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Abstract

Female Porton rats were loaded with iron either by supplementing the diet with 2.5% carbonyl iron for up to 22 months (18
rats) or by regularly injecting rat blood cells intraperitoneally for up to 10 months (eight rats). 57Fe Mo«ssbauer spectroscopy
of freeze-dried samples of liver and spleen was used to analyse the chemical forms of iron deposited in these tissues over the
period of iron loading. A sextet signal in the Mo«ssbauer spectra was identified as being due to a form of haemosiderin based
on the structure of the mineral goethite. The spectral parameters of the sextet signal in the rat tissues indicate that the
goethite-like haemosiderin particles are less crystalline than those found in iron-loaded human tissues. For the dietary-iron-
loaded rat livers, the fraction (Fs) of the Mo«ssbauer signal in the form of this sextet was found to increase significantly (from
approx 0.04 to 0.09) with the age of the rats (r = 0.77, P6 0.0005). This indicates that the fraction of liver iron in the form of
the goethite-like haemosiderin increases with age of the rat and hence with the duration of iron loading. In addition, Fs for
these livers was found to increase significantly with the fraction of iron in non-parenchymal cells as measured by computer-
assisted morphometric analysis of histological sections (r = 0.71, P6 0.005). ß 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Iron overload in human tissues can result from
several di¡erent causes. The two most common dis-
eases associated with iron overload are genetic hae-
mochromatosis and thalassaemia. Genetic haemo-
chromatosis [1,2] results in iron overload caused by
excess absorption of iron from the diet through the

intestinal tract. Thalassaemia, a genetic disease
caused by defective haemoglobin synthesis [3,4], re-
sults in iron overload either because of repeated
blood transfusions [4] which are administered in or-
der to alleviate the anaemia associated with the dis-
ease or, in the case of patients who do not receive
regular blood transfusions, because of increased ab-
sorption of iron from the diet [5]. In all types of iron
overload iron is deposited in the organs of the body
in the form of ultra¢ne (nanometre scale) particles of
iron(III) oxyhydroxide associated with haemosiderin
and ferritin [6]. However, several case studies have
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shown that at least three di¡erent chemical forms of
iron(III) oxyhydroxide can be deposited in tissues
and that the form of iron deposited may be dis-
ease-speci¢c [7^12]. The three chemical forms have
been identi¢ed as (i) ferrihydrite (5Fe2O3W9H2O),
(ii) a goethite-like form of iron(III) oxyhydroxide,
and (iii) a highly hydrated non-crystalline form of
iron(III) oxyhydroxide.

The chemical forms of iron(III) oxyhydroxide de-
posited may well be related to the mechanisms of
formation which may, in turn, be related to a combi-
nation of many factors [12]. These factors possibly
include the extent of iron deposition and the route
and duration of iron loading. In addition, the tissues
in which the iron deposit is formed and the di¡erent
cell types within that tissue may well play a role in
the formation of these di¡erent chemical forms of
iron oxyhydroxides. In mammals, the two dominant
cell types associated with the storage of excess iron
are the reticuloendothelial cells (RE cells) and paren-
chymal cells, the latter being represented mainly by
hepatocytes.

In an attempt to identify the factors related to the
di¡erent chemical forms of iron oxyhydroxide depos-
ited in various disease states, an iron-loaded animal
model was established [13]. The model was based on
an earlier model [14] but was modi¢ed so that, over a
prolonged time period, levels of iron loading similar
to those found in human disease states (without che-
lation therapy) could be obtained. In order to deter-
mine whether the route of iron entry into the body
a¡ects the form of iron oxide ultimately deposited,
two routes of administration were chosen. The ¢rst
involved the prolonged administration of red blood
cells injected via an intraperitoneal route, while the
second involved the gastrointestinal administration
of iron via dietary supplementation. Here we report
on the form of the resulting iron oxyhydroxide de-
posits in the liver and spleen following the two routes
of loading.

2. Materials and methods

2.1. Experimental rats

Female Porton rats, the o¡spring of mothers
which had been iron-loaded during pregnancy and

lactation with 2.5% carbonyl iron dietary supplemen-
tation, were used for all experimental procedures.
Immediately after weaning (i.e. at 1 month after
birth), rats were loaded with iron either via supple-
mentation of the diet with 2.5% carbonyl iron (w/w)
(18 rats) or via regular intraperitoneal blood injec-
tions (eight rats). Intraperitoneal injections of packed
red blood cells (2 ml per 100 g body weight) were
given weekly from 1 month after birth to 4 months
after birth. Thereafter, the injection regime was
changed to 4 ml of packed red cells per 100 g body
weight at 2-week intervals. Full details of these pro-
cedures have been reported elsewhere [13]. The ani-
mals used in this study are the same animals that
were used in previously reported work [13]. Animals
(n = 14) from the dietary-iron-loaded group were
killed at 2, 4, 6, 8, 11, 11.5, 14.5, 15, 18.5, 19, 21,
21.5, 22 or 22 months after birth. At 22 months after
birth, dietary iron supplementation to the four re-
maining rats ceased and they were returned to a reg-
ular diet for 2, 4, 6 or 8 weeks, and thus were killed
at 22.5, 23, 23.5 or 24 months after birth respectively.
Rats from the parenteral-iron-loaded group were
killed at 2, 4, 6, 8, 10 or 12 months after birth. In
addition, injections to two rats were stopped at
10 months after birth, the rats being killed at
11 and 12 months after birth. All animals were killed
using a 20% O2 and 80% CO2 gas mixture. All ani-
mal experimentation was conducted following proce-
dures approved by Murdoch University Animal
Ethics Committee (Permit 386R).

2.2. Tissue iron measurement

Following death, the liver and spleen from each
rat were removed and rinsed with isotonic saline
(0.9% NaCl) to remove excess blood. A small sample
of each organ was removed for routine histological
processing in order to measure the fraction of iron in
non-parenchymal cells using computer-assisted mor-
phometric analysis. Computer image analysis of his-
tological sections has previously been used to meas-
ure the stainable hepatic iron in non-parenchymal
cells in Perls' stained histological liver sections of
these rats [13].

Following the removal of material for light micros-
copy, the remaining portions of the liver and spleen
from each rat were quickly freeze-dried. Each freeze-
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dried sample was then ground to a powder to ensure
mixing and sub-samples were taken for atomic ab-
sorption spectroscopy and Mo«ssbauer spectroscopy.

2.3. Mo«ssbauer spectroscopy

Mo«ssbauer spectra were recorded using a 57Co in
Rh foil source (approximately 25 mCi) mounted on a
constant acceleration drive. Samples were held at a
temperature of 78 K using a liquid nitrogen cryostat.
The source was scanned over the velocity range 313
to +13 mm s31 with a double ramp waveform. Spec-
tra were subsequently folded to eliminate the para-
bolic background due to the variation in the solid
angle subtended by the detector window about the
source. The resulting Mo«ssbauer spectra consisted of
250 data points with a background count of between
2U106 and 40U106 counts per channel. The count-
ing time was determined by the properties of the
sample under study. The velocity scale was calibrated
with reference to the spectrum of an K-iron foil at
room temperature, the centre of the spectrum being
taken as zero velocity. The ground freeze dried tissue
samples were packed into 10 mm diameter perspex
sample holders for Mo«ssbauer spectroscopy. The
sample thickness was adjusted, whenever possible,
so that the intensity of the 14.4 keV Q-rays was atten-
uated by a factor of approximately 1/e by the sample.
In several cases, especially with the younger rats,
insu¤cient sample was available (due to smaller or-
gans) to attain this optimum thickness and so thinner
samples were used.

Each Mo«ssbauer spectrum was initially ¢tted with
a doublet and sextet of Lorentzian peaks using a sum
of squares minimisation procedure. This ¢tting pro-
cedure yields satisfactory spectral parameters and

doublet to sextet area ratios for spectra with high
signal-to-noise ratios. However, for spectra with
low sextet signal-to-noise ratios, the ¢tting procedure
tended to give unreliable results as described else-
where [12] and hence the following procedure was
adopted.

Mean values for the Mo«ssbauer spectral parame-
ters (Table 1) of the sextet signals in the 11 spectra of
the dietary-iron-loaded rat livers with the highest
sextet signal-to-noise ratio were used as a standard
with which to re¢t all of the rat tissue spectra. All of
the spectra were ¢tted with a high-spin iron(III) dou-
blet and the standard sextet. The linewidths (y),
magnetic hyper¢ne ¢eld splitting (Bhf ), centre shift
(N), and quadrupole perturbation (vEQ) of the sextet
were allowed to vary from the mean values derived
from the 11 spectra with the highest sextet signal-to-
noise ratios by up to one standard deviation. The
area of the sextet was allowed to vary freely. In
this way, the relative spectral area of the sextet in
spectra with very low sextet signal-to-noise ratios
could be more reliably assessed, assuming that the
Mo«ssbauer spectral parameters of the sextet do not
vary signi¢cantly from sample to sample.

In order to gauge the magnitude of the error in
measurement of the relative spectral area of the sex-
tet component in the spectra, the spectra were also
analysed in terms of the total numbers of counts
within particular velocity regions of interest [12].
Three regions of interest were identi¢ed by inspection
of the 11 spectra of the dietary-iron-loaded rat livers
with the highest sextet signal-to-noise ratio. The
three regions represent (i) velocity regions where
the Mo«ssbauer signal is negligible (i.e. background),
(ii) velocity regions encompassing almost all of the
outer peaks of the sextet without encompassing any

Table 1
Mean values with standard deviations or ranges for Mo«ssbauer spectral parameters of the sextet components in dietary-iron-loaded
rat livers and thalassemic human tissues at 78 K

Tissue N vEQ Bhf y

Rat livers (n = 11) 0.53 (0.18) 30.31 (0.33) 46.2 (0.9) 1.25 (0.52)
Human thalassaemic spleen (n = 4) 0.47 (0.42 to 0.51) 30.21 (30.28 to 30.13) 47.0 (46.5 to 47.4) 0.86 (0.73 to 0.99)
Human thalassaemic liver (n = 4) 0.51 (0.48 to 0.56) 30.30 (30.34 to 30.27) 46.7 (46.5 to 47.0) 0.81 (0.60 to 1.09)
Human thalassaemic pancreas (n = 3) 0.43 (0.35 to 0.49) 30.10 (30.29 to 0.24) 46.7 (46.6 to 46.8) 0.86 (0.74 to 1.10)

The human tissue data are taken from [12].
N is the centre shift in mm s31. vEQ is the quadrupole perturbation on the magnetic hyper¢ne ¢eld splitting. Bhf is the magnetic hy-
per¢ne ¢eld splitting in T. y is the full linewidth at half height of the outer lines of the sextet in mm s31.

BBADIS 61842 11-6-99

W. Chua-anusorn et al. / Biochimica et Biophysica Acta 1454 (1999) 191^200 193



signi¢cant intensity from other parts of the spectrum,
and (iii) the entire velocity range of the spectrum.
These regions of interest can be de¢ned by four ve-
locity boundaries which were found by inspection to
be v1 =39.2 mm s31, v2 =35.3 mm s31, v3 = 6.2 mm
s31 and v4 = 9.75 mm s31, where region 1 is v6 v1

and vs v4, region 2 is v1 6 v6 v2 and v3 6 v6 v4, and
region 3 is the entire velocity scan of the spectrum
(vmin 6 v6 vmax). If ci is the number of data channels
in region i, Xi is the total number of counts expected
in region i if the intensity of the Mo«ssbauer signal
were zero, and Si = Bi3Xi (i.e. the number of counts
missing in region i due to the presence of the Mo«ss-
bauer signal) then the fractional area of the spectrum
in the sextet is given by
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assuming that the ratio of areas of the outer to mid-
dle to inner pairs of lines in a sextet is 3:2:1 and that
any signal in region 2 is solely due to a sextet similar
to the ones observed in the spectra with high sextet
signal-to-noise ratios. The error expression in Eq. 1 is
obtained by commutation of Poisson statistical er-
rors of counting in each region of interest.

Thus this method of analysis gives an indication of
both the fraction of spectral intensity in the form a
sextet in the Mo«ssbauer spectrum of the rat tissues
and the inherent error on the measurement of this
fraction due to the Poisson statistics of counting.
This is particularly useful when the sextet signal-to-
noise ratio is very low.

3. Results

The iron content of the liver and spleen tissues and
the morphometric measurement of the fraction of
iron in non-parenchymal cells correlated well with
the duration of iron loading of the rats. In addition,
the fraction of iron in non-parenchymal cells was
found to be less in the parenteral-iron-loaded group.
These results have been shown in detail elsewhere
[13].

Mo«ssbauer spectra of the livers and spleens from
both iron-loaded groups of rats consisted of a rela-
tively intense central doublet (Figs. 1 and 2) with
spectral parameters indicative of paramagnetic or
superparamagnetic high-spin iron(III) (Table 2).
Many of the spectra also clearly showed a small sex-
tet signal (Figs. 1a and 2b). No signal due to haem
iron could be detected in spectra of either livers or
spleens. Mean values and standard deviations for the
spectral parameters of the doublet are shown in Ta-
ble 2.

3.1. Dietary-iron-loaded rats

3.1.1. Liver
The fraction (Fs) of the Mo«ssbauer spectrum in the

form of a sextet for the liver was found to increase

Fig. 1. Mo«ssbauer spectra of (a) liver tissue and (b) spleen tis-
sue from a dietary-iron-loaded rat. Spectra were recorded with
sample temperatures of 78 K. The error bars on the data points
are given by the square root of the number of Q-ray counts for
each data point. The solid curves are least squares ¢ts of the
central doublet and standard sextet components to the spectrum
(see Section 2). The dotted curves indicate the two spectral sub-
components comprising the ¢t.
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signi¢cantly with the age of the rats (Fig. 3) with a
Spearman rank-order correlation coe¤cient of 0.77
(P6 0.0005). No signi¢cant change in the trend was
observed after the rats were transferred to the non-
iron-enriched diet. A signi¢cant correlation between
Fs and tissue iron concentration was not found
(r = 0.41, P = 0.10).

In addition, Fs for the liver was found to increase
signi¢cantly with the fraction of iron in non-paren-
chymal cells as measured by computer assisted mor-
phometric analysis (Fig. 4) with a Spearman rank-
order correlation coe¤cient of 0.71 (P6 0.005).

3.1.2. Spleen
The distribution of quadrupole splittings (Table 2)

for the doublets was found to be signi¢cantly di¡er-
ent from that for the dietary-iron-loaded rat livers
(Kolmogorov-Smirnov (K-S) statistic of 0.69,
P6 0.001). No signi¢cant correlation was found be-
tween Fs and either duration of iron loading or tissue
iron concentration. The mean value of Fs was meas-
ured to be 0.059 with a standard deviation of 0.03.

3.2. Parenteral-iron-loaded rats

3.2.1. Livers
The distribution of quadrupole splittings for the

doublets (Table 2) was found to be signi¢cantly dif-
ferent from that for the dietary-iron-loaded rat livers

Table 2
Mean values (with standard deviations or ranges) for Mo«ssbauer spectral parameters of the central doublet components for rat and
human tissues at 78 K

Tissue N vEQ y

Dietary-iron-loaded rats
livers (n = 17) 0.442 (0.004) 0.711 (0.009) 0.603 (0.037)
spleens (n = 16) 0.447 (0.008) 0.681 (0.035) 0.578 (0.051)
Parenteral-iron-loaded rats
livers (n = 8) 0.438 (0.006) 0.683 (0.035) 0.572 (0.044)
spleens (n = 8) 0.438 (0.008) 0.715 (0.008) 0.622 (0.029)
Human tissues
Thai L-thal/Hb E spleens (n = 12) 0.46 (0.02) 0.66 (0.03) 0.61 (0.06)
Australian L-thal spleens (n = 7) 0.46 (0.03) 0.68 (0.03) 0.67 (0.08)
Normal spleens (n = 12) 0.39 (0.09) 0.51 (0.10) 0.56 (0.14)
Thai L-thal/Hb E livers (n = 4) 0.48 (0.47^0.49) 0.66 (0.64^0.70) 0.58 (0.53^0.68)
Normal livers (n = 12) 0.45 (0.06) 0.60 (0.10) 0.64 (0.16)
Thai L-thal/Hb E pancreas (n = 3) 0.47 (0.47^0.48) 0.64 (0.60^0.66) 0.58 (0.52^0.62)

The data for human tissues (from Thai L-thalassaemia/haemoglobin E patients, Australian L-thalassaemia patients and normal sub-
jects) are taken from [12] and [24].
N is the centre shift in mm s31. vEQ is the quadrupole splitting in mm s31. y is the full linewidth at half height in mm s31.

Fig. 2. Mo«ssbauer spectra of (a) liver tissue and (b) spleen tis-
sue from a parenteral-iron-loaded rat. Spectra were recorded
with sample temperatures of 78 K. The error bars on the data
points are given by the square root of the number of Q-ray
counts for each data point. The solid curves are least squares
¢ts of the central doublet and standard sextet components to
the spectrum (see Section 2). The dotted curves indicate the
two spectral subcomponents comprising the ¢t.
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(K-S statistic of 0.63, P6 0.02). No signi¢cant corre-
lation was found between Fs and either duration of
iron loading, tissue iron concentration, or fraction of
iron in non-parenchymal cells as measured by com-
puter assisted morphometric analysis. The mean val-
ue of Fs was measured to be 0.09 with a standard
deviation of 0.07.

3.2.2. Spleen
The distribution of quadrupole splittings (Table 2)

for the doublets was found to be signi¢cantly di¡er-
ent from those for both the dietary-iron-loaded rat
spleens (K-S statistic of 0.88, P6 0.0005) and paren-
teral-iron-loaded rat livers (K-S statistic of 0.63,
P6 0.05). In addition, the distribution of linewidths
(Table 2) for the doublets was found to be signi¢-
cantly di¡erent from those for both the dietary-iron-
loaded rat spleens (K-S statistic of 0.63, P6 0.02)
and parenteral-iron-loaded rat livers (K-S statistic
of 0.63, P6 0.05).

No signi¢cant correlation was found between Fs

and either duration of iron loading or tissue iron
concentration.

3.3. Error analysis

In order to obtain an approximate estimate of the
error on each measurement of Fs, each spectrum was
analyzed in terms of the total number of counts ac-
cumulated in three regions of the spectrum giving an
alternative measure of Fs and an estimate for the
error on Fs, vFs (see Section 2). Fig. 5 shows a
plot of the calculated error on Fs for samples with
di¡erent Fs and concentrations of iron. Although the

Fig. 5. The calculated error (vFs) on the fraction (Fs) of the
Mo«ssbauer spectrum in the form of sextet against iron concen-
tration and Fs for all rat tissues in this study.

Fig. 4. Fraction (Fs) of Mo«ssbauer spectrum in the form of sex-
tet for dietary-iron-loaded rat liver tissue at 78 K against frac-
tion of iron in non-parenchymal cells. The error bars are calcu-
lated from Eq. 1. Square symbols indicate rats that had been
on unsupplemented diet from age 22 months onwards.

Fig. 3. Fraction (Fs) of Mo«ssbauer spectrum in the form of sex-
tet for dietary-iron-loaded rat liver tissue at 78 K against age
of rat. Note that the iron supplementation to the diet was
stopped after 22 months. The error bars are calculated from
Eq. 1. Square symbols indicate rats that had been on an unsup-
plemented diet from age 22 months onwards.
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errors can be reduced to some extent by extending
the counting time in the experiments, there is a prac-
tical limit to the time for one measurement (approx-
imately 1 week). The exponent of 1/2 in Eq. 1 results
in diminishing returns in error reduction for longer
counting times. The trends in Fig. 5 are as expected,
with smaller errors for higher concentrations of iron
and larger values of Fs. Fig. 6 shows the distribution
of di¡erences (each normalised to the calculated er-
ror, vFs) in the measurement of Fs between the two
methods for all of the rat tissues in the study. The
distribution approximates well to a normal distribu-
tion. The mean of the distribution is 0.00 (S.D.
þ 0.79). This indicates that vFs calculated from Eq.
1 is a reasonable estimate for the random errors on
the measurement of Fs.

4. Discussion

The major component in all of the Mo«ssbauer
spectra of the rat tissues was a central doublet with
parameters indicative of high-spin iron(III) in either
a paramagnetic or superparamagnetic form. A minor
sextet component due to magnetic hyper¢ne ¢eld
splitting of the 57Fe nuclear energy levels (Table
1) was also present with varying degrees of relative
intensity. The fact that signals due to haem iron were
not detectable in any of the spectra may be due

to the elimination of excess blood by rinsing the
organs with 0.9% NaCl solution after organ remov-
al.

Similar central doublet and sextet signals have
been observed in previous reports of Mo«ssbauer
spectra of human tissues or human tissue extracts
[6,8^12,15^25]. On the basis of these previous re-
ports, these spectral components can be identi¢ed
as being due to polynuclear iron(III) oxyhydroxide
deposits in the tissues. This is consistent with the fact
that the predominant form of iron found in iron-
loaded tissues is usually haemosiderin [26]. The dou-
blet component in the spectrum has parameters con-
sistent with (a) ferritin, (b) non-crystalline haemosi-
derin, (c) haemosiderin based on the structure of the
mineral ferrihydrite, or (d) the doublet component
associated with haemosiderin based on the structure
of the mineral goethite (the doublet component being
due to those haemosiderin particles with a smaller
magnetic anisotropy energy) [6^8]. As such it is not
possible to unambiguously identify the source of this
signal and indeed the signal may be due to a combi-
nation of all or any the above forms of iron. How-
ever, the sextet component in the spectrum can be
identi¢ed as being due to the presence of a haemosi-
derin which is based on the structure of the mineral
goethite, since this is the only form of mammalian
tissue iron deposit known to give a Mo«ssbauer spec-
tral sextet component with these parameters at 78 K
[9,10,25].

Previous Mo«ssbauer spectroscopy studies of rat
organs have revealed only the central doublet com-
ponent at 78 K [17,19,25,27^30]. However, none of
these previous studies involved loading the rats with
iron for the same length of time or to the same extent
as in the present study. This is the ¢rst study to have
identi¢ed the goethite-like form of haemosiderin in
rat tissues which strongly suggests that degree of iron
loading and/or duration of iron loading and/or age
may be determining factors in the formation of this
type of haemosiderin since the rats in this study have
been iron-loaded to higher levels and longer periods
than all previous studies.

The Mo«ssbauer spectra in this study revealed sig-
ni¢cant di¡erences in the quadrupole splitting distri-
butions of the central doublet between the groups of
organs studied. The quadrupole splitting distribu-
tions for the dietary-iron-loaded rat livers and paren-

Fig. 6. Histogram showing the distribution of di¡erences be-
tween the value of Fs (normalised to the calculated vFs) meas-
ured by (i) ¢tting the standard sextet to the spectrum and by
(ii) the region of interest method. The curve is a ¢t of a normal
distribution to the data.
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teral-iron-loaded rat spleens were centred around
higher values and were narrower than those for the
dietary-iron-loaded rat spleens and parenteral-iron-
loaded rat livers. In addition, the linewidths of the
doublets for the parenteral-iron-loaded rat spleens
were distributed with signi¢cantly larger values
than those for the dietary-iron-loaded rat spleens
and parenteral-iron-loaded rat livers. Larger quadru-
pole splittings indicate a less symmetric environment
for the 57Fe nucleus. This could be caused by in-
creased disorder in the iron oxyhydroxide particles.
Vacancies, invaginations, fractal surfaces, and dislo-
cations would all contribute to an increased quadru-
pole splitting due to the asymmetric environments at
these structural defects. They would also result in
increased linewidths due to the increased variation
in microenvironments in the structure of the par-
ticles. These e¡ects have been observed in previous
Mo«ssbauer spectral studies on ferrihydrites with dif-
ferent degrees of crystallinity, which demonstrated
that lower degrees of crystallinity resulted in doublets
with larger quadrupole splittings and linewidths [31].
Thus, these data imply that the iron oxyhydroxide
particle structures contributing to the doublet com-
ponent in the Mo«ssbauer spectra of the rat livers and
spleens are more disordered in the dietary-iron-
loaded rat livers and parenteral-iron-loaded rat
spleens than they are in the dietary-iron-loaded rat
spleens and parenteral-iron-loaded rat livers. The
greater degree of disorder could be related to the
more rapid rate of iron deposition observed in the
dietary-iron-loaded rat livers and parenteral-iron-
loaded rat spleens [13].

It is worth noting the rather small standard devia-
tions in the Mo«ssbauer spectral parameters of the
central doublets for the rat tissues (Table 2) when
compared with those obtained for human tissues
[12]. This suggests that the rat system is a rather
good model in that it gives reproducible results in
comparison with human tissues. The larger standard
deviations for the spectral parameters of the central
doublet for the human tissues are presumably a re-
sult of patient variability. Note that there may be a
systematic error in the normal human spleen tissue
Mo«ssbauer spectral parameters [12,24] because of the
presence of a fraction of the spectrum in the form of
a haem iron signal in some of the spectra. This
would have complicated the ¢tting procedure and

may explain the somewhat extreme values measured
for these spectral parameters.

The mean spectral parameters for the sextet (Table
1) derived from free ¢ts to the 11 spectra of dietary-
iron-loaded rat livers with the highest sextet signal-
to-noise ratio were similar to those found for thalas-
semic human spleen, liver, and pancreas tissue [12].
However, the slightly lower magnetic hyper¢ne ¢eld
splittings and larger linewidths may indicate that the
degree of crystallinity of the iron oxyhydroxide con-
tributing to this spectral component is less than that
in the human tissues. This may be related to either
the rate of deposition of iron or aging of the iron
oxyhydroxide deposits. Aging of iron oxyhydroxide
systems can lead to increased crystallinity [32,33].
The human tissues were typically 10^20 years old
compared to the age of less than 2 years for the rat
tissues.

The positive correlation of Fs for the dietary-iron-
loaded rat livers with the age and duration of iron
loading of the rats (Fig. 2) suggests that either proc-
esses are converting the ferrihydrite-like form of iron
oxyhydroxide into the goethite-like form with time or
that di¡erent iron oxide deposition mechanisms are
involved during the life of the rat.

The positive correlation of Fs with the fraction of
iron deposited in the non-parenchymal cells of the
liver suggests that the formation of the goethite-like
iron oxyhydroxide deposits may be associated with
the non-parenchymal cells. However, experiments in-
volving the physical separation of the non-parenchy-
mal cells will need to be carried out before this can
be con¢rmed.
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