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A B S T R A C T

Brain iron overload is chronic and slow progressing and plays an important role in the pathogenesis of neuro-
degenerative disorders. Magnetic resonance imaging (MRI) is a useful noninvasive tool for determining liver iron
content, but it has not been proven to be adequate for evaluating brain iron overload. We evaluated the use-
fulness of MRI-derived parameters to determine brain iron concentration in β-thalassemic mice and the effects of
the membrane permeable iron chelator, deferiprone. Sixteen β-thalassemic mice underwent 1.5 T MRI of the
brain that included a multiecho T2*-weighted sequence. Brain T2* values ranged from 28 to 31 ms for tha-
lassemic mice. For the iron overloaded thalassemic mice, brain T2* values decreased, ranging from 8 to 12 ms,
which correlated with the iron overload status of the animals. In addition, brain T2* values increased in the
group with the treatment of deferiprone, ranging from 18 to 24 ms. Our results may be useful to understand
brain pathology in iron overload. Moreover, data could lead to an earlier diagnosis, assist in following disease
progression, and demonstrate the benefits of iron chelation therapy.

1. Introduction

Brain iron accumulation, an initial cause of neuronal death, has
been reported in neurodegenerative diseases and inflammation of the
central nervous system, including Parkinson's disease, Alzheimer dis-
eases, and neuroferritinopathy [1,2]. Previous studies have shown that
iron overload accelerates cognitive impairment in a transgenic mice
model of Alzheimer's disease [3]. Abnormal increases of iron only oc-
curred in some specific regions of the brain of patients with neurode-
generative disorders [4]. Brain iron overload is associated with worse
cognitive performance in obese subjects [5]. Neurodegeneration that
results from iron toxicity can lead to apoptosis and ferroptosis, an iron-
specific form of nonapoptotic cell death [6,7].

In β-thalassemia patients, iron accumulates to excessive levels in
different parts of the body and is cytotoxic. Locations primarily include
the liver, heart, pituitary gland, and pancreas, and this accumulation
may cause organ dysfunction [8]. Previous studies have shown that
only one study assessed iron in the brain of young thalassemia patients
by MRI. The study showed significantly higher R2 values in the cortex,

the putamen and the caudate nucleus of patients than in the controls
[9]. Increased iron deposition in the anterior pituitary gland is the
cause of hypogonadotropic hypogonadism and growth hormone defi-
ciency [10]. Gonadotropin cell death due to iron toxicity is probably the
cause of the decreased pituitary gland height observed in thalassemia
patients with hypogonadotropic hypogonadism [11].

MRI has long been considered a useful noninvasive tool for evalu-
ating iron overload in organs [12]. In the human brain, over the last
two decades, iron deposition in tissues has led to signal changes in T2*-
weighted MR images [13]. MRI for iron overload was first used in he-
mochromatosis, one of the most frequent diffuse liver diseases. Since
then, MRI has widely replaced biopsies when investigating liver iron
overload. MRI has been mainly used to evaluate brain iron accumula-
tion in multiple sclerosis [14] and neurodegenerative diseases including
Alzheimer's and Parkinson's disease [15–17].

In this study, we used the model of iron overload in β-thalassemic
mice to apply and develop an MRI technique to study the anatomy and
pathology of the brain and observe the effect of iron chelation.
Therefore, the present study aimed to investigate iron accumulation in
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the brain of β-thalassemic mice using an MRI technique. The results of
the MRI may demonstrate the distribution of iron in the brain and
correlate with the iron overload status of the animals. Additionally, the
effects of the membrane permeable iron chelator, deferiprone, will be
studied. The results from this study may help to understand brain pa-
thology in iron overload and the benefits of iron chelation therapy.

2. Materials and methods

2.1. Animals

Male and female heterozygous β-globin knockout mice (muβth3/+,
BKO) 7 weeks of age and weighing 17–25 g were obtained from the
Thalassemia Research Center, Institute of Science and Technology for
Research and Development, Mahidol University, Thailand. β-globin
gene knockout was produced by heterozygous deletion of both βmajor

and βminor on chromosome 7 of mice, leading to β-globin deficiency. As
a result, mice developed pathological and clinical signs resemble β-
thalassemia intermedia in human [18,19]. Mice were acclimatized for
1 week before the experiments and were housed under conventional
sterile conditions. The rodent diet (082G/15) and water were provided
ad libitum. The temperature and humidity were maintained at
25 ± 2 °C and 60 ± 5%, respectively, and the animals were kept on a
12 h light/dark cycle. The protocol used in this study was approved by
the Faculty of Veterinary Science-Animal Care and Use Committee,
Mahidol University of Thailand (MUVS-2016-03-10).

2.2. Experimental design and preparation for imaging

BKO mice will be divided into 3 groups: group A: control group
(0.9% NaCl), group B: iron overloaded group and group C: iron over-
loaded with iron chelator, deferiprone. Iron overload was induced by
intraperitoneally (i.p.) injection of iron dextran (Sigma, St. Louis, MO,
USA) at a dose of 20 mg iron/mouse for a period of 5 days for a total
iron administration of 100 mg/mouse in group B and C. Three days
after the last dose of iron dextran, iron overloaded group B was i.p.
injected with 0.9% NaCl and group C was i.p. injected with 80 mg/kg/
day deferiprone (L1, The Government Pharmaceutical Organization,
Bangkok, Thailand) for 7 days. After completion of drug treatments, the
mice were performed MRI scanning [20]. For MRI scanning the mice
were anesthetized with an i.p. injection of thiopental (Nembutal®)
(50 mg/kg, Ceva Santé Animale, Libourne, France). All mice were still
alive after scanning, and then sacrificed immediately after MRI scan.
Brain tissues were collected for determination of brain iron content and
histopathological study.

3. Methods

3.1. MRI scanning

MR images of brain were acquired using a 1.5 T Siemens Magnetom
(Siemens AG, Medizinische Technik, Germany). The MRI protocol was
determined using a modification of the method described by Grabill
et al. [20]. Images were acquired using an 8-channel wrist coil and
multi-channel receiver, built to conform to the shape of the mouse's
skull to optimize signal to noise over the entire mouse brain. MR
methods for assessing tissue iron including: (a) method for evaluating
histogram analyses based on T2-weighted image with the following
parameters: field of view (FOV) = 69.5 mm; matrix size = 125 × 256;
slice thickness = 1.6 mm; voxel size = 0.6 × 0.4 × 1.6 mm; repetition
time (TR) = 2000 ms; TE = 82 ms (b) method for calculating T2* va-
lues: the multiecho fast gradient echo sequence: FOV = 35 mm; matrix
size = 45 × 128; slice thickness = 3 mm; voxel si-
ze = 0.8 × 0.6 × 3.0 mm; TR = 400 ms; interecho time (TE1-TE8)
= 4.4, 7.43, 10.46, 13.49, 16.52, 19.55, 22.58, and 25.61 ms; and
number of echoes = 8. Total scan acquisition time was on the order of

20 min. [20]. All scans were reported at the time of acquisition by
multiple operators.

3.2. Brain MRI: quantitative histogram analyses and T2* values

Histogram analysis of signal intensity values generated using the
OsiriX histogram tool. Brain histogram analyses calculated from T2
weighted images of the 3 brain regions including cortex-cerebellar
white matter, superior colliculus, and hippocampus were determined
by manually tracing the 3 brain regions on each slice using a Dicom
Viewer (OsiriX, The OsiriX Foundation, Geneva, Switzerland). The total
mean histogram analysis of the regions was calculated from each slice
in all mice. The methods for histogram analysis were modified from
Della Nave et al. and Blackledge et al. [21,22].

All the brain T2* values were calculated using CMRTools/
Thalassemia Tools software program, Cardiovascular Imaging
Solutions, London, UK. In CMRtools, a region of cerebral cortex was
chosen in the brain. All the pixels intensity within the ROI are averaged
together and fitted to a monoexponential decay model; equation: SI
(TE) = A × exp(−TE / T2*) where A is a constant, TE, echo time, and
SI, signal intensity (Supplement data). The methods for calculated T2*
values were modified from Anderson et al. and Bacigalupo et al.
[23,24].

3.3. Measurement of brain tissues iron content

The levels of non-heme iron in the brain samples were determined
using a modification of the ferrozine method described by [25]. Brain
samples were homogenized in 1 ml of 0.1 M PBS buffer, pH 7.4. Iron
was extracted by adding an equal volume of brain tissue homogenate
(250 μl) and protein precipitants (125 μl of 1 N HCl and 125 μl of 10%
trichloroacetic acid, Sigma). After mixing, the solution was incubated in
a water bath at 95 °C for 45 min. An additional supernatant was then
collected. [26]. To analyze the iron content, the supernatant was di-
luted with 1 N HCl to a total volume of 500 μl and further mixed with
1 ml of chromogen solution (0.5 mM ferrozine, 50 mM sodium ascor-
bate, and 1.05 M sodium acetate, Sigma). After 20 min incubation at
room temperature, the absorbance was measured at 562 nm using the
Thermo Scientific™ Varioskan™ Flash (Vantaa, Finland).

3.4. Histopathological studies

Brain samples were dissected and preserved for routine histology by
fixation in 4% paraformaldehyde, 5% sucrose and 150 mM PBS, pH 7.4.
The fixed tissues were dehydrated and embedded in paraffin, sectioned
to 5 μm thick. Serial sections were stained with Hematoxylin and Eosin
staining method (H&E) for morphological changes and with Perls'
Prussian blue staining method for iron deposition by standard proce-
dures [27]. The tissue slides were examined by light microscopy on a
Nikon ECLIPSE E200 (Tokyo, Japan).

3.5. Statistical analysis

Statistical analysis was performed with SPSS software version 19.0.
The data were expressed as the means ± SD unless otherwise in-
dicated. The comparisons were analyzed by oneway analysis of var-
iance (ANOVA) with Dunnett test as a post test. Pearson correlation as a
correlation between brain iron content and brain T2* values MRI.
Statistical significance was considered when the p-value< 0.05.

4. Results

4.1. Brain MRI: quantitative histogram analyses

In the iron overload group, the histogram analyses calculated from
T2 weighted images of the 3 brain regions including cortex-cerebellar
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white matter, superior colliculus, and hippocampus showed decreased
signal intensity and an increase in the frequency of occurrence of pixels
with shorter T2 values, consistent with increased ferritin iron. Loading
of 100 mg of iron significantly decreased the mean histogram analyses
in the superior colliculus and hippocampus of brain of β-thalassemic
mice. Control group 30.43 ± 6.21, 15.43 ± 1.51, and 11.00 ± 1.00
for cortex-cerebellar white matter, superior colliculus, and hippo-
campus, respectively. Iron overloaded group 28.71 ± 5.62,
13.29 ± 1.25 (p = 0.04), and 8.57 ± 1.27 (p = 0.006) for cortex-
cerebellar white matter, superior colliculus, and hippocampus, respec-
tively. The MRI imaging demonstrated that the 3 regions of the brain of
the iron overloaded group were hypointensity compared to the control
mice (Fig. 1). However, treatment with deferiprone did not significantly
change the mean histogram analyses of the 3 regions of interest in the
brain of β-thalassemic mice (29.00 ± 4.20, 13.57 ± 0.79, and
8.71 ± 0.76 for cortex-cerebellar white matter, superior colliculus,
and hippocampus, respectively).

4.2. Brain iron content and brain T2* values

The MRI imaging demonstrated that the regions of the brain were
selected to analyze T2* values as shown in Fig. 2. Loading of 100 mg of
iron significantly increased iron accumulation in the brain of β-tha-
lassemic mice. The iron content was 7.76 ± 1.39 and
0.08 ± 0.00 mg/g tissue (p = 0.001) in iron overloaded and control
mice, respectively. Treatment with deferiprone significantly reduced
iron deposition in the brain of iron overloaded mice to
4.75 ± 0.63 mg/g tissue (p = 0.021) (Fig. 3a).

Corresponding to iron accumulation, the brain T2* value of the
control group was 28.51 ± 4.53 ms, that of the iron overloaded group
was 9.80 ± 0.94 ms (p < 0.001), and the value was significantly re-
verted to 17.87 ± 3.85 ms (p = 0.008) in the deferiprone treatment

group (Fig. 3b). Pearson's correlation demonstrated that the brain T2*
value had significant negative correlations with iron content para-
meters (r = −0.872, p < 0.001) (Fig. 3c).

4.3. Brain histopathology

4.3.1. Hematoxylin and eosin staining
Hematoxylin and eosin (H&E) stained coronal brain sections in the

cerebral cortex of β-thalassemic mice as shown in Fig. 4a, b, c. In iron
overload group, there was shown signs of large cells which are mostly
multipolar, neuronal swelling, chromatolysis and nuclear margination
(Fig. 4b). Hyperchromatic cells, vascular congestion in the cerebral
cortex and cellular necrosis were observed (×400). However, treat-
ment with deferiprone decreased the size of the foci, and they became
more ellipsoidal than spherical in shape (Fig. 4c).

4.3.2. Prussian blue staining
Fig. 4d, e, f shows a representative image of the Prussian blue

staining of the coronal brain sections in the cerebral cortex of β-tha-
lassemic mice. Spontaneous iron deposition was observed in the brain
β-thalassemic mice, shown in microglia cell (Fig. 4d). After iron
loading, iron was found in several area of brain including cerebral
cortex (Fig. 4e), cerebellum, and choroid plexus (data not shown).
Treatment with deferiprone, found iron accumulation decreased in
cerebral cortex (Fig. 4f).

5. Discussions

In this study, we demonstrated the utility of T2 weighted images
and T2* values for quantification of brain iron, and effect iron chelator;
deferiprone of in iron overloaded β-thalassemic mice model. In brain
tissue, T2 shortening can be observed as hypointensity on T2 weighted

Fig. 1. Brain histogram analyses of the 3 brain re-
gions including (A) cortex-cerebellar white matter
( ), hippocampus ( ), and (B) superior colliculus
( ). The total mean histogram of the regions was
calculated from each slice in all mice and compared
between the iron overloaded and control group.
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images and T2* values decreased due to with iron accumulation. The
value was significantly increased in the group of the treatment of de-
feriprone. The change in T2* value had significant negative correlation
with iron content in the brain.

Previous studies have shown that MRI was a useful parameter to
quantify hepatic and cardiac iron concentrations in both humans
[28–30] and animals [31]. Moreover, there was confirmed progression
for the determination of brain iron concentration in aging adults and
monkeys [32,33]. In heavy iron overload, iron is mainly stored in tissue
in the form of hemosiderin, an insoluble and nontoxic state in addition
to ferritin [34]. Several techniques have been developed that detect MR
signal alterations derived mainly from the magnetic properties of he-
mosiderin [35].

In humans, T2* MRI is the primary technique for identifying pa-
thological iron overload in thalassemia patients [36]. T2 has also been
shown to be a useful and reproducible measure of tissue iron; however,
T2* remains the gold standard due to the important number of vali-
dation studies [37]. The MR signal intensity was observed on routine
clinical T2-weighted MRI sequences on a 1.5 T scanner. Brain histogram
analysis calculated from T2 weighted images, was calculated on a pixel-

by-pixel basis, which is the degree of distribution of iron overload and is
a textural-based measure of the variation and probability of individual
values in the overall histogram distribution of values across the region
of interest. However, the iron brain histogram analysis is unwieldy and
may not be practical in daily clinical practice.

Our study observed the decreased MRI signal intensity of the region
of interest including cortex-cerebellar white matter, superior colliculus,
and hippocampus. Cortex-cerebellar white matter is involved in the
network dysfunction transmission process; abnormalities of this area
were found in patients with major depressive disorders. Superior col-
liculus is involved in a wide variety of behaviors, generating spatially
directed head turns and arm-reaching movements; abnormalities of this
area were found in patients with Parkinson's disease. Patients present
with parkinsonism, gait disturbances, and psychosis. The hippocampus
is involved in learning and memory, and abnormalities of this area were
found in patients with Alzheimer's disease. Therefore, iron accumula-
tion in these areas may affect brain function. Several different me-
chanisms have been proposed as the cause of neurodegeneration in
thalassemia disease including oxidative stress and mitochondrial dys-
function [38]. Iron has been implicated in the pathogenesis of several

Fig. 2. Region of cerebral cortex was chosen in the brain. Mark areas identify the anatomical regions that the signal intensity was analyzed T2* value for each of the
images and compared between control (a), the iron overloaded (b) and chelation group (c).

Fig. 3. Brain iron content of β-thalassemic mice, iron overloaded, deferiprone (a). Brain T2* values of β-thalassemic mice, iron overloaded, deferiprone (b).
Relationship between brain iron content and brain T2* values (c). Brain iron content strongly correlates with results of brain T2* value (R =−0.872, p < 0.001).
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neurodegenerative disorders due to its ability to generate cytotoxic
reactive radicals that produce oxidative stress. Previous studies re-
ported that acute neurological complications in patients with beta-
thalassemia have been reported in association with cerebral ischemia,
spinal cord fractures and compression from extramedullary hemato-
poietic tumors [39–42]. However, a pathogenic role of iron in the
thalassemia brain is unclear.

Deferiprone, an iron chelator that may cross the blood–brain barrier
and is able to remove excess iron from liver and heart [43]. Treatment
with deferiprone in human, qualitative and quantitative evaluation of
MRI showed that deferiprone was able to reduce brain iron accumula-
tion in some patients, confirming previous observations in Friedreich's
ataxia [44,45]. There are suggesting that the drug is apparently able to
partially remove chelatable iron in different brain regions. This ob-
servation confirms the reduction in globus pallidus iron content, as
assessed by T2* relaxometry, observed in 9 subjects treated with de-
feriprone (25 mg/kg/day) [46].

In conclusion, we demonstrated that MRI techniques and T2* value
are useful for the detection of iron accumulation. Additionally, mon-
itoring the effects of an iron chelator in the brain of β-thalassemic
mouse models is the primary achievement and should be highlighted.
Longitudinal studies in a larger number of β-thalassemic mice are
needed to quantify brain iron accumulation using other post-processing
techniques such as MRI relaxometry (R2, R2*) represents progressive
iron accumulation and whether it represents degeneration progression
in the brain. Furthermore, understanding brain function that is con-
cerned with areas of iron accumulation is necessary to determine how
iron regulation contributes to pathology in β-thalassemic mice.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mri.2019.05.022.
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