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Abstract

Iron oxide (Fe,O;) nanoparticles (NPs) with its unique magnetic and paramagnetic properties are popular in biomedical applications.
Some of their neurotoxic mechanisms due to repeated administration are proven. However, we speculate that the neuronal damage
might be due to apoptosis resulting from unusual cell cycle entry. Moreover, iron accumulation has been shown to be closely associated
with most of the neurodegenerative disorders. Thus, in the current study, mice were orally (po) treated with the Fe,O3-NPs to
investigate cell cycle-associated events/components and occurrence of apoptosis. A subsequent increase in oxidant levels was observed
with the iron accumulation due to Fe,O3-NPs exposure. The accumulated (3-amyloid and reduced level of cdk5 seem to aid in the cell
cycle entry and forcing progression towards apoptosis. Expression of Cyclin D1 and pRb (Ser 795) indicate the cell cycle re-entry of
neurons. Overexpression of RNA Pol IT and PARP cleavage suggests DNA damage due to Fe,O5-NPs exposure. Further,
hyperphosphorylation of p38 (Thr 180/Tyr 182) confirms the activation of DNA damage-dependent checkpoint. Expression patterns

of pro- and anti-apoptotic markers, TUNEL and TEM indicate the occurrences of apoptosis.
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Introduction

Metal oxide nanoparticles (NPs) are widely used in biomedi-
cal science during recent years because of its coordinating
environment of surface atoms, redox properties, and oxidative
stat at their surface layers (Busca 2006). Iron oxide NPs such
as Fe;O,4 and Fe,O5 are considered superior to other metal
oxide NPs due to their biocompatibility and stability.
Further, Fe,05-NPs have gained a greater importance in bio-
medical applications especially in neurotheranostics due to
their advantageous physico-chemical properties such as size,
charge, and electromagnetism (Mahmoudi et al. 2011). Fe,Os-
NPs are also used in a number of other clinical applications
including magnetic resonance imaging (MRI), targeted drug
and gene delivery, tissue engineering, cell tracking, hyperther-
mia, magnetofection, and bioseparation (Ito et al. 2005;
Duguet et al. 2006). However, Fe,O3-NPs are not without risk
and health effects, likely by the release of free iron and reac-
tive oxygen species (ROS) generation (Vogel et al. 2016).
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The consequences of iron toxicity are of a serious con-
cern, due to the possibilities of repeated exposure and bio-
accumulation. Fe,O3-NPs seem to be the major source of
iron accumulation in biological systems during biomedical
applications regardless of the routes of administration (Patil
et al. 2015). Despite the tight protection by the blood-brain
barrier, Fe,O3-NPs have the capability to traverse and accu-
mulate in the brain, making them more promising in neuro-
imaging (Wang et al. 2007a, b). Since iron is a transition
metal, it readily undergoes Fenton’s reaction and generates
free radicals. The brain is rich in lipid and utilizes around
70% of consumed oxygen and thus the most vulnerable
organ to oxidative stress through lipid peroxidation.
Neurons are terminally differentiated post-mitotic cells;
they neither enter the cell cycle nor apoptosis. However,
unusual cell cycle re-entry has been registered in several
neurodegenerative disorders, including Alzheimer’s dis-
ease (AD) (Kawauchi et al. 2013). Iron accumulation seems
to be a crucial candidate in most of the neurodegenerative
disorders (Hagemeier et al. 2012). We assume that exces-
sive iron might play a key role in aiding the neuronal cells to
re-enter the cell cycle. But, the knowledge on iron-mediated
neuronal apoptosis is limited. Though the neurotoxicity of
Fe,05-NPs has been proved to result in oxidative stress-
mediated apoptosis, the details are poorly understood.
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Table 1 Iron content in the serum and brain regions of control and test
animals
Serunv/brain regions Control 25 mg/kg 50 mg/kg
Fezo3-NPS F6203-NPS

Serum 212+1.1 29.1 +£1.3* 39.5+2.4%#

Frontal cortex 125+0.9 18.8 £ 1.5% 21.3+0.5%#

Hippocampus 11.7£0.7 14.7 £ 0.8%* 19.5+1.1%#

Cerebellum 113+1.1 16.1 £2.3% 232+23%

Unit: microgram/deciliter serum and microgram/gram wet tissue. Values
are mean + SD of five animals in each group

*p<0.05 significantly different from control; #p<0.05 significantly differ-
ent from 25 mg/kg Fe,03-NPs treated mice (one-way ANOVA followed
by Tukey’s multiple comparison test).

The current study aims at exploring the series of facts
involved in iron oxide-mediated neuronal apoptosis. On this
pursuit, ultra-sonicated suspension of Fe,O5-NPs at the
dose of 25 and 50 mg/kg was administered to male albino
mice orally (po) for 30 consecutive days and focused on
ROS, (-amyloid, cell cycle markers, and DNA damage,
which are shown to be closely associated with apoptosis.
This investigation reveals that Fe,O3-NPs augments f3-
amyloid accumulation and alters the expression of Cdk5
paving way for cell cycle re-entry. The ROS-mediated
DNA damages activate the MAPK pathway, confirming
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Fig. 1 Exposure to Fe,05-NPs generates ROS in the mice brain regions.
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 Fe,O3-NPs treated mice (one-way ANOVA followed by
Tukey’s multiple comparison test)

the activation of the cell cycle check point. Further,
TUNEL assay, TEM analysis of brain regions, and apoptotic
markers confirm the occurrence of apoptosis. This study
compiles that Fe,O3-NPs induces neuronal apoptosis via
cell cycle re-entry.

Materials and Methods
Animals and Experimental Design

Male Swiss Albino mice (Mus musculus) were maintained
under standard laboratory conditions and fed with pelleted
mice chow (Sai Durga Feeds Pvt. Ltd., Bangalore, India);
tap water was available ad libitum. All the experiments were
conducted in accordance with the ethical norms approved by
Institutional Animal Ethical Committee (722/02/A/
CPCSEA). Fe,03-NPs (< 50 nm) used throughout this study
were purchased from Sigma-Aldrich (Cat#544884), and the
average size, crystalline nature, charge, stability, and energy
dispersion were analyzed (Dhakshinamoorthy et al. 2017;
Sundarraj et al. 2017).

The NPs suspension was prepared freshly for every use by
dispersing in 0.9% physiological saline followed by ultra-son-
ication. Eight-week-old animals weighing 25 to 30 g were
randomly divided into three groups (n =35 per group). Test
animals were administered with Fe,O3-NPs suspension at
the dose of 25 and 50 mg/kg orally (po) for 30 consecutive
days while control animals received same volume of 0.9%
physiological saline. The doses were chosen based on expo-
sure range of Fe,O3-NPs in biomedical applications (Winer
et al. 2012) and our pervious study (Sundarraj et al. 2017).
After 24 h of the last treatment, animals were sacrificed by
cervical decapitation and serum was separated. The brain was
isolated and washed with 0.9% saline. The brain regions viz.
frontal cortex, hippocampus, and cerebellum were carefully
microdissected and used in further analysis. Different set of
animals were used for each biochemical assay and molecular
experiments.

Metal Analysis

The elemental analysis was done as described by Wang
et al. (2007a, b). Briefly, about 25 mg of brain tissues
and 50 pl of serum were digested with 0.5 ml of nitric
acid (HNO3). The mixture was incubated at 160 °C until
complete digestion and the remaining HNO; was re-
moved by heating at 120 °C. The final volume was made
up to 3 ml using 2% HNOj;. Blank was prepared without
the addition of sample. The concentration of Fe** in the
serum and brain regions (frontal cortex, hippocampus,
cerebellum) were measured by inductively coupled plas-
ma mass spectrometry (ICP-MS) and expressed as
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microgram per gram and microgram per deciliter in wet
tissue and serum, respectively.

ROS

ROS was measured by the nitroso blue tetrazolium (NBT)
reduction method (Beauchamp and Fridovich 1971).
Nitroblue tetrazolium reduction is used as an indicator for
superoxide production. The principle of this assay is based
upon the ability of superoxide to interact with NBT, reducing
the yellow tetraxolium to blue color precipitate (NBTH).
Thus, the superoxide generated by an oxidase-catalyzed reac-
tion can be assayed by degree of NBT reduction. Ten milli-
grams of tissue was taken in 1 ml of Hank’s balance salt
solution and homogenized. To the test sample, 0.5 ml of
NBT-HBSS was added and incubated at 37 °C for 8 h. After
incubation, the test samples were centrifuged at 1000 rpm for
10 min at 4 °C. The pellets were washed thrice with 200 pl of
methanol. Following this, the pellets were dissolved in 1 ml of
2 M KOH and 1 ml of DMSO and the OD values were ob-
served at 630 nm. The readings were compared with the stan-
dard curve constructed with NBT. ROS generation is
expressed as percentage of NBT reduced.
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Fig. 2 Congo red staining for (3-amyloid accumulation in the brain regions of control and Fe,05-NPs treated mice (circle represents the 3-amyloid
accumulation)

Western Blotting

To examine the expression of 3-amyloid, cell cycle proteins,
and apoptotic markers, Western blotting analysis was per-
formed as described previously (Dhakshinamoorthy et al.
2017). Each excised membrane was incubated individually
with goat anti-B-amyloid (1:2500), rabbit anti-Cdk5
(1:2500), mouse anti-cyclin D1 (1:1000), rabbit anti-Rb
(1:1000) and goat anti-p-Rb (Ser 795) (1:1000), rabbit anti-
p38 (1:2500), rabbit anti-p-p38 (Thr180/Try182) (1:1000),
mouse anti-RNA Pol II (1:2500), rabbit anti-PARP (1:2500),
mouse anti-Bax (1:1000), rabbit anti-Bcl-2 (1:1000), mouse
anti-caspase 3 (1:1000), and mouse anti-(3-actin (1:5000).

The proteins were detected using horseradish peroxi-
dase (HRP)-conjugated anti-rabbit, anti-goat, or anti-
mouse secondary antibodies (1:2500) and visualized by
3, 3'-diaminobenzidine (DAB) staining (0.02% DAB in
0.01% H,0,). The same procedure was followed for hip-
pocampus and cerebellum lysates. 3-actin was used as
the internal control to ensure equal sample loading and
western transfer. Densitometry analyses of immuno blots
were quantified using the /mageJ analysis software from
the National Institute of Health (NIH).
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Fig. 3 Exposure to Fe,O5-NPs induces neuronal cell cycle. a Western
blot shows the expression pattern of 3-amyloid and CdkS5, the stress
response, and cell cycle regulator proteins respectively in neurons.
Increased Cyclin D1 and expression pattern of total Rb and p-Rb (Ser
795) confirm the cell cycle events. b—f Corresponding densitometry

Congo Red Staining

Deposition of -amyloid was observed using modified
Highman’s congo red stains (Kulkarni et al. 2010). Tissue
sections of 5 um were prepared. Sections were deparaffinized
and hydrated to water using decreasing concentration of alco-
hol. The sections were incubated with congo red stain (0.5%
congo red in 50% alcohol) for 15 min at room temperature.
The slides were dehydrated using alcohol and mounted with
distrene plasticizer xylene. The sections were observed under
the microscope.

Terminal Deoxynucleotidyl Transferase (TdT)
-Mediated Biotin-dUTP Nick End Labelling (TUNEL)
Assay

TUNEL assay was performed using an in situ apoptosis
detection kit (Roche Applied Science, Penzberg, Upper
Bavaria, Germany). The paraffin-embedded brain tissue of
unstained sections with 5 u thickness of the frontal cortex,
hippocampus, and cerebellum was prepared from the

Frontal cortex

Hippocampus ~ Cerebellum

analysis. Values are mean + SD of three animals in each group. *»<0.05
significantly different from control; #»<0.05 significantly different from
25 mg/kg Fe,O3-NPs treated mice (one-way ANOVA followed by
Tukey’s multiple comparison test)

control and Fe,O3-NPs-treated mice. The sections were
deparaffinized in fresh xylene at 60 °C for 20 min and
dehydrated with the different grade of ethanol solution.
The tissue sections were pre-treated with 20 pg/ml of pro-
teinase K solution prepared in 10 mM Tris/HCL, pH 7.4—
8.0, w/v for 10 min to avoid false-positive results. After
washing with PBS solution, the sections were incubated
with TUNEL reaction mixture for 1 h at 37 °C in the hu-
midified chamber at the dark condition. Finally, the sections
were washed with PBS and incubated with 4', 6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich, St. Louis, USA)
for 8§ min in the dark at room temperature and examined
with the fluorescence microscope (Olympus, Japan) under
%400 magnifications. Relative cell death was calculated by
counting TUNEL-positive nuclei and total DAPI-stained
nuclei in the tissue.

Ultra-Structural Analysis of Brain Regions

After treatment, the animals were subjected to vascular
perfusion with the mixture of 2.5% glutaraldehyde and
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Fig. 4 Fe,05-NPs damages DNA and activates cell cycle check point. a
Western blot shows the expression pattern of DNA damage markers RNA
Pol 1T and PARP. The expression of total p38 and p38 (Thr 180/Tyr 182)
indicates the activation of G1/S checkpoint through the MAPK pathway.

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 embedded in araldite CY212. The area
from 500 nm block was selected using the light micro-
scope after staining with 0.5% toluidine blue. The blocks
were cut by using ultra-microtome contrasted with uranyl
acetate and lead citrate and observed under TECANI
G20 transmission electron microscope (FEI Company,
Netherland).

Statistical Analysis

All the values were expressed as mean+SD of five
animals in each group. The data were analyzed with
one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison tests using the SPSS
(20.0) software package. p<0.05 was considered to in-
dicate statistical significance.
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b—f Corresponding densitometry analysis. Values are mean + SD of three
animals in each group. *p<0.05 significantly different from control;
#p<0.05 significantly different from 25 mg/kg Fe,O;-NPs treated mice
(one-way ANOVA followed by Tukey’s multiple comparison test)

Results

Exposure to Fe,03-NPs Increases the Bioaccumulation
of Iron

The iron content in the serum and brain regions of test animals
was found to be significantly increased in a dose-dependent
manner when compared with the control (Table 1).

Exposure to Fe,05-NPs Increases the Oxidant Levels

Dose-dependent increase in ROS was observed in the brain
regions of treated groups as compared to the control (Fig. 1).

Fe,03-NPs Induces B-Amyloid Accumulation

A significant increase in the expression of 3-amyloid was
evidenced in the brain regions of Fe,O5-NPs-exposed groups
compared to control. The congo red light up the neuritic
plaques (senile plaques) due to (3-amyloid accumulation
(Fig. 2). The degree of red staining is very less in the brain
regions of the control animals. The treated brain regions show
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Fig. 5 Fe,O03-NPs induces apoptosis. a Western blot reveals the
expression pattern of pro-apoptotic (Bax and cleaved Caspase) and anti-
apoptotic (Bcl-2) markers in the brain regions of control and intoxicated
animals. b—e Corresponding densitometry analysis. Values are mean +

the increased levels of neuritic plaques. 3-amyloid over ex-
pression was further confirmed by the Western blotting
(Fig. 3). Significant overexpression of (3-amyloid was ob-
served in the brain regions of treated animals.

Fe,03-NPs Promotes Neuronal Cell Cycle Re-Entry

Blotting results shows upregulation of cyclin D1 and downregu-
lation of Rb in the brain regions of test animals (Fig. 3). Decreased
level of CdkS5 was observed in brain regions of treated animals
compared to controls. Subsequent increase in the Cyclin
Dlexpression was also observed. Further, decreased levels of total
Rb and p-Rb expression were observed in the treated animals.

Fe,03-NPs Damages DNA

There was an increased expression of p38, P-p38 (Thr 180/Tyr
182), and RNA Pol II in the brain regions of treated animals
compared to control. Dose-dependent decrease in the level of
total PARP and simultaneous increase in the levels of cleaved

7 u 4
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T T ¥
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SD of three animals in each group. *p<0.05 significantly different from
control; #p<0.05 significantly different from 25 mg/kg Fe,05-NPs treated
mice (one-way ANOVA followed by Tukey’s multiple comparison test)

PARP was observed in all the brain regions of Fe;O3-NPs-
treated animals (Fig. 4).

Fe,03-NPs Induces Neuronal Apoptosis

Pro-apoptotic protein (Bax) and apoptotic marker (cleaved
caspase-3) were found to be increased in the brain regions in
contrast to anti-apoptotic protein (Bcl-2) (Fig. 5). The frontal
cortex shows a decrease in Bcl-2 levels. The hippocampus and
cerebellum shows increased level of Bcl-2 in 25 mg/kg com-
pared to control. However, it is not statistically significant. Fifty
milligram/kilogram shows a significant decrease in Bcl-2 level.
The frontal cortex and hippocampus shows the dose-dependent
decreased levels of total caspase3 and increased level of cleaved
caspase 3. In the cerebellum, 25 mg/kg shows the increased level
of total caspase 3 compared to the control and 50 mg/kg.
However, cleaved caspase3 level is found to be more in 25 mg/
kg than in 50 mg/kg compared to control.

Increased TUNEL-positive cells were noted in the
Fe;O3-NPs-treated brain regions compared with the
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Fig. 6 Representative images of TUNEL analysis showing DNA damage and apoptosis in the a frontal cortex, b hippocampus, and ¢ cerebellum of

control and Fe,O3-NPs treated mice

control (Fig. 6a—c). TEM images reveal the damaged cell
architecture of treated brain regions. The degree of cell
damage is increased dose dependently. In the frontal cor-
tex, the control animal shows the nucleus with normal
nuclear content; whereas, the treated animals show the
precipitated nuclear content attached to the nuclear enve-
lope. In the hippocampus, there were unknown vacuoles
disconnecting the nuclear and cytoplasmic communica-
tions. The cerebellum of the treated animal shows the
extremely damaged cytoplasm and organelles (Fig. 7).

Discussion

Physico-chemical properties of Fe,03-NPs were characterized
which help us in data interpretation (Dhakshinamoorthy et al.
2017). The present study addresses the key events of Fe,Os-
NPs-mediated neuronal cell cycle induction resulting in
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apoptosis. The free radical-rich environment due to iron accu-
mulation forces post-mitotic neurons into the cell cycle, con-
sequently to the apoptotic pathway. (3-amyloid accumulation
in the brain regions due to Fe,O3-NPs toxicity (Tahirbegi et al.
2016; Yarjanli et al. 2017) might be attributed to neuronal cell
cycle re-entry (Li et al. 2008; Lopes et al. 2009; Wu et al.
2013). Properties of Fe,O3-NPs as a transition metal oxide
and its tendency to damage biomolecules through ROS are
well established (Dakshinamoorthy et al. 2017). Further, iron
accumulation-mediated oxidative stress seems to aid the accu-
mulation of (3-amyloid in brain regions (Yarjanli et al. 2017).

Unusual re-entry of neurons into the cell cycle seems to
be a hallmark in several neurodegenerative diseases in-
cluding AD (Bonda et al. 2010), Parkinson’s disease
(Folch et al. 2012), and Huntington’s disease (Akashiba
et al. 2008; Pelegri et al. 2008). The reasons behind the
cell cycle re-entry by post-mitotic neurons are not clear,
but apoptosis has been evidenced as the consequence
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Fig. 7 Ultra-structural changes in the neurons due to Fe,O3-NPs. Control
brain regions shows intact nucleus and nuclear material. Whereas, treated
brain regions shows disintegrated nuclear material and precipitation of
nuclear material on the nuclear membrane (arrow). Normal architecture of
cytoplasm was observed in the neurons of control brain regions and

because of their limited options (Meikrantz and Schlegel
1995; Wang et al. 2009).

During the stress condition, CdkS5, a neurospecific protein
kinase, shuttles between the nucleus and cytoplasm, which
plays a crucial role in preventing the cell cycle re-entry of
the post-mitotic neurons (Zhang and Herrup 2008). When
neurons enter the cell cycle, CdkS is momentarily translocated
to the cytoplasm where it is rapidly degraded by proteosomes
(Zhang et al. 2012). Cultured cortical neurons show Cdk5
dysregulations and abortive cell cycle re-entry when treated
with (3-amyloid and prion peptides (Lopes et al. 2009).
Further, CdkS5 is majorly involved in the transition of GO to
G1 phase prior to Rb phosphorylation. Nevertheless, the exact
role and the final target of Cdk5 in GO to G1 transition remain
elusive (Lopes et al. 2009). Neuronal cell cycle re-entry might
be attributed to reduction in CdkS5 expression, observed in the
present study. Thus, 3-amyloid accumulation due to
prolonged exposure to Fe,O3;-NPs might have suppressed
CdkS (Czapski et al. 2011).

Cyclin D1 is a key protein in cell cycle progression (Modi
et al. 2016) and also an important GO/G1 transition marker
(McShea 2007; Zhu 2007). Retinoblastoma protein (Rb) is a
tumor suppressor protein (Genovese et al. 2006) that main-
tains the differentiated nature of neurons (Naser et al. 2016,

erebellum

S

by

c YR, kT )
: }iég.;"':ﬂ il I8 W

treated group shows undefined vacuoles (star). Hippocampal neuron
shows the loss of connectivity between the nucleus and cytoplasm by
the formation of vacuoles indicating the early apoptosis. Cerebellum
neurons of treated mice shows the cytoplasmic collapse and membrane
disintegration (big arrow head) indicating the late apoptosis

Lee et al. 1994) in addition to its crucial role in G1 to S phase
transition (Stone et al. 2011). Rb is shown to be hyper-
phosphorylated at the early G1 phase at Ser 795 position by
cyclin D1 for transition into the S phase (Guo et al. 2005). On
the contrary, we observed dose-dependent decrease in the ex-
pression of phosphorylated Rb in the test animals suggesting
the occurrence of apoptosis, since phosphorylated Rb is the
substrate for cleaved caspase 3 (Pucci et al. 2000; Katsuda
et al. 2002).

DNA damage by Fe,O5-NPs through ROS generation is
well documented (Dissanayake et al. 2015). Evidence shows
the activation of the neuronal cell cycle in the differentiated
neurons before cell death (Schwartz et al. 2007). As DNA is
the major target of the oxyradicals, cell cycle-associated
events are the critical consequences of DNA damage response
in the cycling cells. Studies have shown the same mechanisms
in quiescent cells like neurons to undergo the repair mecha-
nisms in possible cases or initiate the apoptosis during exten-
sive damages (Kruman 2004). In the current study, overex-
pression of RNA Pol II (Bregman et al. 2000) and cleavage of
PARP clearly indicate the DNA damage, aborting the cell
cycle. Cleaved PARP in response to DNA damage activates
p38-, a protein responsible for cell cycle regulation, survival,
and apoptosis (Thornton and Rincon 2009) involving the
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Fig. 8 Schematic representation of cell cycle-mediated neuronal
apoptosis by Fe,O3-NPs. Post-mitotic status of neurons are majorly
regulated by Cdk5. Decreased Cdk5 levels and increased (3-amyloid
accumulation makes post-mitotic neurons to re-enter into the cell cycle.
Overexpression of Cyclin D1, an important cell cycle initiating protein,

MAP kinase pathway. This non-canonical phosphorylation of
p38 (Thr 180/Tyr 182) is a hallmark of G1 to S phase checkpoint
activation (Cuenda and Rousseau 2007; Joaquin et al. 2012).

Under the conditions like deprivation of neurotrophic factors,
oxidative stress, DNA damage, and excitotoxicity, there occurs
neuronal cell death at G1 to S checkpoint before entering into the
synthesis phase of the cell cycle (Frade and Benito 2015). This is
classically referred as “abortive cell cycle re-entry” which is
characterized by the upregulation of cell cycle and apoptotic
proteins (Park et al. 2000; Chen et al. 2013). Apoptosis observed
through TUNEL assay of treated brain regions indicate that
Fe,05-NPs triggers abortive cell cycle re-entry.

The expression patterns of apoptosis regulatory proteins
in the present investigation evident the occurrence of apo-
ptosis. Activated p38 influence the mitochondrial damage
by downregulating Bcl2, an anti-apoptotic protein and up-
regulating Bax, a pro-apoptotic protein (Tyagi and Herr
2009). Though apoptosis is recorded as the major mecha-
nism of cell death of nanotoxicity (Fu et al. 2014), the
expression pattern of caspase 3 in the cerebellum suggests
the occurrences of other cell death mechanisms at higher
doses (Manickam et al. 2017). TEM images of Fe;O3-NPs-
exposed brain regions shows ultra-structural changes such

@ Springer

activates Rb. Thus, the release of E2F factor leads to the transcription of S
phase proteins. On the other hand, excessive DNA damages leads to the
activation of PARP and p38 (Thr 180/Tyr 182). Active p38 consequently
leads to the mitochondrial-mediated apoptosis

as disintegrated nuclear material, undefined vacuoles, and organ-
elle membrane damages, confirming the early and late apoptosis.
Figure 8 shows the schematic representation of the current study.
In conclusion, the oxidative stress generated by Fe,O3-NPs
potentially damages biomolecules. Fe;O3-NPs exposure in-
duces neuronal apoptosis through an unusual cell cycle re-
entry manipulating the cell cycle regulatory protein Cdk 5 and
[3-amyloid accumulation. The present study shows a clear link
between cell cycle regulation, DNA damage, repair, and apo-
ptosis due to neurotoxicity of NPs. However, further molecular
studies are recommended to substantiate the current finding
since the clinical applications of Fe,O3-NPs is on the rise.
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