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Executive summary:

Brain iron overload is a chronic and slow progression that plays an important role in the
pathogenesis of neurodegenerative disorders. Magnetic resonance imaging (MRI) is a useful
non-invasive tool for determining liver iron content, but not proven to be adequate for evaluating
brain iron overload. This study was to evaluate the usefulness of MRI-derived parameters to
determine brain iron concentration in B-thalassemic mice and the effects of membrane permeable
iron chelator, deferiprone. Eighteen B-thalassemic mice underwent 1.5 T MRI of the brain and
iron level was quantified using T2* value with cardiovascular magnetic resonance (CMR)
software. The results showed that the mean brain T2* values 28.51+4.53 ms for p-thalassemic
mice. For the iron overloaded thalassemic mice, brain T2* values decreased to 9.80+£0.94 ms,

with correlated with iron overload status of the animals. In addition, brain T2* values increased

3



in the group of the treatment of deferiprone 17.87+3.85ms. Additionally, we found that brain
iron content was correlation significance with brain T2* values in B-thalassemic mice. Our
results may useful to understand brain pathology in iron overload. Moreover, data could lead to
earlier diagnosis, assist in following disease progression, and the benefits of iron chelation

therapy.

Keywords: brain iron overload, brain pathology, deferiprone, -thalassemic mice, Magnetic

resonance imaging
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Final report content:

Abstract:

Brain iron overload is a chronic and slow progression that plays an important role in the
pathogenesis of neurodegenerative disorders. Magnetic resonance imaging (MRI) is a useful
non-invasive tool for determining liver iron content, but not proven to be adequate for evaluating
brain iron overload. This study was to evaluate the usefulness of MRI-derived parameters to
determine brain iron concentration in B-thalassemic mice and the effects of membrane permeable
iron chelator, deferiprone. Eighteen B-thalassemic mice underwent 1.5 T MRI of the brain and
iron level was quantified using T2* value with cardiovascular magnetic resonance (CMR)
software. The results showed that the mean brain T2* values 28.51+4.53 ms for p-thalassemic
mice. For the iron overloaded thalassemic mice, brain T2* values decreased to 9.80+0.94 ms,
with correlated with iron overload status of the animals. In addition, brain T2* values increased
in the group of the treatment of deferiprone 17.87+3.85ms. Additionally, we found that brain
iron content was correlation significance with brain T2* values in B-thalassemic mice. Our
results may useful to understand brain pathology in iron overload. Moreover, data could lead to
earlier diagnosis; assist in following disease progression, and the benefits of iron chelation

therapy.

Keywords: brain iron overload, brain pathology, deferiprone, B-thalassemic mice, Magnetic

resonance imaging



Introduction

In the CNS, iron plays an important role in many biological processes including oxygen
transportation, mitochondrial respiration, neurotransmitter synthesis and myelin production
(Crichton et al., 2009; Mounsey and Teismann, 2012). However, if iron is not correctly
controlled, it can be damaging to neurons and contributes to the pathogenesis of several
neurological diseases. Brain iron accumulation is an initial cause of neuronal death, has been
reported in neurodegenerative diseases and inflammatory central nervous system including
Parkinson's disease, Alzheimer diseases, and neuroferritinopathy (Brass et al., 2006; Berg and
Youdim, 2006; Stankiewicz et al., 2007; Duce et al., 2010). The cause of iron metabolism for
disorders in the brain remains indescribable. Increased iron deposition may be attributable to
local changes of the normal iron-regulatory systems (Qian and Shen, 2001; Ke and Ming Qian,
2003). Previous studied shown iron overload accelerates cognitive impairment in transgenic mice
model of Alzheimer's disease (Becerril-Ortega et al., 2014).

Patients with transfusional iron overload begin to develop pituitary iron overload in the
first decade of life. Pituitary iron overload and volume loss were independently predictive of
hypogonadism (Noetzli et al., 2012). Iron toxicity in the pituitary gland, primarily affects the
gonadotropin-secreting cells, and hypogonadotropic hypogonadism is a frequent abnormality in
thalassemic patients (Modell et al., 2000, Olson et al., 1987, Brittenham et al., 1982). In
thalassaemic patients, hypogonodotropic hypogonadism resulting from pituitary dysfunction due
to iron overload remains the most frequent complication even among adequately chelated
(Jensen et al., 1997). During adolescence, anterior pituitary’s intact function is importance as it
regulates growth and sexual maturation, directly affecting quality of life in younger patients with

B-thalassaemia major. Previous studied, abnormal increase of iron only occurred in some specific
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regions of the brain of patients with neurodegenerative disorders (Lee et al., 2006). Brain iron
overload associated with worse cognitive performance in obese subjects (Blasco et al., 2014).
Neurodegeneration that results from iron toxicity can lead to apoptosis and ferroptosis, an iron-
specific form of non-apoptotic cell death (Ott et al., 2007, Dixon and Christoff, 2012). However,
it is not clearly that increased iron deposition may be contributed with the pathogenesis of these
diseases.

Magnetic resonance imaging (MRI) has long been considered a useful noninvasive tool
for evaluating iron overload in organs (Brittenham et al., 2003). In the human brain over the last
two decades, as iron deposition in tissues lead to signal changes in T2*-weighted MR images
(Bartzokis et al., 1993). MRI for iron overload was first used in hemochromatosis, one of the
most frequent diffuse liver diseases. Since then MRI has widely replaced biopsies when
investigating liver iron overload. It has been mainly used to evaluate brain iron accumulation in
multiple sclerosis (Khalil et al., 2011) and neurodegenerative diseases including Alzheimer’s and
Parkinson’s disease (Bartzokis et al., 2000; Brass et al., 2006; Thomas et al., 1993).

Therefore, there are few published data with reference to the brain iron accumulation in
patients with B-thalasemia major (Argyropoulou et al., 2007). Literature concerning iron
distribution in the brain using MRI is limited and with only one study involving series of
thalassemia patients using MRI. This study showed significantly higher R2 values in the cortex,
the putamen and the caudate nucleus in patients than in normal subjects (Metafratzi et al., 2001).
The T2* method, although indirectly validated, seems to be well correlated to clinical data
(Anderson et al., 2001).

Moreover, there is no report on brain iron accumulation in 3-thalassemic mice using MRI

technique. Therefore, the present study aimed to investigate the iron accumulation in the brain of
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B-thalassemic mice using MRI technique. The results of MRI may demonstrate the distribution
and relative amount of iron in different brain regions. The results will be correlated with iron
overload status of the animals. Moreover the effects of membrane permeable iron chelator,
deferiprone will be studied. The results from this study may help to understand brain pathology

in iron overload and the benefits of iron chelation therapy.

Literature review
1. Brain iron metabolism

Iron is an essential trace element vital for normal brain metabolism (Altamura and
Muckenthaler, 2009). Although heme-bound iron represents approximately 2-3 of all iron in the
body, brain iron is primarily stored in the proteins ferritin and hemosiderin, which help as a
defense beside harmful iron deficiency or iron overload (Bothwell, 1995). Iron enters the
endothelial cells of the blood brain barrier as a low molecular weight complex, or individually as
non-transferrin-bound iron or transferring receptor mediated endocytosis of transferrin (Moos et
al., 2007, Leitner and Connor 2012). Astrocytes are preferably located to take up iron from the
circulation and distribute it to other cells in the CNS. Iron can be stored as ferritin in astrocytes
and exported by a mechanism that involves ferroportin and ceruloplasmin (Dringen et al., 2007).
Neurons and microglia can influx iron via transferrin receptor and efflux iron via ferroportin
(Huang et al., 2006). Iron homeostasis depends on the balance between iron uptake and iron
release in mammalian cells. Divalent Metal Transporter 1 (DMT1) and Transferrin receptor 1

(TfR1) are key transporters for iron uptake in the brain (Ke and Qian, 2003).
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2. Brain iron overload

Brain iron accumulation occurring from the absence of functional multicopper oxidase
ceruloplasmin in aceruloplasminaemia impairs cellular iron efflux. In iron overloaded areas of
the brain was presented in neurons and microglia (Rouault, 2013; Dusek and Schneider 2012).
The excessive iron accumulation results from the inability of astrocytes to mobilize their iron to
be used by neurons (Madsen and Gitlin 2007). Increased iron accumulations have also been
detected in chronic hemorrhage, cerebral infarction, anemia, thalassemia, and hemochromatosis
(Haacke et al., 2005). Both the physiological role and reasons for the distribution patterns of non-
heme iron are still not clearly (Gerlach et al., 1994; Ke and Qian, 2003; Schenck and
Zimmerman, 2004). At the cellular level, more iron staining is observed in the microglia and
astrocytes of the cortex, cerebellum, hippocampus, basal ganglia and amygdale. Iron
accumulation in microglia might stimulate the activation of these cells in the neuroinflammatory
processes (Connor et al., 1990).

Previous study demonstrated that increased iron deposition in the anterior pituitary gland
is the cause of hypogonadotropic hypogonadism (HH) and growth hormone deficiency
(Bergeron and Kovacs 1978; Oerter et al., 1993). Iron accumulates in all cell types of the
adenohypophysis, but preferentially in the gonadotropin-secreting cells. Gonadotropin cell death
due to iron toxicity is probably the cause of the decreased pituitary gland height observed in
thalassemia patients with HH (Argyropoulou et al., 2000). Hypogonadism occurs in
approximately half of thalassemia patients and has long-term consequences for fertility, bone
density, and quality of life (Borgna-Pignatti et al., 2004, Vogiatzi et al., 2009). Severe iron
deposition is associated with decreased response to gonatropin releasing hormone challenge

(Argyropoulou et al., 2000). The degree of pituitary iron overload has been evaluated by
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magnetic resonance and found in thalassemic patients with hypogonadotropic hypogonadism

than in those without pituitary dysfunction (Fischer 1998, Brasch et al., 1984).

3. Tissue iron by MRI techniques

MRI uses the magnetic properties of the human body to provide images of any tissue.
Hydrogen nuclei are a principal component of body tissues in water and lipid molecules and
produce a magnetic field that can interact with an external magnetic field. Several MR-based
techniques have been proposed for detecting and quantifying iron in the tissue non-invasively
(Haacke et al., 2005). Tissue iron is detected indirectly by the effects on relaxation times of
ferritin and hemosiderin iron interacting with hydrogen. In practice, anatomical visualization of
deep gray matter nuclei with elevated iron load in vivo has been demonstrated stimulating with
conventional MR imaging (Deoni and Catani, 2007). Quantitative MRI techniques, such as
mapping of the relaxation rate R2* (1/T2*), represent an indirect measure of iron, which has
recently been confirmed in a postmortem study (Langkammer et al., 2010). These techniques
also assist in vivo studies and offer the opportunity to correlate regional iron concentrations in
tissue to clinical phenotypes (Wood et al., 2005).

Recently, T2* MRI has developed as the technique of choice for non-invasive
quantification of hepatic and myocardial iron overload. It shows good sensitivity when compared
with the hepatic iron concentration of liver biopsies, and cardiac T2* correlates inversely with
cardiac iron concentration (Anderson et al., 2001). MRI has been used to evaluate pituitary
siderosis and shows significant correlation with serum ferritin (Christoforidis et al., 2006).
However, many studies have shown that body tissues have different iron deposition kinetics

(Anderson et al., 2001, Wood et al., 2007, Noetzli et al., 2008). It can generate images at various
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echo times to vary the contrast among different organs. All organs darken with increasing echo
time, but those containing iron darken more rapidly. T2* represents the echo time necessary for a
tissue to become twice as dark. It may be thought of as a half-life, with small values representing
rapid signal loss. Alternatively, image darkening can be expressed by R2*, its rate of darkening
(Wood et al., 2005, Carpenter et al., 2011). It has been most widely used in patient with
thalassemia major, but it is also essential in thalassemia intermediate, sickle cell disease, and

myelodysplasia (Wood et al., 2008; Fragasso et al., 2011).

4. Iron chelation for brain iron overload

Iron chelation as a potential therapy for removing excess iron from specific brain regions
affected by neurodegenerative diseases has expected much consideration. To be effective, an iron
chelator should be able to penetrate both cellular membranes and the blood brain barrier, and be
able to remove chelatable iron from the site of accumulation or to transfer it to other biological
proteins, such as circulating transferring (Boddaert et al., 2007). Chelation therapy has been
reported to provide improvements, especially with deferiprone, and particularly for other
neurodegeneration with brain iron accumulation diseases (Chinnery et al., 2007). Previous study
suggested that the form of iron chelated was a labile iron pool, with iron possibly being bound to
enzymes, such as hydroxylases, and to ferritin (Boddaert et al., 2007). However, iron chelator
can remove iron from conjugated iron containing proteins and molecules is unknown; the
chelators in clinical use were developed to remove iron from ferritin and haemosiderin in clearly
iron overloaded tissues, such as the liver, heart, and spleen.

MRI is a likely technique to assess the efficacy of a treatment, although the quantitative

accuracy of MRI might be dependent on the type and molecular distribution of iron (Hocq et al.,
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2009). Recently, cardiac and liver iron estimates by MRI have become the primary outcome
measures for clinical studies of iron chelation therapy (Pennell et al., 2006, Wood et al., 2010).
However, few studies evaluating iron distribution in the brain using MRI. The only one study
assessing iron in the brain of thalassemia patients by MRI showed significantly higher R2 values
in the cortex, the putamen and the caudate nucleus in patients than in controls (Metafratzi et al.,
2001). Quantitative information of iron content is meaning for early clinical diagnosis,
monitoring of treatment, and disease progression (Utter and Basso, 2008).

In the experiment animal model of iron dextran loading B-thalassemic mice (Yatmark et
al., 2014; 2015). These model showed heavy iron accumulation in the liver, heart and found
increased iron accumulation in the brain. In addition, our model could attenuate tissues damage
by treatment with the iron chelators, deferoxamine (DFO) and deferiprone (L1). Therefore, this
study aim to investigate the brain iron accumulation in B-thalassemic mice using magnetic
resonance imaging (MRI) and the effects of deferiprone was also evaluated. Moreover,
measurement of brain T2* by MRI is a noninvasive direct method that has been developed for
detecting and quantifying iron levels and might be reduce the risk of future neurodegenerative
disease in thalassemia patients. Our results could be a supportive data for beneficial use of iron

chelators in concerting about impairment brain complications in thalassemia and other diseases.
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Objectives

1 To optimize brain MRI protocols to study the distribution of iron in the brain of iron
overloaded B-thalassemic mice

2 To correlate brain iron deposition by MRI data and iron content with those of liver of B-
thalassemic mice

3 To investigate the effect of deferiprone on brain iron deposition in iron overloaded B-

thalassemic mice using MRI
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Research methodology
Animals

Male and female heterozygous B-globin knockout mice (mufth3/+, 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. f-globin gene
knockout was produced by heterozygous deletion of both major and minor on chromosome 7 of
mice, leading to B-globin deficiency. As a result, mice developed pathological and clinical signs
resemble B-thalassemia intermedia in human (Yang et al. 1995, Jamsai et al. 2006). 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.

Experimental design

BKO mice will be divided into 3 groups: group A: control group and group B: iron
overloaded with iron dextran 5 doses and group C: iron overloaded with iron chelator. Iron
overload was induced by iron dextran (Sigma, St. Louis, MO) intraperitoneal (i.p.) injection at a
dose of 20 mg iron/mouse for vary doses a maximum period of 5 days for a total iron
administration of 100 mg/mouse. BKO mice will be examined brain and liver iron concentration
and analyzed using MRI as previously described (Grabill et al., 2003). The MRI protocol and

method of MRI analysis will be modified to obtain the best result of iron distribution.

16



To investigate the effect of iron chelator (deferiprone, L1) on brain and liver iron deposition by
MRI, iron content and histopathology

BKO mice will be divided into 3 groups (6 mice/groups): group A: control group (0.9 %
NaCl), group B: iron overloaded with iron dextran and group C: deferiprone treatment (80
mg/kg) after iron overload. The dose of L1 from our previous studied (Yatmark et al., 2014).

Controls group will be i.p. injected with 0.9% NaCl with the same schedule of the treated
groups. Three days after the last dose of iron dextran, iron loaded mice will be i.p. injected with
80 mg/kg/day deferiprone (L1, The Government Pharmaceutical Organization, Bangkok,
Thailand) for 7 days. After completion of drug treatments, will be used for MRI analysis and

tissues will be collected for biochemical and histopathological study

Methods
1. MRI scanning

MR images of tissues were acquired using a high field, 1.5 T Siemens Magnetom
(Siemens AG, Medizinische Technik, Germany). MRI protocol was determined using a
modification of the method described by Grabill et al. (2003). Images were acquired using an 89-
mm Helmholtz transmit RF coil and an 8x15-mm ellipsoidal receive surface RF coil, built to
conform to the shape of the mouse skull so as to optimize signal-to-noise over the entire mouse
brain. After positioning the mouse head in the magnet isocenter, global shimming was
performed, and tri-pilot spin-echo scout images were obtained to aid slice positioning for the
multi-slice T2 maps. T2 maps were obtained using a Carr, Purcell, Meiboom, Gill (CPMG)
multi-echo spin-echo sequence with the following parameters: field of view (FOV)=2.56x2.56
cm2; matrix size=256x256; slice thickness=250 um; NEX=1; repetition time (TR)=10 s; inter-
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echo time (TE)=10 ms; number of echoes=8. The corresponding nominal resolution of each pixel
was 100x100x250 um2. Total scan acquisition time was on the order of 42 min. The typical
signal-to-noise ratio (SNR) for this sequence was 56:1 (Grabill et al., 2003). All scans were
reported at the time of acquisition by multiple operators, and a clinical report was generated for
the referring physician.

To analyze the T2* values of brain and liver of p-thalassemic mice using Cardiovascular
magnetic resonance (CMR) T2*, CMR techniques employing T2 measurements by the spin-echo
(SE) sequence (or its variant) were useful in quantifying brain and liver iron (Anderson et al.,

2001).

2. Measurement of tissues iron content

The levels of non-heme iron in the tissues were determined using a modification of the
ferrozine method described by Foy et al. (1967). Tissue homogenates were prepared in high-
purity water. Equal volumes of tissue homogenates and protein precipitation solution (1 N HCI
and 10% trichloroacetic acid in high-purity water). Supernatant aliquots were mixed with
chromogen solution and measurement of absorbance at 562.0 nm by spectrophotometry

(Yatmark et al., 2014).

3. Histopathological studies

Tissues 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 um thick. Serial sections were stained with Hematoxylin

and Eosin staining method (H&E) for morphological changes and with Perls’ Prussian blue
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staining method for iron deposition by standard procedures (Hall et al. 2013). The tissue slides

were examined by light microscopy on a Nikon ECLIPSE E200 (Tokyo, Japan).

Statistical analysis

Statistical analysis was performed with SPSS software version 19.0. The data were
expressed as the means + SD unless otherwise indicated. Data with a normal distribution are
presented as mean + SD. The comparisons were analyzed by one way analysis of variance
(ANOVA) with Dunnett test as a post test. Pearson correlation as a measure of iron content and
T2* MRI of a relationship between brain and liver. Statistical significance was considered when

the p-value <0.05.
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Results
Brain and liver iron content

Iron accumulation in the brain was observed in the brain of 3-thalassemic mice 0.08+0.00
mg/g. Brain iron concentration increased in iron overloaded B-thalassemic mice 7.76+1.39 mg/g
(Fig. 1). It was significantly increased when comparing with control group (P=0.001). Treatment
with deferiprone was significantly reduced iron deposition in the brain 4.75+0.63 mg/g
(P=0.021).

Naturally, p-thalassemic mice revealed a slight iron accumulation in the tissues even
without iron loading in the liver 3.40+£0.05 mg/g. Loading with iron dextran markedly significant
increased iron content in B-thalassemic mice 17.92+2.44 mg/g (P<0.001). Treatment with
deferiprone tended to reduce liver iron content in B-thalassemic mice 16.12+1.51 mg/g (Fig. 2)

(P=0.307).

20



Figure 1: Brain iron content of g-thalassemic mice, iron overloaded, deferiprone. The

errors bars refer to the standard deviation (SD)
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Brain and liver MRI: T2* values

T2* levels were calculated using the CMRtools/Thalassemia Tools. Calculated mean T2*
value of each group are presented in Fig. 3 for the brain and Fig. 4 for the liver. The control brain
T2* was 28.51+4.53 ms and the group of iron overload 9.80+0.94 ms. The iron overloaded group
showed shorter T2* values, consistent with increased ferritin iron than control group. Brain T2*
decreased with increasing iron deposition. The treatment of iron chelation was performed. The
result demonstrated that deferiprone was significant decreased iron deposition in the brain. Brain
T2* values was significant increased in the group of the treatment of deferiprone 17.87+£3.85 ms
(P=0.008).

The control liver T2* was 27.18+7.58 ms and the group of iron overload 5.22+2.21ms.
The iron overloaded group showed shorter T2* values, consistent with increased ferritin iron
than control group. Liver T2* decreased with increasing iron deposition. The treatment of iron
chelation was performed. The result demonstrated that deferiprone was significant decreased iron
deposition in the liver. Liver T2* values was significant increased in the group of the treatment
of deferiprone 15.78+3.54ms (P=0.001).

Our results may useful to understand brain pathology in iron overload. Moreover, data
could lead to earlier diagnosis, assist in following disease progression, and the benefits of iron

chelation therapy.
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Figure 3: Brain T2* values of p-thalassemic mice, iron overloaded, deferiprone. The errors

bars refer to the standard deviation (SD)
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Figure 4: Brain iron content of B-thalassemic mice, iron overloaded, deferiprone. The

errors bars refer to the standard deviation (SD).
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Quantitative MRI based histogram analyses

This study demonstrated MRI finding the brain of p-thalassemic mice. T2W showed
hypointensity in region of interest. MRI images in regions. In the iron overload group, the
histogram analyses of the 3 brain regions including cortex-cerebellar white matter, superior
colliculus, and fimbria of hippocampus showed increase signal intensity and increase in the
frequency of occurrence of pixels with shorter T2 values, consistent with increased ferritin iron.

The T2 histograms of the 3 brain regions including cortex-cerebellar white matter,
superior colliculus, and fimbria of hippocampus in iron overloaded B-thalassemic mice group
showed decrease when comparing with the control mice. This result demonstrated that the 3
regions of the brain of iron overloaded group were hypointensity than control mice, which

related with the results that we found in the MRI finding.

The correlation of brain and liver

The correlation between iron content and T2* MRI as primary outcome, Pearson's
correlation coefficient was calculated. Our results shown that negative correlation between brain
iron content and T2* MRI brain (R = -0.872, P< 0.001) and also correlation between liver iron
content and T2*MRI liver (R = -0.797, P< 0.001). Additionally, T2* MRI brain and T2* MRI
liver shown positive correlation (R = 0.849, P< 0.001) and also brain iron content with liver iron

content (R = 0.877, P< 0.001). The correlation of brain and liver as shown in Fig. 5-8.
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Figure 5: Relationship between brain iron content and brain T2* values. Brain iron

content strongly correlates with results of brain T2* value (R =-0.872, P< 0.001).
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Figure 6: Relationship between liver iron content and liverT2* values. Liver iron content

strongly correlates with results of liver T2* value (R =-0.797, P< 0.001).
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Figure 7: Relationship between brain T2* values and liver T2* values Brain T2* values

strongly correlates with results of liver T2* values (R = 0.849, P< 0.001).
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Figure 8: Relationship between brain iron content and liver iron content. Brain iron

content strongly correlates with results of liver iron content (R = 0.877, P< 0.001).
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Brain and liver histopathology
Prussian blue staining

Figure 9 and Figure 10 show a representative image of the Prussian blue staining of the
brain and liver of B-thalassemic mice, respectively. Spontaneous iron deposition was observed in
the brain B-thalassemic mice, shown in microglia cell. After iron loading, iron was found in
several area of brain including cerebral cortex, cerebellum, and choroid plexus. Treatment with
deferiprone, found iron accumulation decreased in cerebral cortex and cerebellum.

In B-thalassemic mice, spontaneous iron deposition was observed in the Kupffer cells and
hepatocytes. After iron loading, the iron was largely confined to clusters of phagocytic cells such
as the Kupffer cells. Hemosiderin granules were observed in the cytoplasm of hepatocytes.

Treatment with deferiprone decreased the size of the clusters of phagocytic cells.
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Figure 9: Perls’ Prussian blue staining of brain of BKO mice. Control (a), iron overload (b)
and iron-overloaded mice treated with deferiprone (c). The bar represents 50 mm, and the
images were taken at 400x original magnification.



Figure 10: Perls’ Prussian blue staining of liver of BKO mice. Control (a), iron overload (b)
and iron-overloaded mice treated with deferiprone (c). The bar represents 50 mm, and the
images were taken at 400x original magnification.
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Hematoxylin and eosin staining

Hematoxylin and eosin (H&E) stained brain sections of B-thalassemic mice as shown in
Fig.11. There was shown signs of hyperchromatic cells, vascular congestion and vaculated cells
in the cerebral cortex, and cellular necrosis. Large cells which are mostly multipolar, neuronal
swelling, chromatolysis and nuclear margination were observed (H&Ex400). The iron-
overloaded B-thalassemic mice, presence of clumps of brown pigment in microglia cell.

Signs of liver injury, including fatty liver and nuclear membrane degeneration, were
observed in the B-thalassemic mice (data not shown). Changes in morphology were observed in
the iron-overloaded B-thalassemic mice, including the presence of clumps of brown pigment in
sinusoid-lining cells and swollen Kupffer cells and hepatocytes. A higher frequency of nuclear
degeneration in the hepatocytes was observed in iron-overloaded mice. However, treatment with
deferiprone decreased the size of the foci, and they became more ellipsoidal than spherical in

shape.
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Figure 11: Hematoxylin and eosin staining of the brain of BKO mice. Control (a), iron
overload (b) and iron-overloaded mice treated with deferiprone (c). The bar represents
50 mm, and the images were taken at 400x original magnification.
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Conclusion and Discussion

In this study, we investigated and monitoring the utility of T2* for quantification of iron
accumulation using MRI method in B-thalassemic mice. Additionally, the effect of iron chelator,
deferiprone was examined in iron overloaded p-thalassemic mice model. Our results
demonstrated that there was significant decreased iron accumulation in the brain in the treatment
of deferiprone compared to iron overloaded B-thalassemic mice. In the brain, T2* values was
significant decreased in the treatment of deferiprone, as same as results of liver. Although, liver
iron content was not significant decreased in the treatment with deferiprone. However, it was
tended to reduce liver iron content in B-thalassemic mice.

Previous studies shown that the MRI was a useful parameter to quantify hepatic iron
concentration both in human (Alustiza et al., 2007; Ernst et al., 1999), and animal studies
(Gandon et al., 2004; St Pierre et al., 2005). However, there is no validated sequence for the
determination of brain iron concentration. In human, T2* MRI is the primary technique for
identifying pathological iron overload in thalassemia patient (Pennell et al., 2013). T2 has also
been shown to be a useful and reproducible measure of tissue iron in humans, however T2*
remains the gold standard due to the substantial number of validation studies (He et al., 2006;
2008). The signal hypointensity was observed on routine clinical T2-weighted MRI sequences on
a 1.5T scanner, although it was better localized with T2* weighted MRI. This results
corresponded to the localization of increased iron on the tissue histology.

Iron has a critical role as a cofactor in many regulatory enzymes involved in cellular
metabolic pathways, such as the electron transport chain in the mitochondria. It is particularly
important in the CNS due to the high metabolic activity of the brain. Although brain iron content

increases with age (Zecca et al., 2004), pathological accumulation of iron is postulated to be
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pathogenic in several neurodegenerative disorders such as neurodegeneration with brain iron
accumulation, Parkinson and Alzheimer disease (Rouault et al., 2006). Our study showed that
iron was also increased in the brain using histological methods. Even though the motor cortex is
known to have the highest concentration of iron in the human cerebral cortex, it is usually
undetectable on histologic sections. This localization in the cortical grey differed from previous
histologic studies of brain iron in individuals without neurological disorders in which
intracellular iron accumulation in the cortex was mostly found in oligodendroglia (Connor et al.,
1990).

It is uncertain what leads to the increased iron deposition in the motor cortex:
misregulation of iron metabolism in motor neurons or microglia could cause disease, or
microglia could accumulate iron as they scavenge debris that remains after neuronal
degeneration. In the CNS, the iron transport protein transferrin is a component of Bunina bodies
(Goodall et al., 2008), an intracytoplasmic inclusion in spinal motor neurons that is considered to
be a pathological hallmark of neurodegeneration and iron accumulation in oligodendroglia were
also seen in mutant mice with targeted deletions of iron regulatory protein-2 (Jeong et al., 2011).
We could not identify iron accumulation within cortical or spinal motor neurons in p-thalassemic
mice, which may indicate that if iron misregulation is the primary pathology, its origin is in non-
neuronal cells. Of note, there was also no evidence of systemic iron overload in B-thalassemic
mice. Activated microglial cells are a prominent component in both acute CNS injuries and
chronic neurodegenerative disorders (Henkel et al., 2009). An important function of the
microglia is phagocytosis of cellular debris after neuronal injury, and this has been suggested to
provide a more favorable environment to facilitate the repair process (Neumann et al., 2009).

Consistent with their role in removal of degenerated tissue, many microglial cells were seen in
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the motor cortex and spinal cord where degenerating motor neurons and their axons are found.
Iron and microglia are known to accumulate at the sites of neurodegeneration in Alzheimer and
Parkinson disease (Ward et al., 2011). Microglial iron accumulation has been reported in the
striatum of the transgenic mouse model of Huntington disease (Simmons et al., 2007). The
association between regions with degenerating neurons and microglial iron accumulation may be
related to microglia’s role in the maintenance of brain iron homeostasis by scavenging excess
iron and storing it in ferritin (Connor et al., 1994). We favor the interpretation that the
intracellular iron in the microglial cells is derived from phagocytosis of degenerated neurons and
glial cells.

Several different mechanisms have been proposed as the cause of neurodegeneration in
thalassemia disease including oxidative stress and mitochondrial dysfunction (Sarki et al., 2017).
Iron has been implicated in the pathogenesis of several neurodegenerative disorders due to its
ability to generate cytotoxic reactive radicals that produce oxidative stress. However, a
pathogenic role in thalassemia disease is unclear. Whether intracellular iron accumulation
represents an upstream or downstream phenomenon in the disease process remains
undetermined.

Further considerate of normal iron metabolism in neurons and glial cells is necessary to
determine if unusual iron regulation contributes to pathology in thalassemia disease. The levels
of serum ferritin was measured, it was significantly higher in iron-overloaded mice. A major
function of ferritin is the storage of iron in an insoluble and non-toxic state (Carrondo, 2003).
Large amounts of iron that are not stored within cells are, in general, considered to be the most
potent potential toxin to cells. Several techniques have been developed that detect MR signal

alterations derived mainly from the magnetic properties of hemosiderin, the major iron storage
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compounds (Dusek et al., 2013). Longitudinal studies of a larger of thalassemic mice and
controls are needed to determine whether the grading of hypointensity on T2-weighted MRI
increases as degeneration progresses and whether it represents progressive iron accumulation.

In conclusion, we have demonstrated that T2* MRI can be used to detect iron
accumulation in B-thalassemic mice. Our brain T2* values received from CMR software, in
accordance with brain iron content, showed that was significantly increased iron accumulation in
iron overloaded B-thalassemic mice. In addition, deferiprone treatment can be decreased brain
iron accumulation. These MRI techniques may be useful for the detection of iron accumulation,

and for monitoring iron levels in brain of B-thalassemic mouse models.
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Appendix

Expected benefits

The results of this study will be provided a valuable knowledge in brain iron deposition
in PB-thalassemic mice that could applied for B-thalassemia patients. This model can be
established to further evaluate the efficacy of iron chelators in clinical trials of thalassemia
patients and other diseases. Moreover, measurement of brain iron deposition by MRI is a non-
invasive direct method that has been developed for detecting and quantifying iron levels and
might be reduce the risk of future neurodegenerative disease in thalassemia patients. Finally, the

results from this study are expected to be published in appropriate peer-reviewed journals.
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Abstract

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

Increazing of hepatocellular carcinoma m patiemts with f-thalassemis has been
recoznized in the past few vears. Inon overload is a major canse of this advance complication,
therefors monitaring of hepakic iron is pecessary for early diagposis and evaloation of iron
chelation therapy. Magnetic resopance imaging (MET) is known as a usefial non-fnvasive toal
for monitoring hepatic iron everload in f-italassemia patients. However, this techoique is
limmif tov 2 small animal model This stwdy, MET teckmigoe using T2 *valoe was developed to
study hepatic mon comfent and o monitor the effect of an o chelator, deferiprone in p-
thalassemic mice. Eighteen §-thalassemic mice underwent 1.5 T MEI of the liver and iron
level was quantified wsing T1* value with cardiovascular magmetic resomance (CHE)
soffware. The results showed that the liver T2* valoes of f-thalassemic mice was 18-37 ms.
The values decreased o 3-8 ms in comesponding with increased hepatic iron confent (15-20
mg'E liver) in irem loaded P-thalassemdic mice (=-0.797, p=0001). Iron chelation with
deferiprone (30 mg'E body weight) for 7 days, significantly increased liver T2* vahe to 11-
21 ms. Char results demonstrated that the developed MET technique using T2* CME sequence
was simple and applicable to 2 small animal meodel. This tecknique may wsefi to evabuate
nowvel drugs, dosape and repiments for iron chelation therapy.

Eeywords: p-thalassemic mice, liver, iron overload, deferiprons, MBI
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Monitoring Hepatic iron Content in iron Overloaded
B-Thalassemic Mice by Magnetic Resonance Imaging
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