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Deciphering the iron isotope message of the human body
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Abstract

Mass-dependent variations in isotopic composition are known since decades for the light elements such as hydrogen, carbon or oxygen.
Multicollector-inductively coupled plasma mass spectrometry (MC-ICP-MS) and double-spike thermal ionization mass spectrometry (TIMS)
permit us now to resolve small variations in isotopic composition even for the heavier elements such as iron. Recent studies on the iron isotopic
composition of human blood and dietary iron sources have shown that lighter iron isotopes are enriched along the food chain and that each
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ndividual bears a certain iron isotopic signature in blood. To make use of this finding in biomedical research, underlying mech
sotope fractionation by the human body need to be understood. In this paper available iron isotope data for biological samples ar
ithin the context of isotope fractionation concepts and fundamental aspects of human iron metabolism. This includes evaluation

or body tissues which show that blood and muscle tissue have a similar iron isotopic composition while heavier iron isotopes are co
n the liver. This new observation is in agreement with our earlier hypothesis of a preferential absorption of lighter iron isotopes by t
ody. Possible mechanisms for inducing an iron isotope effect at the cellular and molecular level during iron uptake are presen
otential of iron isotope effects in human blood as a long-term measure of dietary iron absorption is discussed.
2004 Elsevier B.V. All rights reserved.
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. Isotope effects in basic and applied research

Stable isotope abundances of most elements are highly
onstant in nature but they are not invariant. Element trans-
er between physical and chemical compartments can alter
he isotopic composition of an element slightly provided that
he transfer process is incomplete and sensitive to the iso-
ope’s masses. This phenomenon, known as mass-dependent
sotope fractionation, has been known since decades for the
ighter elements such as hydrogen, carbon, oxygen, and ni-
rogen. These elements are now used widely in a number
f scientific disciplines such as the Earth and environmental
ciences, plant science and food science[1]. In their pioneer-
ng studies, De Niro and Epstein measured changes in carbon
nd nitrogen isotopic composition along the food chain[2,3].

∗ Corresponding author. Tel.: +41 1 7045704; fax: +41 1 7045710.
E-mail address:thomas.walczyk@ilw.agrl.ethz.ch (T. Walczyk).

They found that there is only minor fractionation of carb
isotopes by animals, and that the carbon isotopic com
tion of body tissues closely reflects that of their diet.13C/12C
in animal tissue typically increases by ca. 1‰ in the hea
isotopes compared with the animal’s diet. Nitrogen isoto
show a similar phenomenon, with an increase in the15N/14N
isotope ratio by about 2–3‰ per trophic level (seeFig. 1) [4].

Until very recently it appeared impossible to reso
isotope effects in nature for the heavier elements. Iso
fractionation principles dictate that isotope effects bec
smaller with increasing atomic weight as fractionation p
cesses are governed by the relative and not the absolute
differences of the isotopes of an element. Although it
been hypothesized for decades that isotope effects mus
in nature for the heavier elements too, they were well be
detection limits. The situation has changed in recent y
with the development of new mass spectrometric techniq
namely multicollector inductively coupled plasma mass s
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Fig. 1. Isotope fractionation along the food chain. Carbon and nitrogen isotopes were measured in bone collagen[4], calcium isotopes in soils, plants and
animals ([6,7], reprinted with permission by D. DePaolo). Iron isotopes were measured in human blood, liver, muscle tissue and dietary iron sources by Walczyk
and von Blanckenburg[14], with some added blood and tissue samples from this study and new data on soils and vegetables (von Blanckenburg, unpublished
data); BF: blood female; BM: blood male; Li: liver tissue; Mu: muscle tissue. Isotope ratios are plotted asδ-values (for definition, see Section2.1), i.e., as
relative deviations in parts per thousand relative to a reference material. Carbon and nitrogen are fractionated towards an enrichment in their heavier isotopes
as they proceed through the food chain, probably due to preferred respiration of light C and N from the lung[2,3]. Iron and calcium are fractionated towards
an enrichment in their lighter isotopes along the food chain, pointing to a preferred uptake of lighter isotopes for essential minerals and trace elements.

trometry (MC-ICP-MS) and double spike thermal ionization
mass spectrometry (TIMS). These techniques now permit sta-
ble isotope ratio measurements at precisions of better than
0.1‰ for the heavier elements which is sufficient to resolve
even small differences in isotopic composition between sam-
ples[5]. Interestingly, this development has taken place en-
tirely within the Earth Science community, pioneered mainly
by geochemists. Resulting from these research activities, the
44Ca/40Ca isotope ratio was found to decrease by about 1‰
with each trophic level (Fig. 1, adapted from[6,7]). This was
explained by the balance between calcium incorporated into
bones and that incorporated into soft tissue[7].

Similar to calcium, iron exhibits relatively large relative
mass differences between its four stable isotopes which oc-
cur in nature at abundances of 5.8% (54Fe), 91.8% (56Fe),
2.1% (57Fe) and 0.3% (58Fe). Earlier studies indicated that
iron isotope effects may exist in the geosphere and in the bio-
sphere[8,9] but only as recently as 1999 Beard and Johnson
were able to determine small iron isotope effects in natural
samples[10]. A considerable database has been produced
since then showing significant variations of up to 3‰ in the
56Fe/54Fe ratio in Earth and environmental samples[11]. A
debate soon emerged as to whether iron isotope effects could
be used as tracers of microbial activity in the environment

and even in extraterrestrial samples[11,12]. However, abi-
otic processes were found to produce isotope fractionations of
similar magnitude which clearly jeopardizes their usefulness
for this purpose. Iron reduction in aqueous solution was found
to increase the56Fe/54Fe ratio by up to 3‰ in model exper-
iments[13]. In nature, these variations are mostly produced
in aqueous low-temperature environments at the Earth’s sur-
face, which highlights the potential of iron isotope effects
for studying the iron redox cycle, and the evolution of atmo-
spheric oxygen in the Earth’s history[13]. In contrast, iron
isotope fractionation at high temperatures appears to be lim-
ited to variations of lower than 1‰ in rocks of the deeper
Earth[13].

While geochemists mainly concentrated to date on iron
isotope effects induced by bacterial activity in the environ-
ment[12], much stronger iron isotope effects were found re-
cently in higher organisms. Using MC-ICP-MS, Walczyk and
von Blanckenburg discovered that all iron in the biosphere,
including the human body, is depleted in the heavier iron iso-
topes[14]. The56Fe/54Fe isotope ratio appears to decrease
by ca. 1‰ per trophic level (seeFig. 1). In addition, human
individuals bear a distinct iron isotopic signature in blood
with females having on average more of the heavier iron iso-
topes in blood than males. A pilot survey in human tissue
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and foods of plant and animal origin has indicated that the
iron isotope effect in blood is primarily determined by pref-
erential absorption of lighter iron isotopes in intestine and
that the iron isotopic signature in blood reflects differences
in iron absorption. Our finding of a distinct iron isotopic sig-
nature in human blood was verified independently by Ohno
et al.[15]. They confirmed our earlier hypothesis that the iron
isotopic composition should be stable over months and even
years due to the slow turnover of body iron.

Iron isotope effects could potentially become a new iso-
topic tool to study iron metabolism in vivo. It is estimated
that 30% of the world population are affected by anemia from
which some 600–700 million suffer from iron deficiency ane-
mia [16]. This makes it the most common micronutrient de-
ficiency on a global scale. Consequences of iron deficiency
and iron deficiency anemia are multiple and include reduced
work performance, reduced resistance to infection, a higher
mortality of mother and child around birth and reduced in-
tellectual and psycho-motoric development during childhood
[17]. Stable iron isotopes (57Fe and58Fe) are an important
tool for the evaluation of food-based strategies for combat-
ing iron deficiency and iron deficiency anemia[18]. Con-
trary to radioisotopes, they can be used safely during infancy,
childhood and pregnancy. Available stable isotope methods,
however, resemble closely earlier radioisotope techniques in
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The isotopic composition of an element is changed if the
element is transported from a source compartment to a target
compartment provided that element transfer is both incom-
plete and mass-sensitive. Compartments can be either physi-
cal compartments, e.g., in diffusion or evaporation processes,
or chemical compartments, i.e., different element species in
chemical reactions. The resulting fractionation factorα can
be calculated directly from the isotope ratios of the source
compartment and the target compartment of the transfer pro-
cess.

α =
(

56Fe
54Fe

)
Target

/

(
56Fe
54Fe

)
Source

(2)

In keeping with the per mil notation, the isotope fractionation
can also be expressed as a difference∆ between the target
compartment and the source compartment;∆ is usually ex-
pressed in ‰.

∆ = δTarget− δSource (3)

and

∆ = (α − 1) × 1000 (4)

2.2. Mass-dependent fractionation processes
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hich iron isotopes are used basically as tracers for stud
ron absorption in the intestine and its utilization for ph
ological function. Iron isotope effects may add a new

ension to this field of research which we will illustrate
ummarizing first the basic principles of isotope fractio
ion and technical aspects of measuring iron isotope ef
y MC-ICP-MS; further we will evaluate available data

ron isotope effects in the human body in relation to hum
ron metabolism and present new data on iron isotope d
ution within the body.

. Principles of isotope fractionation

.1. Terminology

Because variations between stable isotope ratios are
lly small, they are commonly measured relative to a re
nce material. In relative measurements, systematic b

sotopic analysis is minimized as it, ideally, cancels out. D
re commonly presented in the delta-notation in parts

housand (per mil, ‰).

56FeIRMM14 =
(

56Fe/54FeSample
56Fe/54FeIRMM14

− 1

)
× 1000 (1)

ith 56Fe/54FeSamplebeing the iron isotope ratio in the sa
le and56Fe/54FeIRMM14 the isotope ratio in the referen
aterial. For iron, data are commonly reported relativ

RMM-014, a reference material of certified iron isoto
omposition[19].
Principles of mass-dependent isotope fractionation
esses have been discussed extensively in the liter
herefore, only a brief summary is given here. The

erested reader is referred to available review articles
ext books[20–23]. The isotope ratios of an element
olecule undergoing isotope fractionation are shifted du

hemical reactions or during transport processes in a m
ependent fashion. For a given element, the larger the
tive mass difference between two isotopes is, the larg

he induced isotopic shift.Equlilibrium fractionationpro-
esses describe those isotopic shifts that occur in che
r physico-chemical reactions that are in a state of equ
ium. Usually they take place if an element is converted f
ne species into another for which bond strengths are

erent. The theory is explained in detail by Chacko e
24] and Schauble[25]. Briefly, equilibrium isotope frac
ionations are caused by the sensitivities of molecular
ondensed-phase vibrational frequencies to isotopic su
ution. These result in minor shifts in the zero-point ene
etween equilibrated substances upon isotopic substit
he qualitative predictions governing equilibrium fracti
tion have been summarized by Schauble[25] and are a

ollows:

1) The magnitude of the isotope effect decreases
increasing temperature. Within the context of
study, this effect is negligible as fractionation p
cesses discussed here take place at room or
temperature.

2) Isotope effects are more pronounced, the larger
reduced massm′ = (m1 −m2)/(m1 ×m2) of the involved
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elemental or molecular species is with andm1 and m2
being the masses of the different isotopic species. Thus,
isotope effects are larger for light elements which often
show large relative mass differences between isotopes
when compared to heavier elements or elements bound
to biomolecules.

(3) Heavier isotopes are concentrated in those chemical
compartments, i.e., elemental species, in which the
element forms the strongest bonds.

Kinetic fractionationoccurs in two distinct situations. Ei-
ther transport is uni-directional, thereby preventing equilibra-
tion of atoms/molecules; or a chemical reaction takes place
for which time is insufficient to reach equilibrium. This means
that the rate of isotope exchange is slower than the reaction
or transfer rate. Typical examples are evaporation of a gas
with instant removal of the vapour, rapid crystallisation of a
solid from a liquid, or diffusion of element species through a
membrane. Other kinetic fractionations may result if isotopic
exchange is limited by the activation energy of the exchange
process.

2.3. Mass balance concepts

An essential precondition for stable isotope variations to
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Fig. 2. Mass-balance calculations showing the fractional transfer of a source
component into a target compartment, while undergoing a constant isotope
fractionation∆Target–Source(Rayleigh fractionation). For underlying equa-
tions the reader is referred to the literature[23,26]. The instantaneous target
component corresponds to each infinitesimally small increment of target
component produced, while the cumulative target corresponds to the inte-
gral of all instantaneous products. Respective isotope ratios are expressed
asδ-values (for definition see Section2.1). The isotopic composition of the
source changes with transfer efficiency as it becomes continuously depleted
in the lighter isotopes with every incremental mass transfer.

with an initial isotopic composition of−1‰ and the isotopic
shift ∆ is −1.5‰ for this process, i.e., the isotope ratio of
each infinitesimally small fraction of transferred element is
always lower by 1.5‰ than that of the source compartment.
Because the source compartment is constantly loosing light
isotopes, it becomes more enriched in the heavier isotopes
in proportion to the amount of the component transferred.
If transferred fractions are collected quantitatively, the accu-
mulated isotopic composition of transferred element in the
target compartment is the integral over all instantaneously
transferred element fractions. If the transfer process is com-
plete, the amount of element accumulating in the target com-
partment has the original isotopic composition of the source
compartment.

2.4. Element transfer processes under steady-state
conditions

In natural systems, physical or physiological compart-
ments are often insteady stateregarding the mass fluxes of
the respective element. We explain this concept using the ex-
ample of iron turnover in the human body. Steady state means
that the body is in iron balance. Physiological losses are fully
compensated by iron influx into the body from the diet. The
rate of iron influx (mass per unit time) into the bodyFin is
t n
i e.
I

e found in nature is that the source component and
arget component of a transfer process separate from
ther, such that they can be isolated and measured
ately. Examples are separate sampling of the gas p
nd the liquid phase for an evaporation process, sepa
f distinct element species involved in a chemical reac
r sampling of different physiological compartments in
anisms, e.g., different tissues or excreta. Another im

ant prerequisite for making a potential isotope effect
ble is incomplete element transfer from one compartm
o the other. Assume, for example, that a source compo
s completely converted into a target component. The
opic composition of the target would be the same as
omposition of the source, regardless of the actual frac
tion factorα between target and source (see Eq.(2)). If, in
ontrast, only an infinitesimally small fraction of source
onverted into a target, then the difference between t
nd source would be exactly of the size of the fractiona

actor.
In reality, isotope fractionation usually takes place

ween these two endpoints. Consider the case, for exa
f a considerable fraction of source component being t

erred into the target compartment, and that this transf
ssociated with a constant isotope shift∆. In this case, th

sotopic composition of the target is shifted opposite to
f the source as isotopes cannot get lost. The magnitu

his shift depends on the fraction of source component
s transferred to the target compartment. The relevan

alisms are called “Rayleigh equations” and are expla
t length in the literature[5,26], seeFig. 2. In this exam
le, an element is transferred from a source compart
he same as the rate of iron effluxFout, such that the iro
nventory of the human bodyI remains constant with tim
n this case

dI

dt
= Fin − Fout = 0 (5)
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which allows us to calculate the residence timeτ of iron in
the human body:

τ = I

Fin
= I

Fout
(6)

For example, let us assume an average body iron content of
2.5 g for adult females and 4.0 g for adult males. To remain in
iron balance, 1.0 mg iron has to be absorbed from the diet by
males while about 1.3 mg has to be absorbed by females to
replace additional iron losses through menstruation. For this
model, the resulting mean iron residence time in the human
body is 5 years for females and 11 years for males.

We can also define anisotopic steady state, which is not
necessarily the same as the steady state by mass flux. At
isotopic steady state, the isotopic composition of an element
entering a reservoir is invariant with time, as are any fraction-
ation factors between reservoirs. Therefore, the isotopic com-
position of the efflux from a reservoir is also invariant with
time, and the isotopic composition of the sum of all influxes
δtotal influx equals that of the sum of all effluxesδtotal efflux. This
translates into

δtotal influx = δtotal efflux (7)

If a compartment’s isotopic composition is governed by more
than one efflux and the system is in steady state, the isotopic
c
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isotopes are lost preferentially from the compartment (a
positive∆out−A), a light permanent residue has to exist
in the compartment under steady-state conditions for
reasons of mass balance. Similar phenomena are known
from stable isotopes in the oceans, where a dissolved
boron or a molybdenum reservoir exists in seawater that
is different from both influx and efflux[27,28].

(C) A single compartment model in which element uptake
is incomplete and subject to an isotope effect (see
Fig. 3C). The isotope composition of the compartment
δA would be greater or equal than the fractionation
factor ∆in−A for the influx, while the complementary
isotopic compositionδout1 is found in the fraction that
has not entered the compartment. The magnitude of the
fractionation effect depends on the fraction entering the
compartment. The isotopic composition of the compart-
ment would correspond to that of the accumulated target
in Fig. 2, while the isotopic composition of the fraction
that has not entered the compartment is described by
the curve for the remaining source component. Since no
isotopic fractionation occurs during loss, the isotopic
composition of the efflux from the compartmentδout2
equals that of the compartmentδA.

(D) A single compartment in which element uptake is
incomplete and both uptake and loss are subject to
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ompositionδA of the compartment A is defined as:

A =
FOut1 × (δout1 − ∆out1−A)

+FOut2 × (δout2 − ∆out2−A)

FOut1 + FOut2
(8)

ithFOut1andFOut2being the mass fluxes out of the comp
ents,δout1andδout2 the isotopic composition of the efflux
nd∆out1−Aand∆out2−A the corresponding fractionation fa

ors for the effluxes.
Based on these considerations, fundamental steady

odels for describing element transfer processes can b
ussed regarding their potential to alter the isotopic com
ition of the compartments itself or the element efflux fr
he compartment (Fig. 3A–F). Models are applicable both
hemical transfer processes, i.e., chemical reactions, a
s physiological transfer processes, e.g., between phys

cal compartments such as blood and liver.

A) A single compartment model in which element upt
is complete, and isotopes are not fractionated du
intake or loss (seeFig. 3A). In this case, the isotop
ratios of influx (δin), efflux (δout), and the compartme
itself (δA) are the same.

B) A single compartment model in which the elemen
taken up without any fractionation (no fractionat
occurs during uptake and/or uptake is complete),
fractionation occurs during element loss from
compartment (seeFig. 3B). In this model, the isotop
composition of the compartment differs from that
the influx (δin) and the efflux (δout) which are equa
This might appear counterintuitive. If, however, he
isotopic fractionation (seeFig. 3D). The result is simila
to setting C, but the isotopic shift of the compartm
relative to that of the influx is greater or equal than
difference of the fractionation factors∆in−A and∆out−A
between influx and efflux. The isotopic composition
the effluxδout2 is the sum of the isotopic compositi
of the compartmentδA plus the fractionation facto
∆out2−A between compartment and efflux.

E) A two compartment model with a single efflux fro
compartment A in which the influx from compartme
A into B equals the efflux from compartment B to A (s
Fig. 3E). Apart from a reversible isotope effect for infl
and efflux from compartment B, no isotope fractiona
occurs. Because isotope fractionation produces
net removal of isotopes from compartment A,
composition of compartment A (δA) equals that of th
influx δin and the effluxδout. The isotopic compositio
δB of the other compartment, however, is the sum o
isotopic composition of compartment A (δA) plus the
fractionation factor∆B−A for the flux between B and A

F) A two compartment model with a single influx and t
effluxes (seeFig. 3F). This setting is identical to settin
E, except that losses occur both from compartment A
B and the flux from compartment A to B is larger th
vice versa. Only losses from compartment B are affe
by isotope fractionation. The isotopic compositionδA
of compartment A differs from the isotopic composit
δB of the other compartment because of isotopic f
tionation during loss from compartment B. The isot
ratios of the compartments are defined by the rela
fluxes following Eq.(8). The isotopic compositionδout1
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Fig. 3. Conceptual steady-state models for the distribution and isotope fractionation of elements between single and multiple compartments. Transfers are
discussed regarding their potential to alter the isotopic compositionδA or δB of the compartments itself, relative to an influxδin or the element effluxδout from
the compartment as caused by a fractionation factor∆out−A. The size of the arrows corresponds to the size of the respective mass fluxes. Models are both
applicable to mass transfer processes between chemical compartments, i.e., element species, and physiological compartments, e.g., blood, liver or muscle. The
isotopic compositions of the compartments in models A, B, and E can be assessed in straightforward manner from the fractionation factors. Those in models C
and D have to be assessed based on Rayleigh-type mass-balance considerations because not all of the source component is taken up by the target compartment
(see Section2.3andFig. 2). Isotopic compositions in model F have to be calculated from mixing equations (see Section2.4, Eq.(8)). In organisms, an unlimited
number of combinations between these basic compartments models exist.
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of the efflux from compartment A equals the isotopic
compositionδA of the first compartment as efflux from
compartment A is not affected by isotope fractionation.
Due to the isotope effect during efflux from compart-
ment B, the isotopic composition of the efflux equals
the sum of the isotopic compositionδB of compartment
B and the fractionation factor∆out2−B (see model E).

2.5. Non-steady-state conditions

At isotopic steady-state and under steady-state conditions
for mass flux, the isotopic composition and the inventory of
any of the compartments in the above models is constant
with time. Changes in the inventory of a compartment can be
induced only if the sum of all effluxes from the system do
not equal the sum of all influxes, i.e., under non-steady-state
conditions for mass flux.

A transient change in the isotopic composition of a com-
partment can be induced in two different ways. First, a change
in a fractionation factor(s) always alters the isotopic compo-
sition of the compartment, even under steady-state conditions
for mass flux, but not its inventory. Second, a change in mass
flux(es) per se alters the isotopic composition of the compart-
ment if respective flux(es) are associated with an isotope ef-
fect. In either case, the inventory or the isotopic composition
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3. Iron isotope analysis: guidelines and critical
remarks

Although efforts have been made to measure natural iron
isotope compositions by thermal ionization mass spectrom-
etry (TIMS), the measurements were usually not of suffi-
cient precision to resolve the small isotope shifts found in
nature[32,33]. Today, multicollector ICP-MS appears to be
the method of choice for high precision iron isotope ratio
measurements. The advantages are high ionization efficiency,
rapid sample throughput, compensation of signal flicker, and
various options to correct for instrumental mass discrimina-
tion. These techniques have been described and reviewed at
length in the literature[34], and only a brief summary of the
principle obstacles encountered is given here. A detailed in-
vestigation of iron isotope analysis of various inorganic and
organic matrices, including the methods used for this study,
is given in this issue[35].

3.1. Isobaric interferences

Molecular isobaric interferences formed in the plasma ion
source, including ArO+, ArN+, FeH+ ions, can potentially
interfere with all iron isotope masses in the mass spectrum.
Three strategies are in operation to eliminate these interfer-
e y by
o
t on
s t-
i
( rfer-
e es
m by
r ca-
t ntal
i ered
i of
t rec-
t rfer-
e
5 ng
v ave
t tion
l

3

the
c s or
d ured
w ted
o ples
w
i eated
a this
e duce
f the compartment changes continuously until a new
opic steady state for the altered fractionation factor or m
ux(es) are reached. The time required to settle into a
teady state takes a few residence timesτ (see Eq.(6)) and
epends on the experimental capabilities to resolve a
ient change. Once steady-state conditions for mass
re re-established, the isotopic composition of the com
ent(s) remain constant again, however, at values tha
iffer significantly from the original steady-state conditio

.6. Iron isotope fractionation factors

The determination of fractionation factors for iron, as
ll other metal isotopes, is still in its infancy. Data is pat
nd mostly not applicable to natural systems in a straigh
ard manner. The current status has recently been rev
y Anbar[11], and Johnson et al.[12]. For this study it ca
e summarized that oxidation of Fe(II)aq to Fe(III)aq under
quilibrium conditions results in a product that is enriche
6Fe relative to54Fe by 3‰ in the ferric product, while th
apid formation of Fe(III) – bearing solids and Fe(II) – so
ion leads to a depletion of56Fe relative to54Fe of 1–2‰ in
he solid product[29–31]. Reduction of ferric iron leads to th
pposite fractionation, with light iron isotopes being enric

n the reduced fraction. Furthermore, kinetic isotope fract
tions can be expected from the analogy to biogenic ca
ptake[2]. It can be inferred that transfer of iron through
ell wall of an organism or the intestinal mucosa would
ead to a kinetic isotope fractionation favoring isotopic
ighter iron in the product.
nces: (a) resolving molecular interferences ion-opticall
perating the instrument at high mass resolution[36]; (b) op-

imizing the intensity ratio of iron ions and interfering i
pecies by suppressing ArO+ and ArH+ ions with a desolva

ng nebuliser and by maximizing iron ion currents[14,37];
c) collision cell technologies for suppressing argon inte
nces effectively[38]. Non-resolvable isobaric interferenc
ay exist (e.g.,54Cr/54Fe). These have to be minimized

emoving the interfering elements during chemical purifi
ion of sample iron. Any residual interference of eleme
ons is monitored and corrected for using a non-interf
sotope (e.g.,53Cr). It is important that the isotope ratios
he element interfering with iron is subjected to a cor
ion for instrumental mass bias. The presence of inte
nces is readily detectable when measuredδ values for the
7Fe/54Fe isotope ratio are plotted against correspondiδ
alues for the56Fe/54Fe isotope ratio, where all samples h
o plot on a line described by the corresponding fractiona
aw [35].

.2. Non-spectral matrix effects

Extraneous elements, organic matter, differences in
oncentration of the solvents used to dilute sample
ifferences in the concentration of the element meas
ould all introduce a “cryptic” mass bias. It has to be poin
ut that such an effect is normally not detectable. Sam
ould still plot on the predicted line whenδ-values for two

sotope ratios are plotted against each other. Even rep
nalysis of samples would not necessarily disclose
ffect since a matrix-related mass bias might also repro
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[35]. Therefore, all possible precautions have to be taken
to ensure that samples are presented in the same aqueous
matrix and data are corrected for matrix effects as described
below.

3.3. Instrumental mass bias

Isotope ratio measurements by ICP-MS are subject to an
instrumental mass bias. Plasma source mass-spectrometry
discriminates against light isotopes. In the plasma, these are
moved to the exterior of the ion optical axis. Thus, heavy iso-
topes are extracted preferentially into the ion optics. This bias
that amounts to a few percent in an isotope ratio is superim-
posed on the few per mil or less of natural mass fractionation
that has to be detected. The instrumental mass bias is also
not necessarily constant and may drift with time. Therefore,
rigorous correction methods are required. Three different ap-
proaches are employed by MC-ICP-MS practitioners.

(a) Standard-sample-standard “bracketing”[37]. Mass
discrimination is controlled by measuring a reference
standard solution prior and subsequently to each sample
which serves as the reference for calculating theδ56Fe
value. The56Fe/54Fe isotope ratio of the reference stan-
dard at the time of the iron isotope ratio measurement of
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in the ion exchange column[40], would confound mea-
surements; (ii) the duration of an individual measurement
is longer, because usually the analysis of copper involves
switching of the magnetic field for alternating measure-
ments of iron and copper isotopes, whereas measuring
iron only can be done in static mode; (iii) the mass bias
per mass unit is usually not the same for iron and copper,
the difference also varies with instrument tuning. There-
fore, copper-corrected iron isotope ratio measurements
still need to be adjusted using the bracketing approach
[35].

(c) Double spike techniques[33,41]. These techniques
can be applied to elements with at least four isotopes.
In principle, the sample is spiked with two enriched
iron isotopes (e.g.,57Fe, 58Fe) of which the isotope
ratio is exactly known. In a three isotope ratio space
(56Fe/54Fe,57Fe/54Fe,58Fe/54Fe) the measured samples’
composition is positioned on a triangular surface that
is constrained by the (known) composition of the spike,
the (known) composition of a natural reference material
(e.g., the standard used as the reference for calculating
delta values), and a curve that describes the natural
mass fractionation process. This surface is intersected
by a mixing line connecting the pure, unfractionated
spike with the true sample’s composition. The measured
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the sample is calculated by interpolation between the
ceding and the subsequent standard solution. For a p
application of the bracketing technique it is essential
the mass bias is the same for sample and standard. T
fore, iron concentrations have to be matched care
and samples have to be presented in the same matrix
removal of concomitant elements. This requires con
of sample purity by AAS, optical ICP, or quadrup
ICP-MS, for example, prior to isotopic analysis[35,38].
Further, the instrument’s drift in mass bias has to
small, and must follow a smooth trend. The disadvan
of the bracketing method is that a mass bias introd
by “cryptic” matrix effects would remain unnotice
and that instrument conditions have to be extrem
stable.

b) “Doping” by an external mass discrimination monit
[39]. Here, copper or nickel is added to the iron and
tope ratios of the doped element are measured in pa
to the iron isotope ratios. Iron isotope ratios are corre
using, for example, a reference65Cu/63Cu ratio of doped
copper. Usually an exponential mass discrimination
is used[35], although other empirical correlations
also in use. The advantages are that a possible m
induced, “cryptic” mass bias is readily detected, and
irregular changes in the instrumental mass bias durin
measurement sequence are corrected for. Disadvan
are (i) samples should not contain even minute amo
of natural copper, which is often difficult to achieve w
standard anion exchange techniques. Presence of n
copper of a different isotopic composition than that of
dope, which is possible by fractionation of sample cop
-

s

l

composition, however, deviates from this intersec
by an amount determined by the instrumental m
bias. The intersection can be calculated by iterati
back-correcting the measured isotope composition u
a known machine-specific fractionation law such tha
point of intersection with that surface can be calcula
Finally, the natural samples’ composition is found
extrapolating the found intersection line back onto
curve describing the natural fractionation process.
advantages of the double spike technique are (a) sim
neous measurement of precise concentrations by is
dilution; and (b) a full correction of any mass bias g
erated within the entire procedure (including chem
separation of the element, mass spectrometric bia
its variability). This potentially increases the accur
of the results and the reliability of the method. Howe
the precision might suffer as compared to the bracke
method because all measurement errors propagat
the result (e.g., measurement of three isotope ra
spike composition, errors in the assumed fractiona
laws). The most important drawback of the double s
technique is that all isotopes have to be comple
free of isobaric interferences since an interferenc
one isotope would automatically introduce a bias
all isotope ratios. The possibility to detect the prese
of interferences in aδ(56Fe/54Fe) versusδ(57Fe/54Fe)
diagram does not exist when a double spike is used

In summary, all three correction procedures have thei
antages and disadvantages. They depend on the ele
nd sample types measured, the chemical pre-concent
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the instrument used, and the skills of the operator. For iron
isotopes, it appears that the standard-sample-standard brack-
eting method is the method of choice if (a) the chemical
separation ensures 100% recovery; (b) chemically pure iron
solutions are presented that are also free of any organic ma-
trix; (c) the mass spectrometer can be tuned to stable and
reproducible operating conditions; and (d) molecular inter-
ferences are not present. Using this approach, Schoenberg
and von Blanckenburg obtained a long-term reproducibility
of iron from synthetic standards and a variety of natural ma-
trices at the 95% confidence interval of 0.049‰, 0.071‰,
and 0.28‰ forδ(56Fe/54Fe),δ(57Fe/54Fe), andδ(58Fe/54Fe),
respectively[35].

4. Iron in the human body

The aim of this paper is the identification of possible mech-
anisms on a physiological level that may determine the iron
isotopic composition of blood. Iron metabolism is complex
and involves multiple transfer processes between physio-
logical compartments such as liver, muscle, plasma or red
blood cells and chemical compartments, i.e., the various iron
species involved in iron transfer. For further discussions, fun-
damental aspects of human iron metabolism are briefly de-
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synthesized within the cell. Although they contribute to less
than 5% to the total body iron pool, they play an essential
role in cellular energy metabolism. In blood, most iron is
bound in erythrocytes while a much smaller fraction of body
iron (0.1%) circulates in plasma as transferrin, the major iron
transport protein in the body.

Free ionized iron is toxic to the cell and has to be bound ef-
fectively to proteins to minimize oxidative stress. Excess iron
is detoxified by incorporation into ferritin, the primary iron
species in the liver. Ferritin is a spherical molecule composed
from 24 peptide subunits which can store up to 4500 Fe atoms
within its protein shell[46]. When ferritin in tissue is satu-
rated, with about 4000 Fe atoms per ferritin molecule, ferritin
is degraded by lysosomal proteases to form hemosiderin, an
insoluble iron storage protein[47]. In healthy adults, about
one-third of body iron is bound in ferritin, primarily in the
liver and in much lower concentration in other tissues both
for intracellular iron storage and iron detoxification. If iron
supply of the body is not sufficient to balance iron losses,
iron is mobilized from ferritin and intestinal iron absorption
is up-regulated in parallel to absorb iron from the diet more
efficiently [48].

Average transport rates between compartments are given
in Fig. 4based on available data in the literature[49]. Losses
have to be replaced continuously through iron uptake from
the diet in the intestine (Fig. 4, flux B), with most dietary iron
leaving the body unabsorbed (Fig. 4, flux A). Usually, more
iron enters the mucosal cell (enterocyte, seeFig. 4) than is
actually delivered to the plasma for distribution within the
body. This mechanism, known as the “mucosal block” is an
effective mechanism of the body to modulate iron uptake and
to avoid iron overload if iron supply is excessive. Through
regular exfoliation and apoptosis of mucosal cells every 2–3
days, excess iron that has been stored in the mucosa and which
has not been delivered to plasma is excreted in feces (Fig. 4,
flux L). In addition, some iron is lost in feces through gas-
trointestinal secretions (Fig. 4, flux N). Once iron has been
delivered from the enterocyte to the plasma (Fig. 4, step C),
iron is bound to transferrin which is used for iron transport
to the major iron compartments, i.e., to the bone marrow for
heme synthesis and erythrocyte formation (Fig. 4, fluxes D
and E); the liver for iron storage as ferritin (Fig. 4, step F); and
muscle tissue for heme and myoglobin synthesis (Fig. 4, flux
G). As can be seen fromFig. 4, all body iron is continuously
recycled until it is finally lost from the body. Iron losses occur
through blood by accidental bleedings and blood donations
(Fig. 4, flux K), menstruation (Fig. 4, flux Q) and gastroin-
testinal bleedings due to lesions, ulcers, intestinal parasites,
etc. (Fig. 4, flux M). A minor fraction is lost through urine,
sweat and skin (Fig. 4, fluxes O and P). The average erythro-
cyte lifetime in the body is 120 days. After that, erythrocytes
are broken up by macrophages in the spleen, liver and the
bone marrow and iron is liberated for re-utilization (Fig. 4,
flux I). The same holds for iron in myoglobin (Fig. 4, flux
J) and iron in ferritin when being released from the protein
shell (Fig. 4, flux F).
cribed in the following. For more detailed overviews s
arizing the current state of knowledge the reader is refe

o the literature[42–45].
The human body contains ca. 4 g iron, which is distribu

etween different physiological compartments and co
ponding iron species. Average compartment sizes are
rated inFig. 4. Most iron (ca. 60%) is bound in hemoglob
n red blood cells (erythrocytes) for oxygen transport fr
he lungs to other body compartments as well as d
ry of CO2 from the tissues back to the lungs. In m
le tissue, oxygen is transported by myoglobin in a s
lar fashion, which occupies ca. 10% of body iron. B
emoglobin and myoglobin are heme-proteins, i.e., they

ain the heme-subunit in which iron is bound in the cente
porphyrin ring system similar to magnesium in chloroph
emoglobin and myoglobin are tetramers of four glo
olypeptide chains with each of them being bound to
eme molecule via non-covalent binding to histidine.
ordingly, one hemoglobin molecule can bind four molec
f oxygen. Iron in hemoglobin is present as Fe(II) and

ected by the globin chain from oxidation to met-hemoglo
hich has no oxygen binding capacity. Hemoglobin is s

hesized primarily (85%) in the erythron of the bone mar
uring erythropoesis (red blood cell formation), and to a
or extent in the liver. Protoporphyrin as the heme precu

s synthesized in the erythron and loaded with ferrous iro
er reduction. This is accomplished before the heme mole
s incorporated into the different heme proteins by actio
he enzyme ferrochelatase located at the inner mitochon
embrane. Besides hemoglobin and myoglobin, a nu
f other heme-proteins (cytochromes) and iron enzyme
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Fig. 4. Iron fluxes in the body between major iron compartments. Fluxes are given in mg iron per day and average compartment sizes in mg iron. Absorbed
iron enters circulation after absorption in the upper intestine (flux B and C). Absorbed iron is distributed between bone marrow and red blood cells, liver and
muscle tissue as the major iron compartments of the body. Minor amounts of iron are bound in iron-containing enzymes and metallo-proteins and in plasma to
transferrin, the major iron transport protein. Basal losses occur through regular sloughing of mucosal cells every 2–3 days (flux L), gastrointestinal secretions
(flux N) and blood losses in the intestine (flux M) and during menstruation (flux Q). Only minor iron amounts are lost through urine (flux O), skin exfoliation
and sweat (flux P). Under balance conditions, iron turnover in adults is in the order of 1–2 mg per day at an average body iron content of ca. 4 g (after[49]).

5. Iron uptake in the intestine

Humans are omnivores and their diet contains both plant
foods and foods of animal origin which contain iron of dif-
ferent forms. Iron in plant foods is essentially non-heme iron,
while about 30% of iron in animal foods is heme-iron from
hemoglobin and myoglobin. During digestion, iron is liber-
ated from the food matrix in the stomach by action of hy-
drochloric acid and pepsin. Protein-bound iron is liberated
by protein denaturation and pepsin digestion and solubilized
by reducing it from the ferric to the ferrous state. Iron liber-
ation from the digestive is continued by action of pancreatic
proteases in the intestine. Heme is liberated during this pro-
cess from myoglobin and hemoglobin in intact form while
non-heme iron is liberated in ionic form. Pancreatic ductal
cells secrete bicarbonate which increases the pH of the lu-
men and results in oxidation of Fe(II) and hydrolization of
Fe(III). While availability of non-heme iron for absorption is
reduced by precipitation, heme iron remains solubilized and
available for absorption.

Most iron is absorbed in the duodenum and upper jejunum
by enterocytes, highly specialized absorptive cells found on
the intestinal villus (seeFig. 5). The vectorial passage of
iron through the enterocyte entails (a) iron uptake by the en-
terocyte into the cytoplasma; (b) iron translocation within
the enterocyte; and (c) iron release from the enterocyte into
blood for transferrin binding. Over the past decade, underly-
ing molecular mechanisms of these processes could be partly
elucidated. One major finding was the identification of the
transporter able to transport divalent cations through the api-
cal membrane[50,51]. The protein has been variously termed
divalent metal ion transporter (DMT1), natural resistance as-
sociated macrophage protein 2 (Nramp 2) or divalent cation
transporter (DCT1). Iron uptake by DMT1 requires reduction
of Fe(III) which is accomplished by action of duodenal cy-
tochromeb (Dcytb), a ferrireductase (Fig. 5, steps A and B).
An alternative but less well described mechanism for ferric
iron absorption was proposed by Conrad et al. based on iron
binding to mucin, a protein found in the intestinal lumen, and
sequential iron relay toβ-integrin on the apical cell surface to
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Fig. 5. Molecular mechanisms of iron absorption in the intestine. Iron is absorbed through the brush border membrane of enterocytes lining the intestinal
mucosa. Non-heme iron from plant foods is mostly present as Fe(III) in the intestine. It is enzymatically reduced by duodenal cytochromeb (steps A and B)
and taken up by the cell through divalent metal ion transporter 1 (DMT 1, step C). Heme iron from foods of animal origin is bound by an unidentified heme
receptor at the cell surface (step C) and absorbed intact through endocytosis (step E). Iron is released from heme by heme oxygenase and enters with absorbed
non-heme iron the common intracellular iron pool. Speciation of iron in this pool is currently unknown. Part of the absorbed iron is reversibly deposited in
ferritin after oxidation (steps H and I) and incorporated in other functional metallo-proteins, mainly iron containing enzymes (steps F and G). Absorbed iron
is released through ferroportin 1 at the apical side of the mucosa (step J) where it is oxidized for binding to apo-transferrin, the major iron transport protein of
the body (steps K and L). Iron is taken up by the cell from plasma by binding of transferrin to specific receptor molecules (step M) and endocytosis (step N).
Iron is quantitatively released into the cytoplasma (step O) while remaining apo-transferrin and receptor molecules are re-utilized (step P).
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the intracellular protein mobilferrin[52]. The heme molecule
is taken up intact by the enterocyte through endocytosis. Iron
binds to an unknown receptor at the cell surface (Fig. 5, step
C) and is internalized by endosome formation (Fig. 5, step
D). After entering the cell, heme is degraded enzymatically
to iron, carbon monoxide and bilirubin by heme-oxygenase
(Fig. 5, step E). Both non-heme iron and iron liberated from
heme enter the common intracellular iron pool for which iron
speciation is poorly understood.

Absorption mechanisms and differences in the aqueous
chemistry of heme-iron and non-heme iron explain why non-
heme iron is absorbed less efficiently (1–10%, on average)
than heme-iron (ca. 30%). Heme-iron is soluble at the neu-
tral to alkaline pH of the upper intestine and is absorbed
intact. Heme-bound iron is protected efficiently from inter-
action with other dietary components by its prophyrine ring
system. Contrary to heme iron, absorption inhibitors such as
phytic acid or polyphenolic compounds can bind to non-heme
iron to form insoluble iron complexes. At the same time, other
dietary components such as ascorbic acid and peptides from
digested muscle tissue can enhance non-heme iron absorp-
tion by increasing Fe(III) iron solubility through reduction
and chelation.

Internalized iron is partly incorporated into heme and non-
heme containing iron proteins for cellular function (Fig. 5,
s .
I
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and vice versa (Fig. 5, steps H and I). Iron is exported from
the enterocyte by ferroportin 1, also known as Ireg1 or MTP1
(seeFig. 5, step J). Transferred iron is oxidized by hephaestin
(Fig. 5, step K), a copper-containing ferroxidase located at
the basolateral surface of the enterocyte, before binding to
apo-transferrin for plasma transport (Fig. 5, step L).

Virtually all cells in the organism take up iron from
transferrin. Iron delivery to the cell occurs through binding
of transferrin to transferrin receptor molecules on the cell
membrane (Fig. 5, step M). Receptor-bound transferrin is
taken up by the enterocyte through endocytosis (Fig. 5,
step N). Iron is released from the complex by endosomal
acidification and oxidized, possibly by Dcytb, before being
exported into the cytoplasma by DMT1 (Fig. 5, step O) in
a similar fashion as described earlier for apical iron uptake
of the enterocyte (Fig. 5, steps A and B). Receptor bound
apo-transferrin is finally released from the endosome by
exocytosis (Fig. 5, step P).

6. Iron isotope effects in the human body

Four systematic studies on iron isotope effects in higher
organisms have been conducted so far. Obtained data are
illustrated inFig. 6. The first study published by the authors
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signature in human blood is primarily determined by a prefer-
ential uptake of lighter iron isotopes from the diet. Our earlier
hypothesis that the iron isotope signature in blood must be
stable over years has been confirmed recently by Ohno et al.
who monitored the iron isotopic composition of blood in a
single human subject over 1 year[15]. This finding reflects
directly the slow iron-turnover of the body. In a follow-up
study in collaboration with the University Hospital Zurich,
we tried to test the hypothesis of a preferential absorption of
lighter iron isotopes in the intestine by analyzing blood of pa-
tients suffering from hereditary hemochromatosis, a disease
that is characterized by excessive iron uptake in the intestine.
Following identification of the HFE gene[53], several
studies showed that most patients with clinical features of
hemochromatosis are homozygous for a C282Y mutation of
the HFE gene[54]. Within this study, we compared the iron
isotopic composition of blood obtained from patients under-
going regular phlebotomies (blood-lettings) for iron removal
with the blood of untreated haemochromatotic patients as
well as an age matched control group[55]. In the most recent
study, which is described inAppendix A, we investigated
iron isotope distribution between the major iron pools of the
body, i.e., blood, liver and muscle, in 10 adult human subjects
(seeFig. 7).

The major observations made so far can be summarized as
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isotopic composition between age groups are insignificant;
(c) patients suffering from iron overload due to hereditary
haemochromatosis tend to have a higher proportion of heav-
ier iron isotopes in blood relative to young and elderly healthy
controls when treated by regular phlebotomies. Differences
between patients who have started phlebotomy therapy only
recently or had no blood-lettings at all and healthy controls
did not reach statistical significance, possibly because of an
insufficient subject number. The iron isotopic signature in
blood was found to correlate with phenotypic expression of
the disease, i.e., hepatic fibrosis by histological examination
or increased serum concentrations of aminotransferases in
patients without liver biopsy[55]; (d) iron isotopes are not
distributed homogenously between body tissues. While the
iron isotopic composition of blood and muscle tissue is very
similar in the individual, iron in the liver is significantly en-
riched in the heavier iron isotopes (Fig. 7). Representing
only a minor fraction of total body iron, the isotopically
lightest iron in the biosphere was found to date in human
hair.
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can be expected to have been raised mainly on a vegetarian
diet.

Results, so far, clearly indicate that iron in human blood
and muscle tissue differs from dietary iron in its isotopic com-
position. Accordingly, we can conclude that the iron isotopic
composition of human blood is not primarily determined by
the diet itself. This is confirmed by the observation that blood
from vegetarians does not differ from blood of omnivores
regarding isotopic composition (unpublished). Apart from
dietary iron isotopic composition, other mechanisms can
potentially determine the iron isotopic composition of blood:
(a) heavier iron isotopes may be lost preferentially from the
body which would result in an enrichment of lighter isotopes
in body tissues (seeFig. 3B); (b) iron isotopic fractionation
may occur within the human body by isotope-selective
incorporation of iron into body compartments and relevant
iron species (seeFig. 3E and F). For example, isotopically
lighter iron may be incorporated into erythrocytes, while iso-
topically heavier iron may be deposited in other body tissues;
and (c) lighter iron isotopes may be absorbed preferentially
from the diet (seeFig. 3C). In our first study we argued
that preferential absorption of lighter iron isotopes is the
principal mechanism that determines the iron isotopic com-
position of blood[14]. Our recent study in hemochromatitic
patients[55] and our systematic study on the iron isotopic
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While a preferential loss of heavier iron isotopes does
not seem to be a reasonable mechanism, our earlier hypoth-
esis of a preferential absorption of lighter iron isotopes is
strengthened by our findings in hemochromatotic patients.
Hereditary hemochromatosis is known to affect regulatory
mechanisms of iron absorption. It is well established that
iron accumulates in the body in these patients by a fail-
ure in down-regulating iron absorption in presence of full
body iron stores[56]. Fractionation principles predict that
the iron isotopic composition of body iron should be closer to
the isotopic composition of dietary iron the more effectively
iron is absorbed from the intestine (seeFig. 2). This com-
pares well with our findings in hemochromatotic patients.
Remarkably, differences between hemochromatotics with no
or inadequate phlebotomy therapy did not reach statistical
significance relative to healthy controls (P= 0.17). This ob-
servation is consistent with a stronger expression of DMT1,
the primary transporter of iron in the brush border mem-
brane (seeFig. 5, step B), in treated hemochromatosis pa-
tients when compared to untreated patients[56–58]. In treated
hemochromatotic patients, the body senses apparently that
blood-letting results in a drop in iron stores which are lower
compared to the untreated state and responds by up-regulating
iron absorption to re-establish the original condition. In un-
treated hemochromatotic patients, iron absorption is appar-
e tients
a te for
i

hu-
m f iron
i ody
( hile
b
v as
f opes
( g,
o o be
e iron
f cess
i
I sly
f ood
i ere
r t dif-
f d of
h ade-
q uld
b pro-
m hter
i of
b up-
r avier
i s in
b sult
f the
l

omposition of liver, muscle and blood in several individu
this study) allow us now to discuss underlying mechan
n more detail on a compartmental and even molec
evel.

Although data are still very limited, we can exclude p
rential loss of heavier iron isotopes through gastrointes
ecretions (Fig. 4, flux N), urine (Fig. 4, flux O) and throug
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s lost through leakage without undergoing physical or ch
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We can argue against a liver compartment driving blood
iron to light compositions, however. Analysis of the molecu-
lar mechanisms of iron incorporation into erythrocytes, mus-
cle and liver tissue reveals that iron deposition in target tis-
sues, including liver, should not induce an isotope effect. In
healthy adult subjects, the majority of freshly absorbed iron
(ca. 80%) is used for hemoglobin synthesis during erythro-
poesis and only a minor fraction is incorporated into muscle
and liver tissue (seeFig. 4). Iron is delivered to virtually
all body cells through plasma transferrin by the mechanism
shown inFig. 5(steps M, N, O and P). Because of the small
relative mass differences of iron-loaded transferrin contain-
ing iron isotopes of different masses, the delivery process
itself cannot result in a significant isotope effect. Release of
iron from transferrin following endocytosis (Fig. 5, step O) is
quantitative and, therefore, cannot result in an isotope effect
either. Subsequent iron isotope fractionation processes within
the cell, specifically during heme biosynthesis, do not have
to be considered here as our data refer to entire cells as single
compartments. Because all iron that is delivered to muscle
tissue and red blood cells is finally released by phagocytosis
at the end of the cell’s lifetime (Fig. 4, fluxes I and J), no iso-
tope effect can be present at the stage of iron release. Because
of the absence of an isotope effect during iron uptake as well
as iron release, the iron isotopic composition of both muscle
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the molecular mechanisms of iron uptake by the enterocyte
(Fig. 5, flux B) and later iron delivery to the plasma (Fig. 5,
flux D) may allow identification of those steps in the absorp-
tion process which are most likely to account for an isotope
effect. Dietary iron is absorbed by two distinct mechanisms.
While non-heme iron released from the diet during diges-
tion enters the enterocyte via DMT-1 (Fig. 5, steps A and B),
heme iron is taken up by endocytosis (Fig. 5, steps C and
D). The majority of food iron leaves the body unabsorbed
which is the prerequisite for a significant isotope effect. Frac-
tionation principles dictate that the isotope effect is stronger
for the target compartment (the enterocyte) when less iron
is transferred from the source compartment (the intestinal
lumen). Both mechanisms, however, differ significantly in
their potential for inducing an isotope effect. Relative mass
differences of heme isotopomers are too small to cause an
isotope effect during receptor binding at the surface of the
brush-border membrane. Likewise, subsequent iron release
from heme through action of heme oxygenase is of no rel-
evance as iron release is quantitative. Uptake of non-heme
iron, on the contrary, is more likely to be mass-sensitive.
Non-heme iron absorption involves reduction of ferric iron
(Fig. 5, step A) by Dcytb. Model experiments in aqueous
solutions have shown that oxidation of ferrous iron to ferric
iron results in an enrichment of the heavier iron isotopes in
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8. The potential of iron isotope effects in biomedical
research

Although the exact biochemical pathways of iron isotope
fractionation in the human body still remain to be explored,
we have presented a model that appears to suggest that pref-
erential absorption of lighter iron isotopes, rather than release
of heavier iron isotopes, exerts the principle control over the
iron isotopic composition of blood in healthy adults. Conse-
quently, the human body is enriched in lighter iron isotopes,
as is observed in animals in general. Similar to calcium, iron
becomes increasingly enriched in the lighter isotopes with
trophic level along the food chain. Given that iron in muscle
tissue of animals is largely heme iron, the absence of a frac-
tionation step suggests that intestinal absorption of non-heme
iron from plant foods is responsible for the observed isotope
effect. Possible mechanisms include reduction of ferric iron
prior to absorption and/or kinetic effects within the enterocyte
during uptake, distribution and/or release of absorbed iron.
Contrary to carbon and nitrogen, iron and calcium become
increasingly enriched in the lighter isotopes with trophic level
(Fig. 1). In case of carbon this is supposedly due to the
release of light isotopes during respiration[4]. Our obser-
vations suggest that iron, in contrast, is fractionated upon
absorption.
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One of the major obstacles in biomedical research are
biological variations. Cut-off levels of status measures are
mostly derived from population-based studies in healthy in-
dividuals. Cut-off values are obtained by measuring the re-
spective parameter in blood in a representative population
group and by substracting two standard deviations from the
mean. Alternatively, functional parameters such as the ab-
sence of stainable iron in the bone marrow are assessed which
indicates iron deficiency as all iron delivered to the erythron
is used immediately for haemoglobin synthesis. While cut-
off levels for the various available measures of iron status
in blood (haemoglobin, serum ferritin, zinc protoporphyrin,
serum transferrin receptor, serum iron or total iron binding
capacity) allow for a reliable assessment of the prevalence
of iron deficiency, iron deficiency anemia or iron overload in
population groups[60], their usefulness for diagnosis in the
individual is limited.

Iron isotope effects in blood have two distinct advantages
over other measures of iron metabolism in the individual.
First, they are independent of the element’s concentration as
the iron isotopic composition of blood is a property of the
iron itself. Second, they are not subject to intra-individual
changes within and between days as other measures of iron
status in blood. Because of the slow turnover of body iron, it
takes years to alter the iron isotopic composition of the body.
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iency of iron absorption is practically impossible to as
n the individual as iron absorption varies strongly within
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physiological fluctuations in iron absorption. Since signifi-
cant isotope effects have also been identified for calcium in
higher organisms[6,7] and, more recently, for magnesium in
the human body[61] it appears that MC-ICP-MS has opened
a new door to biomedical research. The emerging interdis-
ciplinary research has the potential to become a new bridge
between inorganic mass spectrometry and the life sciences
for improving health through isotope sciences.
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Appendix A

A.1. Study design
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protocol was approved by the Ethical Committee at the Uni-
versity Hospital Zurich.

A.2. Materials and methods

Liver and muscle samples were washed thoroughly with
physiological saline (0.7% NaCl, w/w) in acid washed
polyethylene tubes. Physiological saline was prepared for
this study from analytical grade NaCl (p.a., Fluka, Buchs,
Switzerland) and 18 M� water. Samples of blood (0.5 ml),
liver (0.1 g) and muscle (0.2 g) were mineralized by mi-
crowave digestion (MLS 1200, MLS GmbH, Leutkirch, Ger-
many) using a mixture of H2O2 (p.a., Fluka) and conc. HNO3
(p.a., Fluka, subboiled). Digested samples were shipped to
Hannover for isotopic analysis, where iron was separated and
purified by anion-exchange chromatography. Isotope ratios
were determined by a Thermo Finnigan Neptune Multicol-
lector ICP-MS at the University of Hannover. The precision
onδ56Fe was 0.049‰, and that of57Fe was 0.071‰, respec-
tively (2σ external reproducibility of natural samples).

A.3. Results

Iron isotope ratios of blood, muscle and liver tissue and
corresponding iron status parameters for each individual are
shown inTable A.1. None of the subjects were anemic. Three
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In this study, we present new data on the iron isot
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ame individual. Samples for iron isotopic analysis were
ained from 10 individuals undergoing abdominal surge
he University Hospital Zurich. All subjects gave written
ormed consent to participate in the study. Liver samples
btained from removed liver tissue. Muscle samples w
btained from abdominal muscle tissue during surgery
ous blood samples were drawn into heparinized tubes b
urgery. Subject characteristics and iron status paramete
essed before surgery (University Hospital Zurich, Clin
hemistry Department) are shown inTable A.1. The study

able A.1
ron isotope ratios of blood, muscle and liver tissue in 10 individuals (

ubject no. Gender Age Hematology

Hemoglobin
(g/L)

Serum ferritin
(�g/L)

Transferrin
saturation

1 F 73 133 88 14
2 F 47 128 17 23
3 F 52 136 103 25
4 F 65 77 1175 9
5 M 72 146 637 40
6 M 65 126 268 42
7 M 66 139 407 17
8 M 55 143 54 27
9 M 44 132 528 21
0 M 72 145 127 41

ean

ata are given as the mean± 1 S.D. of two to five independent measure
-

ale subjects had serum ferritin concentrations outsid
ormal range (15–300�g/L) and two subjects had elevat

nflammation markers (C-reactive protein >5 mg/L). Stat
ally significant differences between the iron isotopic c
osition of blood, muscle and liver tissue were identi
y paired Student’st-test (level of significance: 95% co
dence interval,P< 0.05). Differences were insignificant f
uscle and blood (P= 0.13) but were highly significant fo
lood and liver (P< 0.0001) and muscle and liver (P< 0.001).
or statistical analysis of other data discussed in the
lease refer to the corresponding, original publicat

14,55].

tration, seeFig. 7)
56Fe/54Fe isotope ratio

-reactive
otein (mg/L)

Blood,δIRMM 14

(‰)
Muscle,δIRMM 14

(‰)
Liver, δIRMM 14

(‰)

9 −2.290± 0.030 −2.280± 0.038 −0.784± 0.027
2 −2.572± 0.008 −2.584± 0.007 −1.393± 0.043
2 −2.668± 0.019 −2.601± 0.001 −0.850± 0.052

72 −2.606± 0.069 −2.587± 0.042 −1.369± 0.023
2 −2.954± 0.037 −2.716± 0.016 −1.489± 0.068
2 −2.900± 0.028 −2.646± 0.052 −1.340± 0.065

23 −2.613± 0.034 −2.625± 0.005 −1.795± 0.024
5 −2.570± 0.073 – −1.521± 0.023

27 −3.027± 0.050 – −1.641± 0.042
5 −3.172± 0.045 – −1.530± 0.016

−2.74± 0.27 −2.58± 0.15 −1.37± 0.32

of the same sample.
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[5] F. Albarède, B.L. Beard, Rev. Mineral. Geochem. 55 (2004) 113.
[6] D.J. DePaolo, Rev. Mineral. Geochem. 55 (2004) 255.
[7] J.L. Skulan, D.J. DePaolo, T.L. Owens, Proc. Nat. Acad. Sci. 96

(1999) 13709.
[8] P.R. Dixon, D.R. Janecky, R.E. Perrin, D.J. Rokp, P.L. Unkefer, W.D.

Spall, R. Maeck, Proceedings of the 7th Symposium on Wtaer Rock
Interaction, vol. 1, 1992, p. 915.

[9] T. Walczyk, 20. Jahrtestagung der Arbeitsgemeinschaft Stabile Iso-
tope, Weihenstephan (D), Book of Abstracts, 1997, p. 79.

[10] B.L. Beard, C.M. Johnson, Geochim. Cosmochim. Acta 63 (1999)
1653.

[11] A.D. Anbar, Earth Planet. Sci. Let. 217 (2004) 223.
[12] C.M. Johnson, B.L. Beard, E.E. Roden, D.K. Newman, K.H. Neal-

son, Rev. Mineral. Geochem. 55 (2004) 360.
[13] B.L. Beard, C.M. Johnson, Rev. Mineral. Geochem. 55 (2004)

319.
[14] T. Walczyk, F. von Blanckenburg, Science 295 (2002) 2065.
[15] T. Ohno, A. Shinohara, I. Kohge, M. Chiba, T. Hirata, Anal. Sci. 20

(2004) 617.
[ 85)

[
[
[ 121

[ mic

[ erlag,

[ 1).
[ 55

[ 001)

[
[ New

[ 8

[ rth

[29] E.A. Schauble, G.R. Rossmann, H.P. Taylor, Geochim. Cosmochim.
Acta 65 (2001) 2487.

[30] S.A. Welch, B.L. Beard, C.M. Johnson, P.S. Braterman, Geochim.
Cosmochim. Acta 67 (2003) 4231.

[31] T.D. Bullen, A.F. White, C.W. Childs, D.V. Vivit, M.S. Schulz, Ge-
ology 29 (2001) 699.

[32] T. Walczyk, Int. J. Mass Spectrom. 161 (1997) 217.
[33] C.M. Johnson, B.L. Beard, Int. J. Mass Spectrom. 193 (1999) 87.
[34] A.N. Halliday, D.C. Lee, J.N. Christensen, M. Rehkamper, W. Yi,

X.Z. Luo, C.M. Hall, C.J. Ballentine, T. Pettke, C. Stirling, Geochim.
Cosmochim. Acta 62 (1998) 919.

[35] R. Schoenberg, F. von Blanckenburg, Int. J. Mass Spectrom. (2005)
(this volume).

[36] S. Weyer, J. Schwieters, Int. J. Mass Spectrom. 226 (2003) 355.
[37] N.S. Belshaw, X.K. Zhu, Y. Guo, R.K. O’Nions, Int. J. Mass Spec-

trom. 197 (2000) 191.
[38] B.L. Beard, C.M. Johnson, J.L. Skulan, K.H. Nealson, L. Cox, H.

Sun, Chem. Geol. 195 (2002) 87.
[39] G.L. Arnold, S. Weyer, A.D. Anbar, Anal. Chem. 76 (2004) 322.
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51] M. Knöpfel, G. Schulthess, F. Funk, H. Hauser, Biophys. J. 79 (2

874.
52] J.N. Umbreit, M.E. Conrad, M.A. Berry, et al., Br. J. Haematol

(1997) 521.
53] J.N. Feder, A. Gnirke, W. Thomas, Z. Tsuchihashi, D.A. Ruddy

Basava, et al., Nat. Genet. 13 (1996) 399.
54] B.R. Bacon, L.W. Powell, P.C. Adams, T.F. Kresina, J.H. Hoofna

Gastroenterology 116 (1999) 193.
55] P. Krayenb̈uhl, T. Walczyk, R. Scḧonberg, F. von Blanckenburg,
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