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A B S T R A C T

Aims: We previously demonstrated that iron-overload in non-thalassemic rats induced neurotoxicity and cog-
nitive decline. However, the effect of iron-overload on the brain of thalassemic condition has never been in-
vestigated. An iron chelator (deferiprone) provides neuroprotective effects against metal toxicity. Furthermore, a
T-type calcium channels blocker (efonidipine) effectively attenuates cardiac dysfunction in thalassemic mice
with iron-overload. However, the effects of both drugs on brain of iron-overload thalassemia has not been
determined. We hypothesize that iron-overload induces neurotoxicity in Thalassemic and wild-type mice, and
not only deferiprone, but also efonidipine, provides neuroprotection against iron-overload condition.
Main methods: Mice from both wild-type (WT) and β-thalassemic type (HT) groups were assigned to be fed with
a standard-diet or high-iron diet containing 0.2% ferrocene/kg of diet (HFe) for 4 months consecutively. After
three months of HFe, 75-mg/kg/d deferiprone or 4-mg/kg/d efonidipine were administered to the HFe-fed WT
and HT mice for 1 month.
Key findings: HFe consumption caused an equal impact on circulating iron-overload, oxidative stress, and inflamma-
tion in WT and HT mice. Brain iron-overload and iron-mediated neurotoxicity, such as oxidative stress, inflammation,
glial activation, mitochondrial dysfunction, and Alzheimer's like pathologies, were observed to an equal degree in HFe
fed WT and HT mice. These pathological conditions were mitigated by both deferiprone and efonidipine.
Significance: These findings indicate that iron-overload itself caused neurotoxicity, and T-type calcium channels
may play a role in this condition.

1. Introduction

Most thalassemic patients require blood transfusion because of in-
effective erythropoiesis-mediated severe anemia. However, blood transfu-
sion results to develop iron-overload condition in those patients. Several
studies reported neurocognitive dysfunction in thalassemia patients [1–3].
Those studies demonstrated that β-thalassemic patients developed iron-
overload condition with neurological complications as well as neu-
ropsychological impairment [1,3]. These findings indicate that brain dys-
function in thalassemic subjects can be arisen. Therefore, the underlying
mechanisms regarding these dysfunctions need to be further investigated.

Brain iron accumulation may be due to a dysregulation in the
physiological production of iron transporters [4]. Previous studies
showed changes in brain iron-regulatory proteins, particularly in di-
valent-metal transporter-1 which is observed during pathological con-
ditions such as aging, neurodegeneration, and iron deficiency [5,6].
However, the expression of this regulatory protein under thalassemia
with iron-overload has not known.

Interestingly, our previous studies showed that iron-overload rats
developed iron-mediated brain pathologies, hippocampal dysplasticity,
reduction of dendritic spine number, and Alzheimer's like pathologies,
which subsequently led to cognitive impairment [7,8]. However, brain
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toxicity in iron-overload thalassemic animals has not been investigated.
Furthermore, several studies also positively showed a correlation be-
tween brain iron-overload and microglia hyperactivation which is ac-
companied with neuroinflammation [9–11], and increased brain oxi-
dative stress [10]. However, there is little known about the effect of
microglia hyperactivation following thalassemic condition with iron-
overload.

The beneficial effects of deferiprone therapy in the heart of tha-
lassemic patients have been reported [12–14]. However, there was no
report revealing the usefulness of deferiprone against brain toxicity of
thalassemic patients.

Recently, a T-type calcium channel (TTCC) blocker (efonidipine)
has been reported to exert cardioprotective effects in thalassemic mice
with iron-overload [15,16]. These findings indicate that TTCC might
also play an important role in brain dysfunction of thalassemic condi-
tion. Nevertheless, there is no study demonstrating the potential role of
TTCC in the brain of thalassemic condition with iron-overload.

Therefore, we hypothesized that 1) brain toxicity in iron-overload
condition was demonstrated by elevated iron accumulation, circu-
lating/brain inflammation, circulating/brain oxidative stress, blood-
brain-barrier (BBB) breakdown, the expression of brain divalent metal
transporter-1 and T-type calcium channel, glial hyperactivation, brain
mitochondrial dysfunction, imbalance of brain mitochondrial dy-
namics, brain apoptosis, and Alzheimer's like changes, in both wild-type
and thalassemic mice, and 2) not only deferiprone, but also efonidipine,
provides neuroprotection against iron toxicity in wild-type and tha-
lassemic mice.

2. Materials and methods

2.1. Animal model

Adult C57/BL6 mice (3–6 months old (20–25 g); n= 64) including
wild-type (muβ+/+, WT n=32) and heterozygous β-Knockout type
(muβth-3/+, HT n=32) were used [17,18]. The HT mice naturally have
mild anemia presenting as a decrease in hemoglobin level, an increase
in serum iron and reactive oxygen species production, and a decrease in

heart rate variability (HRV). These complications are similar to those of
thalassemia intermedia observed in humans [19]. Mice were provided
by the Thalassemia Research Center, Institute of Molecular Biosciences,
Mahidol University, Bangkok, Thailand. All experimental protocols
were approved by the Institutional Animal Care and Use Committee
from the Faculty of Medicine, Chiang Mai University (13/2560). Mice
were housed in well-controlled conditions including 20–22 °C and
50 ± 10% of humidity with a 12-h day/night cycle. Mice had un-
limited access to drinking water throughout the entire experiment.

2.2. Iron-overload induction and pharmacological administration

WT and HT mice used as control groups were given a normal diet
(ND, n=8 in both subgroup), whilst all the iron-overload groups were
given a diet containing 0.2% ferrocene/kg of diet (HFe, n= 8 in each of
6 subgroups) for 3 consecutive months [15,20]. At the end of the 2-
month period, both ND groups were given 0.9% NSS via intragastric
gavage, once daily. In contrast, each HFe group received the ther-
apeutic interventions [15,20,21]. These were: 1) HFe mice treated with
NSS (HFe control group), 2) HFe mice treated with deferiprone
(HFe + DFP), and 3) HFe mice treated with efonidipine (HFe + Efo).
HFe + DFP mice received 75-mg/kg/day DFP (Ferriprox®, Apotex Inc.,
Toronto, Ontario, Canada), via intragastric gavage, twice daily.
HFe + Efo mice received 4-mg/kg/day efonidipine (Sigma-Aldrich, St.
Louis, MO, USA), via intragastric gavage, once daily. Deferiprone is a
commercially available solution (Ferriprox®, Apotex Inc., Toronto,
Ontario, Canada), whereas efonidipine compound was dissolved in
0.9% NSS. Mice were given the assigned interventions for 1 month
whilst still being fed with the assigned diet. At the end of the experi-
ments (4 months after diet consumption and treatment), all mice were
sacrificed, and blood was collected from the heart and kept in Na-he-
parin tube until further analyses. In addition, brain samples were also
collected for further analysis. Plasma was obtained by centrifugation
(3000 rpm, 4 °C for 15 min) and subsequently kept frozen at -80 °C until
further analysis, tests including those for transferrin bound iron (NTBI),
a plasma oxidative stress marker (8-isoprostane) and a plasma in-
flammatory marker (TNF-α).

Fig. 1. The summary of experimental protocol for both wild-type and heterozygous mice. DFP; deferiprone; Efo; efonidipine; HFe; high-iron diet, ND; normal diet.
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After decapitation, brain tissue, apart from the cerebellum, was
immediately removed. Brain samples were collected for determining
brain parameters including brain iron deposition which was assessed by
Prussian blue staining, and presence of brain oxidative stress and brain
inflammatory markers. In addition, expression of tight junction proteins
in the blood-brain barrier, brain iron-regulatory proteins, brain apop-
totic signaling, brain mitochondrial fusion and fission, and glial acti-
vation markers. Alzheimer's like pathologies were also determined. The
experimental protocol is summarized in Fig. 1.

3. Assessment of plasma non-transferrin bound iron (NTBI)

As modified from a previous study [22], a nitrilotriacetic acid dis-
odium salt (NTA) chelating technique was used. Briefly, plasma was
incubated with NTA solution for 30 min to allow Fe3+-(NTA)2 forma-
tion [8,15]. The complex from plasma mixture was isolated through a
membrane filter (NanoSep®, polysulfone type; Pall Life Sciences, Ann
Arbor, MI, USA). The concentration of Fe3+-(NTA)2 was used to cal-
culate the level of NTBI in the ultrafiltrate. Plasma NTBI concentration
was detected by flow cytometry (Guava EasyCyte HT, Merck Millipore,
Germany).

4. Plasma and brain 8-isoprostaglandin F2α (8-isoprostane) level

The 8-isoprostane level in plasma and brain samples was quantified
using Oxiselect™ 8-iso-Prostaglandin F2α ELISA kit (STA-337) (Cell
Biolabs, Inc, San Diego, CA, USA. Samples were hydrolyzed (20 μl 10 N
NaOH:80 μl sample) at 45 °C for 2 h, then neutralized with 20 μl 10 N
HCl to provide a milky product. All samples were subsequently cen-
trifuged at 12,000 g for 5min. Clear supernatant was used immediately
or stored at −20 °C for further analysis. The assay protocol was con-
ducted following manufacturer's procedures. Absorbance was read at a
wavelength of 450 nm.

5. Plasma and brain inflammatory markers

Plasma and brain inflammatory markers were investigated using a
mouse TNF-α high sensitivity ELISA kit (Invitrogen, CA, USA) in ac-
cordance with the protocol detailed by the manufacturer. Absorbance
was determined at a wavelength of 450 nm, with the correction wa-
velength set at 540 nm. Data were expressed in pg/ml unit.

6. Brain iron content assay

Brain homogenate was precipitated in protein precipitation solution
(1:1) [7,8]. After centrifugation, supernatants were either mixed in
1.5 mol/l sodium acetate with 0.1% TGA for the blank or in chromogen
solution (1:1). Samples were incubated for 30min at room temperature.
Absorbance of samples was investigated at a wavelength of 562 nm.

7. Brain iron deposition assay

Perl's super vital dye solution [8] was used to determine deposition
of iron in the brain. Perl's stained tissue was observed under a light
microscope (Olympus Corporation, Philadelphia USA) and captured
using a camera (Sony, Japan) [8].

8. Amyloids-β 42 (Aβ42) assay

Aβ42 level was measured using mouse Aβ42 sandwich enzyme-
linked immunosorbent assay (ELISA) kits (Invitrogen, CA, USA) in ac-
cordance with the protocol detailed by the manufacturer. Absorbance
was determined at a wavelength of 450 nm and results expressed in pg/
mg of protein.

9. Brain mitochondrial isolation technique

Brain mitochondrial isolation was performed as modified from
previous studies [23,24]. Mitochondrial pellets were re-suspended with
respiration buffer. The protein concentration was determined according
to the Bicinchoninic Acid (BCA) Assay as previously described [25].

10. Assessment of brain mitochondrial swelling

Brain mitochondrial swelling was measured by determining the
changes in the absorbance of the suspension at 540 nm. Brain mi-
tochondrial swelling was represented by a reduction of absorbance
value [7,24].

11. Assessment of brain mitochondrial membrane potential (ΔΨm)

A JC-1 dye was used to determine brain mitochondria membrane
potential (ΔΨm) [7,24]. A decreased red/green fluorescence intensity
ratio was used to assess brain mitochondrial depolarization [7,24].

12. Determination of brain mitochondrial ROS production

Brain mitochondrial ROS production was measured using fluor-
escent dichlorohydro-fluorescein diacetate (DCFH-DA) dye.
Fluorescence intensity was determined, increased fluorescence intensity
indicating an increased brain mitochondrial ROS production [7,24].

13. Immunoblotting assay

Brain protein extraction was prepared by using a lysis buffer com-
posed of 1-mM EDTA, 1-mM EGTA, 1% NP-40, 1% Triton X-100 with
1X protease inhibitor [7]. Total protein (50–80 μg) was mixed with a
loading buffer (5% β-mercaptoethanol, 0.05% bromophenol blue,
75mM Tris-HCl (pH 6.8), 2% SDS and 10% glycerol) and the equal
amount of protein from each sample (15 μl/lane) were loaded onto 10%
sodium dodecyl sulfate (SDS)-Acrylamide gels (SDS-PAGE). Then, pro-
teins were transferred to a nitrocellulose membrane in a Wet-Tank
immunoblotting system (Bio-Rad Laboratories, Hercules, California,
USA). The transfer of protein from gel to membrane was confirmed by
using Ponceau S solution (Sigma-Aldrich, St. Louis, MO, USA). All
membranes were blocked with either 5% skimmed milk or 5% bovine
serum albumin (BSA) in 1X-Tris-Buffered Saline and Tween (TBST)
buffer for 1 h at room temperature. Membranes were subsequently ex-
posed to primary antibodies for specific protein identification in-
cluding: 1) tight junction protein at the blood-brain barrier, occludin
(SC-5562, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and claudin-
5 (ab15106, Abcam, Cambridge, UK); 2) glial markers, glial fibrillary
acidic protein (GFAP) (#3670S, Cell Signaling Technology, Danvers,
MA, USA) and cluster of differentiation 68 (CD68) (ab125212, Abcam,
Cambridge, UK); 3) apoptotic markers, bax (ab182733, Abcam, Cam-
bridge, UK) and bcl-2 (ab196495, Abcam, Cambridge, UK); 4) the iron
transporter, divalent metal transporter 1 (DMT-1) (ab55812, Abcam,
Cambridge, UK); 5) mitochondrial fusion markers, optic atrophy-1
(OPA-1) (#80471S, Cell Signaling Technology, Danvers, MA, USA) and
mitofusin-2 (Mfn2) (#9482, Cell Signaling Technology, Danvers, MA,
USA); 6) mitochondrial fission markers, dynamin-related protein 1
(Total-DRP1) (#5391, Cell Signaling Technology, Danvers, MA, USA)
and its phosphorylated form (p-DRP1Ser616) (#3455, Cell Signaling
Technology, Danvers, MA, USA); 6) Alzheimer's like pathologies, tau
(#4019, Cell Signaling Technology, Danvers, MA, USA) and its phos-
phorylated form (p-TauThr181) (#12885, Cell Signaling Technology,
Danvers, MA, USA), β-amyloid (SC-28395, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and amyloid precursor protein (APP) (#2452,
Cell Signaling Technology, Danvers, MA, USA), and 7) β-actin (SC-
47778, Santa Cruz Biotechnology, Santa Cruz, CA, USA). All these were
kept overnight at 4 °C. Protein bands were visualized using ECL western
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blotting detection reagent. Densitometry analysis of bands were mea-
sured by Image Processing and Analysis in Java (ImageJ) program
(NIH, Bethesda, MD) and represented in average of signal intensity
(arbitrary units).

13.1. Data analysis

Data were expressed as mean ± standard error of mean (SEM).
One-way ANOVA followed by a least-significance difference (LSD) post-
hoc test analysis was used for a comparison between the groups.
Student's t-tests were used for paired comparisons. P-value<0.05 was
considered statistically significant.

14. Results

14.1. Chronic HFe diet consumption induced circulating iron-overload,
oxidative stress, and inflammation and T-type calcium channels are possible
portals for brain iron uptake

Chronic HFe consumption induced a circulation iron-overload
condition in both wild-type (WT) and heterozygous thalassemic (HT)
mice to an equal extent, as demonstrated by an increased plasma NTBI
(Table 1). In addition, oxidative stress and inflammation were observed
in HFe-fed WT and HT mice, as demonstrated by an elevation in plasma
levels of 8-isoprostane and TNF-α (Table 1).

Despite the pathological changes in circulation, HFe consumption
also potentially induced a loss of blood-brain barrier (BBB) integrity in
both WT and HT mice, as indicated by a decreased expression of tight
junction proteins at the BBB (claudin-5 and occludin) (Fig. 2A and B).
An elevation in brain iron accumulation was also observed to a sig-
nificant level in both HFe-fed WT and HT mice (Fig. 2C). Interestingly,
there was an up-regulation of T-type calcium channel (TTCC) expres-
sion in HFe-fed WT and HT mice (Fig. 2D). Nonetheless, the protein
expression of brain iron transporter divalent metal transporter-1 (DMT-
1) in HFe-fed WT and HT mice showed no change in comparison to that
of ND-fed WT and HT mice (Fig. 2E). Regarding the brain iron de-
position, we found that the iron deposition was sporadically occurred in
the brain (Fig. 3A). However, we found that iron accumulation was
noticed in pyramidal cells of hippocampus (Fig. 3B). All of these find-
ings demonstrate that brain TTCC may be a route for brain iron accu-
mulation during conditions of iron-overload.

14.2. Administration of an iron chelator or TTCC blocker attenuated
circulating iron-overload, oxidative stress, and inflammation in both HFe-fed
WT and HT mice

With regards to pharmacological interventions, both the iron che-
lator: deferiprone, and T-type calcium channel blocker: efonidipine,
alleviated the pathological condition induced by iron-overload as in-
dicated by a reduction in plasma NTBI, plasma 8-isoprostane and
plasma TNF-α (Table 2). These findings suggest that both the iron
chelator and TTCC blocker had equal impact on reducing circulation
pathologies caused by the iron-overload condition.

14.3. Circulating iron-overload condition induced the reduction of blood-
brain barrier (BBB) integrity, and increased brain iron accumulation, which
were restored by a specific iron chelator and TTCC blocker

An iron-overload condition led to a reduction in BBB integrity, an
increase in brain TTCC expression, and brain iron accumulation in both
HFe-fed WT and HT mice. Interestingly, both deferiprone and efonidi-
pine effectively restored BBB disruption in both HFe-fed WT and HT
mice (Fig. 4A and B). Moreover, a reduction in TTCC expression in HFe-
fed WT and HT mice following both interventions was observed
(Fig. 4C). There was no change in brain DMT-1 expression in all groups
(Fig. 4D). Both deferiprone and efonidipine also prevented brain iron
accumulation in HFe-fed WT and HT mice (Fig. 4E). Consistent with
brain iron level, administration of both deferiprone and efonidipine
could prevent brain iron deposition in whole brain section (Fig. 5A) and
hippocampus (Fig. 5B).

14.4. Circulating iron-overload equally induced brain oxidative stress, brain
inflammation, and glial hyperactivation in both HFe-fed WT and HT mice
which could be prevented by both interventions

Brain 8-isoprostane and brain TNF-α were elevated in HFe-fed WT
and HT mice, when compared with ND-fed WT and HT mice (Fig. 6A
and B). Glial hyperactivation was also observed, as indicated by the up-
regulation in protein expression of cluster differentiation 68 (CD68) and
glia fibrillary acidic protein (GFAP), microglial and astrocytic markers,
respectively (Fig. 6B–D). These findings suggest that circulating iron-
overload not only induces pathological changes in the peripheral area,
but also causes brain pathologies including brain iron-overload, brain
oxidative stress, brain inflammation, and glial hyperactivation. Inter-
estingly, both deferiprone and efonidipine treatments provided equal
efficacy in restoring brain oxidative stress, brain inflammation, and the
up-regulated glial protein expression (Fig. 6).

14.5. Circulating iron-overload induced brain apoptosis, impaired brain
mitochondrial function, and disrupted brain mitochondrial dynamics, but
both interventions prevented brain cell death and attenuated brain
mitochondrial changes in both HFe-fed WT and HT mice

Circulating iron-overload could also induce brain mitochondrial
dysfunction by increasing brain mitochondrial reactive oxygen species
(ROS) production, indicated by a decreasing red/green fluorescent in-
tensity ratio which typifies brain mitochondrial depolarization, and
reducing absorbance of mitochondrial suspension which demonstrated
brain mitochondrial swelling (Fig. 7A–C). Although there was no
change in the total formation of dynamin related protein-1 (Total-DRP-
1) expression (Fig. 7D), phosphorylated dynamin related protein-1 at
serine 616 (p-DRP-1Ser616) was up-regulated in HFe-fed WT and HT
mice (Fig. 7E), indicating the elevation of the mitochondrial fission
process. On the other hand, mitofusin-2 (Mfn2) and optic atrophy 1
(OPA1) were decreased in HFe-fed WT and HT mice (Fig. 7F and G),
demonstrating the reduction of mitochondrial fusion. These findings
indicate that iron-overload could unbalance the processes involved in
brain mitochondrial dynamics (Fig. 7C–G). Surprisingly, both inter-
ventions potentially prevented brain mitochondrial dysfunction and the

Table 1
Effects of high-iron diet consumption on plasma iron-overload, oxidative stress, and inflammation.

Peripheral parameters Wild-type mice (WT) Heterozygous mice (HT)

ND HFe ND HFe

Plasma NTBI (μM) 0 4.19 ± 0.26* 0 4.21 ± 0.49*
Plasma 8-isoprostane (ng/ml) 6.36 ± 2.10 52.23 ± 4.55* 5.96 ± 2.05 54.58 ± 3.78*
Plasma TNF-α (pg/ml) 6.01 ± 0.11 8.40 ± 0.96* 6.03 ± 0.20 9.16 ± 0.59*

*p < 0.05 vs. ND group. HFe; high-iron diet, ND; normal diet, NTBI; non-transferrin bound iron, TNF-α; tumor necrosis factor-alpha.

J. Sripetchwandee, et al. Life Sciences 239 (2019) 116878

4



imbalance of brain mitochondrial dynamics (Fig. 7).
In addition, the iron-overload condition triggered the up-regulated

expression of a pro-apoptotic protein (bax) (Fig. 8A) and the elevated
apoptosis ratio (Fig. 8C) in both HFe-fed WT and HT mice, although the
anti-apoptotic protein expression did not change (Fig. 8B). These sug-
gest that iron overload potentially induced brain apoptosis. However,
both pharmacological treatments effectively prevent brain impairment
from iron-induced brain apoptosis, when compared with HFe-fed WT
and HT mice (Fig. 8).

Taken together, these findings suggest that iron-overload induced
brain apoptosis and brain mitochondrial alteration and the adminis-
tration of an iron chelator and a calcium channel blocker protected the
brain against brain mitochondrial changes.

14.6. Circulating iron-overload induced β-amyloid accumulation and tau
hyperphosphorylation, but an iron chelator and a TTCC blocker decreased
the occurrence of these Alzheimer's-like pathologies in both HFe-fed WT and
HT mice

There was an increase in β-amyloid level and protein expression in
HFe-fed WT and HT mice (Fig. 9A and B), in association with a re-
duction in amyloid-precursor protein (APP) (Fig. 9C). Iron-overload
also induced a hyperphosphorylation of tau protein at Threonine 181

(Fig. 9D), although total-tau protein expression was not changed
(Fig. 9E). Nonetheless, these potentially serious effects were abolished
when deferiprone or efonidipine were administered in both HFe-fed WT
and HT mice (Fig. 9). These findings demonstrate that iron-overload led
to an increase the Alzheimer's like changes and both interventions ef-
fectively, equally, hindered this deleterious effect.

15. Discussion

The major findings from this study are as follows: 1) chronic HFe
consumption equally induced pathological conditions in peripheral
areas of both HFe-fed WT and HT mice by inducing circulation iron-
overload, oxidative stress, and inflammation; 2) TTCC may be a pos-
sible route for brain iron uptake under conditions of circulating iron-
overload, leading to BBB breakdown, brain iron accumulation, brain
iron deposition, brain oxidative stress, brain inflammation, glial hy-
peractivation, brain mitochondrial changes as regards both function
and dynamics, brain apoptosis, and Alzheimer's like pathologies; 3) the
iron chelator, deferiprone, and the TTCC blocker, efonidipine, equally
attenuated circulating changes by mitigating circulating iron-overload,
oxidative stress, and inflammation, and 4) deferiprone and efonidipine
also exhibited equal efficacy in neuroprotection by providing re-
storative effects on BBB integrity, TTCC protein expression, brain iron

Fig. 2. Effects of chronic high-iron diet consumption on tight junction proteins of blood-brain barrier (A and B); brain iron level (C); brain t-type calcium channels
(D); and brain iron transporters (E). Representative bands of tight junction proteins, brain t-type calcium channels, and brain iron transporters are shown in panel F.
Experimental group from each lane includes 1. WT-ND, 2. WT-HFe, 3. HT-ND, and 4. HT-HFe. ⁕p < 0.05 vs ND group. DMT-1; divalent metal transporter-1, HFe;
high-iron diet, HT; heterozygous mice, ND; normal diet, TTCC; t-type calcium channel, WT; wild-type mice.

Fig. 3. Representative images of Prussian blue
iron staining in whole brain section (A) and hip-
pocampus (B) of wild-type and thalassemic mice
using with 5X and 20X magnification objective
lens, respectively. Arrows indicate blue-colored
iron staining in brain. HFe; high-iron diet, HT;
heterozygous mice, ND; normal diet, WT; wild-
type mice. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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Table 2
Effects of pharmacological interventions on peripheral parameters.

Peripheral parameters Wild-type mice (WT) Heterozygous mice (HT)

ND HFe HFe + DFP HFe + Efo ND HFe HFe + DFP HFe + Efo

Plasma NTBI (μM) 0 4.17 ± 0.22* 2.95 ± 0.18*,† 2.52 ± 0.40*,† 0 4.17 ± 0.42* 3.10 ± 0.19*,† 3.06 ± 0.29*,†

Plasma 8-isoprostane (ng/ml) 7.35 ± 1.98 44.28 ± 9.65* 16.94 ± 3.17*,† 10.76 ± 4.76*,† 6.13 ± 1.69 55.32 ± 3.02* 32.04 ± 8.16*,† 23.77 ± 7.81*,†

Plasma TNF-α (pg/ml) 5.96 ± 0.08 8.10 ± 0.74* 7.21 ± 0.16*,† 6.98 ± 0.14*,† 6.05 ± 0.15 9.21 ± 0.83* 7.70 ± 0.04*,† 7.90 ± 0.47*,†

*p < 0.05 vs. ND group, †p < 0.05 vs HFe group. DFP; deferiprone, Efo; efonidipine, HFe; high-iron diet, ND; normal diet, NTBI; non-transferrin bound iron, TNF-α;
tumor necrosis factor-alpha.

Fig. 4. Effects of deferiprone and efonidipine on tight junction proteins of blood-brain barrier (A and B); brain t-type calcium channel (C); brain iron transporter (D);
and brain iron level (F). Representative bands of tight junction proteins, brain t-type calcium channels, and brain iron transporters are shown in panel E.
Experimental group from each lane includes 1. WT-ND, 2. WT-HFe, 3. WT-HFe + DFP, 4. WT-HFe + Efo, 5. HT-ND, 6. HT-HFe, 7. HT-HFe + DFP, and 8. HT-
HFe + Efo. ⁕p < 0.05 vs ND group, †p < 0.05 vs HFe group. DFP; deferiprone, DMT-1; divalent metal transporter-1, Efo; efonidipine, HFe; high-iron diet, HT;
heterozygous mice, ND; normal diet, TTCC; t-type calcium channel, WT; wild-type mice.

Fig. 5. Representative images of Prussian blue iron staining in whole brain section (A) and hippocampus (B) of wild-type and thalassemic mice using with 5X and 20X
magnification objective lens, respectively. Arrows indicate blue-colored iron staining in brain. Treatment with either DFP or Efo protected brain against iron
deposition. DFP; deferiprone, Efo; efonidipine, HFe; high-iron diet, HT; heterozygous mice, ND; normal diet, WT; wild-type mice. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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content, brain oxidative stress, brain inflammation and glial hyper-
activation, brain mitochondrial function, brain mitochondrial dy-
namics, brain apoptosis, and Alzheimer's like changes.

Consistent with our previous report, this study found that the se-
verity of circulating iron-overload occurred equally in both HFe-fed WT
and HT mice [15]. This might be due to the circulating iron-overload by
chronic consumption of HFe for 4 months would be at the maximum
level of iron-overload, hence induced the most severe level of iron
toxicity. Therefore, the peripheral and brain pathologies were no dif-
ferent between HFe-fed WT and HFe-fed HT mice. Nonetheless, this is
the first study to demonstrate that the circulating iron-overload induced
brain pathologies in thalassemic mice and the pharmacological inter-
ventions using iron chelator and calcium channels blocker effectively

provided neuroprotection against iron-overload conditions in a tha-
lassemic model.

Divalent metal transporter 1 (DMT-1) is commonly known as phy-
siological pathway for iron entry into the cells, particularly in brain
cells [26,27]. A recent study revealed that an increased expression of
DMT1 in both mRNA and protein lead to enhances uptake of Fe2+ in C6
glioma cells [28]. This finding suggested that an increase in DMT-1
expression was associated with brain iron accumulation. However, we
found that under conditions of iron-overload, the protein expression of
DMT-1 was not changed in iron-overload WT and HT mice, when
compared with control mice. This inconsistency might be due to several
possibilities including: 1) the severity of iron overload was insufficient
to alter this protein expression; 2) under iron-overload, DMT-1 was

Fig. 6. Effects of deferiprone and efonidipine on brain oxidative stress (A), brain inflammation (B), microglial activation (C), and astrocytic activation (D).
Representative bands for the activation of microglia and astrocyte are shown in panel E. ⁕p < 0.05 vs ND group, †p < 0.05 vs HFe group. Experimental group from
each lane includes 1. WT-ND, 2. WT-HFe, 3. WT-HFe + DFP, 4. WT-HFe + Efo, 5. HT-ND, 6. HT-HFe, 7. HT-HFe + DFP, and 8. HT-HFe + Efo. CD68; cluster of
differentiation 68, DFP; deferiprone, Efo; efonidipine, GFAP; glial fibrillary acidic protein, HFe; high-iron diet, ND; normal diet, TNF-α; tumor necrosis factor-alpha.

Fig. 7. Effects of deferiprone and efonidipine on: brain mitochondrial ROS production (A), mitochondrial membrane potential change (B), mitochondrial swelling
(C), mitochondrial fission proteins (D and E), and mitochondrial fusion proteins (F and G). Representative bands for mitochondrial fission and fusion proteins are
shown in panel H. Experimental group from each lane includes 1. WT-ND, 2. WT-HFe, 3. WT-HFe + DFP, 4. WT-HFe + Efo, 5. HT-ND, 6. HT-HFe, 7. HT-HFe + DFP,
and 8. HT-HFe + Efo. ⁕p < 0.05 vs ND group, †p < 0.05 vs HFe group. DFP; deferiprone, DRP-1; dynamin-related protein 1, Efo; efonidipine, HFe; high-iron diet,
Mfn2; mitofusin 2, ND; normal diet, OPA1; optic atrophy 1, ROS; reactive oxygen species.
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used as one of portals for brain iron uptake, and 3) DMT-1 might not be
a major route for iron uptake into the brain, since several studies de-
monstrated that calcium channels played an important role in the al-
ternative route for brain iron uptake under iron-overload conditions
[29–31].

Surprisingly, we found that TTCC protein in the brain was up-
regulated following circulating iron-overload caused by chronic HFe
consumption. This finding is consistent with recent studies which in-
dicated that the TTCC expression increased and also that TTCCs played
a significant role in the cardiac dysfunction in cases of thalassemia with
iron-overload conditions [20,32]. Collectively, these findings demon-
strate that TTCC might also play an important role in brain complica-
tions in thalassemic patients with iron-overload. Therefore, the ad-
ministration of a TTCC blocker could be considered as one of

therapeutic strategies for preventing iron-overload conditions and also
iron-induced organs toxicity in these patients.

In the present study, glial hyperactivation in the iron-overload brain
was found, as indicated by an up-regulation of microglial and astrocytic
markers (CD68 and GFAP, respectively). The hyperactivation of mi-
croglia, resulting from an inflammatory response, occurred when neu-
rons were damaged [33,34]. After exposure to the extracellular signals
such as pathogens, foreign substances as well as dead cells, morpho-
logical changes of microglia can occur into amoeboid shapes which are
associated with short processes [35]. Not only were there solely mor-
phological changes but the hyperactivation of microglia also led to
changes in both cellular signaling and gene expression. These changes
resulted in the release of pro- or anti-inflammatory factors and free
radicals and the recruitment of certain molecules [36,37]. Several

Fig. 8. Effects of deferiprone and efonidipine on brain apoptotic markers; bax (A), anti-apoptotic markers; bcl-2 (B), and apoptotic ratio (C). Representative bands for
apoptotic-related proteins are shown in panel E. Experimental group from each lane includes 1. WT-ND, 2. WT-HFe, 3. WT-HFe + DFP, 4. WT-HFe + Efo, 5. HT-ND,
6. HT-HFe, 7. HT-HFe + DFP, and 8. HT-HFe + Efo. ⁕p < 0.05 vs ND group, †p < 0.05 vs HFe group. DFP; deferiprone, Efo; efonidipine, HFe; high-iron diet, ND;
normal diet.

Fig. 9. Effects of deferiprone and efonidipine on brain β-amyloid level (A) and protein expression of β-amyloid (B), amyloid precursor protein (APP) (C), tau proteins
(D and E). Representative bands for β-amyloids, APP, and tau proteins are shown in panel F. Experimental group from each lane includes 1. WT-ND, 2. WT-HFe, 3.
WT-HFe + DFP, 4. WT-HFe + Efo, 5. HT-ND, 6. HT-HFe, 7. HT-HFe + DFP, and 8. HT-HFe + Efo. ⁕p < 0.05 vs ND group, †p < 0.05 vs HFe group. APP; amyloid
precursor protein, DFP; deferiprone, Efo; efonidipine, HFe; high-iron diet, ND; normal diet.
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studies also demonstrated that an over-activation of microglia caused
neurotoxicity since they can activate pro-inflammatory factors in-
cluding IL-1β, TNF-α, and nitric oxide (NO) [38,39].

Not only microglial hyperactivation, astrocytic hyperactivation has
been reported which played an important role in neuroinflammation
[40,41]. An increased level of several inflammatory cytokines such as
IL-1β, IL-6, and TNFα could trigger a classical state of astrocytic hy-
peractivation [42]. It has been demonstrated that an elevation in the
GFAP expression is a hallmark of neuroinflammation-mediated neuro-
degeneration, particularly in cases of Alzheimer's disease [43]. Fur-
thermore, hyperactivated microglia amplified the hyperactivation of
astrocytes through a release of inflammatory cytokines such as IL-1β
and TNF-α which effectively induced neuronal injury [44–46].

Glial hyperactivation was also associated with iron-mediated oxi-
dative stress and neuroinflammation [47–50]. Activation of an NADPH
oxidase (NOX), a critical enzyme in the ROS-generating system in mi-
croglia not only plays a role in neuroinflammation, but also contributes
to neuronal death [51–53]. In addition, microglial phagocytic inability
to clear abnormally aggregated Aβ could lead to the induction of in-
flammation, oxidative stress, and neurodegeneration [54–56]. Astro-
cytes were also involved in the incidence of oxidative stress [57]. The β-
amyloid treatment increased an intracellular-free Ca2+ influx from the
extracellular space which activated nitric oxide NADPH oxidase (NOX),
leading to induced astrocytic mitochondrial dysfunction [57]. Fur-
thermore, a recent study reported that under conditions of oxidative
stress a neuronal glycolytic metabolic pattern was altered, as demon-
strated by a reduction in glutamate-glutamine cycling between the
neurons and the astrocytes [48]. Astrocytic cell proliferation was in-
creased to counter the metabolic shift and provide sufficient energy
substrates to neuronal cells [48]. Consistent with these previous studies,
brain inflammation and brain oxidative stress were also observed in the
present study. Taken altogether these findings suggest that the hyper-
activation of microglia and astrocytes, in response to peripheral and
central iron-stimuli, led to an increase in inflammatory cytokines and
oxidative stress in brain and thus subsequently inducing neuronal in-
jury.

Regarding the pharmacological interventions, the iron chelator,
deferiprone, exerted neuroprotective effects in the thalassemic model
with iron-overload. Although this is the first study indicating the pro-
tective effects on the brain of thalassemic subjects, its neuroprotective
effects have also been recently reported in iron-overload rats [7,8].

Separate to the action of the iron chelator, we found that a TTCC
blocker, efonidipine, potentially attenuated the iron-overload condition
in both circulations impacted and brain regions of WT and HT mice fed
with HFe. To explain the underlying mechanism responsible for these
findings, some studies have reported that the carbonyl group in the
chemical structure of efonidipine which confer the efficacy for iron
chelation [58,59]. In addition, efonidipine also reduced the plasma
oxidative stress caused by HFe consumption. A recent report indicated
an anti-oxidant effect of efonidipine in an acute renal failure rat model
[60]. This implied that efonidipine administration could be either
prevent iron uptake into the brain or have a direct effect on reducing
iron-induced oxidative stress. Taken together, these findings support a
reason why this TTCC blocker effectively attenuated circulating iron-
overload and other complications associated with circulation, resulting
in protection of the brain against iron toxicity as demonstrated in this
study. However, further investigation is still required to clarify its un-
derlying mechanisms as a neuroprotective agent under iron-overload
conditions.

In conclusion, the iron-overload condition plays an important role
in causing brain toxicity in not only the thalassemic model, but also a
wild-type model. Interestingly, the administration of an iron chelator
and a T-type calcium channel blocker exerted neuroprotective effects of
equal magnitude against the iron-overload condition through several
underlying mechanisms. Taken together, these findings suggest that
iron chelation and calcium channel blocking could be potential

strategies for neuroprotection from iron-overload condition in tha-
lassemic patients.

Study limitation

Regarding the pharmacological inventions, it would be very inter-
esting to see dose-dependent activity and may be the higher dose could
provide better activity.
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