are roothairs, imsect cuticles, fungal
hyphae, and the humate decay products of a variety of other plant
and animal compounds. Calcium carbonate carried into the sediment
by rain or groundwater can percolate through a bone and deposit
calcite which could interfere with the amalysis of hydroxyapatite.

Fortunately, these types of contaminants can be fairly
effectively removed by appropriate pretreatment techniques,
leaving intact the apatite carbon and, if not decomposed, also the
collagen. Our procedures have been derived from our experience in
radiocarbon dating of bone, where complete removal of extraneous
carbon is essential (15). The use of carbon derived from
hydroxyapatite (8) for isotopic analysis has been disputed (16) on
the basis that exchange of carbon from dissolved carbonate in
groundwaters may have altered the isotopic composition of the
hydroxyapatite. The data obtained from radiocarbon dating of
bone, using carbon from hydroxyapatite, shows that. such exchange
is limited to a few per cent of the carbon content, if it occurs
at all, and hence would not influence the isotopic composition of
hydroxyapatite beyond normal analytical error (_1) Analyses of
hydroxyapat1te from 3 million year old teeth give correct d1etary
interpretations (18). Another study, in progress in our
laboratory, indicates that 30 million year old bones and teeth
give isotopic analyses on hydroxyapatite that are interpretable in
terms of a diet that was available and appropriate to the animals
studied, and are different from the isotopic composition of
carbonates in the enclosing rocks.

Analytical Procedures

Procedures for the preparation of bone samples for isotopic
analyses are critical for obtaining reliable data. Archaeological
bone for analysis is first thoroughly washed and wire-brushed to



Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch014

14. KRUEGER AND SULLIVAN Carbon Isotope Fractionation 211

remove external material. If the sample is large enough, the bone
is split and the contents of the marrow cavity are completely
discarded. The fragments are then soaked overnight in Alconox, an
alkaline lab detergent designed to remove bloodstains and other
difficult organic contaminants. The soaking is repeated until no
significant discoloration of the solution occurs overnight. The
fragments are then rinsed and soaked overnight in 1N acetic acid
to remove externally deposited carbonates. This is repeated until
no observable reaction occurs.

The fragments are then washed free of acid, dried, and crushed
to a smaller than 1 mm powder. The powder is again reacted with
IN acetic acid overnight to remove carbonates from within the bone
matrix, longer if reaction is stromg or continues. The treated
bone powder is washed free of acid residues and dried.
Pretreatment procedures have been tested by analyzing modern,
uncontaminated bone both with and without the treatments.
Equivalent results were obtained within analytical error. The
pretreatments are essential for good results on contaminated
archaeological bone samples.

About 1 gram of bone powder is demineralized, under vacuum,
with IN HCl. The hydroxyapatite dissolves, releasing CO, from its
substitution positions in the apatite. The release Co, is
recovered and purified by freezing and distillation through a trap
held at -130°C which removes sulfur compounds and certain organic
compounds which might also be released. This C0, is then analyzed
as the apatite fraction.

Raw collagen, if preserved, remains insoluble and is washed by
decantation. Distilled water is added, and a few drops of HCl to
maintain acid conditions, and the collagen is dissolved by
boiling. The hot broth is filtered through fiberglass filters,
the dissolved collagen passing into the filtrate, while humic
acids, rootlets, insect chitin, and other contaminants remain on
the filter and are discarded. The filtrate is evaporated to a
small volume, transferred to Teflon crucibles, and dried to
crystalline gelatin in an oven at 70°C to prevent any
decomposition and selective loss of carbom.

About 20 mg. of the dry gelatin are placed in a Pyrex tube
with copper oxide. The tube is evacuated, sealed, and placed in an
oven at 500°C overnight. The gelatin is combusted to C0,, water
and nitrogen gas.

The cooled tube is broken under vacuum, and the gases are
separated for amalysis. Water is frozen out in a dry ice bath,
Co, is retaiigd in liquid oxygen, and repurified by distillation
for gelatin "~C analysis.

Mass spectrometric analyses of CO, are performed on a
Micromass 903 triple-collecting mass spectrometer, with digital
data collection, as described elsewhere (19). Overall precision of
individual analyses is better than +/- 0.2 o/oo.
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Isotopic Notation

Because the variations in the actual isotopic ratio of carbom are
very small, results are repoisfd %r "delta" notation, or parts per
thousand variation in the C/1 C ratio from that of the PDB
standard. The PDB stafgard is a calcium carbonate marine shell and
is quite rich in . Therefore isotopic analyses of most
mammalian tissues are negative relative to PDB. Isotopic analyses
are calculated according to the relationship:

13,/12
(*7e/ c)sample

813¢ =
3¢/ %) 50

1 x 1000

Analyses are therefore 18P°y ed in "per mil" units (o/oo), or
iglafive difference of the “°C/ in parts per thousand from the
/*“C of the PDB standard.

Herbivore Diets

Herbivore diets consist only of plant materials and thus are the
simplest diets to understand. Herbivores eat the more digestible
portions of plants, so their diets comsist of a preponderance of
carbohydrates with only minor contributions of lipids and proteins
from the plant material consumed.

Carbohydrates, including polysaccharides broken down to
simpler sugars by bacterial action in the digestive tract,
comprise the primary energy source for herbivores. In general,
the simple sugars and starch in consumed vegetation, along with
digestible sugars produced by bacterial decomposition of higher
polysaccharides, satisfy most of the energy requirements of an
herbivore. Since the carbon in these compounds is converted to
CO,, and ultimately respired, we would expect to see the isotopic
signature of this part of the diet in the carbonate substitution
in apatite of bone.

Lipids form a minor part of the carbon content of herbivore
diets. As a result, despite the fact that they are used primarily
for energy metabolism, their abundance is not sufficient to
greatly influence the isotopic composition of blood bicarbonate.
For this reason, the isotopic composition of 1lipids will not
significantly affect the isotopic ratio of carbon in bone apatite.

Protein in herbivore diets is likely to be adequate in amount
to satisfy the dietary requirements for net growth of an herbivore
(approx. 1% of bulk diet), and perhaps also the requirement for
tissue turnover. The distribution of individual amino acids,
however, may not even be close to those required for proper tissue
growth or the turnover of existing tissues. As a result, it would
be expected that a substantial amount of amino acid synthesis
would occur, and that the collagen of herbivores would closely
reflect the isotopic composition of the herbivore’s diet.
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A theoretical model for carbon isotope fractionmation between
herbivore diets and herbivore bome is shown in Figure 2A. This
model shows the isotopic relationship of gelatin to that of
hydroxyapatite, and the relationship of both to the original plant
food diet. The gelatin seems to reflect the growth portion of the
diet while the apatite seems to reflect the energy portion of the
diet. The difference of +7 o/oo between apatite values and gelai&n
values is due in part to the fact that blood bicarbonate has a
enrichment produced by the transfer of CO, from blood plasma to
expired air. This effect has been experimentally verified and
will be described elsewhere.

Herbivore diets usually contain adequate amounts of protein,
as evidenced by the net growth of the animal, but the mixture of
amino acids derived from vegetation is probably different from
that required by the animal. Thus herbivores probably synthesize
a large proportion of their required amino acids by tramnsamination
of keto-acids derived from the carbohydrate part of their diet.
As a result, one would expect that the carbon isotopes of both
apatite and gelatin in herbivores would show a direct relatiomship
to the mixture of C, and C plants consumed.

The actual resuits of 1sotop1c analyees of herbivore bone from
animals with a variety of diets are shown in Figure 2B. The line
represents a direct relationship between isotopic composition of
gelatin and that of apatite, with an offset of +7 o/oo due to the
blood bicarbonate effect mentioned above. The results in Figure
2B are all from contemporary herbivores, and fit the model
closely. Ancient herbivore bones give similar results (8). Thus we
can use either carbon isotopes in gelatin, or carbon isotopes in
apatite, to determine dietary intake in herbivores. For very old
bones, collagen is usually decomposed (15), and only the apatite
results can be obtained.

Carnivore Diets

Carnivore diets are very different from those of herbivores,
consisting of meat and other animal tissues and almost no plant
foods. The macronutient composition of such a diet would consist
of a great deal of protein and lipid and almost no carbohydrate.
The amino acid requirements for growth would probably be satisfied
directly from the diet since the amino acid distribution in meat
would be close to that required for growth. Little or no amino
acid synthesis from carbohydrates or lipids would be required,
therefore, and the carbon isotopes in carnivore collagen would be
essentially the same as those in the protein of the prey animals
eaten. Carnivore diets contain a large excess of protein beyond
that required for growth and tissue turnover, and the excess is
metabolized and used for energy.

Lipids provide the major source of emergy in carnivores. They
are not substantially involved in the synthesis of other
biochemicals and are largely stored and utilized as needed for
energy.
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Figure 2. Top, theoretical model for carbon isotope fractionation
between diet and bone in herbivores; and bottom, isotopic analyses
of contemporary herbivore bones compared to the theoretical model
(solid line).
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Carbohydrates are almost negligible in pure carnivore diets,
the only significant source being glycogen stored in the cells of
the meat eaten. It is unlikely that this glycogen is sufficient
in quantity to significantly affect the isotopic composition of
blood bicarbonate or bone apatite.

A theoretical model of the isotopic composition of carnivore
bone is presented in Figure 3A, embodying the principles just
discussed. The isotopic composition of the meat eaten (usually
herbivores) is controlled by the plants eaten by the prey.
Gelatin in carnivore bome will directly reflect the protein or
collagen of the prey (+5 o/oo relative to the diet of the prey)
while the carbon in apatite will be largely comtrolled by the
lipids in the prey, with only a lesser contribution from
metabolism of excess protein. Since lipids in meat are known to
be about -6 o/oo relative to protein in the same meat (5), and
protein is +5 o/oo relative to the plant diet of the prey animal,
the average ““C of the energy portion of the diet would be about
+1 o/oo relative to the plant diet of the prey. Allowing for the
+7 o/oo fractionation associated wi,sh respiration (mentioned
previously), we would thus expect a C value of about +8 o/oo
relative to the diet of the prey in the apatite of carnivores,
rather than the +12 o/oo of herbivores.

The actual analyses of gelatin and apatite from a variety of
carnivores are presented in Figure 3B. The line isl3derived from
the theoretical model just discussed. The rangel3of C of gelatin
is identical to that of herbivores, but the *°C of apatite is
shifted about 3 to 4 o/oo in a negative direction because of the
high lipid consumption and its contribution to energy metabolism.

Omnivores (including Humans)

Omnivores, particularly humans, provide the real challenge at
modelling the isotopic composition of bone as a function of diet.
They have diets that are generally part plant and part animal, and
neither part need be particularly selective of plant type or meat
source. We have approached the understanding of isotope effects
in human diets by examining the dietary macronutrients in both
growth and energy contexts. Because of the complexity of the diet
in omnivores, we will first examine the aspect of bone growth,
which is reflected in the collagen matrix of bonme.

The major portion of human diets, particularly ancient humans,
is carbohydrate of plant origin. If all of the diet were of plant
origin, the human would be an herbivore and fit the previously
described model. 1In reality, human diets generally include a
significant amount of meat or other protein-rich foods which
contain approximately the assemblage of amino acids required for
growth. If a human diet contains as little as 1% by weight of
animal protein, the amino acid requirements for net bome collagen
growth could be met directly by the diet and carbohydrates need



Publication Date: July 9, 1984 | doi: 10.1021/bk-1984-0258.ch014

216 STABLE ISOTOPES IN NUTRITION

Vegetation
DIET BASE (X)%e0
ACTUAL Lipide Protein Apstite
DIET (X=1) %o (X+8) %0 (X +12) %00
Collagen Apatite
BONE (X+8) %o X+8) %o

=13 =0 3
13,
3"*Comamn

Figure 3. Top, theoretical model for carbon isotope fractionation
between diet and bone in carnivores; and bottom, isotopic analyses
of contemporary carnivore bones compared to the theoretical model
(solid 1line).
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not be significantly involved in collagen synthesis. If the diet
contained 4-5% animal protein, even tissue turnover requirements
would be fulfilled and there would be little or no need for
involvement of carbohydrates in protein synthesis. In modern
human diets, this has been demonstrated (2). The carbon isotopes
of collagen thus may not reflect the diet in total, but only the
meat portion of the diet. A theoretical model of isotopic
relationships in collagen formation is shown in Figure 4A,
indicating that the major factor controlling the isotopic
composition of collagen is protein from the meat portion of the
diet.

The energy metabolism model is quite differemt. 1In this
instance, metabolism of carbohydrates provides the majority of the
energy requirements. Lipids (from meat) provide a secondary energy
source. Proteins from meat are a minor source of energy, only to
the extent that they are not needed for growth. All of the
macronutrients utilized for emergy will be converted to CO, and
transferred to the 1lungs for respiration. The isotopic
characteristics of macronutrients used for energy will thus appear
in the carbonate of hydroxyapatite. The isotopic relationships to
be expected in human bone as a result of energy metabolism are
shown in Figure 4B. The controlling part of the diet, for emergy
production, is  plant-derived carbohydrates, with 1lesser
contributions from 1lipids and only minor contributions from
proteins.

If we examine the isotopic relationships to be expected in
diverse human diets in light of the above models and the potential
food sources, we can predict the isotopic compositions of human
bone for each of these diets. Figure 5 shows the approximate
isotopic compositions to be expected in human bone for eight
different human diets which are reasonably common in modern man or
in prehistoric societies. The ranges of isotopic composition shown
are based on the typical ranges of isotopic composition of the
macronutrients in each dietary type, and their probable
proportions. The upper line is the herbivore line given in Figure
2B, and the lower line is the carnivore line given in Figure 3B.
If our models are correct, the analyses of most human bones should
fit the fields illustrated.

The actual isotopic amnalyses of over 200 human bone samples
are shown in Figure 6, along with the dietary fields predicted in
Figure 5. All of the samples are of archaeological origin, and
most have associated evidence relating to probable diet. Over 987
of the samples fall within the dietary field expected on the basis
of archaeological evidence and the remainder are close. Examples
of seven of the eight hypothetical diets have been observed, the
only exception being pure C, vegetarian diets.

Summary

Consideration of the macronutrients in various animal diets,

their isotopic compositions, and the pathways by which they are
utilized in the body, lead us to conclude that different models
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Figure 4. Theoretical models for carbon isotope fractionation
between diet and bone in humans. Top, isotopic fractionation re-
sulting from organism growth (major pathway emphasized); and
bottom, isotopic fractionation resulting from energy metabolism
(major pathways emphasized).
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Figure 5. Expected ranges of carbon isotopic composition of human
bone for eight possible diets.
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Figure 6. Carbon isotopic analyses of archaeological human bone
compared to the theoretical model for herbivores, the theoretical
model for carnivores, and the expected ranges of carbon isotopic
composition of human bone for eight possible diets (see Figure 5
for identification of diet types).
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for the isotopic composition of bone are required for herbivores,
for carnivores, and for omnivores (including humans).

In herbivores, the plant food diet controls the isotopic
composition of both bome collagen and hydroxyapatite, although
isotopic fractionations exist in both phases.

In carnivores, bone collagen reflects the protein of prey
animals directly, while the isotopic composition of apatite is
largely controlled by lipids in the diet.

In humans, the meat protein of the diet usually controls the
isotopic composition of bome collagen, while carbohydrates from
plant foods usually control the isotopic composition of apatite.

Our models indicate that reconstruction of diets from isotopic
analyses of bone cannot be accomplished solely by the use of the
collagen fraction. The use of both collagen and hydroxyapatite
phases of bone allows differentiation between energy and growth
components of the diet, and therefore gives a considerable amount
of detailed information about the total diet.
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Calcium turnover, in newborn, 36
Calvin-Benson pathway, 192
Carbohydrates
carnivore diets, 215
herbivore diets, 212
Carbon, dietary source, 207,209
Carbon-13, 191
collagen turnover rate, studies, 202
enriched substrates, 157-74
values, 194f
Carbon-13-NMR spectra
incorporation of nicotinate, 168
metabolic studies, survey, 158
metabolism, 158-73
of perfused liver, 169f,171f,172f
Carbon dioxide
enrichment, 177
fractionation, 207
reduction in plants, 192
Carbon isotope fractionation, 192
between diet and bond, 205-20
from energy metabolism, 218f
from organism growth, 218f
Carbon isotope ratios, reading, 198-99
Carbonate ion, in bone, 209
Carnivores
bones, isotopic analyses, 216f
carbon isotope analyses, 219f
diets, 213-15
Chelates, preparation, 140,142
Chemical separations, 16-17
Chromium, solvent extraction, 16
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Clinical protocol/data acquisition,
calcium metabolism studies, 32-33
Cobalt, Mossbauer
absorption/emission, 55
Cobalt emission spectroscopy, 57
Collagen, 195
carbon-13, 208f
human bone, amino acids, 197t
turnover, problems, 202
Copper
excretion, 147-49f
gas chromatograms, 134f
half-life, 42
isotopes, general information, 43t
natural abundance ratios, 31t
post-absorptive excretion, 153
recommended daily intake, 144
stool collection, 151f
Copper absorption
by adult males, 50t,144t
females, 50t
fiber-containing diets, 51t
phytate-containing diets, 51t
pregnant women, 50t
Copper chelation,
tetraphenylporphyrin, 140
mass spectrum, 141f
Corn, 206
Crassulacean acid metabolism
plants, 192
Cyanocobalamin--See Vitamin Bjj
Cycling rates, calculation, 186
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Fe-57--See Iron-57
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Fecal monitoring, 142
iron absorption measurements, 121t
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sample preparation, 45-46
stable isotope content, 46-47
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parameters, 58t
Fiber-containing diets, mineral
absorption, 51t
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calcium metabolism, 38t
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Gas chromatography, 128-31
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glycolytic enzymes, 184
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Glucose infusion
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Glucose metabolism

in humans, 179-84

studies, 175-90
Glucose oxidation, measuring, 183f
Glutamate biosynthesis, pathways, 163f
Gluten-sensitive enteropathy, 145
Glycogen, 184
Glycogenolysis, source, 178
Glycolytic enzymes,

gluconeogenesis, 184

H

Hemoglobin incorporation
iron absorption, 106,121t
method, 121
Herbivores
carbon isotope
fractionation, 213,214f,219f
diets, 212-13
isotopic bone analyses, 214f
High electron affinity, equation, 6
Human bone
carbon isotope composition
range, 219f
prehistoric studies,
implications, 199
sample preparation, 210-11
Human bone collagen, amino acids, 197t
Human diets, 215,217
energy metabolism model, 217
Human serum SRM, 3
Hydroxyapatite, 207
Hydroxylysine, 198
Hydroxyproline, 198
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Incomplete fecal collection,
errors, 122
Infants, metal absorption, 145-46
Intrinsic labeling
of edible plants, 61-76
vs. extrinsic labeling, 61-62
methodology, 62-73
Iodine, Mossbauer
absorption/emission, 55
Ion manipulation and
measurement, 15-16
IRMS--See Isotope ratio mass spec-
trometry
Iron
concentration
in fecal samples, measuring, 118
measuring, 22
excretion, 147-49f
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isotopic distribution, 106t
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Mossbauer absorption and
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post-absorptive excretion, 153
recommended daily intakes, 144
resonance ionization spectra, 13f
serum, post-absorptive
excretion, 150,152f
stool collection, 151f
translocation, 63
Iron-54
abundance measurements
precision, 116t
excretion, 119-20f
ion abundance ratio, 115f
recovery, 116t
Iron-57
abundance measurements
precision, 116t
ion abundance ratio, 115f
recovery, 116t
Iron absorption, 105
by adult males, 50t,l44t
data comparison, 123-24
design, 117t
determination, 106
hemoglobin incorporation
method, 106
effects of ascorbic acid, 144
estimation, 105-24
measuring, 44
post-absorptive excretion, 152f
Iron abundance ratios
dependence, 112f
memory effect, 113f
Iron-59 accumulation, soybeans, 72f
Iron-57 accumulation, soybeans, 64-65t
Iron acetylacetonate, mass
spectra, 109f
Iron chelates, mass spectra, 105-24
Iron isotopes
abundances, 110t
stable, absorption, 121t
Isotope dilution, 47,92-93
Isotope ingestion, calculation, 46
Isotope ratio mass spectrometry, 20t
vs. neutron activation analysis, 21t
Isotopic analyses
calcium metabolism, 28-32
calculation, 212
Isotopic enrichment, measurement, 131
Isotopic tracers, use, 42

J

Jarnum equation, 121
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Keshan disease, 91
Kinetic studies, magnesium-26, 82
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of plants, 62
useful isotopes, 43
Lanthanum hexaboride, 6
Lipids
carnivore diets, 213,215
herbivore diets, 212
Liver
fat deposition, 184
gluconeogenesis, C-13-NMR, 161,162f
perfused, 164
C-13-NMR spectra, 169£,171f,172f
regulated processes, 159
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Macronutrient(s), dietary, fate, 207-9
Macronutrient groups, 207
Magnesium, 77
absorption, 84t
oral administration, 86t
patterns, 83 ‘
true, 83-84
exchangeability, 86t
half-1ife, 42
isotope, general information, 43t
isotope level vs. time, 83t
natural abundance ratios, 31t
Magnesium-26
analysis, 77
comparison of NAA and EIMS, 81t
detection, 78-81
TIMS, 78
for dietary measurements, 77-90
kinetic studies, 82
neutron activation analysis, 79-80
characteristics, 79t
plasma isotope concentration, 82t
urinary excretion, 85f
uses, 82-87
Magnesium-28
radioactivity, 78
urinary excretion, 85f
Magnesium chelate, 80
Maize, 206
Males
trace element absorption, 50t
zinc absorption, 49
Manganese isotopes, information, 43t
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Mass spectrometry, 131-35
electron impact ionization, 80-81
iron acetylacetonate, 109f
memory, 132
quantitative analysis, 127-38
thermal and resonance
ionization, 1-26
Mean reduction charge, equation, 173
Memory effect
causes, 132
iron abundance ratios, 113f
reducing, 114
reduction by fifth ligand, 135
Metabolic profiling studies, by C-13
NMR, 157-74
Metabolic tracer studies,
selenium, 91-104
Metabolism, C-13-NMR, 158-73
Mineral absorption, 41
effects, 49
studies in humans, 139-56
Mineral bioavailability, Mg-26, 84-87
Mineral content, by isotope
dilution, 47
Molybdenum, resonance ionization
spectra, 13f
Monoferric phytate, Mossbauer
spectra, 59f
Mononuclidic, definition, 93
Mossbauer nuclides
and essential nutrients, 55-57
periodic table, 56f
Mossbauer spectroscopy, 53-60
and nuclear transitions, S54f
technique, 55
Multiple filament thermal ion
source, 5

N

NAA--See Neutron activation analysis
Narrow 1linewidths, in C-13 NMR, 167-68
Negative ion formation, 6
Negative ion TIMS, utility, 7f
Neutron activation analysis, 3
calcium analysis, 28
Fe-58 studies, 107
Mg-26 determination, 79-80
Newborn
calcium metabolism, 36t
time dependence of isotope, 35f
Nickel, resonance ionization
spectra, 13f
Nicotinate, incorporation, C-13
spectra, 168
Nitropiazselenol, formation, 93,94
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Nuclear transitions, Mossbauer
spectra, S54f
Nutrition, applications, 17-22
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Omnivores, 215,217
energy metabolism model, 217
Ore concentrates, molybdenum
concentration, 18t
Overplating, with rhenium, 6
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Paleonutrition, 192
Perfused liver, C-13-NMR
spectra, 169f,171£,172f
Periodic table, Mossbauer
nuclides, 56f
Phytate-containing diets, mineral
absorption, 51t
Picolinic acid, 144
Plants
enrichment with stable isotopes, 62
labeling, 62
dose time, 63-72
zinc deficiencies, 63
Plasma glucose
enrichment determination, 180
kinetics, studying, 176
Polyethylene glycol, 44
excretion, 119-20f
Pool sizes, estimating, 98
Positive ion formation, Saha-Langmuir
expression, 4
Positive ion TIMS, utility, 7f
Post—~absorptive excretion, 150
Pregnant women
copper absorption, 50t
Se-76 tracer analysis, 100
zinc absorption, 49,50t
Prehistoric bone studies,
implications, 199
Prehistoric human diet, 191-204
Primed constant infusion
technique, 176-78
enrichment calculation, 176
steady-state calculations, 178t
Protein, in herbivore diets, 212
Pyridine nucleotide cycle, 170f
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Quadrupole mass spectrometer, ioniza-
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Radiochemical neutron activation
analysis, vs. isotope ratio mass
spectrometry, 21t

Resonance ionization

requirements, 10
selective ionization, 12
Resonance ionization mass
spectrometry, 1-26
processes, 10-15
system, 1l4f
utility, 9f
Rhenium
overplating, 6
resonance ionization spectra, 13f

Rhenium filament, contaminants, 31

RNAA—See Radiochemical neutron
activation analysis

S

SAAM computer program, 33-34
Saha-Langmuir expression, positive ion
formation, 4
Sample(s)
collection, fecal monitoring, 45-46
contamination, 17
preparation, fecal monitoring, 45-46
Selection, 43-45
Selenium, 91
in metabolic tracer studies, 91-104
total, calculating, 95-96
Selenium-76
metabolic tracer study, 101f
tracer analysis, pregnant women, 100
Selenium—-82
chelation, 94
tracer studies, 96-97
Selenium-75 accumulation
soybeans, 64-65t,71f
wheat, 66-67t,70f
Selenium isotopes
abundance, 94t
in Se-76, 96t
in Se-82, 94t
applications, 97-102
Selenium~nitropiazselenol, mass
spectrum, 99f
Serum
calcium concentration, 18t
calcium isotope ratios, 20t
potassium concentration, 18t
Serum iron, post-absorptive
excretion, 150,152f
Settling, of fecal samples, 45-46
Silica gel technique, 31

STABLE ISOTOPES IN NUTRITION

Silica gel/phosphoric acid
approach, 5
in thermal ionization, 29
Solvent extraction, chromium, 16
Soybeans
dose administration, 69
Fe-59 accumulation, 64-65t,72f
Se-75 accumulation, 64-65t,71f
seeds, radionuclide
concentration, 73t
Zn-65 accumulation, 64-65t,68,71f
Zn-70 labeling, 73-74,74t
Stable isotope decay products, uses, 2
Standard reference materials
(SRM), 2-3
Strontium vs. calcium, human
bones, 193
Substrate cycles,
gluconeogenic/glycolytic
pathway, 185f
Substrate cycling, 184-88

T

Tantalum carbide, 6
TCA cycle-—-See Tricarboxylic acid
cycle
Thermal ion formation processes, 4-10
Thermal ionization
silica gal/phosphoric acid, 29
system, 30f
Thermal ionization filament, calcium
ion evolution, 30f
Thermal ionization mass
spectrometry, 1-26
analysis, 47-48
calcium analysis, 28
Fe-58 studies, 107
instrument, 48
Mg-26 detection, 78
ion, utility, 7f
trace element studies, 41-52
Zn-70 determinations, 48
TIMS—See Thermal ionization mass
spectrometry
Total selenium, calculating, 95-96
Trace element analysis,
requirements, 92
Trace element utilization studies
enriched stable isotopes, 41-52
TIMS, 41-52
Trace metals
bioactive, analysis, 127-38
stable isotopes, analysis, 127-38
Tricarboxylic acid cycle, and
gluconeogenesis, 167
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Triphosphopyridine nucleotides

chemical shifts, 168 z
reduction charge, 173
True absorption, magnesium, 84 Zinc
Tryptophan, zinc absorption, 144-45 excretion, 147-49f
Tryptophan-limited diet, mineral gas chromatograms, 134f
absorption, 145t Mossbauer absorption and

emission, 55
natural abundance ratios, 31t

\J post-absorptive excretion, 150,153
recommended daily intakes, 144
Vegetable muffins, Mg absorption, 86t stool collection, 151f
Vitamin Bj3, Co-57 emission Zinc-67
studies, 57 cost, 43

mass spectrometry, 132
measurement on GC/MS system, 136f

W Zinc-68, mass spectrometry, 132
Zinc-70, cost, 43
Wavelength selectivity, 12 Zinc absorption
Wheat by adult males, 49,50t,l44t
dose administration, 69 females, 50t
Se-75, 68t fiber-containing diets, 51t
accumulation, 66-67t,70f phytate-containing diets, 51t
Zn-65 accumulation, 66-67t,68,70f post-absorptive excretion, 152f
Wheat bran pregnant women, 49,50t
identification in endogenous tryptophan, 144-45
iron, 58 Zinc-65 accumulation
Mossbauer spectra, S59f soybeans, 71f
parameters, 58t wheat, 66-67t,70f
Wheat grains Zinc-75 accumulation, soybeans, 64-65t
Mossbauer spectra, 59f Zinc 1isotope
parameters, 58t general information, 43t
radionuclide concentration, 73t spike recovery, 32t
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