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Abstract
Iron oxide (Fe2O3) nanoparticles (NPs) attract the attention of clinicians for its unique magnetic and paramagnetic properties, 
which are exclusively used in neurodiagnostics and therapeutics among the other biomedical applications. Despite numerous 
research findings has already proved neurotoxicity of Fe2O3-NPs, factors affecting neurobehaviour has not been elucidated. 
In this study, mice were exposed to Fe2O3-NPs (25 and 50 mg/kg body weight) by oral intubation daily for 30 days. It was 
observed that Fe2O3-NPs remarkably impair motor coordination and memory. In the treated brain regions, mitochondrial 
damage, depleted energy level and decreased ATPase (Mg2+, Ca2+ and Na+/K+) activities were observed. Disturbed ion 
homeostasis and axonal demyelination in the treated brain regions contributes to poor motor coordination. Increased intracel-
lular calcium ([Ca2+]i) and decreased expression of growth associated protein 43 (GAP43) impairs vesicular exocytosis could 
result in insufficient signal between neurons. In addition, levels of dopamine (DA), norepinephrine (NE) and epinephrine 
(EP) were found to be altered in the subjected brain regions in correspondence to the expression of monoamine oxidases 
(MAO). Along with all these factors, over expression of glial fibrillary acidic protein (GFAP) confirms the neuronal damage, 
suggesting the evidences for behavioural changes.
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Introduction

Among the engineered nanoparticles (NPs), iron oxide 
(Fe2O3) NPs are the most favourable choice in industrial 
and biomedical applications, since it is noted for magnetic 
properties, low cost and high resistance to corrosion [1]. 
Applications of Fe2O3-NPs in clinical diagnostics and thera-
peutics are growing remarkably [2] including magnetic reso-
nance imaging (MRI) of gastrointestinal tract [3–5], brain 
[6] and targeted drug delivery [7]. Simultaneously, potential 

neurotoxicity of Fe2O3-NPs has also been on rise along with 
its applications. The deleterious impact of iron toxicity due 
to the repeated exposure and bioaccumulation are of a seri-
ous concern. Biomedical applications of Fe2O3-NPs have 
been shown to be the source of iron accumulation in bio-
logical systems regardless of the routes of administration 
[8]. Though the brain is tightly protected by blood–brain 
barrier, Fe2O3-NPs potentially traverse and accumulate in 
the brain regions, which make the Fe2O3-NPs more promis-
ing in neuroimaging [9]. As contrast agent, a mass of more 
than 200 mg of Fe2O3 NPs is injected to human in MRI 
[10]. The translocation of Fe2O3-NPs into central nervous 
system (CNS) increases the brain vulnerability to free radi-
cal toxicity [11]. Exposure to Fe2O3-NPs has been reported 
to cause oxidative stress, neurodegeneration [9, 12, 13], 
neuronal apoptosis [8] and neurobehavioural impairments 
in animal models [14–16]. Further, oral administration of 
Fe2O3-NPs seems to cause defective synaptic transmission 
and nerve conduction in rats [17]. Thus, deeper understand-
ing of Fe2O3-NPs mediated neurotoxicity is crucial to design 
safer therapeutic applications.
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The release of monoamines into synopsis are pivotal 
in mediating the neuronal processes underlying behaviour 
[18]. Motor control and sensory processing is governed by 
dopamine [19] and norepinephrine [20] respectively which 
orchestrates the optimization of behaviour. Studies have 
shown that the altered levels of monoamine underlie the root 
cause for behavioural changes. However, studies emphasiz-
ing impacts of Fe2O3-NPs on behaviour and monoamine 
levels are limited.

Although the neurotoxic impacts of Fe2O3-NPs is proven, 
the key factors responsible for the behavioural impairments 
remain ambiguous. Thus, a focus on the components of neu-
ronal conduction upon Fe2O3-NPs exposure would help to 
understand neurotoxicity in the context of animal behaviour 
to further extent. Since the neuronal ion concentration [17], 
energy homeostasis [21], myelination of axons and proper 
vesicular exocytosis are important for the release of cat-
echolamines such as dopamine (DA), norepinephrine (NE) 
and epinephrine (EP). In the current study, we have inves-
tigated the status of mitochondrial damage, energy level, 
degree of demyelination, machinery of vesicular exocytosis 
and monoamine metabolism upon repeated oral exposure 
to Fe2O3-NPs.

Materials and Methods

Nanoparticles Preparation

Fe2O3-NPs powder was purchased from Sigma Aldrich 
(catalog # 544884) and characterized. 25 mg of NPs was 
dispersed in 1 ml of 0.9% saline, ultra-sonicated at 20 Hz 
for 20 min at 4 °C. The NPs were freshly prepared for each 
administration.

Animals and Experimental Design

Eight weeks old male Albino mice (Mus musculus) weigh-
ing 25 to 30 g were purchased from Experimental Animal 
Centre (Kerala Agricultural University, Trissur, India), 3 
animals were housed per cage and maintained under stand-
ard laboratory conditions. The experiments were conducted 
in accordance with the ethical norms approved by Institu-
tional Animal Ethical Committee (722/02/A/CPCSEA). The 
animals were randomly divided into three groups (n = 5 per 
group). Test groups were orally (i.e. gavage) administered 
with 25 and 50 mg of Fe2O3-NPs/kg bw once a day for 30 
consecutive days and control group received same volume 
of 0.9% saline for the same duration. Different set of animals 
were used for each behavioural analysis, biochemical assays 
and molecular experiments. The doses were chosen based on 
exposure range of Fe2O3-NPs in oral biomedical applications 
[ 22] and our earlier studies [8, 23]. Neurotoxicity has been 

observed in rats orally exposed with 100-1000 mg/kg/day of 
Fe2O3-NPs for 28 days [17], however we have examined in 
lower doses. After 24 h of the last treatment, animals were 
sacrificed by cervical decapitation, blood was collected and 
serum was separated. The brain was isolated intact; washed 
with 0.9% saline and the brain sub regions viz., frontal cor-
tex, cerebellum and hippocampus were chosen for the analy-
sis as the former is responsible for motor coordination and 
the later for learning and memory. The brain sub regions 
were carefully dissected and used for analyses.

Behavioural Studies

Behaviour of animals were analysed to understand the 
impact of Fe2O3-NPs on motor-coordination and learning 
and memory.

Spontaneous motor activity (SMA) was assessed using an 
activity monitoring apparatus [24]. The sensors implanted 
at the floor of the apparatus were sensitive to the vibrations 
of the animals and measures all the activities (locomotion, 
scratching and grooming). The activity of each animal 
inside the chamber was measured for 10 min. The SMA 
was expressed as counts/10 min.

Motor coordination of animals was analysed using rota-
rod apparatus [25]. The animals were forced to stay on the 
rough surface of the horizontal rod (5 cm diameter; 30 cm 
long) rotating at 14 rpm on its axis. The animals having 
defective motor function cannot withstand and would fall 
off from the rotating rod. Each animal was allowed a test 
period of 90 S. The endurance time (S) was calculating as 
the time between placing the animal on the rotating rod, 
and the moment animal fell down, which was automatically 
recorded by the software SMART V3.0.03.

Footprint analysis was performed to evaluate gait pattern 
of control and test animals [26]. Animals were placed in a 
10 cm wide and 100 cm long runway floor which was cov-
ered with white absorbance paper. Before the NPs exposure, 
the animals were trained to pass straight forward through 
the corridor. After training, animals were treated with 
Fe2O3-NPs, the paws were stained (fore-paws with green 
and the hind-paws with red) and animals were allowed to 
walk down the corridor. Sway length, stance length, stride 
length and inter-limb distances were measured.

Morris water maze experiment was performed to assess 
the effect of Fe2O3-NPs on learning and spatial memory [16, 
27]. The water maze apparatus, a circular pool, (160 cm 
diameter; 60 cm depth; Panlab Harvard Apparatus), was 
filled with water to the depth of 50 cm and the temperature 
of water was maintained at 24 ± 1 °C. A resting platform 
(10 cm diameter) was submerged (1 cm) at the centre of 
the pool for the learning trials, and for the memory probe 
test, water was made opaque in order to rule out visual 
cue. Movement of the animals were tracked using SMART 



1535Neurochemical Research (2019) 44:1533–1548	

1 3

V3.0.03 software. The latency (time required to find the plat-
form) was measured in control and NPs treated animals and 
expressed in S.

Elemental Analysis

The elemental analysis was done by the protocol described 
by Wang et al. [9]. Inductively coupled plasma mass spec-
trometry (IC-MS) was used to measure the concentration of 
Mg2+, Na+, K+ and Fe2+ in serum (µg/dl) and brain regions 
-frontal cortex, hippocampus and cerebellum (µg/g wet 
tissue).

Mitochondrial Analysis

Mitochondria were isolated from the brain regions as per 
Qiagen protocol (catalog # 37612). The mitochondria with 
undamaged outer membrane were estimated as described 
in the product information by Sigma Aldrich (catalog # 
CYTOCOX1).

ATP Determination

Tissues of brain regions were individually homogenized 
with ice cold lysis buffer (25 mM Tris, pH 7.5, 4 mM EGTA, 
1% Triton X-100, 10% glycerol, 2 mM dithiothreitol). ATP 
levels in the brain regions was analysed by firefly luciferase-
based ATP detection kit as per manufacturers’ protocol 
(Thermo Fisher Scientific, Texas, USA).

Western Blotting

Expression pattern of neuronal dysfunction and cell death 
markers were analyzed in the frontal cortex, hippocampus 
and cerebellum of control and treated animals. To analyze 
the mitochondrial damages, the mitochondria and cytoplasm 
were separated as described by Qiagen protocol (catalog # 
37612). Blotting was performed by the standard protocol 
as described [16]. Membranes with the mitochondrial and 
cytoplasmic lysate fractions were incubated overnight with 
primary antibodies of mouse anti-cytochrome c (1:2000). 
The membranes with whole cell lysate were incubated with 
mouse anti-cytochrome c (1:2000) and mouse anti-heat 
shock protein 27 (HSP27) (1:2500). Glyceraldehyde-3-pho-
phate dehydrogenase (GAPDH) and Cytochrome c oxidase 
IV (Cox IV) were used as loading controls for cytoplasmic 
and mitochondrial fractions respectively.

To examine the glial fibrillary acidic protein (GFAP) and 
vesicular exocytosis aiding protein (growth associated pro-
tein 43, GAP43) expression, the brain regions were homog-
enized with ice-cold RIPA buffer. The homogenate was 
centrifuged at 12000 rpm for 20 min at 4 °C and the super-
natant was collected. The protein was estimated by Bradford 

method. Protein lysates were loaded in 10% SDS PAGE gel 
and transferred, blocked with 5% fat free skim milk and 
incubated individually with rabbit anti-GFAP (1:5000), rab-
bit anti-GAP43 (1:5000) and mouse anti-GAPDH.

The proteins were detected using horseradish peroxidase 
(HRP)-conjugated anti-rabbit, anti-goat or anti-mouse sec-
ondary antibodies (1:2500) and visualized by DAB staining 
(0.02% DAB in 0.01% H2O2). The same procedure was fol-
lowed for hippocampus and cerebellum lysates. GAPDH was 
used as the internal control to ensure equal sample loading 
and Western transfer. Densitometry analyses of immunob-
lots were quantified using ImageJ analysis software from 
National Institute of Health (NIH).

Estimation of ATPase

Ca2+, Mg2+ and Na+/K+ ATPase activities were measured 
using spectrophotometer by the method described by Hjerten 
and Pan [28], Ohnishi et al. [29] and Bonting et al. [30] 
respectively.

Lipid Peroxidation

Lipid peroxidation (LPO) produce malondialdehyde (MDA), 
which reacts with thiobarbituric acid (TBA) to form a pink 
chromogen. MDA and TBA adduct was estimated by its 
absorbance at 532 nm and expressed as nM/mg protein [31].

TEM Analysis

After the treatment period, animals were subjected to vas-
cular perfusion with the mixture of 2.5% glutaraldehyde and 
2% paraformaldehyde, made in 0.1 M sodium phosphate 
buffer (pH 7.4). The brain regions were fixed with the same 
fixative at 4 °C. After fixation about 2 mm of respective 
brain regions were excised and further trimmed into 1 mm 
pieces. The tissues were osmicated, dehydrated and embed-
ded in araldite CY212. The area from 500 nm block was 
selected using light microscope after staining with 0.5% 
toluidine blue. The blocks were cut by using ultramicrotome 
contrasted with uranyl acetate and lead citrate and observed 
under TECANI G20 transmission electron microscope (FEI 
Company, Netherland).

High Performance Liquid Chromatography (HPLC)

The frontal cortex, hippocampus and cerebellum of the con-
trol and experimental animals were dissected and homoge-
nized with 0.1 M trichloroacetic acid, 10 mM sodium acetate 
and 0.1 mM EDTA (pH 3.75). 1% isoproterenol was used as 
internal control. The supernatant was filtered through 0.2 μ 
filter and 20 μl of filtrate was injected into HPLC. Standard 
stocks of DA, NE and EP were made at a concentration of 
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1 mg/ml and serially diluted to obtain a concentration of 
10 pg/μl of injection volume. The analysis was done using 
isocratic ion-pair HPLC (Shimadzu Co., Kyoto, Japan) with 
electrochemical detection (Biorad, Richmond, CA, USA).
The HPLC analysis was performed as described by Kim 
et al. [32] and Chen et al. [33].

Immunohistochemistry (IHC)

Frontal cortex (motor region), hippocampus (CA1) and 
cerebellum (arbour vitae and cerebellar cortex) tissue sec-
tions (5 μ) were dehydrated with different graded ethanol 
solutions. IHC was performed by the standard protocol as 
previously described [16]. After blocking, the sections were 
incubated overnight at 4 °C with primary antibody of rabbit 
anti-GFAP (1:250) and rabbit anti-GAP43 (1:500). Immu-
noreactions were labelled using a DAB staining kit. Sections 
were counterstained using haematoxylin and mounted with 
distrene plasticizer xylene (DPX). Totally five sections (one 
per animal) were quantified in a blind fashion for depicting 
the total number of positively stained cells.

Intracellular Calcium ([Ca2+]i) Estimation

The [Ca2+]i was estimated in the primary cells as described 
earlier [34]. The fluorescence intensity was also measured 
at an excitation wavelength of 340 and 380 nm alternately 
using fluorescence spectrometer (KontronSFM25, Poway, 
California, USA). Absolute values of [Ca2+]i was determined 
based upon the calibration curve [35]. Serum calcium level 
was estimated using calcium test kit (Arsenazo III) method 
as described by the manufacturer and expressed as mg/dl.

Measurement of Monoamine Oxidase (MAO) Activity

Mitochondrial fractions of brain regions were isolated imme-
diately after the animal dissection using Qiagen protocol 
(catalog # 37612). Briefly, isolated mitochondrial fractions 
were washed with 10 volumes of sodium phosphate buffer 
and centrifuged at 15000 g for 30 min at 4 °C. The pellet was 
again suspended with the same buffer. Protein concentration 
was estimated by Bradford method. MAO-A and B activities 
were recorded spectrophotometrically as described by [36]. 
MAO activity was expressed in nM/20 min/mg protein.

Semi‑Quantitative RT‑PCR

The total RNA was extracted with the RNA purification 
kit (Fermentas, Waltham, Massachusetts, USA). The first 
strand cDNA was synthesized from 1 µg of total RNA 
using first strand cDNA synthesis kit. An aliquot of the 
first strand cDNA strand was used as a template. Tyros-
ine hydroxylase (Th), MAO-A and MAO-B primers were 

as follows: Th (F: 5′ATG​GAA​ATG​CTG​TTC​TCA​AC3′ 
and R: 5′GTC​TCT​AAG​TGG​TGG​ATT​TTG3′), MAO-A 
(F: 5′CCA​AGA​TCC​ACT​TTA​AAC​CAG3′ and R: 5′AGC​
CAC​AAT​AGT​CCT​TTT​TC3′) and MAO-B (F: 5′AGG​
AAA​AAG​GAT​TTC​TGT​GG3′ and R: 5′CTG​GTT​TGG​
TAT​CAT​CCA​ATG3′). The amplification products were 
electrophoresed on 2% agarose gels to confirm amplifica-
tion specificity. Relative quantification of gene expression 
among each sample was achieved by normalization against 
β-Actin (F: 5′TTC​TGG​AGA​TAC​GGT​TGT​G3′ and R: 5′ 
TGA​TCT​TCA​TGG​TGC​TAG​G3′).

Statistical Analysis

All the values were expressed as mean ± SD of five animals 
in each group. The data were analysed with one-way analysis 
of variance (ANOVA) followed by Tukey’s multiple com-
parison test using SPSS (20.0) software package. p < 0.05 
was considered to indicate statistical significance.

Results

Characterization of NPs

The average size of the commercially availed Fe2O3-NPs 
was found to be 45 nm with spherical shape. Also the NPs 
were found to be pure in maghemite phase. The NPs reveals 
a net positive charge in suspension with high stability (Sup-
plementary Material, Figs. 1–5).

Exposure to Fe2O3‑NPs Impairs Behaviour

There was a significant reduction in SMA and rota-rod 
endurance time in the Fe2O3-NPs treated groups in a dose 
dependent manner (Fig. 1). Footprint analysis shows altera-
tion in paw overlapping patterns. There was an increase in 
inter-limb distance resulting in the alteration of front-limb 
and hind-limb coordination ultimately leading to irregular 
footprint overlapping. Alterations in sway length, stride 
and stance length were also observed in Fe2O3-NPs treated 
groups (Fig. 2). Morris water maze experiment reveals that 
the Fe2O3-NPs treated animals swim longer to find the hid-
den platform compared to control. 50 mg/kg treated ani-
mals could not able to reach the platform even after 60 S 
(the maximum latency) whereas; control and 25 mg/kg 
treated animals reached the platform 6 and 20 S respectively 
(Fig. 3). This result confirms the occurrence of memory 
defects in higher dose besides locomotor impairment.
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Bioaccumulation of Iron in Brain

ICP-MS analysis shows the bioaccumulation of iron in the 
brain regions of NPs treated animals. There was a significant 
increase in the iron level in Fe2O3-NPs treated group com-
pared to control (Table 1). MRI of brain and Prussian blue 
staining also confirms the iron accumulation in the treated 
brain regions (Supplementary Material, Figs. 6, 7).

Fe2O3‑NPs Damages Mitochondria and Depletes 
Energy Level

There was a significant reduction in the number of mito-
chondria with undamaged outer membrane in the treated 
brain regions compared to control. Western blotting analy-
sis of mitochondrial and cytoplasmic lysates shows reduced 
mitochondrial cytochrome c and increased cytoplasmic 
cytochrome c. Level of HSP27 was decreased in the brain 
regions of treated animals. The ultra-structural imaging also 
confirms remarkable mitochondrial damages in the brain 
regions of test animals. Luciferase assay shows significant 
reduction of ATP level in the brain regions of these animals 
(Fig. 4).

Fig. 1   Exposure to Fe2O3-NPs affects locomotor behaviour in mice. 
a Spontaneous motor activity and b motor coordination. Values are 
mean ± SD of five animals. *p ˂  0.05 compared to control animals; 
#p ˂  0.05 compared to 25  mg/kg treated animals (one-way ANOVA 
followed by Tukey’s multiple comparison test)

Fig. 2   Exposure to Fe2O3-NPs affects gait performance in mice. a 
Foot print of control, b 25 mg/kg and c 50 mg/kg treated mice. The 
analytical graph shows alteration in d stride length, e stance length, f 
sway length and g inter-limb coordination in mice after exposed with 

Fe2O3-NPs. Values are mean ± SD of five animals. *p ˂  0.05 compared 
to control animals; #p ˂  0.05 compared to 25  mg/kg treated animals 
(one-way ANOVA followed by Tukey’s multiple comparison test)
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Fe2O3‑NPs Alters Electrolyte Concentrations 
and ATPase Activities

Electrolyte (Mg2+, Na+ and K+) levels were significantly 
increased in serum and brain tissues of Fe2O3-NPs treated 
groups. Levels of Na+ was significantly increased in the 
tissues of frontal cortex, hippocampus and was decreased 

in cerebellum of treated groups. K+ was significantly 
increased in the tissues of frontal cortex and hippocam-
pus. Cerebellum shows decreased level of K+ in 25 mg/
kg treated group and Mg2+ was significantly increased 
in all the brain regions of treated groups (Table 1). Bio-
chemical analysis shows that the exposure to Fe2O3-NPs 

Fig. 3   Exposure to Fe2O3-NPs impairs learning and memory in mice. 
a Learning trails and b spatial memory test after Fe2O3-NPs exposure 
shows the latency of five animals for five individual test. Values are 
mean ± SD of five animals. *p ˂  0.05 compared to control animals; 

#p ˂  0.05 compared to 25  mg/kg treated animals (one-way ANOVA 
followed by Tukey’s multiple comparison test). c Representative tra-
jectory path image of control and test animals
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significantly reduces the activity of Mg2+ and N+/K+ 
ATPases in all the subjected brain regions (Table 2).

Fe2O3‑NPs Causes Lipid Peroxidation and Axonal 
Demyelination

A significant increase in MDA levels in the frontal cor-
tex, hippocampus and cerebellum were noticed in the 
treated groups (Fig. 5a). The cross-sections of axons were 
observed under TEM. Control neuronal axons with normal 
myelination in all the brain regions, whereas, Fe2O3-NPs 
treated animals were observed with demyelinated axons 
(Fig. 5b).

Effect of Fe2O3‑NPs on Vesicular Exocytosis

Increased serum Ca2+ was observed (Fig. 6a) in NPs treated 
group. Vesicular exocytosis was indirectly assessed by 
analysing the level of [Ca2+]i and expression of GAP43. A 
significant increase of [Ca2+]i was found in the Fe2O3-NPs 
treated brain regions (Fig. 6b, c). Western blotting and IHC 
reveals the reduction in the expression level of GAP43 
(Fig. 6d, e). Frontal cortex and hippocampus of treated 
group show dose dependant reduction in Ca2+ATPase activ-
ity, whereas cerebellum of 50 mg/kg treated group shows 
decrease in the Ca2+ATPase activity compared to control, 
however statistically insignificant (Table 3). 

Fe2O3‑NPs Alters Monoamine Metabolism

Semi-quantitative RT-PCR results show the gene expres-
sion pattern of Th, MAO-A and B. The expression of Th was 
increased in frontal cortex and hippocampus and there was 
no much change observed in cerebellum (Fig. 7a). Gene 
expression of MAO-A was increased in all the subjected brain 
regions of treated animals. MAO-B was increased in frontal 
cortex and hippocampus, whereas cerebellum shows almost 
equal expression in treated animals compared to control. Bio-
chemical activity of MAO-A was significantly increased in 
hippocampus (Fig. 7b). However, MAO-B activity was found 
to be increased in the NPs treated brain regions (Fig. 7c). 
Quantification of monoamines by HPLC reveals decreased 
DA and EP levels in the brain regions of Fe2O3-NPs treated 
groups. But, NE level was found to be increased in all the brain 
regions (Fig. 7d–f).

GFAP Expression

Western blotting and IHC results shows increased GFAP levels 
in Fe2O3-NPs treated groups compared to control (Fig. 8).

Discussion

In the past decades, neurotoxicity of Fe2O3-NPs has been 
studied extensively, but with less emphasize on animal 
behaviour. The present study is intended to give a collective 

Table 1   Ion estimation in the 
serum and brain regions of 
control and treated animals

Unit: µg/dl serum; µg/g wet tissue. Values are mean ± SD of five animals in each group
*p ˂  0.05 significantly different from control
#p ˂  0.05 significantly different from 25  mg/kg Fe2O3-NPs treated mice (One-way ANOVA followed by 
Tukey’s multiple comparison test)

Ion Serum and brain regions Control 25 mg/kg 50 mg/kg

Fe2+ Serum 22.2 ± 1.3 33.1 ± 2.2* 38.5 ± 1.4*#
Frontal cortex 10.9 ± 0.8 13.9 ± 0.7* 17.6 ± 1.2*#
Hippocampus 14.8 ± 1.0 20.2 ± 0.5* 23.5 ± 0.6*#
Cerebellum 19.3 ± 2.2 37.2 ± 4.3* 58.3 ± 3.6*#
Serum 53.3 ± 2.9 85.3 ± 3.4* 118.2 ± 5.3*#
Frontal cortex 12.7 ± 0.5 10.2 ± 0.6* 10.7 ± 0.7*

Mg2+ Hippocampus 20.5 ± 1.3 36.8 ± 2.1* 54.18 ± 2.9*#
Cerebellum 41.5 ± 2.4 52.6 ± 3.9* 70.68 ± 3.4*#
Serum 279.4 ± 34.5 2035.7 ± 53.5* 2562.8 ± 62.8*#
Frontal cortex 192.3 ± 11.2 277.2 ± 21.9* 1995.4 ± 45.8*#

Na+ Hippocampus 431.4 ± 23.4 274.8 ± 13.9* 1136.5 ± 53.9*#
Cerebellum 489.2 ± 29.8 221.9 ± 21.3* 320.4 ± 17.3*#
Serum 1420.7 ± 32.5 2934.3 ± 64.3* 3710.8 ± 43.5*#
Frontal cortex 70.7 ± 10.4 28.8 ± 5.6* 44.3 ± 7.6*#

K+ Hippocampus 561.6 ± 34.7 1925.7 ± 67.5* 2898.0 ± 46.7*#
Cerebellum 2020.4 ± 42.4 1165.9 ± 32.4* 1941.4 ± 22.5*#
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Fig. 4   Exposure to Fe2O3-NPs 
damages mitochondria and 
depletes energy in mice neu-
rons. a % of mitochondria with 
undamaged outer membrane. 
b Immunoblotting analysis of 
HSP27 and cytochrome c from 
whole cell lysate of control 
and treated brain regions. 
Mitochondrial and cytoplas-
mic fractions were probed to 
check the levels of cytochrome 
c. c Ultrastructural changes in 
the neurons (500 nm scale). 
Control brain regions show 
intact mitochondria. Treated 
brain regions shows damaged 
mitochondria—vacuoles inside 
mitochondria (I), cristolysis 
(II), mitochondrial membrane 
damages (III), vacuoles around 
mitochondria (IV) and swollen 
mitochondria (V). d Luciferase 
assay shows the level of ATP 
in the brain regions of control 
and treated animals. Values are 
mean ± SD of five animals in 
each group. *p ˂  0.05 signifi-
cantly different from control; 
#p ˂  0.05 significantly different 
from 25 mg/kg Fe2O3-NPs 
treated mice (one-way ANOVA 
followed by Tukey’s multiple 
comparison test)
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view on the impacts of Fe2O3-NPs on neurobehavior focus-
ing more on monoamines. Mitochondria are the organelle 
of energy metabolism, where optimum iron level and 
cytochrome c plays a vital role in electron transport chain. 
But, in the case of iron accumulation, the excessive iron 
undergoes Fenton’s reaction and generates reactive oxygen 
species to which mitochondria are more vulnerable right 
from the membranes to its internal structures [37]. HSP27 
is a crucial stress response protein that protects cytochrome 
c intact within the mitochondrial inner membrane [38]. 

Downregulation of HSP27 in the brain regions of Fe2O3-NPs 
treated groups suggests the release of cytochrome c from 
the mitochondria. Reduction in the percent of mitochondria 
with intact membranes suggests the release of cytochrome 
c from mitochondria to cytoplasm. The cascade of these 
events eventually constitutes the energy depletion in the 
brain regions of treated animals. Mitochondrial damage and 
metabolic dysfunction seems to be associated with cognitive 
deficits [39].

Further, neuronal excitability consumes the maximum 
ATP generated during oxidative phosphorylation [40]. More 
than half of the total ATP generated in the brain at resting 
state is consumed by Na+/K+ ATPase to maintain proper 
transmembrane ionic gradients [41] and ion homeostasis 
for neuronal communication [42]. Significant decrease in 
the activity of Na+/K+ ATPase and tissue accumulation of 
Na+ and K+ suggest the inadequacy to maintain the tissue 
ion homeostasis in the Fe2O3-NPs treated animals. In addi-
tion, increased level of Mg2+ has shown to cause neurode-
generation by supressing neuronal excitability [43]. Since 
ATP is the substrate for ATPase, energy (ATP) depletion 
in the treated animals explains the decreased Mg2+, Na+/
K+ ATPase activity resulting in disturbed ion homeostasis. 
Expenditure of cellular energy is proportional to the strength 
of action potential and continuous firing [44]. Oral exposure 
to Fe2O3-NPs has been shown to inhibit the activity of Ca2+, 
Na+/K+ and Mg2+ATPase in rat brain [17].

Neuronal electric conductivity majorly depends on the 
levels of [Ca2+]i and electrolytes [45]. Increased cytoplas-
mic Ca2+ elicits the fusion of synaptic vesicles with the 

Table 2   Alteration in the activity of Mg2+ ATPase and N+/K+ 
ATPase in control and Fe2O3 NPs treated mice

Unit: µM of Pi liberated/min/mg protein. Values are mean ± SD of 
five animals in each group
*p ˂  0.05 significantly different from control
#p ˂  0.05 significantly different from 25  mg/kg Fe2O3-NPs treated 
mice (One-way ANOVA followed by Tukey’s multiple comparison 
test)

ATPase Brain regions Control 25 mg/kg 50 mg/kg

Mg2+ ATPase Frontal 
cortex

33.6 ± 3.0 26.5 ± 2.7* 18.3 ± 3.5*#

Hippocam-
pus

38.4 ± 2.4 26.4 ± 2.9* 18.9 ± 3.1*#

Cerebellum 22.4 ± 1.2 19.2 ± 2.1 16.0 ± 1.8*
Frontal 

cortex
33.96 ± 2.0 26.5 ± 2.0* 20.2 ± 1.9*#

Na+/K+ 
ATPase

Hippocam-
pus

27.87 ± 2.8 26.6 ± 2.8 20.5 ± 2.5*#

Cerebellum 27.17 ± 3.3 24.0 ± 2.9 17.8 ± 1.7*#

Fig. 5   Exposure to Fe2O3-NPs induces lipid peroxidation and axonal 
demyelination in mice neurons. a LPO and b TEM analysis shows 
normal myelination in the control and increased degree of demyeli-
nation in the treated brain regions (frontal cortex and hippocampus 
200  nm scale; cerebellum 500  nm scale). The arrow indicates the 

sites of demyelination due to Fe2O3-NPs intoxication. Values are 
mean ± SD of five animals in each group. *p ˂  0.05 significantly dif-
ferent from control; #p ˂  0.05 significantly different from 25  mg/kg 
Fe2O3-NPs treated mice (one-way ANOVA followed by Tukey’s mul-
tiple comparison test)
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plasma membrane [46]. Alteration in Ca2+ homeostasis 
leads to impaired vesicular exocytosis and affects neuro-
transmitter release [47]. Thus the imbalance in Ca2+ lev-
els and Ca2+ATPase activity by Fe2O3-NPs can disturb the 
ion homeostasis in brain and affect the normal physiology. 
Excessive [Ca2+]i [48] and released cytochrome c [38] were 
involved in neuronal apoptosis.

During the process of interneuronal communication, 
[Ca2+]i interacts with GAP43 which facilitates the syn-
optic vesicular exocytosis [49]. Though the treated group 
experiences increased [Ca2+]i, down regulation of GAP43 
suggest the impaired vesicular exocytosis. Loss of synaptic 

Fig. 6   Exposure to Fe2O3-NPs causes defects in vesicular exocytosis 
in mice brain. a Serum calcium level and b [Ca2+]i in brain regions 
(Frontal cortex, hippocampus and cerebellum) of control and treated 
groups. c Fluorescence imaging of [Ca2+]i in the primary cells iso-
lated from the brain regions of control and test animals (80 μm scale). 
d Expression level of GAP43 in control and Fe2O3-NPs treated brain 

regions western blotting and e immunohistochemistry. Values are 
mean ± SD of five animals in each group. *p ˂  0.05 significantly dif-
ferent from control; #p ˂  0.05 significantly different from 25  mg/kg 
Fe2O3-NPs treated mice (one-way ANOVA followed by Tukey’s mul-
tiple comparison test)

Table 3   Alteration in the activity of Ca2+ ATPase in control and 
Fe2O3-NPs treated mice

Unit: µM of Pi liberated/min/mg protein. Values are mean ± SD of 
five animals in each group
*p ˂  0.05 significantly different from control
#p ˂  0.05 significantly different from 25  mg/kg Fe2O3-NPs treated 
mice (One way ANOVA followed by Tukey’s multiple comparison 
test)

ATPase Brain regions Control 25 mg/kg 50 mg/kg

Ca2+ ATPase Frontal cortex 32.1 ± 2.5 24.7 ± 2.4* 17.3 ± 2.8*#
Hippocampus 36.8 ± 2.1 23.2 ± 2.7* 17.9 ± 2.7*#
Cerebellum 19.9 ± 1.9 17.1 ± 2.1 15.5 ± 1.4*
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connectivity has been shown in GAP43-/- mice [50]. Myelin 
sheath around the axons protects the neuronal electric con-
ductivity intact [51]. The axonal demyelination in the brain 
regions suggest the loss of axonal insulation and thus the 
electric conductivity leakage which might lead to defective 
intra neuronal impulse transfer. The lipid peroxidation of 
brain tissues by Fe2O3-NPs has been correlated to demy-
elination [52] that attribute to impaired vesicular exocyto-
sis which accentuates defective neuronal communication. 
Further, axonal demyelination seems to decline conduction 
velocity of action potential [53] and irreversible sensorimo-
tor and cognitive deficits [54]. Figure 9 shows the schematic 
representation of Fe2O3-NPs induced neuronal defects.

Fe ion plays a remarkable role in neuronal metabolism, 
as they involve in synthesis and packaging of neurotrans-
mitters [55]. Iron is a cofactor for Th, a key rate limiting 

enzyme responsible for the synthesis of monoamines [56]. 
Thus, increased Fe ion in brain regions due to Fe2O3-NPs 
should have increased all the monoamine levels hypotheti-
cally. On the contrary, inconsistent levels of monoamines 
were observed in our study insinuating the involvement of 
MAOs. Mice treated with 21 nm and 280 nm Fe2O3-NPs 
show change in the levels of NE in hippocampus [12]. 
Monoamine metabolism has significant impact on neuronal 
communication [57] and degeneration [58]. Normal level of 
monoamines in frontal cortex, hippocampus and cerebellum 
are essential for learning and memory [59]. Iron overload 
in rat has been reported to alter the hippocampal monoam-
ines level resulting in cognitive defect [60] and locomotor 
impairments [61]. Fe2O3-NPs alters monoamine metabo-
lism which explains the impaired locomotor behaviour and 
memory observed in the current study.

Fig. 7   Exposure to Fe2O3-NPs alters monoamine metabolism in mice. 
a Semi-quantitative RT-PCR expression of Th, MAO-A and B in con-
trol and Fe2O3-NPs treated brain regions. Biochemical activity of b 
MAO-A, c MAO-B. HPLC analysis of DA, NE and EP in d frontal 
cortex, e hippocampus and f cerebellum of control and Fe2O3-NPs 

treated groups. Values are mean ± SD of five animals in each group. 
*p ˂  0.05 significantly different from control, #p ˂  0.05, significantly 
different from 25 mg/kg Fe2O3-NPs treated mice (one-way ANOVA 
followed by Tukey’s multiple comparison test)
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Decreased levels of DA could be explained by the 
increased activity of MAO-B, because MAO-B has sub-
strate affinity for DA [62]. Likewise, the quantity of NE 
is governed by the MAO-A [59]. Both MAO-A and B has 
less affinity for EP degradation [63]. The unaltered level of 
NE and EP is due to the insignificant expression level of 
MAO-A and less affinity of MAOs. Apart from the expres-
sion of MAO-B, it is also to be noted that NE has a negative 
feedback inhibition of Th [64]. Additionally, the expression 
level of MAO-A is unaltered in cerebellum, revealing that 
increased expression of MAO-B has no significant role in 

EP degradation [65]. MAO-A expression is associated with 
increased [Ca2+]i in mice [66]. Th-deficiency syndrome is 
associated with most of the neurodegenerative diseases [67, 
68]. Thus iron accumulation due to Fe2O3-NPs exposures 
alters catecholamine metabolism (Fig. 10).

GFAP is an astroglyosis marker expressed in response to 
CNS injuries [69]. An increased level of GFAP was observed 
in neurodegenerative disorders including stroke [70], multiple 
sclerosis [71], cerebral infarctions [72], subarachnoid haem-
orrhage [73] and traumatic brain injuries [74]. In addition, 

Fig. 8   Exposure to Fe2O3-NPs increases GFAP expression in brain 
regions. a Immunoblotting b Immunohistochemistry (150 μm scale) 
and c histogram shows positively stained cells of GFAP over expres-
sion. Values are mean ± SD of five animals in each group. *p ˂  0.05 

significantly different from control; #p ˂  0.05 significantly different 
from 25 mg/kg Fe2O3-NPs treated mice (one-way ANOVA followed 
by Tukey’s multiple comparison test)
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GFAP over expression is a hallmark for astrocytes activation in 
most of the neurodegenerative diseases including Alzheimer’s 
disease [75] and Amyotrophic lateral sclerosis [76]. Thus, the 
elevated level of GFAP observed in this study reveals a pos-
sibility of brain injury with impaired communication in the 
test animals.

Conclusions

In conclusion, our study underlies that repeated ingestion 
of Fe2O3-NPs affects the factors associated with neuronal 
communication leading to neurobehavioural impairments 
in mice. However, detailed studies at inter- and intra 

Fig. 9   Schematic representations of Fe2O3-NPs mediated neuronal 
defects. a Normal neuronal physiology with undamaged mitochon-
dria. The cytochrome c resides in the mitochondrial inner membrane 
are protected by HSP27. The axons are properly insulated by spin-
golipids (spingomyelin) and thus ensure the proper intra neuronal 
impulse transfer from the cell body to the axonal terminals, jumping 
through the nodes of Ranvier. At axonal terminals, influx of Ca2+ 
occurs as a result of action potential, leading to the release of GAP43 
from CAM and resulting in the phosphorylation of GAP43. Conse-
quently, the vesicles consisting neurotransmitters are transported to 
the neuronal membrane by the process called vesicular exocytosis, 
with the aid of numerous other proteins. Finally neurotransmitters are 
released into synapsis for inter neuron communication. b Accumu-

lation of iron due to Fe2O3-NPs in the brain regions results in mito-
chondrial damages. Reduction in HSP27 level leads to the release of 
cytochrome c from mitochondrial inner membrane to the cytoplasm 
via the damaged outer membrane, leading to energy depletion. The 
axons were demyelinated due to Fe2O3-NPs leading to impaired intra 
neuronal impulse transfer. The signals are not communicated through 
the nodes of Ranviers and they are lost at the sites of demyelination. 
Consequently, the axonal terminal receives poor signal. Though the 
influx of Ca2+ is high, the reduced GAP43 level results in defec-
tive vesicular exocytosis. All these events collectively suggest that 
Fe2O3-NPs intoxication affects neuronal signal transfer and commu-
nication
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cellular levels are required to confirm the accurate changes 
in the physiology of neuronal communication mediated by 
Fe2O3-NPs. Further, other descrete brain regions includ-
ing striatum and midbrain nuclei upon the exposure to 
Fe2O3-NPs is also warranted, since their functions are also 
important for the animal behavior.
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