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ABSTRACT

Applications of non-traditional stable isotope variations are moving
beyond geosciences to biomedicine, made possible by advances in multiple
collector inductively coupled plasma mass spectrometry (MC-ICP-MS)
technology. Mass-dependent isotope variation can provide information about the
sources of elements and the chemical reactions that they undergo. Iron and
calcium isotope systematics in biomedicine are relatively unexplored but have
great potential scientific interest due to their essential nature in metabolism.

Iron, a crucial element in biology, fractionates during biochemically
relevant reactions. To test the extent of this fractionation in an important reaction
process, equilibrium iron isotope fractionation during organic ligand exchange
was determined. The results show that iron fractionates during organic ligand
exchange, and that isotope enrichment increases as a function of the difference
in binding constants between ligands.

Additionally, to create a mass balance model for iron in a whole organism,
iron isotope compositions in a whole mouse and in individual mouse organs were
measured. The results indicate that fractionation occurs during transfer between
individual organs, and that the whole organism was isotopically light compared
with food. These two experiments advance our ability to interpret stable iron
isotopes in biomedicine.

Previous research demonstrated that calcium isotope variations in urine
can be used as an indicator of changes in net bone mineral balance. In order to
measure calcium isotopes by MC-ICP-MS, a chemical purification method was
developed to quantitatively separate calcium from other elements in a biological

matrix. Subsequently, this method was used to evaluate if calcium isotopes



respond when organisms are subjected to conditions known to induce bone loss:
1) Rhesus monkeys were given an estrogen-suppressing drug; 2) Human
patients underwent extended bed rest. In both studies, there were rapid,
detectable changes in calcium isotope compositions from baseline - verifying that
calcium isotopes can be used to rapidly detect changes in bone mineral balance.
By characterizing iron isotope fractionation in biologically relevant
processes and by demonstrating that calcium isotopes vary rapidly in response
to bone loss, this thesis represents an important step in utilizing these isotope
systems as a diagnostic and mechanistic tool to study the metabolism of these

elements in vivo.
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Chapter 1

REVIEW OF NON-TRADITIONAL STABLE ISOTOPE PRINCIPLES, MASS
SPECTROMETRY, AND THE MEASUREMENTS OF IRON AND CALCIUM ISOTOPES

IN BIOLOGICAL SAMPLES

Jennifer L. L. Morgan'

'Department of Chemistry and Biochemistry, Arizona State University, Tempe AZ 85287

1.1 Introduction

Frederick Soddy in 1914 was the first to introduce the concept of an isotope. He
defined isotopes as atoms of a single element that have different atomic weights (Soddy,
1914). This definition changed the way scientists thought about atoms and provided an
explanation for phenomena like radioactivity. J.J. Thomson confirmed the existence of
neon isotopes (Thomson, 1913). Thompson used a “cathode ray tube”, an early version
of today’s mass spectrometers that separated different charge to mass ratios. Using this
instrument, he and others rapidly discovered isotopes for almost all atoms.

Isotopes can be subdivided into radioactive or stable isotopes depending on
whether they decay into “daughter” atoms. Stable isotopes can be further subdivided into
radiogenic and nonradiogenic stable isotopes based on their origin. The focus of this
dissertation is nonradiogenic stable isotopes.

The atomic weights of elements given on the periodic table are the average of all
the isotopes for that element, weighted by isotopic abundance. If the isotope
composition of an atom in all materials were truly invariant, as is implied by the singular

atomic weights on the periodic table, then there would be no utility in measuring the
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isotope compositions of different materials. However, isotope compositions are not
uniform, and these variations can be used to obtain information about the sources or the
reaction mechanisms of a given element. The types of reactions that cause isotope
variation or “fractionation” are described in the next section and are reviewed elsewhere

(Criss, 1999).
1.2 Isotope Fractionation Principles

Mass-dependent stable isotope fractionation occurs when isotopes of a given
element are enriched or depleted in different pools as a function of mass. Fractionation
is most pronounced when the relative mass differences are large, as for light elements
like hydrogen, carbon, or oxygen. Fractionation also occurs for larger elements with
smaller relative mass differences like iron, molybdenum and uranium.

The isotope fractionation between pools can provide clues about the sources of
an element to one or the other pool and about the chemical or physical processes that
transfer an element between the pools. There are two main types of isotope effects: non-
equilibrium and equilibrium isotope effects. The magnitude and direction of the isotope
abundance can change depending on whether the reaction is controlled by kinetic,
equilibrium or a combination of processes. For an isotope fractionation to be detectable,
the reaction must be incomplete. If the reactant pool is exhausted, then the isotope
composition of the product pool will be identical to the original reactant pool because of
mass balance; reactions that go to completion leave no signature of any isotope
variation.

Any process that is unidirectional and incomplete can express non-equilibrium or
kinetic isotope effects. An example of a non-equilibrium effect is the fractionation that

occurs during diffusion in a gas or liquid phase. Diffusion causes an isotope fractionation
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because isotopes with smaller mass move faster according to Graham’s law of diffusion
(Equation 1), where v4 and v, are velocities and my and m; are the masses of the

isotopes.

o T (1)

U, m,
The lighter isotopes travel faster, leaving the starting material enriched in heavy
isotopes.

A second type of non-equilibrium isotope effect is the kinetic isotope effect.
Kinetic isotope effects can result from differences in dissociation energies between
chemical bonds involving different isotopes of the same element. In this type of reaction,
the bond-breaking step in a chemical reaction requires less energy when breaking a
bond involving a light isotope than the same bond involving a heavier isotope. This
preference enriches the product pool in light isotopes and in turn depletes the reactant
pool of light isotopes.

Another type of isotope fractionation is an equilibrium isotope effect. In this case,
the reaction continues until the overall system is at the lowest energy state. The potential
energy is typically lower for bonds involving heavier isotopes. Therefore, in the lowest
energy state the heavier isotopes will usually be enriched in the molecules that create
the strongest bonds (Figure 1-1).

In biological systems, isotope fractionation is most likely a combination of
multiple fractionation processes including equilibrium, diffusion and kinetic effects. The
most common example is the difference in carbon isotope composition between C3
(vegetables and trees) and C4 (grasses and corn) plants. The diffusion of CO; into the

plants causes both types of plants to be enriched in '2C over the atmospheric carbon
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isotope composition (Osmond et al., 1973). Preferential incorporation of the '2C isotope
into plant material causes C3 plants to be more enriched in '?C compared to C4 plants.
This variation extends up the food chain as higher organisms consume these plants. By
measuring this variation, the dominant diet of extinct and modern animal species,
ancient human migration patterns and even the sources of sugar in commercial products
can be determined (DeNiro and Epstein, 1978a; DeNiro and Epstein, 1978b).

In this dissertation, biological fractionations of the isotopes of the elements Fe
and Ca are investigated. The long-term goal — beyond the scope of this dissertation — is
to use the stable isotope variations of these elements as diagnostic markers for diseases
and to understand metal metabolism in vivo. Such applications have been limited
because until recently mass spectrometers were unable to detect the small natural
variations in isotope compositions that result from mass fractionation for elements
heavier than sulfur. New mass spectrometry technology has made the measurements of

these “non-traditional” stable isotopes possible.
1.3 Mass Spectrometry

There are many varieties of mass spectrometers. All have three basic
components, but the details of design and operation are variable. All mass
spectrometers have: 1) a source of ions; 2) a mass analyzer to separate ions based on
mass-to-charge ratios; and 3) at least one ion detector. The mass spectrometers utilized
for this dissertation are the Thermo Scientific X series quadrupole inductively coupled
plasma mass spectrometer (Q-ICP-MS) and the Thermo Scientific Neptune multiple
collector inductively coupled plasma mass spectrometer (MC-ICP-MS). The MC-ICP-MS

was used for the high precision measurements of isotope compositions that are at the



core of the research. The Q-ICP-MS was used during methods development. A detailed
description of each instrument follows.

Q-ICP-MS

A diagram of a generic quadrupole inductively coupled plasma mass
spectrometer (Q-ICP-MS) is shown in Figure 1-2. Q-ICP-MS is primarily used to rapidly
measure the concentrations of a variety of different elements in a sample. The X Series
Q-ICP-MS uses an RF generator operating at 1400 W to generate an argon plasma
which ionizes the analyte. The analyte is introduced as an aqueous solution using a
nebulizer. To separate species with different mass to charge ratios, the quadrupole
mass spectrometer uses four rods parallel to and surrounding the ion beam. An
alternating voltage is applied to these four rods and, depending on the frequency and
strength of the electromagnetic field, specific elemental masses are allowed to pass
through the cavity between the four rods in a helical path. The single detector is an ion-
counting electron multiplier, which is very sensitive in detecting charged particles; it can
also measure voltages for excessively large signals. This property allows for large
dynamic range of measurable concentrations.

The electric field in the instrument can be varied to separate and analyze almost
all the elements from Na to U in less than a minute. The signal strength of known
standards can be used to create calibration curves for concentration measurements of
unknowns. Detection limits are element-dependant. For example, uranium and similar
metals have detection limits as low as a few ppt (parts per trillion), while major elements
have higher background levels and correspondingly higher detection limits.

While Q-ICP-MS has made it straightforward to measure a large number of

elements in a sample rapidly, accurately and precisely, this type of instrument cannot
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easily measure isotope ratios to a precision of better than ~ 1%. This precision is not
adequate to resolve natural variations in isotope composition that result from mass
fractionation in the case of elements like Fe and Ca.

MC-ICP-MS

A diagram of the Thermo Neptune multiple collector inductively coupled plasma
mass spectrometer (MC-ICP-MS) is shown in Figure 1-3. As with the X Series Q-ICP-
MS, the Neptune MC-ICP-MS uses an RF generator to produce an energetic argon
plasma to ionize the sample. The Neptune uses a large magnetic sector to separate ions
according to their charge-to-mass ratios. By using a magnet, multiple ion beams can
travel through the flight tube, so that they can be detected simultaneously. The detectors
consist of nine Faraday cups that can be mechanically moved to align with the ion
beams of the multiple isotopes. Simultaneous measurement of multiple ion beams with
an MC-ICP-MS provides an advantage over a single detector instrument in measuring
isotope ratios because most variations in the intensities of the ion beams are correlated
in time. If these ion beams were measured at different times, as required in a single
collector instrument, the measurement of the isotope ratio would be affected by this
variability. Therefore, multiple collector instruments allow more precise measurement of
isotope ratios.

The Neptune is a pseudo-high resolution instrument. Resolution is the degree to
which an instrument can resolve or separate peaks based on mass. High resolution is
important to measurements of Fe and Ca isotopes because of isobaric polyatomic
interferences. In order for an instrument to be a “true” high-resolution instrument, there
must be narrow entrance and exit slits. The Neptune only has narrow entrance slits.

However, Fe and Ca isotope composition can still be measured on the Neptune MC-
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ICP-MS (Arnold et al., 2004a; Weyer and Schwieters, 2003a; Wieser et al., 2004).
Measuring Fe and Ca isotopes on the Neptune MC-ICP-MS require the isotopes to be
measured on peak shoulders because the instrument cannot fully resolve the isobaric
interferences (Figure 1-4 and Figure 1-5). The medium and high-resolution slits on the
Neptune MC-ICP-MS provide enough resolution so the low mass side of the Fe or Ca
peak is free of isobaric interferences.

A critical challenge to high precision measurements of isotope composition by
MC-ICP-MS is that ICP instruments induce a large mass-dependent isotope fractionation
during measurement. This instrument fractionation or “mass bias” is substantially larger
than the natural variations being measured. This instrument fractionation primarily
occurs during transfer of the ions through the cones that separate the atmospheric
pressure ion source from the vacuum of the mass analyzer. When the ions are
accelerated through the cones, traveling from high pressure to low pressure, a zone of
supersonic expansion is produced. In this region, the light isotopes expand outward
preferentially relative to the heavier isotopes. The light isotopes on the outside of the ion
cloud tend to get pumped away by the interface pump (Marechal et al., 1999).

There are three ways that this instrumental mass bias is corrected: standard-
sample-standard bracketing; element doping; and the double spike method. The double
spike method was not used in this dissertation and will not be reviewed here.
Descriptions of the double spike method are be found elsewhere (Dideriksen et al.,
2006; Ripperger and Rehkamper, 2007; Beard et al., 2003; Siebert et al., 2001; Russell
et al., 1978).

1) Standard-Sample-Standard bracketing involves measuring a known standard

before and after every sample. The sample’s isotope value is calculated relative to the
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average of the two bracketing standards. This method offers a sufficiently precise
correction as long as the matricies of samples and the standard are similar. Similar
matricies are necessary because of the potential effects of non-isobaric organic or
elemental contaminants in that are not removed by the sample purification procedures. A
limitation of this technique is that it assumes that any change in mass bias during the
course of analysis is linear over time, so that the average of the bracketing standards
provides a good estimate of the standard value at the time of the sample measurement.
This assumption is not always valid. Additionally, this method requires quantitative yield
from any element purification procedures, such as column chromatography, because
these procedures may fractionate isotopes to the same extent as the natural variations
being measured.

2) Element Doping uses another element close in mass and ionization energy to
the analyte element to monitor instrumental mass bias and to correct for it. This method
is typically combined with standard-sample-standard bracketing. For example, when
measuring Fe, a Cu solution of a known natural isotope composition is added to samples
and standards, and the mass fractionation undergone by the Cu isotopes is used to
determine and compensate for the instrumental fractionation undergone by Fe isotopes.
This method monitors and corrects for time-dependent variations in mass bias. It can
also compensate, to some extent, for differences in matricies between samples and
standard. However, this method requires the use of more detector cups, which may
require the magnet to rapidly switch its field strength (magnet jumping) and hence
increase the analysis time. A magnet jump may also be needed if the mass dispersion
between the two elements is larger than the Neptune can accommodate. For example,

the Neptune cannot simultaneously measure *’Fe and ®*Cu because these two ion
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beams cannot simultaneously pass through the flight tube to the detectors. This
technique also assumes that the relative mass bias for the analyte element and the
doping element is constant during the course of the analysis and between samples and
standard (Barling et al., 2001), assumptions that may not always hold in detail. Another
disadvantage is that the sample has to be rigorously purified of the doping element, to
ensure that the isotope composition of this element is identical for standards and
samples. Quantitative yields during sample purification are also required for the element
doping technique.

In this dissertation, standard-sample-standard bracketing alone was used for Ca
isotope measurement because there is not an element with the same ionization
properties that does not interfere with the Ca measurement. An element doping along
with standard-sample-standard bracketing was used to measure Fe isotopes since
utilization of Cu for this purpose are already well developed. Quality control was checked
using both techniques to insure data quality.

The Neptune MC-ICP-MS offers several advantages over thermal ionization
mass spectrometry (TIMS), which previously was the common mass spectrometric
method used to measure high-precision isotope ratios for heavier elements. Many of the
advantages center on higher sample throughput. The TIMS sample introduction system
requires deposition of the purified sample on a filament, conversion to a solid state and a
slow warm up to ionize the sample. Measurement of a single sample on TIMS can
require hours of analysis time, versus several minutes for MC-ICP-MS. TIMS ionization
is done in a vacuum and TIMS sample turrets are limited in the number of samples and
standards that can be introduced without breaking the vacuum, further reducing sample

throughput. In contrast, the sample throughput of MC-ICP-MS is only limited by the
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willingness of operators to refill an auto sampler that sits outside the vacuum of the mass
analyzer. This, the sample introduction system on the MC-ICP-MS allows between 20-80
samples to be analyzed per day without the need for a highly trained technician
monitoring instrument progress. Sample-standard-sample bracketing on TIMS is
ineffective because the analytical conditions for samples and standards loaded on
different filaments are not consistent enough. Element doping is not possible because
the ionization efficiencies among elements can be vastly different. Therefore, TIMS

requires use of a double spike.
1.4 Iron Isotopes in Biomedicine

Iron is an essential element for all known life. It is the metal center in many
critical enzymes and performs many tasks in biology including acting as an oxygen
transporter, redox active center, and catalyst for biotransformations. The variety of
coordination environments for Fe in biological systems gives rise to its rich and vital
biochemistry; this same variety of binding environments holds the potential for significant
isotope fractionation between biological reservoirs. Iron isotopes may be useful for
studying Fe metabolism in vivo and may be used to gain information about Fe diseases
like anemia and hemochromatosis.

Iron has four naturally occurring stable isotopes **Fe (5.85%), *°Fe (91.76%),
*"Fe (2.12%) and **Fe (0.28%). Early studies proposed that Fe isotope variations in the
rock record might be a useful biosignature because Fe reducing bacteria produced Fe
isotope fractionation on the magnitude of what was observed in the rock record (Beard
et al., 1999). This proxy has proved to be problematic because a number of abiotic
reactions also substantially fractionate Fe [see reviews by (Anbar et al., 2000; Anbar and

Rouxel, 2007b; Beard et al., 2003; Dauphas and Rouxel, 2006; Johnson et al., 2008;
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Johnson et al., 2004)]. Measuring the Fe isotope fractionation in model abiotic
experiments like reduction, separation chemistry and ligand exchange (Dideriksen et al.,
2008; Johnson et al., 2002; Roe et al., 2003) helps us further understand the magnitude
and direction of Fe fractionation for different reactions and can be useful in interpreting
these signals in biology. In addition to experiments, several theoretical frameworks exist
to predict the magnitude of Fe isotope fractionation based on vibrational frequencies and
Méssbauer shifts (Domagal-Goldman and Kubicki, 2008; Domagal-Goldman et al., 2009;
Polyakov, 1997; Polyakov and Mineev, 2000; Schauble et al., 2001). Performing
controlled experiments and measuring the Fe isotope ratios can test these predictions,
but on their own they are useful tools in estimating the fractionation in biology.

Several preliminary studies measured the Fe isotopic variation in biological samples:

* The isotope composition of human blood is offset lightward from dietary Fe
values and light Fe is enriched along the food chain (Walczyk and von
Blanckenburg, 2002; Walczyk and von Blanckenburg, 2005).

* Blood from males is enriched in light Fe isotopes compared to females indicating
that females lose more light Fe compared with males, or absorb heavy Fe
preferentially. Since blood is isotopically light, the loss of blood during
menstruation is the most likely cause of the isotope offset between males and
females. (Walczyk and von Blanckenburg, 2002; Walczyk and von Blanckenburg,
2005).

* The Fe isotope composition of blood from vegetarians and omnivores was
measured, however, there was no significant difference between the two

populations (Krayenbuehl et al., 2005).
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* The isotope composition of patients with hemochromatosis, a genetic disease
that is characterized by excessive Fe content in organs and tissue because Fe
absorption, is poorly regulated. The Fe isotope composition of blood in patients
with hemochromatosis was isotopically heavy compared to healthy individuals.
Fractionation during import is not as strong for patients with hemochromatosis
(Krayenbuehl et al., 2005).
* The Fe isotope composition of minipig intestine was found to be isotopically
lighter than food indicating that this is the location where isotope fractionation
occurs (Hotz et al., 2011).
While these studies have begun to investigate the application of Fe isotopes to
biomedicine, more research is needed to move Fe isotopes from a series of interesting
observations to an elucidation of biochemical mechanisms.

In this dissertation, two important experiments expanded this knowledge base.
The first experiment assessed the equilibrium Fe isotope fractionation during organic
ligand exchange (CHAPTER 2). The second experiment measured the Fe isotope
composition of various organs in a mouse model and created an isotope mass balance
model of the organism (CHAPTER 3). Both experiments were necessary steps to

advance the use of Fe isotopes in biomedical applications.
1.5 Calcium Isotopes in Biomedicine

Calcium has many important functions in biology. In addition to forming the
skeletal system in mammals, it also acts as a signaling element that regulates the
heartbeat, controls osmotic pressure and allows nerve cells to communicate with each
other. The main reservoir for Ca in the body is the skeleton, presenting a unique

opportunity for using Ca isotopes to explore bone health and metabolism.
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There are six stable or long-lived Ca isotopes: “°Ca (96.941%), “*Ca (0.647%),
“3Ca (0.135%), **Ca (2.086%), “°Ca (0.004%), and “*Ca (0.187%). Until recently, the Ca
isotope composition of various materials was mainly been measured by Thermal
lonization Mass Spectrometry (TIMS) (DePaolo, 2004; Skulan et al., 2007; Skulan and
Depaolo, 1999; Skulan et al., 1997). The measurement of Ca isotopes on MC-ICP-MS
was recently introduced for Ca-rich samples like calcium carbonate rocks (Wieser et al.,
2004). Despite the inability of MC-ICP-MS to measure the *°Ca isotope because of the
unresolvable *°Ar interference from the argon plasma, the higher sample throughput of
MC-ICP-MS offers an advantage that is especially important for biomedical studies
which require a large number of samples and patients. However, prior to this dissertation
research, only samples with high Ca content relative to other elements were measured
for isotope variations by MC-ICP-MS (e.g., dissolved CaCOj; rocks). The measurement
of Ca isotopes in complex matrices like urine and blood that have much lower relative
abundances of Ca presented new analytical challenges that are addressed in CHAPTER
4.

The biomedical applications of Ca isotopes are more established than are those
of Fe isotopes. Previous studies have shown that there is a systematic isotope offset
between bone and soft tissue in a variety of animals (Skulan and Depaolo, 1999). This
observation led to the hypothesis that Ca isotopes are fractionated during bone
formation, but that there is no fractionation during bone resorption because of the
quantitative nature of resorption. A simple box model describing the bone and soft tissue
isotope composition was established and is shown in Figure 1-6 (Skulan and Depaolo,
1999). This model led to the hypothesis that changes in the isotopic compositions of soft

tissues like urine and blood could be used to monitor changes in bone mineral balance
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in organisms. Bone mineral balance (BMB) is the rate of bone formation compared to
bone loss.

An effective experimental model to examine bone loss is bed rest; during bed
rest, reduced gravitational loading on the skeleton leads to a marked decreases in bone
density. To test the usefulness of Ca isotopes to detect this change, a prior study tested
archived urine samples from a 90-day bed rest experiment (Skulan et al., 2007). Patients
in this study were placed into one of three groups: a control group, a group that
exercised, and a group given the drug alendronate. Alendronate is a bone resorption
inhibitor that can be used as a countermeasure to bone loss. It is commonly prescribed
to slow the rate of bone loss associated with osteoporosis. Skulan et al. (2007) observed
differences in the Ca isotope systematics between the three groups consistent with
expectations (Figure 1-7). This research provided the first evidence that the Ca isotope
composition of soft tissue can be used as in indicator of changes in bone mineral
balance.

A more recent study examined the isotope composition of urine in two patients in
significantly different states of bone mineral balance, a young boy (12 yrs) and an old
woman (84 yrs). The isotope compositions of these two patients over a 30 day period
were systematically different from each other (Heuser and Eisenhauer, 2010). The Ca
isotope offset between these two patients was proposed to be a measure of age, gender
and bone health status. This study discussed some of the complicating issues that may
arise when attempting to use Ca isotopes to detect bone mineral balance including the
fractionation during absorption in the intestines, the renal fractionation and dietary

variation (Heuser and Eisenhauer, 2010).
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This dissertation reports methods developed to achieve high sample throughput
for Ca isotope measurements using MC-ICP-MS (CHAPTER 4). These methods were
then applied in two biomedically relevant studies. First, the ability to use Ca isotopes to
detect changes in BMB during estrogen-depleted bone loss in a non-human primate
model, the female rhesus monkey, was tested (CHAPTER 5). Second, the rapidity of
bone loss in a 30-day bed rest study was examined (CHAPTER 6). These studies
constitute important steps in validating the use of Ca isotopes in biomedical research

and indicate potential for clinical applications.
1.6 Layout of Dissertation

This dissertation is made up of five chapters. Each has been or will be submitted
for publication in peer-reviewed journals. The co-authors of each chapter have given
their permission for reprint in this dissertation. If the manuscript has been published, the
reference information is provided below the title. If the manuscript is in review or
submitted, no information about the journal will be provided in print due to the press

embargo policies of certain journals.
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2.1 Abstract

Despite the importance of Fe-organic complexes in the environment, few studies have
investigated Fe isotope effects driven by changes in Fe coordination that involve organic
ligands. Previous experimental (Dideriksen et al., 2008, EPSL 269:280-290) and
theoretical (Domagal-Goldman et al., 2009, Geochim. Cosmochim. Acta 73:1-12) studies
disagreed on the sense of fractionation between Fe-desferrioxamine B (Fe-DFOB) and
Fe(H,0)s>*. Using a new experimental technique that employs a dialysis membrane to
separate equilibrated Fe-ligand pools, we measured the equilibrium isotope
fractionations between Fe-DFOB and (1) Fe bound to ethylenediaminetetraacetic acid
(EDTA) and (2) Fe bound to oxalate. We observed no significant isotope fractionation

between Fe-DFOB and Fe-EDTA (A*®***Fere.prosre-eota = 0.02 + 0.11 %0) and a small but
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significant fractionation between Fe-DFOB and Fe-oxalate (A°®**Fefe.prosreoxs = 0.20 +
0.11 %0). Taken together, our results and those of Dideriksen et al. (2008) reveal a
strong positive correlation between measured fractionation factors and the Fe-binding
affinity of the ligands. This correlation supports the experimental results of Dideriksen et
al. (2008). Further, it provides a simple empirical tool that may be used to predict

fractionation factors for Fe-ligand complexes not yet studied experimentally.
2.2 Introduction

The relative abundances of the four stable isotopes of Fe (**Fe, *Fe, *’Fe and *®Fe)
vary in different environmental materials because the rates and equilibrium constants of
many chemical reactions are sensitive to atomic mass (Anbar and Rouxel, 2007a;
Johnson et al., 2008). With this discovery, the Fe stable isotope system emerged as a
powerful new tool to study the sources and chemical transformations of Fe (Anbar, 2004;
Beard et al., 1999; Fehr et al., 2008). It has proven useful in tracking many processes in
the environment, including the dissolution of mineral phases, biotic and abiotic redox
transformations in modern and ancient settings, and anthropogenic pollution sources
(Beard et al., 2003; Brantley et al., 2001; Brantley et al., 2004; Flament et al., 2008;
Johnson et al., 2002; Majestic et al., 2009; Walczyk and von Blanckenburg, 2005). The
fractionation of Fe and other metal isotopes is strongly affected by the metal bonding
environment. However, the relative importance of organic ligand binding for Fe isotope
fractionation is not well known.

It is important to understand the effects of organic ligand binding on Fe isotope
fractionation because interactions between Fe and organic ligands strongly influence the
environmental chemistry and biogeochemistry of this element. In oceans, lakes and

rivers, Fe-organic complexes dominate Fe speciation (Raymond and Carrano, 1979). In
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aerobic environments where dissolved Fe** and Fe*" are scarce, some organisms
produce low molecular weight organic ligands (siderophores) that stabilize Fe** in
solution and sequester it from other organisms (Hutchins et al., 1999). These
siderophores have a high binding affinity for Fe** (log K ~ 20-50) (Albrecht-Gary and
Crumbliss, 1998; Hernlem et al., 1996). In addition to siderophores, Fe is also commonly
bound to humic and fulvic acids in estuaries, lakes, rivers and soils.

Ligand interactions unique to Fe may also induce isotope fractionation in biology.
The diversity of Fe coordination environments in biomolecules gives rise to its rich
biochemistry. Certain Fe motifs are found in many enzymes. These include heme-bound
Fe and Fe-sulfur clusters, as well as non-heme Fe coordinated by protein. Differences in
Fe-organic coordination among these motifs may induce Fe isotope fractionations
manifested in the environment.

Some Fe isotope variations in nature have already been attributed to Fe-organic
ligand complexation (Bergquist and Boyle, 2006; Fantle and DePaolo, 2004). For
example, isotope fractionation associated with organic complexation may explain why
dissolved Fe in the organic-rich tributaries of the Negro River is enriched in heavy Fe
isotopes (Bergquist and Boyle, 2006). However, the validity of such interpretations is
uncertain because there have been few experimental or theoretical studies of Fe isotope
fractionation during interaction with organic ligands (Brantley et al., 2001; Brantley et al.,
2004; Dideriksen et al., 2008; Domagal-Goldman and Kubicki, 2008; Domagal-Goldman
et al., 2009; Ottonello and Zuccolini, 2008; Wiederhold et al., 2006). With over 500
known siderophore complexes (Raymond and Carrano, 1979) and numerous other Fe-
binding molecules in the environment, a systematic understanding of Fe isotope

fractionation during ligand binding is required.
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Among the studies that do exist, there are significant discrepancies between
experimental assessments and theoretical predictions of Fe isotope fractionation
involving organic ligands. The first measurement of the equilibrium isotope fractionation
between Fe** bound to the siderophore desferrioxamine B (DFOB) and the inorganic Fe
complex Fe(H;0)s>* indicated a fractionation of ~0.6 %o, (Equation 1) favoring heavier
isotopes in the Fe**-DFOB complex (Dideriksen et al., 2008).

(*°Fe/l**Fe)sample
Fel**Fe)rum-o14

8°** Feqampie = ( ( -1) x 1000 1

This effect is significant compared to the total range of Fe isotope variation found in
nature (~ 3 %o) (Anbar, 2004). In contrast, theoretical calculations using molecular
orbital/density functional theory (MO/DFT) for the same equilibrium reaction, including
water solvation and at 25°C, predicted an isotope effect of 0.3 %o in the opposite
direction, favoring lighter isotopes in the Fe**-DFOB complex (Domagal-Goldman et al.,
2009). This disagreement between experimental and theoretical findings suggests
shortcomings in either prior experiments or MO/DFT computations.

Here we present determinations of the magnitude and direction of equilibrium Fe
isotope fractionation involving the Fe-organic complexes Fe**-DFOB, Fe*"-oxalate (Fe® -
Oxs), and Fe* -ethylenediaminetetraacetic acid (Fe**-EDTA), using a new experimental

method. We compare these data to prior experimental and theoretical results.
2.3 Experimental and Analytical methods

Experimental Design
We utilized a new method to measure equilibrium isotope fractionation. In the
approach employed previously by Dideriksen et al. (Dideriksen et al., 2008), Fe(H;0)¢>*

was separated from Fe**-DFOB after equilibration by rapidly increasing pH, resulting in
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rapid (<1 s) precipitation of Fe(H,0)s** as Fe-oxyhydroxide. After separating the solution
and precipitate by centrifugation, the isotope compositions of both Fe pools were
measured. However, the precipitation of Fe-oxyhydroxides can induce an isotope effect
of its own (Johnson et al., 2002). In order to check for this potential problem and to
correct for its effects, it is necessary to measure the rate of precipitation, the isotope
composition of the remaining Fe(H.0)s>* pool, and the rate of isotope exchange between
Fe(H;0)s>" and Fe*-DFOB. This was accomplished via parallel sets of control
experiments with an *’Fe tracer. Further, this method of separation is only applicable
when one of the equilibrating species is Fe(H,0)s>*, limiting the utility when considering
pairs of organic species.

Membrane separations offer an alternative to precipitation and centrifugation in
isotope equilibration studies. For example, in a study of Zn isotopes, a Donnan
membrane was used to separate Zn** from Zn®* bound to purified humic acid (Jouvin et
al., 2009). However, because the Donnan membrane requires that one of the
equilibrating species be charged, it cannot be used for studies involving neutral organic
species.

Dialysis membranes offer another possibility. In our study, dialysis bags with a
nominal molecular weight cutoff of 100 g/mol were used to physically separate the Fe
ligand pools by simple diffusion. We determined experimentally that the actual molecular
weight cutoff was variable. In the experiments reported here, the bags allowed small
ligand complexes of up to 350 g/mol to diffuse through, while ligand complexes heavier
than 350 g/mol were unable to cross the membrane (Figure 2-1, Table 2-1). The exact
molecular weight cutoff varied among bags purchased at different times either as a

result of subtle manufacturing variations in different batches of bags or of pore size
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changing with age. Control experiments involving one Fe-ligand complex in the dialysis
bag were performed with new bag batches and for every Fe-ligand complex to ensure
successful separation.

Two sets of experiments were conducted for each ligand pair: one with **Fe
tracer to quantify the extent of isotope exchange, and one with “normal” Fe (~ 0 %o) to
measure isotope fractionation. In a typical experiment, two Fe-ligand stock solutions
were prepared, mixed, allowed to equilibrate for at least 24 hours, then placed in a 3 mL
dialysis bag. The bag was placed inside a 250 mL jar of 18 MQ-cm water, which was
agitated to facilitate diffusion of the smaller ligand through the bag and into the
surrounding solution. Samples were taken from both the inside solution and the outside
solution for isotope analyses.

The experiments were designed so that approximately half the Fe would be

bound in the larger siderophore complex, DFOB, and half would be bound to the smaller
ligand, EDTA or Oxs;, based on equilibrium constants obtained from the literature (Table
2-1). The Fe concentrations outside the bags were monitored in every experiment to
ensure that the concentration reached the value expected if only the smaller Fe complex
diffused out and attained uniform concentration on both sides of the membrane (Figure
2-1).
The advantages of the dialysis bag method over precipitation are: (a) there is no back
reaction requiring correction; and (b) our separation method can be used even when
Fe(H20)s>" is not one of the equilibrating species (Dideriksen et al., 2008).

Experimental Details

Stock solutions were made for multiple experiments. The **Fe-DFOB stock

solution was made by mixing 5.2 mM DFOB (Fisher Scientific desferrioxamine mesylate)
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and 5.1 mM **Fe (Lot #166642, Oak Ridge National Labs, FeCls in 2% HNO3; **Fe
(96.41%), *°Fe (3.49%), >’Fe (0.10%), *®Fe (<0.03%)). The Fe-EDTA stock solution
contained 5.10 mM EDTA (Acros Organics ethylenediaminetetraacetic acid, 99%) and
5.1 mM Fe (Fisher Scientific, FeClsin 2% HNO3;)). The Fe-Oxs solution contained 15.4
mM oxalic acid (Fisher Chemical oxalic acid) and 5.1 mM Fe. The Fe-DFOB solution
contained 5.1 mM DFOB and 5.2 mM Fe. All solutions were made with 18.2 MQ-cm
water and kept at room temperature.

The tracer experiments were performed by mixing 7.5 mL of **Fe**-DFOB stock
with 7.5 mL of Fe**-EDTA or Fe**-Oxs. The equilibrium experiments were performed by
mixing 7.5 mL of Fe**-DFOB stock with 7.5 mL of Fe**-EDTA or Fe**-Oxs. For all
experiments, the initial pH was 3. After 24 hours of equilibration, 3 mL was transferred to
a dialysis bag (Spectrum Lab, 100D CE Float-A-Lyzer®). The bag and its contents were
placed in a jar containing 250 mL of 18 MQ-cm water freshly extracted from a DI system,
with an initial pH of 7. In all experiments, pH decreased to 5. In the case of Fe*"-Oxs, the
experiment was kept in an amber colored shaker while being agitated, or in a dark
cabinet, to prevent photoreduction of Fe**-Oxs (Chen et al., 2007).

Once each experiment reached completion, as assessed in near real-time using
UV-Vis spectrophotometry and Ferrozine® with hydroxylamine reagent (Stookey, 1970),
the bag was removed from the surrounding solution. The concentration of Fe in the
surrounding solution was then analyzed using ICP-MS to quantify mass balance (Table
2-2). The inside solution was diluted from 3 mL (initial volume) to 3.5-5 mL because of
osmosis. The final volume was used to calculate the ug of Fe in the experiment to
assess mass balance. Fe mass balance was achieved within analytical error (20 = £ 5%)
for all experiments (Table 2-3). This indicates that significant sorption to the dialysis
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membrane did not occur. It also indicates that in the unlikely event of bacterial growth,
there was no significant biotic removal of Fe from solution. While a small amount of the
diffusing Fe-ligand complex remained inside the bag (~1%), its contribution to the Fe
isotope composition of the inside solution was negligible. The high recovery of the
smaller and less stable Fe-ligands also shows that significant quantities of Fe-
oxyhydroxides, which would have remained in the bag, did not form.

Aliquots of the inside and outside solutions were taken to obtain 14 ug of Fe for
each isotopic analysis: ~145 uL from the inside solution and ~11.8 mL from the outside
solution. These aliquots were dried and digested using distilled HNO3 and ultra-pure
H,O,. Once digested, the samples were diluted in 0.32 M HNO; for analysis. Typically,
for Fe isotope analysis samples must be chemically purified using anion exchange resin
to isolate Fe from other elements. However, chemical purification of these experimental
samples was not needed because the sample matrix only contains Fe and easily
digested organic ligands.

Analytical Procedures

Precise Fe concentrations were measured by quadrupole ICP-MS (Thermo
Scientific X Series). Sample and standard solutions were introduced in parallel with an
internal standard solution containing yttrium for normalization of plasma variation.
Uncertainties for replicate measurements were approximately + 5% (20).

Fe isotope compositions were measured following the method of Arnold et al.
using a multiple collector ICP-MS (Thermo Scientific Neptune)(Arnold et al., 2004a).
Medium mass-resolution mode (50 um slits) was used to resolve the polyatomic
interferences “°Ar'®0", and “°Ar'*N* and “°Ar'® OH" from **Fe*, *®Fe* and *’Fe",
respectively (Weyer and Schwieters, 2003a). We monitored mass 53 for >*Cr to ensure
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that there was no interference from *Cr, although our experimental system nominally
contains no Cr. Some samples were measured using high mass-resolution mode (25 um
slits) when medium resolution slits were unavailable; other than reducing the ion beam
intensities and hence requiring less diluted samples, the use of high mass-resolution
slits had no effect on our data. The Fe concentrations of samples and standards were
600 ppb (10.74 uM) for medium resolution analyses and 1200 ppb (21.48 uM) for high
resolution analyses. Sample and standard concentrations were checked during the
analysis to ensure they were identical to within = 5%. Instrumental mass bias, i.e.,
isotope fractionation produced by the mass spectrometer, was corrected using a
combination of standard-sample bracketing and addition of Cu as an internal standard
(Arnold et al., 2004a). Cu concentrations matched Fe concentrations in all standards and
samples.

For each isotopic analysis, 20 cycles with 16.77 second integrations were averaged.
Three isotope ratios were measured simultaneously: *°Fe/**Fe, *"Fe/**Fe, and **Fe/**Fe.
All ratios were measured relative to the IRMM-014 standard (Institute of Reference
Material and Measurement, Geel, Belgium). Values are reported as:

(*°Fe/l**Fe)sample
Fel**Fe)rum-o14

8554 Fegamoe = ( ( -1) x 1000 (1)

As a quality-control measure, we checked that all measured isotope values obeyed
mass dependence by comparing 8°°**Fe and §°”**Fe (the precision of §°***Fe was
typically too poor to be useful, due to the relative rarity of ®Fe). Data were rejected if
§°%*Fe/2 differed from 8°"**Fe/3 by more than 0.05 % (this check was not applicable to
isotope tracer experiments). Data were also rejected if the magnitude of the mass bias

correction exceeded 0.35 %o.. Good agreement between §°°**Fe/2 and §°"**Fe/3, as well
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as small instrumental mass bias corrections, indicate that the isotope measurements
were not significantly affected by interferences or other matrix effects. Data were
rejected if the ion beam intensity from *°Fe* was < 6 V, because in such cases the
contribution of instrument blank to the beam intensities measured for the less abundant
Fe isotopes becomes significant.

Solutions containing extreme enrichments of *Fe, used in tracer experiments,
were usually run at the end of an analytical session to avoid any chance of memory
effects. However, no such effects were seen when running standards immediately after
such samples.

Throughout the analytical runs, we measured the IRMM-014 standard, gravimetric
standards of known isotope composition, and previously analyzed rock standards to
ensure accuracy and reproducibility from session to session. Based on replicate
measurements of each sample, the external precision was better than + 0.11 %o (£ 20) in

656/54Fe
24 Results and Discussion

Verification of Isotope Equilibration

We assessed the extent of isotope equilibration in **Fe tracer experiments. The
isotope compositions of all solutions and mixtures were measured directly so as to not
assume an isotope composition based on a mixing calculation. The initial isotope
composition of **Fe**-DFOB in these tracer experiments was §°***Fe = -91.77 + 0.03 %o.
The initial isotope compositions of Fe**-EDTA and Fe**-Oxs were 0.26 + 0.09 %o and
0.20 + 0.06 %o (8°°°**Fe). The isotope compositions of the Fe**-DFOB/ligand mixtures

were -48.12 + 0.08 %o and -48.26 + 0.11 %, for Fe**-EDTA and Fe*"-Oxs, respectively.

36



After separating the complexes, the isotope composition of Fe inside the bag (Fe*'-
DFOB) was -48.39 + 0.09 %, after exchange with Fe*-EDTA and -48.32 + 0.11 %o after
exchange with Fe®*-Oxs. The Fe isotope composition outside the bag for Fe**-EDTA was
-47.86 + 0.08 %o. The Fe isotope composition for Fe**-Oxz was -48.27 + 0.07 %o (Table
2-2).

The isotopes in both experiments converge toward a common value, indicating
that the isotopes exchanged between the two Fe-ligand complexes. The isotope
composition that should be attained after complete equilibration is easily predicted by
mass balance. The isotope compositions of the separated ligands can be predicted
using the following equations:
656/54FGDFOB-ﬁnal =(1-M) 656/54FeDFOB-initial +M 656/54Feunspikedligand-initial (2)
656/54Feunspikedligand-final = (1-M) 656/54Feunspikedligand-initial +M 556/54FGDFOB-initia| (3)

Here, M is the fraction of Fe in each complex that has exchanged with the other
complex. Since no more than 52.7 % of the Fe came from **Fe**-DFOB, M must be
0=M=<0.527. M can be converted to F, the percent exchanged, by dividing M obtained
from Equation 2 and Equation 3 by the percent Fe that was initially added to the
experiment from Fe**-unspikedligand and **Fe**-DFOB, respectively. Equations 2 and 3
are approximations, but these approximations deviate from the actual equivalence by no
more than 1% as long as 8°°**Fegyike-0""*Feunspied < 400 %o (Roe et al., 2003). The Fe
isotope composition of each Fe-ligand complex is shown as a function of F in Figure 2-
2A.

When the measured isotope values are substituted into Equation 1 and 2, the
results indicate that > 99% of the Fe exchanged in all experiments (Figure 2-2B). These
results demonstrate that despite the strong binding affinity of DFOB for Fe, Fe isotopes
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exchange between DFOB and ligands with smaller Fe-binding affinities. The extent of
exchange also indicates that the experiments closely approached equilibrium.

Equilibrium Isotope Fractionation

Isotope fractionation between pairs of organic Fe complexes was measured
using the same procedures described above, but beginning with Fe**-DFOB, Fe**-
EDTA, and Fe**-Ox; of the same initial Fe isotope composition (these experiments had
no *Fe tracer). By measuring d°***Fe in the separated ligand pools after equilibration,
we found that the fractionation between Fe**-DFOB and Fe**-Oxs (A*®**Fere.orosre-ox3 =
8% Fere.oros - 70 *Fere.oxs) is 0.20 + 0.11 %o, while the difference between Fe**-DFOB
and Fe*-EDTA is 0.02 + 0.11 %o (Figure 2-3). These values indicate that organic ligand
binding affects the magnitude of Fe isotope fractionation.

We cannot directly compare our results with those of Dideriksen et al.
(Dideriksen et al., 2008), because it was not possible to use our experimental method to
directly measure the fractionation between Fe*-DFOB and Fe(H,0)s**; to avoid
precipitation of hydrous ferric oxides from Fe(H,0)s**, pH would need to be < 3, causing
the dialysis membrane to degrade. However, an indirect comparison is possible if we
plot A*®**Fe as a function of the affinity constants (log K) of the Fe-binding ligands. The
assumption underlying this simple, first-order comparison is that Fe isotope fractionation
in these systems is largely driven by differences in Fe-ligand binding affinity between the
equilibrating complexes. Specifically, we plot A°***Fe versus Alog K (Figure 2-4), where
Alog K is the difference in log K values between the two equilibrating species. In the
case of isotope exchange between Fe(H,0)>* and Fe*-DFOB, Alog K is simply the

binding affinity for the reaction Fe** + DFOB — Fe**-DFOB, because the value of this log

38



K was determined in an aqueous solution in which Fe** was presumably present as the
hexaquo complex (Martell and Smith, 1989).

When our results are combined with those of Dideriksen et al. (Dideriksen et al.,
2008) in this way, a linear trend emerges (Figure 2-4). This trend follows the expectation
that heavier isotopes preferentially partition into stronger bonding environments and that
the magnitude of this effect scales with differences in bond strengths (Bigeleisen and
Mayer, 1947; Urey, 1947). (Note that this relationship only applies to ligands in
equilibrium with each other and does not account for kinetic isotope effects.)

Our findings are consistent with other recent work. Ottonello and Zuccolini
(Ottonello and Zuccolini, 2008) similarly suggested a positive correlation between Fe-
ligand binding affinity and equilibrium isotope fractionation based on their MO/DFT study
of consecutive binding of acetic acid molecules to Fe**. Wiederhold et al. (Wiederhold et
al., 2006) and Brantley et al. (Brantley et al., 2004) observed light Fe bound to ligands
with high Fe binding affinity in leaching experiments with goethite and hornblende,
respectively, but these experiments were not at equilibrium, and thus an opposite sense
of fractionation from our experiments is unsurprising. Wiederhold’s long-duration
experiments displayed an isotopically heavy product and therefore likely represent
equilibrium exchange between goethite-bound Fe and oxalate-bound Fe with a
fractionation of 0.5 £ 0.15 %0 (Wiederhold et al., 2006). There is no simple Fe binding
affinity constant for the goethite lattice, but this result suggests a stronger bonding
environment for Fe in Fe®*-Ox than for Fe in goethite.

Reconciling Experiments and Theory

To assess the validity of the experimental trend of A°*®***Fe versus Alog K, we

plotted the theoretically predicted A****Fe values for Fe**-Oxs/Fe**-catecholate (Cats),
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Fe*-DFOB/Fe**-Oxs, and Fe**-DFOB/Fe*"-Cat; (Domagal-Goldman and Kubicki, 2008)
as a function of the difference in log K (Figure 2-4). Like the experimental results, these
MO/DFT predictions form a linear trend. This trend in theoretical A°***Fe versus Alog K
supports our observation that the extent of fractionation correlates directly with
differences in binding affinity. However, the two trend lines are slightly offset and have
different slopes. These differences suggest that MO/DFT calculations may
systematically deviate from experimental fractionation factors, and that this problem may
worsen with increasing difference in log K. Experiments that directly quantify the
fractionation factors for Fe®*"-Oxs/Fe**-Cat;, and Fe**-DFOB/Fe**-Cat; could test this
suggestion.

Our findings and interpretations shed new light on the mismatch between
previous experimental and theoretical studies of fractionation between Fe*-DFOB and
Fe(H20)s>". The previous study that measured Fe in equilibrium between siderophore
(Fe**-DFOB) and inorganic Fe complex (Fe(H.0)s>*) reported a fractionation of ~0.6 %o
(A%™*Fe), favoring heavier isotopes in the Fe**-DFOB complex (Dideriksen et al., 2008).
The corresponding quantum chemical calculations for the same system predicted an
isotope effect of 0.3 %o in the opposite direction (Domagal-Goldman et al., 2009). In an
attempt to more accurately model speciation in experiments prior to and during
precipitation, Domagal-Goldman et al. (Domagal-Goldman et al., 2009) modeled a
mixture of inorganic species (Fe(H,0)s>*, Fe(H20)s(OH),** and Fe(H,0)**). This
modification changed the isotope fractionation to -0.15 %o, but did not fully resolve the
disagreement with experiments. Neither of these calculated values for Fe(H,0)s>* in
equilibrium with Fe**-DFOB falls on the linear trend defined by experiments, or on the

trend defined by the other MO/DFT calculations (Figure 2-4).
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Similar discrepancies were noted between experimental and theoretical
fractionation factors observed between Fe(H,0)s*" and a series of mineral phases [20].
There is an average offset of 0.8 %0 between the experimental and theoretical values for
these systems. The theoretical calculations predict that Fe(H,0)s>* should be enriched in
heavy isotopes compared to the mineral phase, but this is not observed in experiments
(Domagal-Goldman and Kubicki, 2008). The discrepancies between experiments and
theory are consistently of similar magnitude and in the same direction when Fe(H,0)s*"
is involved. We hypothesize that there is a specific deficiency in MO/DFT models of
Fe(H,0)s>".

Broader Implications

The linear trend we observe between A****Fe and Alog K may prove particularly
useful in predicting equilibrium isotope fractionation induced by ligands that have not
been experimentally tested or theoretically modeled. For example, the equilibrium Fe
isotope fractionation for Fe**-DFOB in equilibrium with Fe**-citrate has not been
measured or modeled. The difference in binding affinity between Fe**-DFOB and Fe*'-
citrate is 19.2. Using the linear trend we predict a fractionation of A**** Fere pros/re-citrate =
0.33 £ 0.26 %o. Future experimental work could test this hypothesis.

More broadly, our results confirm that isotope fractionations generated from
interactions between Fe and organic ligands can be significant and are therefore likely to
be important in natural systems. Because many different types of ligands bind Fe in
nature, improved understanding of the systematics of ligand-driven isotope effects may
prove particularly useful in studying weathering, biological acquisition and metabolism of
Fe. Iron cycling in these systems often involves Fe redox changes, which cause some of

the largest known Fe isotope fractionations (Bullen et al., 2001; Welch et al., 2003). The
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presence of organic ligands, especially those that have high affinity for only one redox

state of Fe, could be important in governing Fe isotope signatures in natural systems.
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Table 2-1: Binding affinities and formula weights for organic ligands®

Ligand log (K) Formula Weight
Fe-Desferrioxamine-B (DFOB) 31 617 g/mol
Fe-Ethylenediaminetetraacetic acid
(EDTA) 25 348 g/mol
Fe-Oxalate (Oxs) 19 326 g/mol (for 3
ligands)

4Smith and Martell (Martell and Smith, 1989)
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Table 2-2: Iron concentrations and & ****Fe in experimental solutions.

Measured [Fe, ppm]

8°™Fe (%o)

Solution 20 =+ 5% + 20, n=3-4
Stock

*Fe’-DFOB 300.0 -91.77 + 0.03
Fe>*-EDTA 281.2 0.26 + 0.09

Fe*-Ox, 299.9 0.20 + 0.06
Fe**-DFOB 272.4 0.23+0.13

Spike Fe
*Fe’*-DFOB/Fe*"-Ox; Mixture 299.9 -48.26 +0.11
Inside (Fe*-DFOB) 120.9 -48.32 + 0.11
Outside (Fe**-Oxa) 1.6 -48.27 + 0.07
*Fe3*-DFOB/Fe*"-EDTA Mixture 290.6 -48.12 + 0.08
Inside (Fe**-DFOB) 147.8 -48.39 £ 0.09
Outside (Fe**-EDTA) 1.7 -47.86 + 0.08
Normal Fe

Fe>*-DFOB/Fe>**-Ox; Mixture 286.2 0.24 + 0.03
Inside (Fe*-DFOB) 87.6 0.25+0.10
Outside (Fe**-Oxa) 1.6 0.05 + 0.06
Fe**-DFOB/Fe**-EDTA Mixture 276.8 0.25 + 0.05
Inside (Fe*-DFOB) 82.8 0.17 + 0.07
Outside (Fe**-EDTA) 1.4 0.15 + 0.09

44




Table 2-3: Added and measured iron quantities in the experiments.
ug Fe in experiment (2o = + 5%)

ug Fe Measured
Solution ug Fe added (inside and
outside bag)
Spike Fe
% Fe®-DFOB/Fe®"-Ox; Mixture 757 724
*Fe**-DFOB/Fe**-EDTA Mixture 815 848
Normal Fe
Fe>*-DFOB/Fe>**-Ox; Mixture 839 804
Fe>*-DFOB/Fe**-EDTA Mixture 803 806
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Figure 2-1 Concentration of Fe outside dialysis bag vs. time.

The horizontal lines shown represent the expected Fe concentrations outside the bag if
either one ligand (solid black line, and dashed black line), or both ligands (solid gray
line), escaped the bag from the two mixed-ligand experiments. The error bars on the
horizontal lines represent 5% standard deviation as defined by replicate measurements
of standards. Three separate dialysis bag experiments were performed. In experiment 1,
3 mL of 5 mM Fe (280 ppm Fe) as Fe*-DFOB/Fe**-EDTA were added to a dialysis bag
(solid black line, open diamonds). In experiment 2, 3 mL of 5 mM Fe as Fe*-DFOB/Fe”*-
Ox; were placed into a dialysis bag (dashed black line, closed circle). In experiment 3, 3
mL of 5 mM Fe as Fe**-DFOB were added (closed diamonds). Each bag was placed in
250 mL jars of 18 MQ cm™ water, and the Fe concentration outside the bag was
measured over time using the Ferrozine® method. Concentrations in all cases indicate
that Fe**-DFOB was trapped by the membrane, while Fe**-EDTA and Fe**-Ox diffused
to the outside. For the time series concentration measurements, the error bars are
smaller than the symbols.
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Figure 2-2 Mixing lines to determine extent mixed.

A) Expected isotope composition as a function of isotope exchange progress. The lines
were calculated using equations 2 and 3 then converted to F. F is the fractional extent to
which exchange has approached completion. F=0 indicates no exchange occurs. F=1
indicates complete exchange between pools. The black solid line is Fe**-Oxs, and the
dashed black line is **Fe**-DFOB mixed with Fe**-Oxas. The solid gray line is Fe**-EDTA,
and the dashed gray line is **Fe**-DFOB mixed with Fe**-EDTA. B) Magnified view of F
> 0.980. The points on the line show the measured isotope composition of each ligand
after the experiment. The arrows show the extent to which the ligands mixed in each
experiment. Each was > 99% mixed.
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Figure 2-3 Measured fractionation for each experiment.

Measured 5°°**Fe for each sample. Fe**-DFOB and Fe®*-Ox; were significantly different
with A%®***Fe = 0.20 + 0.11 %o. Fe**-DFOB and Fe**-EDTA were within analytical error of
each other, indicating that A = 0.02 + 0.11 %o. Error bars represent +2¢ uncertainty on
replicate measurements of samples.
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Figure 2-4 Fractionation between ligands vs difference in binding affinity.

Plot of isotope fractionation as a function of the difference in log K for each ligand pair.
The linear trend based on experiments has a slope of 0.02 + 0.005. The y-intercept is
0.08 £ 0.08. The uncertainties on the slope and y-intercept were calculated using Isoplot
(Ludwig, 2008). The experimental results fall on a line with an R? value of 0.99. The error
bars are propagated 2c uncertainties on replicate measurements. The MO/DFT
predictions for Fe**-Oxs/Fe*"-Cat;, Fe**-DFOB/Fe*"-Ox;, and Fe**-DFOB/Fe**-Cat; are
plotted as a function of the difference in log K. The MO/DFT predictions form a linear
trend that is offset and has a different slope from the experimental trend (see text on
Reconciling Experiments and Theory).
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3.1 Abstract

In mammals, iron balance is maintained by regulating Fe absorption, Fe storage,
red blood cell formation and Fe loss. Disruptions to the regulators of these processes
greatly affect Fe homeostasis, leading to diseases like anemia and hemochromatosis.
Here we present preliminary data demonstrating the potential for stable Fe isotope
fractionation to yield new insight into Fe metabolism. For the first time, the Fe isotopic
composition of an entire organism was measured, as well as the isotopic compositions
of various organs. In order to identify where Fe isotope fractionation occurs, individual
mouse organs and a whole mouse were dissolved, and the Fe isotope ratios were

measured. Results show that distinct isotope reservoirs exist in the small intestines, the
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red blood cells, the serum and the liver. The entire organism was isotopically light
compared with the sole food source. Our research supports the hypothesis that light Fe
is absorbed preferentially in the small intestines. Using the Fe isotope composition of
each reservoir, we estimate the fractionation between reservoirs and explore how Fe

isotopes could be used as a tool to study Fe metabolism in vivo.
3.2 Introduction

Iron is an essential element for all living organisms; it is the metal center in many
critical enzymes and biomolecules including hemoglobin, myoglobin, cytochrome P450,
and all components of the electron transport chain. In mammals, iron balance is
maintained by closely regulating Fe absorption, Fe storage, red blood cell formation and
Fe loss; proteins mediate the distribution of Fe between these reservoirs. By measuring
Fe isotope ratios in vivo, we hope to gain information that will improve our understanding
of Fe metabolism and potentially be the first step in developing a new tool to evaluate
the progression of disease states like anemia and hemochromatosis.

Fe has four stable isotopes: **Fe, *°Fe, °’Fe, and *®Fe, with average natural
abundances of 5.845 %, 91.754 %, 2.119 %, and 0.282 %, respectively. Isotopes of
different masses of the same element have slightly different properties during chemical
reactions. In an equilibrium reaction, the vibrational frequency is a function of the atomic
weights of the constituent atoms; more energy is required to break this bond for heavier
elements. In a kinetic reaction, bonds form and break at a faster rate for lighter
elements. In chemical reactions, these mechanisms cause the ratio of isotopes in the
reactants and products to differ. Depending on the type of reaction, either light or heavy
isotopes can be enriched, as long as the reaction is incomplete. If the reaction is

complete, the product’s isotope composition will be identical to the reactant’s isotope
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composition. Isotopic fractionation can occur in all elements with multiple isotopes and
has been quantified for light elements such as hydrogen, oxygen, carbon and nitrogen
for many decades(Yang, 2009; Zhu et al., 2002). The range of isotope ratio variation
between reservoirs is smaller in heavy elements like Fe than in light elements because
the relative difference in the masses between isotopes is smaller. However, with
technological advances such as multiple collector inductively coupled plasma mass
spectrometry (MC-ICP-MS), the differences in isotope ratios for heavy elements can be
routinely measured (Anbar and Rouxel, 2007a; Johnson et al., 2008).

Recent applications and advances in Fe isotope measurements have focused on
applications to environmental weathering, microbial biomarkers in the rock record, and
redox indicators of ancient earth (Anbar, 2004; Beard et al., 1999; Fehr et al., 2008;
Johnson et al., 2002). In addition, experimental results and theory have shown that
redox changes from Fe?* to Fe** induce large natural isotope fractionations during
reactions (Anbar et al., 2005; Domagal-Goldman and Kubicki, 2008; Domagal-Goldman
et al., 2009; Johnson et al., 2002). Equilibrium exchange of Fe between organic ligands
also fractionates Fe isotopes, if the difference in binding affinities of the two ligands is
large (Dideriksen et al., 2008; Morgan et al., 2010). These types of reactions occur in
biological systems aided by enzymes and so isotope fractionations of similar magnitude
are possible. With further investigation, Fe isotopes could be used to understand details
about Fe uptake pathways and utilization in vivo.

Studies have begun to investigate Fe isotope measurements as a way of
detecting disease states. For example, blood samples from patients with hereditary
hemochromatosis were characterized for their Fe isotope composition and were found to

be significantly different compared to age matched controls (Krayenbuehl et al., 2005).
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In addition to monitoring disease states, questions still remain about the Fe
isotope composition in healthy populations. Previous research has explored the stable
Fe isotopic signatures in human blood (Ohno et al., 2004; Walczyk and von
Blanckenburg, 2002; Walczyk and von Blanckenburg, 2005). The isotopic composition of
human blood is enriched in light Fe compared to nonspecific dietary Fe sources,
including edible plants and herbivores. Three possible mechanisms for this fractionation
have been proposed: 1) preferential absorption of light Fe in the intestines, 2) isotope-
selective incorporation into organs, or 3) preferential excretion of heavy Fe (Walczyk and
von Blanckenburg, 2005). To begin to address these hypotheses, researchers dissected
and measured the Fe isotope composition of specific organs in a female Géttingen
minipig. They measured the isotope composition of rinsed intestinal sections and found
that all intestinal sections were isotopically light compared with food. In addition, by
measuring select Fe containing organs they estimated the Fe isotope composition of the
whole organism and determine it was isotopically light compared to diet. This lead the
authors to conclude that preferential absorption of light Fe in the intestines caused the
organism and its blood to be isotopically light (Hotz et al., 2011).

Our research aims to further distinguish between these three hypotheses by, for
the first time, assessing Fe mass balance in a whole organism. Individual mouse organs
and a whole mouse were dissolved, and the Fe isotope ratios measured to identify
where Fe isotope fractionation occurs. Results show that distinct isotope reservoirs exist
in the small intestines, the red blood cells, the serum and the liver, and that the entire
organism was isotopically light compared with the sole food source. Our research
supports the hypothesis that light Fe is absorbed preferentially in the small intestines.

Using the Fe isotope composition of each reservoir, we estimate the fractionation
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between reservoirs and start to explore how Fe isotopes could be used as a tool to study

Fe metabolism in vivo.

3.3 Methods

Mouse status and age

All procedures on live animals were approved by the institutional animal care and
use committee of the Collage of Letters and Sciences at the University of Wisconsin at
Madison the site of these experiments. Two twelve-week-old ICR (imprinting control
region) male mice, bred from an in house colony, were maintained on a 12-hour light
dark cycle and fed following weaning the same standard rodent chow diet. At twelve-
weeks of age, one mouse (A) was euthanized by CO, asphyxiation and the other
individual (B) was deeply anesthetized with Isoflurane and exsanguinated via brachial
arterial vein puncture. Whole blood from mouse B was allowed to clot at room
temperature for 30-minutes, then centrifuged for 10 minutes at 10,000g. Serum was
transferred to a new tube and both serum and blood pellet were saved for later analysis.
Dissection of mouse B was done at the University of Wisconsin. Briefly, a midline
incision was made in the peritoneum and extended through the thoracic cavity. The
heart, lungs, liver, kidney, spleen, stomach, small intestines, cecum, colon, one femur
bone, and one leg muscle were removed and immediately placed on dry ice. All the
dissected organs, the remaining carcass and the intact euthanized mouse were sent to
Arizona State University on dry ice.

Sample Digestion and Purification

The samples were defrosted, weighed, and digested using modified aqua regia
(1:1 distilled nitric acid and distilled hydrochloric acid) at ~130°C. Sequential rounds of

modified aqua regia digestion and nitric acid with 20% ultra pure H,O, were added to the
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samples until low surface tension indicated that the organic matrix was removed and the
samples were completely dissolved.

Iron was purified from samples using an anion exchange column
chromatography procedure utilizing Bio-Rad AG MP-1 resin and following the procedure
outlined in Arnold et al. (2004b). Briefly, Fe is loaded onto the resin in 7M HCI. Under
these conditions, Fe is tightly bound to the resin with a high distribution coefficient, while
other matrix elements pass through the column. Once the matrix elements have been

removed, the acid is changed to 0.5 M HCI and the Fe is eluted for collection.
3.4 Analytical Procedures

Iron concentrations and yields were measured by quadrupole ICP-MS with a 7%
H,-in-He collision cell gas (Thermo Scientific X Series). Sample and standard solutions
were introduced in parallel with an internal standard solution containing yttrium for
normalization of plasma variation. For replicate measurements of select samples, there
was a 20 error of £ 5%. Full recovery of Fe from the ion exchange column is required
because the purification chemistry can induce an isotope fractionation of its own.
Therefore, all samples measured for Fe isotopes had at least a 95% recovery of Fe off
the column.

Iron isotopic compositions were measured using a MC-ICP-MS (Thermo
Scientific Neptune) following the method of Arnold et al.(2004b). Medium mass-
resolution mode was used to resolve the polyatomic interferences ArN*, ArO*, and
ArOH* from **Fe*, ®®Fe* and *’Fe*, respectively (Weyer and Schwieters, 2003b). Some
samples were measured using high mass-resolution mode when medium resolution slits
were unavailable. The change in slits induced no change in the data quality or procedure

other than requiring more concentrated solutions. Samples and standards were
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introduced at concentrations of either 600 ppb Fe (medium resolution) or 1200 ppb Fe
(high resolution). In addition to standard-sample bracketing, Cu was added at 600 ppb
(medium resolution) or 1200 ppb (high resolution) to each standard and sample to
monitor the instrumental mass bias. Each analysis averaged thirty, 8.16-second cycles
measuring three Fe ratios simultaneously: *°*Fe/**Fe, °’Fe/**Fe, and **Fe/**Fe. All ratios
were measured relative to IRMM-014 (Institute of Reference Materials and
Measurement, Geel, Belgium). Values are expressed as:

(7 g (5F

% Fe /sample S4Fe

556/54 Fe — )standard x 1 000 (1 )

sample ( 56 Fo )
% Fe /standard

Valid measurements must be mass dependent, so if the variation per amu (8°***Fe/2
and 8°"**Fe/3) differed by more than 0.05 %o, the datum was rejected. Data were also
rejected if the magnitude of the copper normalization of the mass bias correction
exceeded |0.35| %o (indicating a significant difference in the sample matrix between
samples and standards) or if the intensity of **Fe was less than 4.5 V. The intensities of
the other less abundant isotopes did not sufficiently exceed the blank when *°Fe was
less than 4.5 V. The instrumental quality control criteria were relaxed for the serum
sample because of the limited amount of Fe in the sample. The *°Fe voltage for the
serum measurement was 3.5 V and the variation per amu (5°°**Fe/2 and 8°"**Fe/3)
differed by 0.35 %o. This relaxation of these quality control criteria is reflected in the
larger error bar associated with the serum sample. Throughout analytical runs, the
IRMM-014 standard, gravimetric isotope standards and rock standards were measured
to ensure reproducibility from session to session. Based on replicate measurements of

each sample, the internal precision is given for each sample in Table 3-1.
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In general, the magnitude of the offset between two pools is known as the
fractionation (A****Fe). Here we are specifically interested in the isotope fractionation as
Fe moves from any one organ to another organ (A to B). Typically the fractionation
factor, a, is used to describe these types of mass sensitive transfers. However, in order

to keep the units in delta notation, we will utilize the following approximation:
A**Fe, . =1000xIn(a**Fe, 5) (2)

where A**®*Fe, 5 is the isotope fractionation as Fe moves from reservoir A to reservoir B.
3.5 Results and Discussion

Fe Isotope Composition of Whole Organism

The Fe concentration and isotopic composition of the whole mouse and
individual mouse organs from a pair of littermates were measured (Table 3-1). The
isotopic composition of the whole mouse (-1.72 + 0.16 %) was lighter compared to its
sole food source (-0.17 + 0.20 %0). These values are consistent with previous estimates
of a whole minipig Fe isotope composition (-1.5 %) (Hotz et al., 2011). The range of Fe
isotope values for different organs within one individual is almost as large as the entire
natural range of isotope variation found in nature (~3 %o, (Anbar, 2004)). The Fe isotope
composition of samples varies from the isotopically heavy value for food, (-0.17 £ 0.20
%o) to the lightest value for blood (-2.23 + 0.23 %o; Figure 3-1). The large variation in
isotopic composition of organs suggests the isotopic composition of individual organs is
strongly controlled by the combination of mechanisms by which Fe enters and exits the
organ. The known pathways by which Fe enters cells are 1) via transferrin and the
transferrin receptor protein (TFR1), 2) reduction followed by transport via the divalent

metal transporter 1 (DMT1) or 3) Fe-heme is absorbed via the heme carrier protein 1
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(HCP1) (Andrews, 2008; Donovan et al., 2006). Measurements of Fe isotope ratios in
one or more organs may provide a unique, naturally-occurring tracer for studying the
physiology of Fe in biology.

In order to verify that all major Fe reservoirs in the dissected mouse were
properly assessed, an isotope mass balance model for the dissected mouse was
compared against the overall isotopic composition of its sacrificed littermate. The
weighted average isotope composition of all of the organs plus the remaining carcass of

the dissected mouse was calculated as follows:

56/54 56/54
E 6 Feorgan—1 X AugFeorgan—1 + 5 Feorgan—n X Aug Fe

E AugFeorgan—1 + AugFeorgan—n e

556/54Fe organ-n*** (3)

weighted ave =

We find that 8% cignted avg . mouse = -1.64 * 0.10 %o. This value can be compared to the
isotope composition of the mouse digested in bulk, -1.72 £ 0.16 %.. The two values are
within error of each other, confirming that the dissected mouse includes all the major Fe
reservoirs. These results also suggest that there is little variation between organisms
when both specimens are healthy and have the same age and life history. These values
can also be compared to the estimate for the minipig Fe isotope composition in the
literature -1.5 %o (Hotz et al., 2011). The isotope composition of our mouse model is
offset by about -0.18 %0 from the minipig model, which is the same offset as the isotope
composition difference in the two food values (-0.17 + 0.20 %o mouse diet and ~0.0 %o for
minipig diet). This offset indicates that the mechanisms that cause the isotope
fractionation in both organisms are the same.

Determining the Fractionation Between Organs

The fundamental principles of isotope fractionation can be applied to biology just

as they can be applied to environmental or geological processes. Isotope fractionation

62



during the transfer of Fe between organs can be calculated and used to track Fe fluxes.
The isotope fractionation during the transfer of Fe from any one organ, A, to another
organ, B, (A****Feas) was calculated using a mass balance model incorporating the
measured isotope compositions of the organs and Fe fluxes obtained from literature
values (Bothwell et al., 1979; Lopes et al., 2010; Walczyk and von Blanckenburg, 2005).
This formalism was applied to each possible Fe transfer step in a system of
simultaneous equations (Appendix A). Monte Carlo sensitivity analysis has shown that
the calculated fractionations are only weakly dependent on the exact value of the fluxes,
with the majority of the uncertainty limited by the precision of the Fe-isotope
measurements (Appendix A).

For our model of biological Fe isotope fractionation in mice, we consider fluxes in
and out of six major Fe reservoirs: serum, bone, red blood cell (RBC), spleen, liver, and
“other organs” (Figure 3-2). The isotope composition of the “other organs” reservoir was
determined by calculating the weighted average of the remaining carcass, muscle,
bones, kidney, lungs and heart (Equation 3). The isotope composition of the Fe in the
digestion track was not used in the model because the Fe in this reservoir is not
metabolically active inside the mouse. We assume that Fe cycling in the mice was in
steady-state, such that the Fe content and isotopic composition of each organ was not
changing at the time of dissection. This implies that rates and isotopic compositions of
Fe entering and leaving each organ are exactly balanced.

In cases where Fe is released by bulk processes there can be no mass-
dependent fractionation and in these cases A****Feas values were set to zero. These
cases are: 1) the incorporation and destruction of red blood cells by the spleen

(A°®™*FeRrgc.spieen), 2) the release of Fe out of the liver (A****Fejer.serum), 3) cellular
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sloughing (A****Feqher-out), 4) phagocytosis (A****Fegerserum), and 5) bleeding
(A Fepeeq) (Hentze et al., 2004).

The model was programmed in MATLAB™ with the equations in Appendix A.
The fractionations between organs are presented in Figure 3-2.

Iron Cycling in Vivo

Iron is recycled very efficiently in mammals. Fe is absorbed in the intestine and
transferred to serum. Only about 1 % of the Fe ingested daily is absorbed into the body
(Hentze et al., 2004). In an adult human, this adds up to about 1 mg of Fe per day
(Hentze et al., 2004). Once Fe is absorbed, it is taken up by transferrin in serum for
transport throughout the body. Serum Fe makes up a very small percent of the total Fe
in the body, but the flux of Fe is very high because all Fe transport between tissues
passes through serum. Approximately 2.8 % of the total body Fe circulates through
serum every day but at any given time the amount of Fe in serum only represents 0.06
% of the total Fe in the body. Hence the mean residence time of Fe in serum is only two
to three hours.

Serum shuttles Fe into the red blood cell cycle where Fe is used to form
functional RBCs. In the first step in the RBC cycle, Fe is transferred from serum to bone
(Figure 3-2). The bone is the main location where RBCs are formed (Andrews, 2008).
Bone makes up about 3.5 % of the Fe in the body and RBCs make up about 53 %
(Bothwell et al., 1979; Donovan et al., 2006; Walczyk and von Blanckenburg, 2005). In
RBC, most Fe is in the metal center in hemoglobin, which is used to transport oxygen to
all the organs. RBCs have a lifetime of approximately 120 days in humans (Shemin and
Rittenberg, 1946) but 20 to 54 days in mice (Lopes et al., 2010). Some RBCs are taken

up constantly by the spleen, where reticuloendothelial macrophages capture and destroy
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RBC in bulk. The Fe reenters the serum where it can be recycled into RBC, transported
to other organs for use, or stored in the liver.

Fe loss occurs via two types of processes, a ligand selective process, which
excretes Fe binding ligands via urine and bile and a bulk process through bleeding and
cell sloughing. Currently, there is no known regulatory mechanism, which controls Fe
loss (Andrews and Schmidt, 2007). This passive loss is approximately equal to the Fe
absorption every day and in adult humans adds up to about 1 mg (0.02% total Fe) Fe
per day but in mice is approximately 3.2 ug/day (0.32%) (Lopes et al., 2010).

Compared with other Fe reservoirs in the body, blood serum is unique because it
has a very short residence time (about 30 min) (Lopes et al., 2010). The Fe isotopic
composition of serum is -0.99 £ 0.40 %.. Since this reservoir only contains small
amounts of Fe and it is constantly being exchanged, it may be a useful reservoir to
measure when attempting to evaluate Fe metabolism in vivo.

Isotope Fractionation Between Organs

Our measurements and modeling indicate that Fe isotopes are fractionated in
distinct ways during transfer into and out of each organ. The largest fractionation occurs
during intestinal absorption, where A****Ferqog-serum = 1.93 = 0.28 %o (Figure 3-2). As a
result, the isotope composition of the Fe entering the mouse is -2.10 = 0.28 %o
(6°°**Fejrum) When ingested food is §°°**Fe = -0.17 + 0.2 %o as was the case here. Food
and feces are isotopically similar because only a small fraction of dietary Fe is absorbed.
Therefore, the isotope composition of feces (-0.18 + 0.10 %o) will always be similar to
that of the diet.

Digestion Track
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We measured the isotope composition of the stomach, small intestines, cecum
and colon with food still inside the organ. The Fe concentrations and isotope
compositions of these organs generally match that of food, indicating that most of the Fe
in these reservoirs is likely from partially digested food. The residual food in the digestive
prevented us from cleanly measuring the isotopic composition of these reservoirs. In
order to accurately obtain the isotope composition of each section in the digestion track,
the food would need to be removed and the organ washed with a clean solution of a
suitable ionic strength. The small intestine was not cleaned of digested food, but
happened to be mostly empty (as indicated by the much lower Fe concentration).
Therefore, the isotope value of the small intestine (-0.99 + 0.12 %.) may be the best
direct measure of fractionation that occurs during Fe absorption in this study and is
much lighter than food (Table 3-1 and Figure 3-1). The isotope composition of small
intestine measured in this study matched the measured isotope composition of cleaned
intestinal cells in a minipig (-0.97 %o to -1.69 %o) (Hotz et al., 2011). However, these
values are nonetheless significantly heavier than the absorption value calculated from
the model (-2.10 £ 0.28 %0). One reason for this offset may be because the calculated
absorption value represents the Fe flux from food to serum meaning that Fe is
fractionated during absorption into entrocytes (intestinal absorptive cells) then further
fractionated during excretion out of entrocytes into serum.

Red Blood Cells Cycle (RBC)

The red blood cell (RBC) cycle involves about 2.8 % of the Fe in the body per
day. Serum brings Fe to bone; this transfer has a fractionation of 1.24 + 0.46 %o
(A*®**Fegerumbone)- IN the bone, RBCs are formed and released into the blood, with a

fractionation of 0.57 = 0.35 %o (A°®**Fepene.rsc), With the isotopically light Fe sequestered
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into RBC. RBCs circulating in blood are eventually destroyed and the Fe in them is
recycled. This occurs mainly in the spleen where reticuloendothelial macrophages
capture and destroy RBC in bulk. It is unlikely that this process would induce an isotope
fractionation, since the RBCs are captured in bulk, and so we fix A****Feggc.spieen = 0.
Fixing this value also avoids parameter ambiguity in the model, allowing the remaining
fractionations to be uniquely determined (Lopes et al., 2010). Fe is released from the
spleen back into serum to be utilized again for RBC formation or transported to other
reservoirs. The fractionation between spleen and serum is 0.62 = 0.26 %o (A****Fespieen-
serum)- At steady state, the isotope composition of each flux in the RBC cycle must be the
same. In our model, the isotopic composition of this flux is -2.23 + 0.23 %o, matching that
of RBC. The reason that the isotope composition of the fluxes matches RBC is because
the Fe moving from RBC into the spleen is not fractionated. If a system is in steady
state, the isotope composition entering an organ must equal that exiting the organ. This
defines the isotope composition of each flux - but in order to obtain that value, each flux
in the RBC cycle has a unique fractionation.

Liver

The liver is another major reservoir of Fe; it includes ~ 20% of the Fe in the whole
organism, mostly in the form of the iron storage protein ferritin. Ferritin stores Fe in
several mineral phases including magnetite, hematite and ferrihydrite in the center of the
ferritin protein casing (Galvez et al., 2008). Isotopically, the liver is very similar to serum
(-1.04 = 0.08 %o, -0.99 = 0.40 %o respectively). While a small portion of Fe in serum (2-
7)% can be found as ferritin, the vast majority of Fe in serum is bound as transferrin,
ruling out a single molecular environment as the reason for this isotopic similarity.
However, both ferritin and transferrin proteins bind Fe**, suggesting that no redox
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change is required for Fe to transfer between these proteins. Redox changes in Fe are
usually accompanied by large isotope fractionation (Domagal-Goldman and Kubicki,
2008; Johnson et al., 2002). There is no evidence that supports that transferrin and
ferritin directly exchange Fe in vivo (Harris, 1978). There are two hypotheses for the
mechanism by which Fe is transferred between these two pools. 1) The ferritin reduction
and chelation model in which Fe** is reduced to Fe** and then bound to a ligand on the
outside of the ferritin molecule for release from ferritin or the Fe is oxidized for
incorporation into ferritin. 2) The ferritin non-reductive process where no redox chemistry
occurs and Fe* is bound to a ligand for transport to and from ferritin (Watt et al., 2010).
The isotopic similarity of the liver and serum pools supports the hypothesis that there is
no Fe redox change during the multiple ligand transfer of Fe from transferrin to ferritin.
The predicted fractionation into the liver, 0.05%o, is smaller than the analytical
uncertainty on the isotope measurement, 0.1 %o, and so it is indeed possible that there is
no fractionation. To constrain the model, the fractionation out of the liver is assigned to
be zero (A****Fejyer.serum = 0), since any release of Fe out of liver would most likely be
done in bulk via endocytosis of liver cells (Hentze et al., 2004). Overall, it appears that
the transfer of Fe in and out of the liver does not fractionate.

Other Organs

The “other organs” reservoir includes muscle, heart, lungs and remaining carcass
from the dissected mouse. The muscle isotope composition was similar to whole
organism. Heart, lung and kidney contained Fe with similar isotope composition to blood.
All these organs were lumped into the same reservoir for simplicity, and because they all
had approximately the same isotope value. The fractionation into this reservoir was

calculated to be 1.01 = 0.42 %o (A***Feserum-otner). Fe can be released from this reservoir
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two different ways: either it can be excreted out of the body through cell sloughing, or
return to serum via phagocytosis. Both fluxes’ fractionations were set to zero

(A Fegter-out = 0, A***Feger.serum = 0) since both these mechanisms are unlikely to
express an isotope fractionation due to the quantitative nature of the transfer.

Distinguishing Hypotheses

This research aimed to distinguish between the three possible mechanisms for
the presence of isotopically light Fe in blood. These hypotheses are: 1) preferential
absorption of light Fe in the intestines, 2) isotope-selective incorporation into organs, or
3) preferential excretion of heavy Fe (Walczyk and von Blanckenburg, 2005).

We can immediately discount hypothesis 2. The entire organism is isotopically
light compared to dietary input, eliminating the possibility that the isotopically light Fe
value for blood could result from the partitioning of dietary iron into heavy and light pools
within the body.

We can also discount hypothesis 3 and the possibility that the excretion of heavy
Fe alone causes the organism to be isotopically distinct from food. The bulk excretion of
Fe by either bleeding or cell sloughing is the main mechanism for Fe removal (64% of
the Fe removed per day); since neither of these reservoirs is heavy, these bulk
processes cannot remove heavy Fe from the organism. There is a ligand selective
process to excrete Fe bound to low molecular weight organic ligands through urine and
bile. It is estimated about 36% of the total Fe excreted per day is lost via ligand selective
mechanisms with the majority being lost to bulk processes (Green et al., 1968; Hunt et
al., 2009). Since the whole Fe-ligand complex is filtered by the liver and kidneys this
process is most likely not sensitive to differences in the mass of the Fe being filtered.

Our results cannot measure or calculate the fractionation in urine or bile. The isotope
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composition of the bladder has been reported in the literature and is -1.38 + 0.2 %o (Hotz
et al., 2011) representing at least in part a urine sample. The feces isotope composition
reported in this study to a small extent represent the Fe excreted with bile. These
samples do not perfectly represent that of urine or bile because the contribution of Fe
from urine or bile into the sample is small compared to total Fe measured. However, the
fact that the samples are the same or lighter than the whole organism indicates that the
urine or bile pool is not significantly heavier than the bulk organism. Therefore the
majority of the Fe fractionation that offsets the organism from its food sources is
occurring during absorption.

Our results support the hypothesis that preferential absorption of light Fe is the
mechanism by which the Fe isotope composition of an organism comes to differ from
that of its diet. This was also the hypothesis supported by previous research (Hunt et al.,
2009; Walczyk and von Blanckenburg, 2002; Walczyk and von Blanckenburg, 2005). We
constrain the fractionation during absorption and in our mouse model we estimate that
fractionation to be A****Ferood.serum = 1.93 + 0.28 %o. In addition we outline a detailed
model of the fractionation mechanism that cause RBC Fe to be isotopically light. RBCs
are isotopically light because there is an incremental fractionation during absorption,
transfer to bone and ultimately Fe’s incorporation into RBC.

Causes of Fractionation Between Organs

The metabolism of Fe in the body is tightly regulated and mitigated by enzymes
that catalyze most of the important transfers. As such, the reactions that control the
transfer of Fe are most likely under kinetic control and not allowed to reach
thermodynamic equilibrium. The fractionations that we predict in our model are all

positive indicating that the product reservoir is sequestering light Fe isotopes. This is
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consistent with a kinetic fractionation mechanism. Most transfers of iron occur via one of
the three main pathways by which Fe enters cells: 1) via transferrin and the transferrin
receptor protein (TFR1); 2) reduction of Fe* followed by transport via the divalent metal
transporter 1 (DMT1); 3) Fe-heme is absorbed via the heme carrier protein 1 (HCP1)
(Andrews, 2008; Donovan et al., 2006). Other proteins are involved in the transport of Fe
intracellularly, and functional analogs of the proteins listed above have been discovered
in specialized cell types, but the basic transport mechanisms are the same.

Based on what we know about abiotic Fe isotope fractionation, the reduction of
Fe®* to Fe®* followed by transport via DMT1 should cause the largest fractionation. We
suggest this because Fe isotopes are well-known to fractionate during both Fe reduction
and oxidation (Anbar, 2004; Johnson et al., 2008; Johnson et al., 2002). During these
processes, Fe*"is typically enriched by as much as 3 %o relative to Fe?, which is the
magnitude of the equilibrium Fe isotope fractionation between Fe** and Fe?* aquo
complexes (Anbar et al., 2005; Domagal-Goldman and Kubicki, 2008; Domagal-
Goldman et al., 2009; Johnson et al., 2002). In addition, the binding of Fe to organic
ligands causes an isotope fractionation but is smaller in magnitude (Dideriksen et al.,
2008; Morgan et al., 2010). The isotope fractionation of Fe in cells is consistent with the
type of fractionation suggested by abiotic experiments. For example, entrocytes
(intestinal absorptive cells) mainly produce DMT1 in order to transport any divalent metal
needed in the body. The main location where Fe** is reduced and transported via DMT1
is in the intestinal lumen. Therefore, based on the abiotic experiments, this mechanism
should produce the largest Fe fractionation, and, since entrocytes mainly absorb Fe via
this mechanism, they should be most fractionated from the reactant reservoir. Entrocytes

also absorb Fe via HCP1. Heme-Fe is obtained mainly from animal meat but can also be
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obtained from plants. We expect there to be no Fe isotope fractionation during the
uptake of heme-Fe via HCP1 because the porphyrin ring prevents the transfer from
being sensitive to variations in the mass of the Fe. However, the isotopic composition of
the heme-Fe reservoir may be significantly different than dietary Fe*. The heme-Fe
reservoir can shift the isotope composition of the entrocyte even if no fractionation
occurs.

Fe fractionation can also occur when Fe is transported out of the entrocyte into
the serum. Transferrin, the main Fe transport protein in the serum, transports Fe®*
therefore the Fe that was reduced to Fe** needs to be re-oxidized. The cumulative
fractionations during absorption from food to serum is modeled to be A****Feoq-serum =
1.93 = 0.28 %0. The magnitude and direction of the fractionation calculated in this study
is consistent with the generally accepted idea that reduction and binding by DMT1 is the

main mechanism by which Fe is transported into the body.
3.6 Conclusion

Here we have measured the isotope composition of organs in a mouse; we
calculated the fractionation between organs, and we have further verified the hypothesis
that light Fe is preferentially absorbed in the intestine specifically during the reduction of
Fe and transport via DMT1. This study represents a significant step forward in our
understanding that mass dependant fractionation of Fe occurs in all organs throughout
the body. It also provides insight into locations where transport of Fe is well controlled.
With further experiments that investigate the fractionation between specific proteins, we

can develop this tool to be used to monitor Fe metabolism in vivo.
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Future work will focus on examining the fractionation that occurs between specific Fe

proteins like ferritin and transferrin.
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Table 3-1: Values for mouse organs and whole mouse
Fe
Weight | Concentration | Amount Fe 5°°*Fe £ 20
)] (Ppm) (ug) (%0), N

Food 0.30 127.9 38.1 -0.17 £ 0.20, 4
Feces 0.05 317.7 17.4 -0.18 £ 0.10, 3
Stomach 0.40 102.3 41.2 -0.42+0.17,3
Small Intestine 1.42 32.4 46.2 -0.99+0.12, 2
Cecum 0.43 132.1 56.4 -0.16 £ 0.12, 4
Colon 0.51 172.5 88.2 -0.15+0.22, 4
Serum 0.20 3.9 0.8 -0.99 + 0.40, 1
Liver 1.33 87.3 116.4 -1.04 £ 0.08, 4
Blood 0.87 537.9 467.6 -2.23+0.23, 4
Heart 0.17 103.5 17.7 -2.16 £ 0.02, 3
Lungs 0.16 81.0 13.3 -2.23+0.22, 4
Kidney 0.48 36.0 17.2 -2.26 £ 0.25, 3
Spleen 0.08 191.9 15.2 -1.61+0.13, 4
Muscle 0.46 10.5 4.9 -1.81+£0.03, 4
Femur 0.08 33.9 2.9 -1.66 + 0.27, 2
Mouse
Carcass 16.96 10.7 181.2 -1.95+0.02, 3
Other organs 18.23 12.8 234.3 -2.00 £ 0.10, NA
Dissected -1.60 £ 0.10,
mouse* 23.57 45.36 1069.1" NA
Whole Mouse 25.77 21.3 549.4" -1.72+0.16, 3

* sum of dissected organs and weighted average to used to calculate §°***Fe. T During
digestion the whole mouse sample was spilled, causing a loss of Fe but had no effect on
the Fe isotope composition
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Figure 3-1 Fe isotope values of each organ.
8°°**Feirmm, 20 error on individual replicates, n=1-4. Serum n=1 so error is approximate

error on a single measurement. Concentration values are accurate within = 5%.
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Whole Mouse
-1.72%,
~1mg

Sloughed Cells

Bleeding
1.5ug/day

Figure 3-2 Fe fluxes into and out of major Fe stores in an organism.
Fluxes are estimated from literature values see text for references. This figure is
modeled after (Bothwell et al., 1979; Walczyk and von Blanckenburg, 2005).
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4.1 Abstract

We describe a new chemical separation method to isolate calcium (Ca)
from other matrix elements in biological samples, developed with the goal of
making measurement of natural stable Ca isotope variations a clinically
applicable tool to assess bone mineral balance. A new two-column procedure
achieves the purity required to measure two ratios of Ca isotopes (*Ca/**Ca and
“4Ca/**Ca) on a Neptune multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS). The matrix element limits for Ca/Sr (10,000), Ca/Ti
(10,000,000) and Ca/K (10) were determined using element spikes in Ca
standards of known isotopic composition. The precision of 8**?Ca
measurements for purified samples is no worse than + 0.2 %o (20). Accuracy was
determined by comparing samples and standards run on thermal ionization mass
spectrometry (TIMS), standards run through chemistry and sample-standard
mixing.

4.2 Introduction

Calcium (Ca) isotope variations in biological fluids such as urine and blood
can be used to assess bone mineral balance (BMB) in humans (Heuser and
Eisenhauer, 2010; Skulan et al., 2007), raising the possibility that Ca isotopic
analyses could be employed clinically to detect and assess treatments for
diseases that affect BMB, such as osteoporosis and multiple myeloma (Yeh and

Berenson, 2006). X-ray bone scans or histological biopsies are the only method
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of measuring BMB currently in widespread clinical use. In contrast, a natural Ca
isotopic biomarker would pose no radiological hazard, is noninvasive and could
detect changes in BMB quickly before these have resulted in significant reduction
in bone density and resulting clinical outcomes such as fracture (Damilakis et al.,
2010a; Kanis et al., 2008; Skulan et al., 2007). Biomarkers of the bone formation
and resorption processes have been developed as useful measures of the
relative rates of their respective processes, but the Ca isotope technique can
prove a helpful compliment since it measures net bone mineral balance directly
(Leeming et al., 2006; Sorensen et al., 2007).

The Ca isotope technique is based on small but measurable differences in
the partitioning of Ca isotopes between bone and soft tissues. During bone
formation, light isotopes of Ca are preferentially incorporated into bone. This
isotopic fractionation leaves soft tissue with an excess of heavy Ca isotopes
relative to dietary Ca. Bone resorption involves a bulk dissolution of small
volumes of bone, so there is no isotope fractionation. Bone resorption releases
the isotopically light Ca that was stored in bone back into soft tissue. When the
rate of bone formation and resorption are equal these two effects cancel and
bone has no net effect on the Ca isotope composition of soft tissue, while net
bone formation and net bone resorption causes heavy and light excursions in soft
tissue Ca isotope composition, respectively. These natural isotope variations in
soft tissues are reflected in urine and can be quantified by precise mass
spectrometric measurements. This relationship between soft tissue Ca isotope
composition and BMB has been empirically confirmed in several studies (Skulan

et al., 2007; Skulan and Depaolo, 1999; Skulan et al., 1997). However, clinical
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application of the Ca isotope technique demands the rapid analyses of large
numbers of samples, which in turn requires a methodology capable of high
sample throughput.

Traditionally, Ca isotope compositions are measured using thermal
ionization mass spectrometry (TIMS) (DePaolo, 2004; Russell et al., 1978). The
clinical utility of TIMS is limited because of its low sample throughput, typically
10-20 samples per day. Sample preparation and instrument operations for TIMS
can also be time-consuming and require a highly trained operator to monitor
instrument quality. Multiple collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) offers the potential for much higher rates of sample
throughput, and can be set up with an on-line, automated chromatographic
sample preparation system. TIMS offers the advantage of being able to measure
the “°Ca isotope, the major isotope of Ca, because thermal ionization does not
use an argon plasma. MC-ICP-MS uses an argon plasma and the “OAr isotope
interferes with “°Ca such that resolution of signals from them is impossible.
Despite only being able to measure the minor Ca isotopes, MC-ICP-MS requires
sample sizes that are comparable to TIMS. An automated purification system for
Ca measurement by TIMS has been developed for sample sizes < 5 ug using a
commercially available HPLC system, but this automation did not substantially
increase the sample throughput for TIMS as the bottleneck is downstream
(Schmitt et al., 2009).

MC-ICP-MS has been successfully used for high-precision Ca isotope
determinations in calcium carbonate rocks for geoscience research (Chu et al.,

2006; Fietzke et al., 2004; Halicz et al., 1999; Wieser et al., 2004). However, few
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stable Ca isotope studies in biological materials have employed MC-ICP-MS
(Skulan et al., 2007; Skulan and Depaolo, 1999; Skulan et al., 1997). MC-ICP-
MS measurement of Ca isotopes requires greater separation of Ca from other
matrix elements than is necessary for TIMS. High-energy plasma ionizes many
elements simultaneously and with high efficiency, generating isobaric
interferences for ICP-MS that are not produced in the thermal range used for
ionizing Ca in TIMS. Liquid chromatography that efficiently separates Ca from
matrix elements is required to reduce these interferences. This chromatography
must also have a nearly quantitative yield of Ca because chromatography itself
fractionates Ca isotopes (Andren et al., 2004; Oi et al., 1993; Russell et al.,
1978). Incomplete recovery could result in an isotope effect greater than the
naturally occurring variations in the samples.

Here we report new liquid chromatography procedures that separate Ca
from matrix elements in complex samples to the extent needed for MC-ICP-MS
Ca isotope analyses. We determined the thresholds of separation efficiency
required to obtain accurate and precise Ca isotope data by doping standard
solutions with potential interferents. Our new chemical purification protocol
produces consistent, quantitative yields. These procedures are appropriate for
preparing Ca isotope samples in biological matrices for either TIMS or MC-ICP-
MS methods. Unlike TIMS, MC-ICP-MS measurement can continue 24 hours a
day with an autosampler, significantly reducing personnel costs, and dramatically
increasing sample throughput. In addition, MC-ICP-MS offers the prospect of

online, high-throughput methods in the future.
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4.3 Methods

Digestion Procedure

All samples and standards were processed in a biosafety level 2, class
100, trace-metal-free clean lab with class 10 laminar airflow exhaust hoods. All
plastics were single-use and acid washed by soaking in 3.2 M reagent grade
nitric acid for one week, 2.4 M reagent grade hydrochloric acid for one week,
washed in 18 MQ cm™ water and dried under a ULPA (ultra low particulate air)
filtered air prior to use. Teflon screw top vials were cleaned in a heated (100 °C)
8 M nitric acid for 24 hours, followed by heated (100 °C) in 6 M hydrochloric acid
for 24 hours and then leached in heated (100 °C) 18 MQ cm™ water. Acids used
for chemical reagents were trace metal grade or better.

Concentrated nitric acid (2 mL) and ultra pure 30% fresh hydrogen
peroxide (2 mL) was added to weighed samples in Teflon microwave digestion
vessels. The MARS microwave system was set to ramp to 200 °C over 15 min
then hold at 200 °C for 15 min. The samples were transferred to Teflon reaction
vessels, and dried on a hotplate in a metal-free laminar airflow exhaust hood.
Once dry, 1:1 concentrated nitric acid and concentrated hydrochloric acid
(modified aqua regia) were added and the vessel was sealed and heated to 160
°C for 12 hrs. The sample solution was dried down, cooled, and 16 M nitric acid
and 10% hydrogen peroxide were added to the sample. Alternating rounds of
modified aqua regia and nitric acid plus peroxide digestions were performed until
low aqueous surface tension indicated the samples were free of organic material.

The samples were dissolved in 2.5 M HCI and placed in a storage container,
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4 mL HDPE containers. Aliquots of the digested sample stocks equivalent to
~1 mL urine were weighed and purified on ion exchange columns.

Column Chemistry
Samples and standards were run through cation exchange resin (Biorad AG50-
WX-12 200-400 mesh). Bio-Rad Econocolumns (0.7 x 30cm) were filled with
2 mL of clean resin, to a height of 8.6 cm. The column was equilibrated and
stored in 2.5 M HCI. The sample was loaded onto the column with 1 mL of 2.5 M
HCI, and an additional 1 mL of 2.5 M HCI was used to rinse the sample
container. The following acids were added to the column, in order: 6 mL of 8 M
HBr, 5 mL of 0.1 M HF, 10 mL of 0.1 M HF, 3 mL of 2.5 M HCI, and 10 mL of
2.5 M HCI. Ca was eluted in 5 mL of 6 M HCI, followed by two 10 mL aliquots of
6 M HCI (Table 4-1). This 25 ml of 6 M HCI contains all of the sample Ca and
some Sr. The 25 mL sample was dried and dissolved in 0.25 mL 5 M HNO3 and
loaded onto 2 mm ID columns of Eichrom Sr-Spec Sr specific resin to separate
Sr from Ca. At this acid concentaion, Sr binds to the resin and Ca passes
through without interaction. The column was rinsed three times with 0.25 mL of 5
M HNO; to ensure complete recovery of Ca. After the column purification,
samples were redigested with 16 M nitric acid and 30% hydrogen peroxide to
degrade organic material eluted from the columns.

To ensure accuracy, ICP or carbonate standards and a blank were run in
parallel to samples for each batch of column chemistry. The performance of the
columns was verified for five samples; there were no significant changes to the

position of the Ca elution peak, the resulting sample purity or sample recovery.
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After samples were eluted the resin was cleaned with 20 mL of 6 M HCI and
equilibrated with 20 mL of 2.5 M HCI.

Yields and elution curves were measured by quadrupole ICP-MS
(Thermo Scientific X Series). Samples and calibration standard solutions were
introduced in parallel with an internal standard solution containing Sc, Ge, Y and
In for normalization of instrumental sensitivity. Uncertainties for replicate
measurements were approximately + 5-10% (2c), depending on the element.

MC-ICP-MS Measurement

Ca isotopes were measured using a multiple collector ICP-MS (Thermo
Scientific Neptune) following the method of Wieser et al. (Wieser et al., 2004).
Standard-sample-standard bracketing was used with NIST X-10-39Ca (ICP1) as
the standard solution since there is no internationally certified Ca isotope
standard. For comparison to literature values, the §***?Caycp; value for IAPSO
measured relative to ICP1 is 0.76 = 0.15 %o and for 915a, a carbonate standard,
is -0.15 = 0.13 %o; all Ca isotope measurements are reported relative to ICP1.
Standard-sample-standard bracketing was chosen over a “?Ca-*®Ca double spike
employed in TIMS measurements (Skulan et al., 1997) because there are
significant barriers to using a similar double spike in MC-ICP-MS from *Ti
interferences, discussed in the Results/Discussion section. Standard-sample-
standard is used to correct for instrumental mass bias, such as that caused by
space-charge effect, which causes heavy isotopes to preferentially arrive at the
detector (Andren et al., 2004). Standard-sample-standard bracketing assumes
the mass bias drift is linear over time. This is not always the case, particularly if
significant ionic or organic matrix remains in the sample solution, but replicate
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measurements of the same sample on different analytical sessions and keeping
analysis time short so bracketing standards are measured close in time to the
samples reduces the effect of non-linear mass bias. To evaluate the impact of
the assumption of linear mass bias change with time, and “memory effects” from
incomplete sample washed out during rinse and uptake, we calculated the
5***2Ca value for the standards, neglecting the intervening samples. Non-linear
variations in mass bias were suggested if the standard value was offset from
zero by more then 0.15 %o. The sum of the absolute values for the bracketing
standards and the 2c errors on the value of the bracketing standards were
calculated for each sample. If the sum of the two bracketing standards was
greater than 0.3 %o (8*¥**Ca) or 20 errors is greater than 0.3, then the sample is
excluded.

Medium and high mass resolution modes were used to partially resolve
the polyatomic interferences such as ArH,", CO;", N,O" and N3*. The polyatomic
interferences cannot be completely resolved from Ca, so isotope measurement
were made on the shoulder of the calcium peak, avoiding the overlapping peak of
calcium and polyatomic interferences (see Wieser et. al, Fig. 2). High resolution
requires more concentrated samples, but there was no other effect on the data.
Ca concentrations in samples and standards in medium-resolution mode varied
widely depending on instrument performance but generally were between 1.5
ppm and 5 ppm, with most samples being run at 2.5 ppm. High-resolution mode
was used only when medium resolution slits were worn through. High-resolution
mode requires sample concentrations of ca. 20 ppm, increasing matrix effects

and causing a buildup of sample on the cones and reduces sensitivity. Buildup
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reduces the amount of sample that can be measured before cone cleaning is
required.

For each analysis, 30 measurement cycles with 4.194 second integration
times were averaged into a single measured value after exclusion of ratios >2
sigma from the average. Six masses were measured: **Ca, *Ca, */Ca, *°Ca, *'Ti

and *®Ca; intensity of “*Ca (0.004%) was too low to produce reliable data. Values

(44Ca) (44Ca) -
4x T 4
Ca Sample Ca Standard
(44Ca)
4x

Ca Standard

Although measured, the isotope ratios that used “*Ca were rejected

are reported as:

5™ Cg =

x1000 (1)

because of Ti and other interferences, as discussed below. Agreement between
8*¥*2Ca and 8*Y**Ca per AMU were used to monitor mass dependence. If the two
values differed by more than 0.11 %o, per AMU, the value was excluded.
Throughout the experiment, secondary standards including SRM 9153,
SRM 915b, IAPSO, and the house standard NIST X-10-39Ca (ICP1) were
purified, analyzed and used to monitor for instrumental performance. Based on
replicate measurements of each sample, the external precision was no worse

than 0.2 %o (8****Ca, 20) for replicate measurements of the standards.
4.4 Results and Discussion

Improvements in Matrix Separation
Chromatography column procedures can change depending on sample
type. The previously published chromatography column separation method uses

90



a volumetric elution of HCI to separate Ca from other matrix elements in
carbonates using cation exchange resin (Wieser et al., 2004). However, the ratio
of Ca to other elements in biological samples is significantly lower than that in
carbonates. Figure 4-1 shows an elution curve using the published carbonate
method on a synthetic urine sample; the Ca aliquot collected contains
approximately 10% K, 30% Rb, 10% P, 10% Sr and 10-20% Ti from the original
sample. This degree of purification is sufficient to make accurate Ca isotope
measurements in carbonates, but samples with lower relative amounts of Ca
require significant improvements in the purity of the calcium eluate. In addition to
the overlapping elemental elution peaks, the Ca elution peak can shift by + 5 mL
depending on the column height, sample concentration and age of the resin. All
these factors make obtaining reliable and quantitative yields in urine or serum
more problematic than in carbonates. We developed a new purification protocol
that a) provides a higher degree of elemental separation between Ca and other
elements and b) elutes Ca after an eluent molarity change, making the
purification more reliable.

The HBr Ca elution chemistry described in this work is designed to purify
complex biological materials. The HBr Ca elution chemistry removes most matrix
elements in the HBr eluent and is more efficient than HCI at removing potassium
(Figure 4-2). To reduce the impact of isobaric “*Ti on *®Ca, the 0.1 M HF eluent
step removes additional titanium from the sample and 2.5 M HCl is used to
remove the remaining sodium. HBr chemistry presented here is more robust than
the HCI chemistry over a variety of sample types. As the Ca elution peak does

not contain any matrix elements other than Sr, the ratio of matrix elements to Ca
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in the initial sample can be higher without affecting the Ca purity after the column
procedure. The new method is no more difficult than the HCI method. Both
methods require an additional Sr specific resin column to remove the Sr. In
addition to obtaining more highly purified samples, the HBr Ca elution chemistry
achieves elution curves of consistent shape, which result in quantitative yields of
Ca to within a measurement uncertainty of 10%.

Non-quantitative yields in chromatography can lead to isotope
fractionation similar to that occurring in nature (e.g.,(Anbar et al., 2000; Oi et al.,
1993; Roe et al., 2003)). We found that Ca isotopes are not measurably
fractionated by the HBr elution chemistry if yields are > 85%. However,
systematic effects may be possible for yields below this value. To determine how
Ca isotopes fractionate during elution, Ca-containing aliquots were collected and
their isotope compositions measured. We found that Ca isotopes exhibit a unique
elution pattern unlike those seen in other published purification procedures
(Figure 4-3). In a typical elution seen before, isotope compositions shift
progressively from heavy to light (or from light to heavy) as the element elutes off
the column (Anbar et al., 2000; Duan et al., 2010; Roe et al., 2003). Such
behavior can result from equilibrium isotope fractionation between mobile and
stationary phases (Roe et al., 2003). In contrast, the Ca isotope elution pattern
we observed shifts from isotopically heavy to light, and back to heavy isotope
compositions (Figure 4-3). When the isotope compositions of all the aliquots
were integrated, 8***?Ca was = 0 %o, similar to the isotope composition of the
standard put on the column. Hence, the pattern is not an artifact of incomplete

mass balance. To explain this unique pattern, we hypothesize that two or more
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Ca species exist in this system, and that they fractionate differently during
elution. In 6 M HCI, Ca speciation should be dominated by two species, CaCly,
and CaCl”, with abundances of 67% and 25%, respectively (Sverjensky et al.,
1997). A “U” shaped isotope elution pattern would result if one of these species
elutes off the column slightly ahead of the second species and if the equilibrium
fractionation factor between the mobile and stationary phases is different for
each species (specifically, the first species must exhibit the heavy to light pattern
while the second species exhibits the light to heavy trend). If the reaction rates
are high, so that these two species are always in isotope and concentration
equilibrium with each other, as well as with the resin, then the two species can
never be fully separated and will elute together. More experiments are needed to
validate this hypothesis.

Assessing the Effect of Isobaric Interferences

Reliable and highly efficient sample purification is essential because
isobaric interferences can affect all isotopes of Ca (Table 4-2). Modifications to
published chemical purification protocols were required because they were found
to be insufficiently rigorous in purifying biological samples like urine. Some of
these isobaric interferences, such as those from isotopes of Sr, Ti and K, cannot
be resolved by current technology. Therefore, they require either mathematical
correction by measurement of a different isotope of the interferent element or
sufficient chemical separation to reduce the effect of the interferent isotope below
the measurement error. In order to determine the effect of interferences from
isotopes of Sr, Ti and K, we spiked Ca standards with varying amounts of each

potentially interfering element and compared the measured Ca isotope ratios in
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the spiked sample with the known values of the pure standard. These
experiments allowed us to determine the threshold of Ca/elemental ratios
required for the purification protocol to minimize the introduced error.

Sr** ions interfere with **Ca*, **Ca* and **Ca* from the contributions of
831, 8531 and ¥Sr*, respectively. Offline correction of interfering Sr isotopes
on the Ca isotope measurements can be made if the samples are not free of Sr
(Hirata et al., 2008); this correction requires ¥'Sr** (m/z 43.5 u) production to be
monitored and corrections to be made on **Ca, “*Ca and *Ca for the
contributions from Sr**. This Sr correction assumes that the ¥ Sr/**Sr ratio and
Sr** production efficiencies are constant between samples. To avoid this
correction and the need to monitor ¥Sr**, Ca was purified of Sr in a second
column. To determine the threshold ratio of Ca/Sr that is required, we doped Ca
standard with Sr to produce a range of Ca/Sr ratios and characterized d****Ca
and 8**3Ca in these doped standards (Figure 4-4A). For a Ca/Sr ratio of 50, the
measured effect is -3.69 = 0.04 %o per AMU (8*¥**Ca) and 2.21 = 0.08 %o per
AMU (8***2Ca), much larger than the natural variation of interest. We modeled
this effect by assuming Sr** production efficiencies of 0.003 % and #"Sr/%®Sr =
0.720; the modeled values were within error of the measurements (Figure 4-4A
open and closed symbols, respectively), demonstrating that this large effect can
be attributed solely to Sr™* interferences. Results from these experiments also
indicate that the Ca/Sr ratio needs to be >10,000 in order for the Sr™* contribution
to be smaller than analytical error of 0.1 %o per AMU on 8*#*?Ca and 6****Ca
(Figure 4-4A). This threshold is easily achievable using Sr specific resin, which
reliably produces Ca/Sr >100,000.
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There is also an isobaric interference from “®Ti on “®Ca. In theory, its
effect could be corrected by monitoring *'Ti. However, this correction has a large
error because the natural abundance of **Ti is 73.8%, while the abundance of the
monitored *'Ti is only 7.44%, and *®Ca to be corrected is only 0.187%. This
means that for even small amounts of Ti contamination, a large amount of the
signal on *®Ca is the “®Ti interference. The correction uses a relatively low
abundance isotope of the interferent (*'Ti) to make a large correction on the
abundance of the very low abundance **Ca signal (a very low abundance signal).
A CalTi of 500 leaves the uncorrected §***?Ca and §*®**Ca offset by > 163 %o.

The HBr chemistry described above reliably obtains Ca/Ti > 10,000.
Using the known isotope abundances and assuming reasonable ionization
efficiencies and instrumental sensitivities of Ca and Ti, we can predict a Ca/Ti of
> 10,000,000 is required for the “®Ti contribution to measured §****Ca and
8*83Ca to be less than analytical error. This level of purity would be very difficult
to achieve or even assess. A 1 ppm Ca solution would need 1 ppt (parts per
trillion) Ti, whereas the Ti detection limit by Q-ICP-MS is 10 ppb due to high
background from polyatomic gas interferences. Therefore, it is not possible to
reliably measure isotope abundance ratios that include “*Ca. This error
magnification is far too large to make an accurate correction to within our desired
precision of ~0.1%./amu on §***?Ca and §****Ca, and we do not report **Ca ratios
in our data. In addition, the Ti interference on **Ca makes it extremely
challenging to successfully employ a double spike technique using a “*Ca-**Ca
dopant with MC-ICP-MS (Skulan and Depaolo, 1999). In order for the double
spike data reduction routines to converge on accurate sample Ca isotope values,
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at least three ratios (four isotopes) need to be reliably measured. The major Ca
isotope, *°Ca (96.941%) cannot be measured by MC-ICP-MS because of the Ar
plasma and the overwhelming “°Ar isotope interference on “°Ca. Hence, with our
existing sample type, cleaning protocols and instrumentation, we were only able
to measure two ratios: $*¥**Ca and §***Ca.

The other important matrix element that could affect Ca isotopic
measurement is K. When Ca/K in the samples is < 1, 8***?Ca and 8****Ca are
offset from zero (Figure 4-4B). *’K'H" could interfere with “°Ca (Table 4-2).
However, this interference does not explain the offset in the d*¥**Ca. *'K'H" is
also restricted by the relatively low abundance of *'K (6.7%) and the low
efficiency of hydride formation. K induced offsets in ***°Ca and $*¥**Ca are
more likely produced as a matrix effect. Matrix effects such as differential ionic
strength between samples and standards (due to different concentrations of K)
may change the instrumental mass bias in an unsystematic manner, an effect
that cannot be corrected for using standard-sample-standard bracketing. Offsets
of similar magnitude and direction are seen when Na and Mg are added to the
Ca standard. Therefore, for all alkali earth metals we require Ca/metal > 5; the
chemical purification method reported here reliably purifies samples to the
requisite thresholds.

Assessing the Accuracy of Standards and Samples

In addition to the precision of the analytical results reported above from
replicate measurements of the same sample through chemistry (“external error”),
the accuracy of the measurements was evaluated. Samples previously measured

by TIMS were processed and analyzed in our laboratory for comparison with
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published values (Figure 4-4). These included subsamples of the same bone and
carbonate materials analyzed by Skulan et. al (1997) (Skulan et al., 1997), and
new samples of milk. No previously measured milk samples were available, but
most milk has similar isotope values (Chu et al., 2006). For both sample types,
our measurements are within error of reported values (Chu et al., 2006; Skulan et
al., 1997).

There are no urine samples previously analyzed by TIMS to which we can
compare our results. To assess the accuracy of the isotopic compositions
measured in a urine matrix, we collected the eluted matrix of a human urine
sample purified of Ca. This matrix was then spiked with a Ca standard of known
isotopic composition. This synthetic sample was re-processed through Ca and Sr
columns and analyzed on the MC-ICP-MS. The measured Ca isotope value was
within error of the standard value (Figure 4-5).

In a second experiment, we spiked a known standard (0.00 %o £ 0.1,
§*¥42Ca) with different amounts of a urine sample. Similar to the method of
standard addition to determine concentration independent of matrix effects, this
procedure can be used to determine the isotope composition of a urine sample
(Tipper et al., 2008). The y-intercept (0% urine sample) represents the isotope
composition of the standard, while the value at y = 100% represents the isotopic
composition of the pure urine sample. The urine-standard mixtures were
processed and measured (Figure 4-6). A best-fit line was created for the urine-
standard mixture samples (y=-.0049x+0.063, r’=0.936). The y-intercept (0%
urine, 100% standard) is within error of the standard 0.063 %o + 0.1 (8***?Ca) and

crosses y= 100% (100% urine, 0% standard) at -0.427 %o + 0.1 (8***?Ca). Three
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separate aliquots of the pure urine sample were processed through column

chemistry, measured and the results averaged to be -0.43 %o + 0.1 (§*¥*?Ca)
(Figure 4-6). The fact that the line crosses the y-intercept (Ca Standard) and
100% urine within error of the measured value is strong evidence that we are

able to accurately measure Ca isotopes in complex matrix samples like urine.
4.5 Conclusion

With further investigation, the measurement of Ca isotope variation is a
promising clinical technique for detection of disorders effecting BMB and the
effectiveness of treatments for those disorders in individual patients. Previously,
progress on developing this technique clinically has been limited by analytical
processing. The Ca purification method described her greatly accelerates sample
throughput and quality. In addition, we have quantified the degree of sample
purity required to obtain accurate and precise Ca isotope values using MC-ICP-

MS.
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Table 4-1: Elution Step for new HBr chemistry

mL Molarity Acid Comment:

2 2.5 HCI Load sample

6 8 HBr Elute matrix elements
(Na, K, Mg, Rb, K)

15 0.1 HF Elute Ti

13 2.5 HCI Elute Na

25 6 HCI Elute Ca and Sr
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Table 4-2: Potential isobaric interferences and their abundances (%)
(Becker et al., 2008; Simpson et al., 2005; Sturup et al., 1997)

Tca

42Ca

Bca #ca *ca ®Cca
(96.941) (0.647) (0.135) (2.086) (0.004) (0.187)
- "K'0.01) | *sr7(9.8) | ®sr(7.0) | ®sr(82.6)
¥K(93.3)'H* | “'K(6.7)'H"( | ZAI(100)"® | *Mg(11.0)" 180 #1738
(99.9) 99.9) 0%99.7) | ®0%02) 1(8.0) F(73.8)
*Mg(78.99) | *Mg(10) #gj(92.2)"° | *si(3.1)"*0 | *Mg(78.9)*
*0*(99.7) | °0%(99.7) 0%(99.7) +$99.7) Mg*(78.9)
0a: 12 0a: 14 4 16 36 12
0Ar(99.6) Si(3.1)"*C Si(3.1)*N N(99.6) Ar(0.337)
(98.9) (99.6) 0,'(99.7) C*(98.9)
2sj(92.2)" '2¢(98.9)" | “Mo™ %25(95.0)"°0
N*(99.6) 02*(99.72 (14.8) *(99.7)
“Ar(99.6)" 2g(95.0)"*c %Mo™ (16.7
H,"(99.9) *(98.9) o (16.7)
Ar(99.6)?
H*(0.01)
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2.5 M HCI
100 |- Na Na |

Ca aliquot collected = Mg

80 L

% Eluted

Figure 4-1 Elution curve of synthetic urine with old HCI Ca chemistry.
Element concentrations were measured by Q-ICP-MS in aliquots that eluted off
the column. Vertical lines represent Ca aliquot collected. Percent eluted was
determined by adding up all aliquots and dividing that value by the value in a
single aliquot. Yields were verified by measuring the elemental composition of
the sample before and after chemistry. All samples and elements had at least
85% yield.
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Figure 4-2 Elution curve of new HBr Ca elution chemistry.

Element concentrations were measured by Q-ICP-MS in aliquots that eluted off
the column. Vertical lines represent acid changes listed along the top. Percent
eluted was determined by adding up all aliquots and dividing that value by the
value in a single aliquot. Yields were verified by measuring the elemental

composition of the sample before and after chemistry. All samples and elements
had at least 85% vyield.
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ICP1

% Ca Eluted

36 38 40 42 44 46
Volume eluted (mL)

Figure 4-3 Ca isotope composition and % Ca eluted of aliquots of Ca from
the HBr column purification chemistry.

Error is 20 on triplicate measurements for the isotope values and = 10 % on the
concentration of Ca eluted. The isotope value when integrated over all fractions
was 8*¥*?Ca = 0, as required by mass balance.
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Effect of Sr and K on Ca isotope ratios.

A: 8**Ca per AMU as a function of decreasing amount of Sr in the Ca standard
(NIST X-10-39Ca, ICP1) measured relative to ICP1 without Sr added. Error bars
are smaller than symbols. Open symbols represent calculated offset, closed
symbols represent measured offset. B: 8****Ca per AMU as a function of
decreasing amount of K in the Ca standard (NIST X-10-39Ca, ICP1) measured
relative to ICP1 without K added. Error is 2 on triplicate measurements.
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(Chu et al., 2006; Skulan et al., 1997)

105



02 T T T T T

ICP1

644/42 Ca

y=-0.0049x+0.064

r’=0.93 | , , , ,
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Figure 4-6 Standard/Urine mixing line.

Used to determine urine measurement accuracy. A best fit line y=-.0049x+0.063,
R?=0.936 cross the y-intercept and 100% urine sample within error of the
measured value.
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5.1 Abstract

Understanding bone metabolism and the therapeutic development of
countermeasures are hampered by an inability to detect rapid changes in bone
mineral balance (BMB) or bone mineral density (BMD). Conventional biochemical
markers provide information on relatively short-term changes (2-4 weeks) in bone
turnover rates, but not quantified changes in BMB. By contrast, the natural Ca

isotopic composition of soft tissues such as serum and urine directly reflects
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BMB. We tested the utility of using Ca isotope to monitor changes in BMB due to
estrogen-depletion bone loss in adult female rhesus monkeys. Female rhesus
monkeys (12-16 years) received 150 mg of medroxyprogesterone acetate (MPA,
a known suppressor of ovarian estrogen lasting 30 days/dose, intramuscularly
[IM]) on day 0 (MPA, n=3). At the same time, control animals were given volume-
matched saline IM (Control, n=3). Ca isotopes were measured in urine samples
by multiple collector inductively coupled plasma mass spectrometry (MC-ICP-
MS). Ca isotope variations revealed a more negative BMB in the MPA group
compared to the Control group (p<0.028) by day 7. On the same day, estrogen
was decreased (p<0.045), NTx (bone resorption marker) levels) and osteocalcin
(bone formation marker) were unchanged in MPA-injected females. On day 28,
the Ca isotope variations for the MPA group and for the Control group both
indicate further bone loss. After 84 days, the DXA showed a significant decrease
in BMD for both the MPA and Control groups (p<0.012). The reason for decrease
in BMD in the Control group is unknown, but the bone density scans verified that
both groups lost bone during the study. These findings indicate that stable Ca

isotope measurements are a tool to assess rapid variations in BMB.
5.2 Introduction

Bone loss, or negative bone mineral balance (BMB), is a symptom of
multiple disease states, including osteoporosis and multiple myeloma (Kanis et
al., 2008; Yeh and Berenson, 2006). A rapid measure of BMB is essential in
diagnosing disease, monitoring disease progression and assessing the
effectiveness of countermeasures. Currently, the two main diagnostic techniques

for monitoring bone health are dual-energy x-ray absorptiometry (DXA) and
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biochemical bone formation and resorption markers (Leeming et al., 2006). DXA
can detect bone loss over relatively long (6-12 months) time intervals, but is
unable to assess rapid changes of BMB (Damilakis et al., 2010b). Bone
formation and resorption markers can be effective measures of bone turnover but
do not quantitatively assess BMB (Leeming et al., 2006; Sorensen et al., 2007).
The measurement of natural stable Ca isotope variations in urine and soft tissue
is emerging as a new tool to rapidly asses BMB (Heuser and Eisenhauer, 2010;
Skulan et al., 2007).

Measuring natural stable Ca isotopes to assess BMB does not require
administration of any radioactive or stable Ca isotope. The variations measured
occur naturally during bone formation and bone resorption (Heuser and
Eisenhauer, 2010; Skulan et al., 2007; Skulan and Depaolo, 1999). The
formation of bone mineral in vertebrates is known to favor light isotopes of Ca
over heavy isotopes (Skulan and Depaolo, 1999). This systematic enrichment of
light Ca isotopes in bone leaves the soft tissue with an abundance of heavy Ca
isotopes relative to food. During bone resorption, this light Ca pool is released
back into serum and excreted in the urine, causing these reservoirs to be
enriched in light Ca isotopes compared to food. These natural isotope variations
in soft tissue can be resolved with high precision mass spectrometry (Chu et al.,
2006; Heuser and Eisenhauer, 2010; Hirata et al., 2008; Russell et al., 1978;
Skulan et al., 2007; Skulan and Depaolo, 1999; Wieser et al., 2004). Unlike Ca
tracer experiments that require the administration of expensive stable or
radioactive Ca isotopes (Abrams, 1999; Beck et al., 2003; Sturup et al., 1997),

measuring natural stable Ca isotope variation is less expensive, patients are not
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exposed to radiation from radioactive Ca isotopes, and this technique can be
performed on archived samples.

Ca isotopes have three advantages over biochemical markers in
assessing changes in BMB. First, Ca isotope abundances can be measured with
extremely high precision and accuracy. As a result, unlike biochemical markers,
inter-laboratory variation in Ca isotopic measurements is miniscule (Skulan et al.,
2007). Second, the isotopic composition of soft tissue Ca directly reflects net
bone mineral balance. In contrast, biochemical markers measure formation and
resorption separately; combining these into a single quantitative metric is
challenging (Skulan et al., 2007; Skulan and Depaolo, 1999). Third, the
residence time of Ca in soft tissue is very short, on the order of a few days.
Hence changes in bone mineral balance, quantifiable in urine, are reflected by
changes in soft tissue Ca isotope concentrations within a week and, for large
changes, probably within a day (Smith et al., 1996; Smith et al., 2005). By
contrast, biochemical markers typically require much longer to respond to
changes in bone turnover rate (Shackelford et al., 2004). Of importance, Ca
isotope fractionation occurs during bone mineralization, and not during transfer of
Ca between non-mineralized compartments. Therefore, release of Ca from non-
mineralized pools will not effect the isotope composition of urine (DePaolo, 2004;
Skulan et al., 2007; Skulan and Depaolo, 1999; Skulan et al., 1997).

In humans, it has been shown that measurements of the natural Ca
isotopic composition of urine reflect changes in BMB after four weeks (Skulan et
al., 2007). Here we test the ability of Ca isotope analysis to detect changes in

BMD within two weeks of estrogen-depletion bone loss using a well-developed
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nonhuman primate model, the female rhesus monkey (Macaca mulatta). Rhesus
monkeys are similar to humans in menstrual cycles, natural menopause and
bone remodeling processes (Colman et al., 1999), and are good models of
pathogenesis and treatment of estrogen-depletion bone loss in humans (Black et
al., 2001b; Jerome and Peterson, 2001; Pope et al., 1989). In our experience, 6
consecutive months of monthly medroxyprogesterone acetate (MPA)
administration to rhesus monkeys led to a significant change in DXA-measured
BMD. These results indicate that bone is lost as a result of MPA injection in the

rhesus model.

53 Materials and Methods

Animals

All monkeys were housed at the Wisconsin National Primate Research
Center and had known birth dates and complete medical histories. No animal
had any clinical or experimental history known to affect skeletal parameters. All
animals had ad libitum access to food and water. Temperature in the animal
rooms was maintained at approximately 21°C with average relative humidity of
50-60%. Room lighting was automatically controlled to provide alternating
periods of 12 hours light and dark. All monkeys had extensive visual and auditory
contact with other animals in the room and were supplied with objects to enrich
their environment. Experiments were done with approval of the University of
Wisconsin-Madison Graduate School institutional animal care and use
committee. Six adult (12-16 years) female rhesus monkeys were evenly
randomized into control (Control, n=3) or treatment (MPA, n=3) groups (Table 5-

1). Animals in the MPA group received an intramuscular (IM) injection of 150 mg
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of medroxyprogesterone acetate, an estrogen inhibitor lasting 30 days/dose on
days 0, 28 and 56. Animals in the Control group were given a volume-matched
saline injection (IM) on day 0, 28 and 56. From day -14 to week 12 animals were
fed a customized diet (Teklad, Madison WI) that contained a small amount of
natural Sr in order to alter its Sr isotope composition. This increased the Sr
concentration in the food of all animals from 10 to 12 ppm, far too little Sr to
affect bone metabolism (Meunier et al., 2004). Ca concentration and isotope
composition were not altered in the diet. All other nutritional qualities of the diet
were constant.

Bone densitometry

Bone mass and density of the total body, posterior-anterior lumbar spine
(lumbar vertebrae 2-4), and radius were measured by DXA (DPX-L, GE/Lunar
Corp., Madison WI) on either day 1 (n=3) or day 2 (n=3) and then again on either
day 82 (n=3) or day 83 (n=3). After an overnight fast, animals were sedated with
a combination of ketamine HCI (10 mg/kg, IM) and xylazine (0.6 mg/kg, IM) and
weighed. One operator performed both scans of the total body, radius and
posterior-anterior (PA) lumbar spine. BMD coefficient of variation were less than
2.5 % for all sites. Total body and spine scans were acquired with Lunar pediatric
software (version 1.5e) and analyzed with Lunar pediatric software version 4.0a.
Radius scans were acquired and analyzed with Lunar small animal software
version 1.0d.

Biochemical parameters

Fasted morning blood samples were drawn by vacutainer from the

saphenous vein on day 0, 1, 2, 8, 14, 28, 56, and 84 while animals were under
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manual restraint. Samples were allowed to clot for 30 mins, and then were
centrifuged, and serum was aliquoted into separate vials for each analyte.
Aliquots were frozen at -80° C until analysis. The following serum analytes were
measured: osteocalcin (RIA, Diagnostic Systems Laboratories, Inc., Webster,
TX; 8.28%, 4.90%, inter- and intra-assay coefficients of variation respectively),
Osteomark® NTx (EIA, Wampole Laboratories, Inc., Dist., Princeton, NJ; 6.9%,
4.6%), and estradiol (RIA, WNPRC in house; 11.09%, 4.7%). All assays
validated for use in rhesus monkeys by parallelism and spike recovery
experiments.

Sample Preparation and Purification for Ca Isotope analysis

First morning void urine samples were collected from animals in their
home cages on days -14, -13, -12, -11, -10, -7, -1, 0, 1, 2, 4, 6, 7, 8, 14, 28, 56,
84, and 133. Samples were centrifuged, after which aliquots were taken and
frozen at -80°C. Frozen urine samples were shipped to Arizona State University
for Ca isotope analysis. The samples were processed and dissolved using the
technique described in CHAPTER 4. Briefly, samples were placed in Teflon
microwave digestion vessels with concentrated nitric acid (2 mL) and ultra pure
30% hydrogen peroxide (2 mL). The MARS microwave system was set to ramp
to 150°C over 15 min then hold at 150°C for 15 min. The samples were
transferred to Teflon reaction vessels, and dried on a hotplate in a metal-free
laminar airflow exhaust hood. Alternating rounds of modified aqua regia (1:1
concentrated distilled trace metal grade nitric acid and concentrated distilled
trace metal grade hydrochloric acid) and nitric acid plus peroxide digestions were

performed until low aqueous surface tension indicated the samples were free of
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organic material. All samples and standards were processed in a biosafety level
2, class 100, trace-metal-free clean lab with class 10 laminar airflow exhaust
hoods. Acids used for chemical reagents were trace metal grade.

After digestion, samples and standards were run through cation exchange
resin (Biorad AG50-WX-12 200-400 mesh) following the method of Wieser, et al.
(Wieser et al., 2004). The sample was loaded on to the column in 2 mL of 2.5 M
HCI. Volumetric elution of Ca occurred between 25 mL- 45 mL of 2.5 M HCI.
Eichrom Sr specific resin was used to separate Sr from Ca. Some of the samples
required a second Ca column and Sr column purification because they did not
meet the purity criteria described in CHAPTER 4. Yields were checked and were
> 90% recovery.

Mass Spectrometry Measurement

Ca isotopes were measured using a multiple collector ICP-MS (MC-ICP-
MS, Thermo Scientific Neptune) using an argon plasma, following the method of
Wieser et al. (Wieser et al., 2004) and CHAPTER 4. Standard-sample-standard
is used to correct for instrumental mass bias. The standard used was NIST X-10-
39Ca (“ICP1”), our in house Ca standard. All Ca isotope measurements are
reported relative to ICP1 when the ***Ca are given. Six masses were
measured: **Ca, **Ca, **Ca, *°Ca, *'Ti and **Ca; “Ca (0.004%) was too low

intensity to produce reliable data. Values are reported as:
(44Ca) (44Ca)
4x 4x
Ca Sample Ca Standard

( “0g )
4x
Ca Standard

E44/4)((:a —

x 10,000 (1)
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For each analysis, 30 measurement cycles with 4.194 second integration
times were averaged into a single measured value after exclusion of ratios >2
sigma from the average. Medium resolution modes were used to partially resolve
the polyatomic interferences such as ArH,", CO,", N,O" and N;*. The isotope
ratios that used *®Ca were rejected because of “*Ti at the same mass. We obtain
two ratios reliably, **Ca/**Ca and **Ca/**Ca. The agreement between §****Ca and
5*¥*3Ca per AMU was used to monitor mass dependence. If the two values
differed by more than 0.1 %0 per AMU, the value was excluded. Ca
concentrations in samples and standards in medium-resolution mode were 2.5
0.1 ppm.

Throughout the run, secondary standards including SRM 915a, SRM
915b, IAPSO, and the house standard NIST X-10-39Ca (ICP1) that were passed
through the same chemical purification procedures as samples were analyzed
and monitored for instrumental performance and accuracy following chemical
purification. Based on replicate measurements of each sample, the external
precision was no worse than 2 ¢ (¢*/**Ca, 20).

Statistical analysis
Log-transformation of the NTx data were performed to achieve homogeneity of
variance and to increase linearity (Sokal and Rohlf, 1995). Regression models
with estimation by generalized estimating equations (GEE) were used. A
backward elimination procedure was used to select the final GEE models. Two-
way analysis of variance (ANOVA) was used to examine the Ca isotopes,
osteocalcin, DXA, weight, and estradiol to determine the independent effects of

these variables and their possible interaction. One-way ANOVA was used to
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compare MPA and Control. Kruskal — Wallis one-way ANOVA was performed
when data were not normally distributed. All data are expressed as mean + SE,
or back-transformed log10 mean (95% confidence intervals) as appropriate.

Significance was determined as P< 0.05.
54 Results and Discussions

Animal Status

Animals were healthy throughout the study. Animal physical
characteristics are presented in Table 5-1. There was no significant difference in
average age or weight between groups. Both groups experienced an
approximately 4% weight loss on day 7 (p<0.023) and day 14 (p<0.037) with no
significant difference between groups throughout the study.

Traditional BMD Techniques

The concentrations of biomarkers (estradiol, NTx, and Osteocalcin) in all
the blood samples collected are presented in Table 5-2. Figure 5-1A, B, and C
compares the percent change for the biomarkers, on 5 days post injection (Day
7,14, 28, 56, 84).

Estradiol

MPA is an estrogen suppressing drug; by measuring the amount of
estradiol in the blood of the monkeys, we can evaluate the effectiveness of the
MPA treatment. There is a decline in estradiol in the MPA group post injection
(p<0.05). The difference in estradiol between the MPA and Control groups is
significant on day 7, 28, and 84 (p<0.046, p<0.018, and p<0.038, respectively
Table 5-2, Figure 5-1A). There is no difference between the MPA and Control

groups on day 14 or 56 (p>0.05). The high variations in the Control group are
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due to normal estrogen cycle during menstruation. There is decrease in estrogen
and low variability in estrogen concentration for the MPA group. This is
verification that MPA has prevented the formation of estrogen and that the
animals in the MPA group are estrogen deprived.

NTx

NTx (amino-terminal cross-linked telopeptide of type | collagen) is a bone
resorption biomarker. The NTx data was not normally distributed around the
mean therefore the data needed to be log transformed to normalize the data. The
log-transformed data was tested for significance. There was no time dependant
variation in NTx for either group (p>0.05). There is no significant difference
between groups during the study (p>0.05) (Table 5-2 and Figure 5-1C). On day
14 there was a greater percent change from baseline for the MPA group
compared to the Control group (p<0.033). This may indicate a treatment effect
but since there is no subsequent measurements of NTx matching the 14-day
time point it is difficult to make broad conclusions. Since the MPA injection is
given every 28 days the effect may be transient. All subsequent measurements
were taken 28 days post injection. Therefore days 28, 56 and 84 represent time
points where MPA is least potent and could have the least effect on BMB.

Osteocalcin

Osteocalcin, a bone formation biomarker, did not change between MPA
and Control groups or between baseline and any day post injection (p>0.05). The
biological processes that form bone require several weeks to begin to produce
new bone. Osteoblasts need to differentiate which can take several weeks once

the body signals the need for new osteoblast formation (Manolagas, 2000).
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There is no significant change in osteocalcin over the course of the study,
indicating no change in bone formation rate.

DXA

Bone densitometry measurements of total skeleton are presented in
Table 5-3 as measured on day 0, and day 84. There was no significant difference
between MPA and Control groups (p>0.05). However, there is a decrease in
bone density from day 0 to day 84 in both groups of -2.18 % (p<0.012). These
results indicate that there is no effect from treatment on bone density but that
both groups experience significant bone loss as measured by DXA. The cause of
the bone loss in the Control group is unknown.

Ca Isotope Technique

The resolution of sampling for the Ca method was much higher than the
biomarker samples because we wanted to capture exactly when the Ca isotopes
changed from baseline. The Ca isotopes begin to decrease on the first sample
post injection (day 1), but the variability between the three monkeys is very high.
The Ca isotope composition shifted lightward and stabilized by day 6. We
decided not to include day 1 and day 2 in the average post injection time point
because this is a period of transition during which the Ca isotope ratios decline
sharply before settling at a stable value for all three monkeys. The Ca isotope
composition of food was 1.5 £ 1.5 ¢ prior to and during the study. Therefore, the
variations observed in urine Ca during the study are a result of changes in BMB,
not dietary changes.

The trend for Ca isotopes indicates that both groups enter negative bone

mineral balance during the study. The difference between MPA and Control
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groups is significant on days 7 and 14 (p<0.022 and p<0.004). The negative Ca
isotope deviation on days 7 and 14 indicates the monkeys in MPA group were
loosing bone. There is a significant difference between baseline and days 7, 14,
28 and 56 for the MPA group. There is also a significant difference between
baseline and days 28 and 56 for the Control group. Hence, the variations in the
MPA and Control groups within error of each other (Figure 5-1D).

The Ca isotope signal for the MPA group on day 84 shows no significant
difference between the Control group or baseline. By day 84, the Ca isotope
signal for the MPA group had returned to baseline, and the Control group had
also increased to near baseline. The return to baseline indicates that the animals
were close to zero net BMB on day 84. However, bone that was lost during day 7
- 54 apparently was not recovered, as there is no sign that the animals went into
positive BMB.

Comparison of Ca isotope to Traditional Markers and Measures

The purpose of this study was to examine the effectiveness of using Ca
isotope measurements as an indicator of BMB. Ca isotope values suggest that
bone loss in the MPA group occurred rapidly as a result of MPA injection. This
dramatic shift in Ca isotopes may occur when MPA is the most potent and wear
off as MPA is metabolized. All samples post day 28 were taken when MPA was
the least potent (day 56 and 84). Therefore, the effect of later MPA injections was
not fully captured.

In addition to the rapid change seen in the MPA group, the Control
group’s Ca isotope composition also seems to indicate that they are in negative

BMB. This result is confirmed by the DXA scan which shows that there was a
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significant decrease in BMD for both groups by day 84. This loss of bone was not
detected using NTx, a traditional biomarker of bone resorption. Therefore, it
appears that Ca isotopes are able to detect smaller changes in BMB than NTx.

The amount of bone lost can be quantified using the Ca isotope
technique. Using the Ca isotope bone models presented in Skulan et al. (2007)
and Heuser et al. (2010), we can calculate the percent bone loss using Ca
isotopes (Heuser and Eisenhauer, 2010; Skulan et al., 2007; Skulan and
Depaolo, 1999). For example, if we assume that the total bone mineral content of
a female Rhesus Monkey is 400 g (Black et al., 2001a), that the amount of Ca
absorbed from the diet is 0.135 g (Black et al., 2001a), and that the isotope
composition of the diet can be neglected because all the isotope values are
normalized to baseline, then the measured Ca isotope variation (3.0 ¢) indicates
that the monkeys in this study lost approximately 2.48 + 0.62 % of bone mass
over the 84-day study. This estimate matches the value give by DXA (2.18 + 1.0
%). DXA scans typically have an accuracy of 3 % and a precision of 1 % (Larkin
et al., 2008). The Ca isotope technique is more precise and can more rapidly

detect changes in BMB and quantify changes in BMD.

5.5 Conclusion

Mass spectrometric measurements of urinary Ca isotope compositions
reveal loss of bone Ca within a week of onset of estrogen depletion in adult
female rhesus monkeys. In addition the Ca isotopes indicate that the Control is
also losing bone due to an unknown cause. These inferences from Ca isotopes

are fully consistent with results from DXA at the end of the study which also
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indicated that both groups lost bone mass. The magnitude of bone loss
quantified from the Ca isotope data agrees with determinations from the DXA
results. However, Ca isotope variation was detectable long before DXA could
have indicated significant bone loss. Because Ca isotopes reflect net BMB, they
also give more direct information about short-term changes in BMD than can be
provided by separate markers of bone formation and resorption. By providing
sensitive and rapid measurement of BMB Ca isotopes promise new insight into

understanding short-term dynamics in bone metabolism.
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Table 5-1: Average physical statistics + SE

MPA Control
N 3 3
Age (years, day 0) 14.07 £ 1.02 14.02 £ 0.55
Body Wt (kg, day 0) 9.51 £ 1.51 9.17 £ 1.51
Body Wt (kg, day 14) 9.30+1.36 8.55 + 1.36
Body Wt (kg, day 84) 10.21+1.16 9.00 £ 1.16
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Table 5-2: Average concentration of biomarker in serum + SE

(n=3 per treatment) or (Upper 95% Confidence limit, Lower 95% Confidence limit)
Estradiol (pg/mL) NTx (nMBCE) Osteocalcin (ng/mL)
Day MPA Control MPA Control MPA Control
0 79.3+9.4 | 84.0+£94 (28?14,.6;.6) (29?(?,.17.8) 21.2+9.3 1%_33i
P s T | g | il | 2o | 155
14 | L | se0x147 (35.22? '112.7) (19?(;,%.8) 271281 | 10"
28 |43.3:6.8 | 80.7+6.8 (33_16?'180_5) (33_;,8%_5) 31092 | 295%
56 | 47372 | 723+7.2 (30_11?170_5) (38.%3?.193.5) 29.9+9.3 3%’%i
84 3?5?; 90.7£13.2 (29.23?'182.1) (31 .?5(,)'103.5) 26.2£9.1 3%.51 i
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Table 5-3: Average BMD (g/cm?) of total skeleton

Day MPA Control
0 0.893 + 0.028 0.937 £ 0.027
84 0.873 £ 0.021 0.917 £ 0.021
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Table 5-4: Average £*¥**Ca in urine (%o) + SE

Days MPA Control
-14,-13,-12,-11,-10,-7,-1,0 | 211 +1.11 | 4.26 + 1.11
1 -1.55+1.35 | 1.41+1.35
2 -0.89+1.43 | 2.46+1.43
4 -0.69+1.79 | 1.15+1.79
6,7,8 -2.93+1.09 | 2.67 +1.09
14 -3.01+0.71 | 3.05+0.71
28 -2.83+0.65 | -1.73+0.65
56 -1.50 £ 0.56 | -0.97 + 0.56
84 2.33+0.58 | 1.89+0.58

132




-
N
o

Estradiol
B MPA
O Control

Percent Change from Baseline
A r ®
o o o o

&%
<)

Osteocalcin

-
N
o

©
o

(o]
o

w
o

o

Percent Change from Baseline

o
)

N
N
N

N
=
oo

L1 |{J SmE IRl

Percent Change from Baseline
~
N

0
74
5o 2 Calcium Isotopes
S 3
i 2?
© B
S g2
o m
& &
o -
5 5 4
&< .
g 5
< Y
_8 L

7 14 28 56 84
Days Post Injection
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6.1 Introduction

Direct, quantitative measurement of short-term changes in bone mineral
balance (BMB) would be of great utility in diagnosing and treating diseases such
as osteoporosis, multiple myeloma and Paget’s disease that lead to loss of bone
mineral density (BMD)(Kanis et al., 2008; Yeh and Berenson, 2006). Currently,
X-ray bone scans or histological biopsies are the only methods of measuring
BMD in widespread clinical use. X-ray densitometry measurements expose

patients to radiological hazards and histological biopsies are invasive (Damilakis
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et al., 2010a). Both techniques can detect bone loss over long (3-12 months)
time intervals when progressive bone loss is occurring, but are unable to rapidly
assess small changes of BMB or BMD (Damilakis et al., 2010a). We hypothesize
that natural variations in Ca isotopes provide a more rapid and safer alternative.’
Bone formation produces a measurable mass-dependent fractionation in the
natural isotopes of calcium (Ca), with bone being isotopically lighter than diet
(Reynard et al., 2010; Skulan and Depaolo, 1999). Bone is resorbed in bulk, and
the isotopically light reservoir of Ca from bone is released back into the blood
stream and eventually to urine. Therefore, a shift to larger **Ca/**Ca values in
blood or urine should indicate a net positive BMB, while a shift to smaller
“4Ca/**Ca should indicate net bone loss (Heuser and Eisenhauer, 2010; Skulan
et al., 2007). Measurement of these variations does not require administration of
an isotopic tracer or other diagnostic agents. In a study of individuals confined to
bed rest, a condition known to induce negative BMB, we show that Ca isotope
ratios shift in a direction consistent with negative net BMB after just 7 days, long
before detectible changes in BMD occur. Consistent with this interpretation, the
Ca isotope variations track changes observed in N-teleopeptide (NTx), a bone
resorption biomarker,(Leeming et al., 2006; Sorensen et al., 2007) while bone
alkaline phosphatase (BSAP), a biomarker of bone formation,(Leeming et al.,
2006; Sorensen et al., 2007) is unchanged. Unlike biochemical markers, changes
in Ca isotopes directly measure net BMB and can in principle be used to quantify
changes in BMD. Ca isotopes indicate an average decrease of 0.62 + 0.16 % in
BMD over the course of this 30-day study. The Ca isotope technique should

permit evaluation of countermeasures to bone loss, accelerate the pace of
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discovery of new treatments for metabolic bone disease, and provide novel
insights into the dynamics of bone metabolism.

Ca isotope variations are a result of the six naturally occurring Ca
isotopes (“°Ca, **Ca, **Ca, **Ca, **Ca and **Ca) reacting at different rates
depending on atomic mass. In soft tissue, these variations exist because bone
formation depletes soft tissue of light Ca isotopes. Bone resorption releases that
isotopically light Ca back into soft tissue. As a result, the Ca isotope composition
of soft tissue should shift toward lighter values when bone is resorbed, and
toward heavier values when bone is formed.

An earlier study observed variations in Ca isotope abundances correlated
with bone density measurements and consistent with net bone resorption after 4
weeks in a 90-day bed rest study (data collected at 0, 4, 8 and 12 weeks)(Skulan
et al., 2007). To assess how rapidly this signal appears, the present study
centers on a 30-day bed rest study involving 12 patients on a controlled diet,
monitored for 12 days prior to bed rest and 7 days post bed rest. Samples of
urine were collected frequently throughout the study to examine short-term

variations in Ca isotope abundances.
6.2 Results and Discussion

After 7 days of bed rest, the mean value of ¢*¥*Ca decreases by
approximately 3.0 ¢* for all 12 patients (Figure 6-1C); ¢***Ca remains low during
the remainder of bed rest and into the post bed rest period. This decrease is
explained most simply as reflecting the onset of negative BMB. Since the
patients entered the bed rest study at different times, systematic changes in the

environment cannot explain the similar drop in £*¥*?Ca among all patients. The
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patients’ meals were on a 10-day diet rotation and study days did not correlate
with the meal cycle. For the 12 days pre bed rest, the average £****Ca did not
change systematically, but varied by approximately 1.5 . This intra-individual
variability may result from differences in diet, metabolism or intestinal absorption.
However, since each patient’s ¢***?Ca is compared to their pre-bed rest
baseline, this intra-individual variation does not factor into assessment of bone
loss.

Ca isotopes in urine and organic biomarkers in serum both indicate bone
is being resorbed. NTx increases by day 9 of bed rest (P<0.05), the first sample
measured after initiation of bed rest (Figure 6-1B). The NTx signal remains
significantly elevated throughout bed rest and into the post bed rest period,
consistent with the resorption of bone. BSAP, however, does not change during
bed rest (p>0.05; Figure 6-1A). Bone formation includes a lag time for osteoblast
cells to differentiate, which can take up to 30 days (Manolagas, 2000). Hence, a
significant increase in bone formation rates is not expected on the time scale of
this study. Bone resorption via osteoclastogenesis occurs much more rapidly
than bone formation, with onset after just four days(Brage et al., 2004) . When
taken together, ¢*¥*°Ca, NTx and BSAP give a complete view of the bone status
of these patients undergoing bed rest.

NTx and BSAP are independent qualitative biomarkers of bone resorption
and formation, respectively. They each measure a single process — bone
formation or resorption — and so relating these markers to net BMB is only
possible to the extent that the measurements of these markers in serum can be
quantitatively correlated to the rates of each process. The quantitative correlation
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of biomarkers to BMB is not possible at this time for several reasons. First, inter-
and intra-personal variation in the response of each biomarker is high(Leeming et
al., 2006; Sorensen et al., 2007). Second, the biomarkers of bone resorption and
bone formation have different residence times in the body(Leeming et al., 2006;
Sorensen et al., 2007). Third, the inter-laboratory variation is high(Leeming et al.,
2006; Sorensen et al., 2007). In contrast: £*¥*?Ca directly reflects the net effect
of bone resorption and formation; Ca has a 2-3 day residence time in the
body,(Smith et al., 1996; Smith et al., 2005) so Ca isotopes can be used as a
rapid measure of BMB; and the inter-laboratory variation of £*#*?Ca is within the
analytical uncertainty for a single lab."

A major benefit of the Ca isotope method is the potential to use Ca
isotopes to quantitatively assess bone loss. We have quantified the amount of
bone lost during the 30-day bed rest study using the model of Skulan et al. and
Heuser et al. (Heuser and Eisenhauer, 2010; Skulan and Depaolo, 1999)
depicted in Figure 6-2A and detailed in Appendix B. In addition to measurements
of ¢**2Ca, the model requires that we estimate values for the fractionation of Ca
isotopes between soft tissue and bone, the mass of skeletal Ca, and the rate of
Ca intestinal absorption. We estimate the difference of ¢*¥*?Ca between soft
tissue and bone is 6.5 ¢*, which equals the offset of bone to diet in terrestrial
vertebrates(Reynard et al., 2010; Skulan and Depaolo, 1999). To estimate the
mass of skeletal Ca we use data from a modern skeletal population, and
estimate ~1300 g of Ca is stored in the skeleton. The 1300 g Ca is calculated by
assuming that the skeletal populations weight 3323.8 £ 779.6 g as measured in
Silva et al.(Silva et al., 2009) are composed of hydroxyapatite. We neglect the
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contribution of organics in the bone matrix. The amount of Ca absorbed in the
diet can be estimated by assuming that 1 g of Ca is consumed everyday and,
accounting for the bioavailability of different foods in the typical diet, we estimate
that 275 mg is absorbed every day (Weaver et al., 1999; Weaver et al., 2006).
Heuser et al. expanded the model of Skulan et al. to include Ca fractionation
between serum and soft tissue, renal fractionation, and long-term variations in
diet. Here, we avoid these complications by normalizing to each individual
patient’s baseline ¢**?Ca. By performing this normalization, long-term
variations in diet and insufficiently understood fractionations during Ca uptake
and excretion can be safely ignored because the dietary Ca is tightly controlled
during the study window for all patients and because the mechanism of renal
excretion is not expected to change with bed rest(Whedon and Rambaut, 2006).
The result is a simple and elegant mixing model that uses changes in urinary Ca
isotopes to predict percent bone loss (Figure 6-2B).

Using this model, we estimate that patients lost on average 0.62 £ 0.16 %
of bone mass between days 7 - 30 of bed rest. This rate of bone loss
extrapolates to a loss of ~ 2.0 £ 0.50 % of skeletal mass over ~ 90 days. Such
changes have been detected using DXA scans in long-term bed rest
studies(Smith et al., 2002; Smith et al., 2005; Whedon and Rambaut, 2006).
Therefore, the Ca isotope method yields quantitative results that are fully
consistent with the best existing measures of changes in BMD.

Our demonstration that natural changes in Ca isotopes indicative of bone
loss can be detected within a few days demonstrates the potential to dramatically

shorten the experiment duration required for studies of bone metabolism by 60%
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or more. Our ability to rapidly assess changes in BMB will provide insights into
the dynamics of bone metabolism, accelerate the pace of discovery of new
treatments for metabolic bone disease, and may be the basis for future

techniques to assess changes in bone density in clinical settings.
6.3 Methods Summary

Bed rest was conducted in the General Clinical Research Center (GCRC)
at the University of Texas Medical Branch. Bed rest conditions were rigorously
controlled including room temperature, patient sleep and wake cycles, patient
diet, and patient weight. During bed rest, subjects were confined to a strict 6°
head down tilt bed rest. Subjects were monitored to ensure round-the-clock
compliance. For this study, 12 patients with an average age of 36 * 4 yrs were
enrolled at different times throughout a 6-month period. Johnson Space Center
Committee for the Protection of Human Subjects and the University of Texas
Medical Branch Institutional Review Board approved the study protocol. All
subjects provided written, informed consent prior to enroliment.

Urine, blood and food samples were collected from all patients. The urine
was acidified with trace metal grade 20% HNO; and shipped to Arizona State
University. Digestion, purification and measurement of selected samples followed
the method of CHAPTER 4. Isotope compositions were measured by multiple
collector inductively couple plasma mass spectrometry (MC-ICP-MS;
ThermoScientific Neptune)(Wieser et al., 2004). The abundance ratio of
*4Ca/**Ca can be measured using < 25 mg of Ca with a typical precision of + 1.5

(x 2s) parts per ten thousand compared to a standard (epsilon, ¢). Measurement
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accuracy is based on comparison with published Ca isotope data obtained by

other methods (TIMS).
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Table 6-1 Summary of data for 12 patients in bed rest.

Mean = SE; number of samples

Biomarker unit Average Pre-bed rest | Average Value Day
value 7-30
Day -14to 0
BSPA U/L 25.73 £ 1.66; 24 24.85 + 1.66; 48
NTx nmol/d 539.31 £ 31.15; 49 742.31 £ 33.97; 91
Ca isotopes € 2.4 £ 0.33; 47 0.9+0.21; 116
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Figure 6-1 Change in Biomarker and Ca isotopes over bed rest.
A) Percent change from baseline in concentration of bone alkaline phosphatase
(BSAP), a bone formation biomarker, (x2se, n=12). B) Percent change from
baseline in concentration of NTx, a bone resorption biomarker, concentration
from average baseline value (x2se, n=12). C) Urinary Ca isotope changes from
baseline in bed rest urine samples (+2se, n=12). Changes were determined by
calculating the difference between the measured value at each time point and the
average of the pre-bed rest values for that individual. This difference
determination was necessary because initial ¢*/*?Ca varied among patients and
is the same presentation method as traditional biomarkers. Decrease in ¢*¥*’Ca
on about day 7 of bed rest reflects the onset of negative bone mineral balance.
The 12 patients are averaged such that the values reported at each time point
represent the mean (x2se) of all difference determinations from that time.
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Figure 6-2 Model of Ca isotope fluxes.
A) Model of Ca isotope fluxes through the organism. B) Model fit for data.
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t For comparison to literature values, the ¢****Ca cp, value for IAPSO
measured relative to ICP1is 7.6 = 1.5 ¢ and for SRM 915a is -1.5 + 1.3 ¢;
all Ca isotope measurements are reported relative to ICP1.

* Ca data are reported as:
( 44Ca) (44Ca) -
42 | a2
844/42 Ca — Ca Sample Ca Standard x 1 0, 000
(44 Ca\
42
L Ca JStandard
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Calculating the Isotope Composition of Fe Fluxes

The isotope fractionations corresponding to the Fe fluxes shown in Figure 3-2 were
calculated using a system of linear equations describing the isotope mass balance
between various tissues. Derivation of each equation can be found below but Equation 1
is an example representing the flux of Fe into bone (where it is present primarily in bone

marrow) and out of bone via the production of red blood cells (RBC):

8% Fegerum oneFserum-sone = 0" F€gone rac Faone-rac (1)
The left side of the equation is the flux into bone multiplied by its isotope composition,
and the right side of the equation is the flux out of bone multiplied by its isotope
composition. The isotopic composition of these fluxes cannot be measured directly.

However, we can calculate these values using Equations 2 and 3, which use the

56/54 56/54
b

measured 8 Fegerum, Fewone, and the fractionations that occur during Fe

56/54

incorporation into bone and RBCs (A™ ™ "FeserumtoBones A56/54FeRBC, formation)-

56/54 56/54 56/54
6 FeSerum-Bone = 6 FeSerum -A FeSerum-Bone (2)

656/54FeBone—RBC = 656/54FeBone - A56/54FeBone—RBC (3)
Equation 4 is the result of substituting Equation 2 and Equation 3 into Eq. 1 and
rearranging the variables. Equation 4 is one of the six linear equations used to solve for

the fractionation between organs.

56/54 56/54
o Fe F. -0 FeBoneFBone-RBC

serum’ Serum-Bone
(4)

56/54 56/54
= A I:eSerum-BoneFSerum-Bone - A FeBone-RBCFBone-RBC

The fluxes are presented in Figure 3-2.
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Sensitivity Analysis

The Fe isotope fractionation values and their associated uncertainties are derived from a
combination of direct measurements and the isotopic mass balance model. In order to
estimate the combined data and model errors, a Monte Carlo approach was used. The
measured Fe isotope data were randomly sampled assuming the results were normally
distributed with the mean values and standard deviations reported in Table 3-1. The
values for a subset of the Fe fluxes used in the mass balance model were also randomly
sampled assuming a 25% uncertainty, such that all of the remaining Fe fluxes were
uniquely determined by the requirement for overall mass balance. After repeated iteration
(N=106), the standard deviations of the tabulated results were reported as the combined
model-data uncertainty (Figure 3-2). To assess the portion of error derived from either the
isotope measurements or model uncertainties, the Monte Carlo process was repeated
considering each source of error independently. In all cases, the uncertainty in the
isotope measurements alone contributed >95% of the combined model-data error,
implying that the exact choice of Fe fluxes do not significantly impact the calculated Fe
isotope fractionations.

Derivation of the Mass Balance Equations:

Details of the derivation of the isotope mass balance equation for each pool in Figure 3-2
is given below.

Bone

dserum-BoneF serum-Bone=dBone-RBCF Bone-RBC

(3serum=Aserum-Bone)F serum-Bone = (OBone=Aone-RBC)FBone-RBC

dserumF serum-Bone =A serum-Bone Fserum-Bone = OBoneF Bone-RBC ~A Bone-RBC F Bone-RBC

dserumF serum-Bone =0 BoneF Bone-RBC =A serum-Bone Fserum-Bone=ABone-RBC FBone-RBC

RBC

0 Bone—RBCFBone—RBC =6RBC—SpIeenFRBC—SpIeen+ 6BIeedFBIeed
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(OBone=A Bone-RBC)F Bone-RBC = (ORBC-Abone) FREC-Spleent (ORBC-ABIeed) FBleed

OBoneF Bone-RBC ~A Bone-RBCFBone-RBC = ORBCF Spleen ~ArBC SpicenTrBC Spicen-T ORBCF Biced ~ABiccdFBiced
(ARBC—SpIeen, ABleed = 0)

6Bt:)neFBt:me-RBC'6 RBCFRBC-SpIeen'6 RBCFBIeed =A Bone-RBCFBone-RBC

SPLEEN

6RBC—SpIeenFRBC—SpIeen = 6Spleen—SerumFSpIeen—Serum

(6RBC'ARBC—SpIeen)FRBC—SpIeen= (6Spleen'ASpIeen—Serum)FSpIeen—Serum

6RBCFRBC—SpIeen ‘ARBgépieenERBCrSpleen = 6SpleenFSpIeen—Serum 'ASpIeen—SerumFSpIeen—Serum (ARBC—SpIeen
0)

-0 SpleenFSpIeen-Serum + 6RBCFRBC-SpIeen = 'ASpIeen-SerumFSpIeen-Serum

LIVER

6Serum—LiverFSerum—Liver = 6Liver—SerumFLiver—Serum

(6Serum'ASerum—Liver)FSerum—Liver= (6Liver'ALiver—Serum)FLiver—Serum
6SerumFSerum—Liver'ASerum—LiverFSerum—Liver = 6LiverFLiver—Serum ‘Al:wer—SeFumEl:wer—Semm (ALiver—out = 0)
6SerumFSerum-Liver'6 LiverFLiver-Serum = ASerum-LiverFSerum-Liver

OTHER

6Serum—OtherFSerum—Other =6Other—SerumFOther—Serum + 6Other—outFOther—out

(6Serum'ASerum—Other)FSerum—Other =(6other'AOther—Serum)FOther—Serum + (6Other'AOther—out)FOther—out
6SerumFSerum—Other 'ASerum—OtherFSerum—Other =6otherFOther—Serum ‘Agther—SeFumEOmer—SeFum"' 6Other Fother—out
‘Agther—emEgther—eut(AOther—Serum, AOther—out = 0)

6SerumFSerum-Other = 6OtherFOther-out = 6OtherFOther-Serum = ASerum-OtherFSerum-Other

SERUM

6AbsorptionFAbsorption+ 6Spleen—SerumFSpIeen—Serum+ 6Other—SerumFOther—Serum"'éLiver—SerumFLiver—Serum= 6Serum—

BoneFSerum—Bone+6Serum—LiverFSerum—Liver+6Serum—OtherFSerum—Other
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(6Food'AAbsorption)FAbsorption+(6Spleen'ASpIeen—Serum)FSpIeen—Serum+(6other'AOther—Serum)FOther—Serum+(6Liver'
ALiver—Serum)FLiver—Serum=(6Serum'ASerum—Bone)FSerum—Bone +(6Serum'ASerum—Liver)FSerum—Liver+(6Serum'
ASerum—Other)FSerum—Other

6Food FAbsorption 'AAbsorptionFAbsorption+6SpIeen FSpIeen—Serum 'ASpIeen—SerumFSpIeen—Serum+6otherFOther—Serum'
A%QFSME%QFSM+6LiVerFLiVEF-SEFUm ‘Al:iver—SeFumEl:iver—SeFum=6$erumFSerum—Bone 'ASerum—BoneFSerum—
Bone +6SerumFSerum—Liver 'ASerum—LiverFSerum—Liver+6SerumFSerum—Other 'ASerum—OtherFSerum—Other

6Ft:n:)d FAbsorption +68pleen FSpIeen-Serum +d other FOther-Serum"’6 LiverFLiver-Serum 'GSerumFSerum-Bone =
6SerumFSerum-Liver = 6SerumFSerum-Other = AAbsc:)rptic:)nFAbsc:)rptic:)n + ASpleen-SerumFSpIeen-Serum 'ASerum-
BoneFSerum-Bone 'ASerum-LiverFSerum-Liver 'ASerum-OtherFSerum-Other

WHOLE MOUSE

6Ab:sorptionFAbzsorption =6Other—outFOther—out+ 6BIeedFBIeed
(6Food'AAbsorption)FAbsorption=(6Other'AOther—out)FOther—out+(6BIood'ABIeed)FBIeed

6FoodFAbzsorption 'AAbsorptionFAbsorption=6OtherFEXC ‘AEXGEEXG+6BIoodFBIeed ‘ABleeéEBleed (AOther—out,
Agieed = 0)

6Fm)dFin 'aotherFOther-out -0 BIoodFBIeed = AAbsorptic:)nFAbsorptic:)n
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In order to interpret our results and quantify the rate the of bones loss in
bed rest patients, we used the model of Ca isotope fractionation originally

presented by Skulan and Depaolo (1999). The simple model is depicted in Figure

1-5.
dé,

Nbd_tb=\/b(6s_Ab_6b) (1)
ds,

NS0 =V (0, =0,) = Vi, +V/(3, =3,) @

The model was implemented as a time-dependent system of ordinary
differential equations and integrated in MATLAB, yielding time-dependent
predictions of soft tissue “*Ca/**Ca directly corresponding to measurements in
our study. We found the best fit between the model and data could be obtained
by include a 4 day lag between the onset of bed rest and the onset of bone loss
(negative BMB). We believe this lag corresponds to and is justified by the time

required for osteoblastogenesis.
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