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Abstract

Background: In the recent decade, iron oxide nanoparticles (IONPs) have been proposed for several applications in
the central nervous system (CNS), including targeting amyloid beta (AB) in the arteries, inhibiting the microglial cells,
delivering drugs, and increasing contrast in magnetic resonance imaging. Conversely, a notable number of studies
have reported the role of iron in neurodegenerative diseases. Therefore, this study has reviewed the recent studies to
determine whether IONPs iron can threaten the cellular viability same as iron.

Results: Iron contributes in Fenton’s reaction and produces reactive oxygen species (ROS). ROS cause to damage

the macromolecules and organelles of the cell via oxidative stress. Iron accumulation and oxidative stress are able to
aggregate some proteins, including AR and a-synuclein, which play a critical role in Alzheimer’s and Parkinson'’s dis-
eases, respectively. Iron accumulation, oxidative stress, and protein aggregation make a positive feedback loop, which
can be toxic for the cell. The release of iron ions from IONPs may result in iron accumulation in the targeted tissue, and
thus, activate the positive feedback loop. However, the levels of IONPs induced toxicity depend on the size, concen-
tration, surface charge, and the type of coating and functional groups of IONPs.

Conclusion: IONPs depending on their properties can lead to iron accumulation, oxidative stress and protein
aggregation in the neural cells. Therefore, in order to apply IONPs in the CNS, the consideration of IONPs properties is

crucial.
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Background

In the recent years, iron oxide nanoparticles (IONPs)
have been under special interests, due to their ability to
target a certain site within the body under an external
magnetic field [1]. Also, IONPs can surpass the blood
brain barrier (BBB) [2]. Therefore, they have been pro-
posed for a variety of applications in the central nervous
system (CNS), including targeting amyloid beta (Ap) in
the arteries [3], inhibiting the microglial cells [4], deliver-
ing a drug [5], and increasing contrast in magnetic reso-
nance imaging (MRI) [6].
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IONPs are composed of two components: a nucleus of
iron oxide and a hydrophilic coating sheet such as dex-
tran or poly ethylene glycol [2]. Magnetite (Fe;O,) and
maghemite (y-Fe,O;)—two compounds of iron oxide—
are frequently used in biomedical applications. The phys-
ical properties of both compounds are very similar; Fe?™
ions in the magnetite have a higher ionic radius than Fe*"
ions in the maghemite [7]. The hydrodynamic radius and
surface charge of nanoparticle (NP) determines the pro-
tection period of NP in circulation, the accessibility of
tissues, opsonization, and its absorption by the cell [2].

Upon cell absorption, IONPs, locate in the acidic
medium of lysosomes, where IONPs are metabolized
and produce free iron ions into the cells [8]. In addi-
tion, the direction of IONPs using an external magnetic
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field toward a specific tissue [1], lead to iron accumula-
tion in the targeted tissue [9]. Given to the widespread
use of IONPs on one side and toxicity of iron in neu-
rodegenerative disorders at the other side, this study
has reviewed the recent studies to determine whether
IONPs, as well as iron, can influence the cellular activi-
ties and metabolism.

Methods

We carried out a data mining through a deep manual
research in PubMed using a combination of several key-
words, including the toxic effects of iron oxide nanopar-
ticle, iron accumulation, and neurodegenerative diseases.
In our data mining, the most of included research and
review articles were published in PubMed after 2002.

Results

Transportation and hemostasis of iron in the cell

Iron is a metal ion at the body which plays a critical role
in various physiological functions, including DNA syn-
thesis, mitochondrial respiration, and oxygen transport
[10]. Iron in the food sources primarily is absorbed via
endocytosis—mediated by divalent metal transporterl
(DMT1)—in the duodenum, and is transported by trans-
ferrin in blood. Transferrin, bonds its receptor (TfR) on
the surface of the target cells and enters into the cell by
receptor mediated-endocytosis [11]. The acidic medium
of endosome causes to release iron from transferrin. The
resulted iron introduces to the cytoplasm by the DMT1
transporter. Iron can be transported to mitochondria and
contribute in the synthesis of heme or sulfur-iron cluster
and/or may remain in the cytoplasm and be stored by fer-
ritin [12].

Under normal conditions, iron binds ferritin in the
redox-inactive Fe>" state and a small quantity of redox-
active Fe>™ irons are needed to contribute to the cellular
metabolism. Therefore, all mechanisms involving trans-
portation and homeostasis of iron must be strongly
regulated to prevent excess iron from cytotoxic reac-
tions [13]. More regulation of iron homeostasis in the
cell is carried out by iron response protein (IRP)/iron
response element (IRE) system. If IRE is located in
5-UTR of target genes mRNA, in presence if iron, IRP
cannot connect to IRE, thus mRNA would be translated
and protein can be synthesized; such as ferritin. How-
ever, when IRE is in 3’-UTR of mRNA, in presence of
iron, mRNA would be degraded by nucleases, and thus
related protein cannot be synthesized such as TfR and
DMT [12].

Given to the role of iron in physiologic functions, any
disruption in the regulation of iron transportation or
homeostasis results to increase or decrease the amount
of iron in the cell and can affect physiologic functions.
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The role of iron in oxidative stress

Iron is a transition metal and able to give and receive an
electron. Hence, additional content of iron can be cyto-
toxic [14]. Iron (Fe*") in natural and biological envi-
ronments reacts with hydrogen peroxide (H,0O,) and
produces OH- radical, which reported by H.J.H. Fenton
over one hundred years ago. At the present time, Fenton’s
reaction is accounted for one of the most effective proce-
dures for the oxidation of organic pollutants [15]. There-
fore, Fe*" in the cytoplasm can participate in the Fenton’s
reaction (Eq. 1) and lead to the generation of reactive
oxygen species (ROS).

Fe’* + HyOy — Fe?* + OH™ + OH' 1)

Excess iron in the cytoplasm is arrested by ferritin. The
free amount of iron can exert toxic effects on the cell.
Nuiiez et al. in their review acknowledged that ascorbate
and reduced glutathione (GSH) in the cell act as reluctant
to regenerate Fe?". The intracellular amount of Fe?, in
presence of both oxygen and GSH, is also able to produce
ROS [16]. Hence, production of ROS by iron accumula-
tion is inevitable in the cell. Basically, ROS regulate the
normal activities of the cell, but an abnormal increase
of ROS levels may damage the cell [17]. ROS increase
the permeability of the outer mitochondrial membrane,
damage lysosomal membrane [18], and trigger release of
iron from these organelles. Thus, ROS may enhance iron
accumulation in the cytosol. ROS produced by iron also
reacts with the cell membrane and causes lipid peroxida-
tion. During this reaction, ROS generates toxic aldehyde
products, including malondialdehyde and 4-hydroxyl-
nonenal [19]. These toxic components react with pro-
teins to produce carbonyl functions, which damage the
proteins. The damaged, misfolded proteins cannot be
recognized by ubiquitin/proteasome system, and they
aggregate within the cytoplasm as seen in neurodegen-
erative diseases [12]. Furthermore, ROS can modify DNA
by degradation of bases, break of DNA chain, mutations,
modification of purine, pyrimidine or sugar-bound, dele-
tions or translocations, and cross-linking with proteins.
These modifications may have relation with aging, can-
cer, and neurodegenerative diseases [20]. ROS can initi-
ate cellular injuries by modifying lipids, proteins, and
DNA or lead to generate secondary ROS and finally cell
death [21]. Accordingly, excess iron can produce ROS via
Fenton’s reaction, causes oxidative stress, and finally cell
damage.

The role of iron in the CNS

Iron has an essential role in many metabolic processes
in the CNS, including oxidative phosphorylation, myelin
synthesis, neurotransmitter production such as dopa-
mine and serotonin, and nitric oxide metabolism. Iron
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also acts as a cofactor for tyrosine hydroxylase [12]. This
enzyme has a necessary role in dopamine synthesis, and
the inhibition of its activity can damage to the function
and viability of neural cell [22]. Thus, iron is an essen-
tial factor for proper function of neurons. CNS is more
sensitive to oxidative stress, because enzymes, which are
responsible for removing free radicles, including cata-
lase, superoxide dismutase, and glutathione peroxidase
[21], have less activity in the brain [23]. Due to the abil-
ity of iron for producing ROS, excess iron within the
brain can be more dangerous than other tissues. In addi-
tion, increased iron level in the brain suppresses occlu-
din expression. Given the role of occluding, a protein of
tight junction, in the BBB, reducing its expression may
disturb the function of BBB and thus damage the brain
[19]. Although, iron is essential for many metabolic pro-
cesses, excess iron can be toxic to the brain. Therefore,
any change in iron level may be dangerous for the health
of human.

The role of iron in Parkinson disease

There are some inherited neurodegenerative diseases,
including neurodegeneration with brain iron accumula-
tion [1], Aceruloplasminemia and Neuroferritinopathy,
which associated with iron accumulation in the spe-
cific areas—such as Substantia nigra (Sn)—of the brain.
Patients with these diseases show symptoms of Parkinson.
Also, animal models of Parkinson, created in the labora-
tory by treating with 6-OHDA, indicate an increased
iron level in the Sn. These facts demonstrate a relation-
ship between iron accumulation and neurodegenerative
diseases [24]. Parallel with iron accumulation, it has been
observed a reduction of Tau and amyloid precursor pro-
tein (APP) levels within the brain of Parkinson’s patients.
Tau and APP are involved in iron export from the cell;
APP stabilizes ferroportin on the cell membrane and Tau
interacts with APP to facilitate iron export [25]. This pro-
poses a disruption in regulating of iron level within the
brain, can be a factor contributing to the accumulation of
iron in PD.

Iron accumulation and GSH, dopamine, and neuromelanin
inSn

GSH is the most abundant antioxidant in all compart-
ments of the cell [20]. Nu'n"ez et al. proposed there is a
positive feedback-loop between iron accumulation, low
GSH, and oxidative stress. Iron accumulation causes
to decrease the level of GSH and induction of oxida-
tive stress. Furthermore, the low level of GSH results in
increasing the level of TfR, which enters iron into the
cell, and aids iron accumulation. Chemicals which inhibit
complexl in mitochondria such as 6-hydroxydopamine
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(6-OHDA) or inflammatory factors activate this loop
[16].

Dopamine is a neurotransmitter secreted by dopa-
minergic neurons in Sn. Recently, Hare et al. reviewed
iron-dopamine couple and proposed that the interaction
of iron and dopamine can generate neurotoxic byprod-
ucts, including 6-hydroxydopamine quinone (6-OHDA-
Q), 6-OHDA, tetrahydroisoquinoline, and H,O,. These
products activate a loop between iron accumulation, low
GSH, and oxidative stress. Therefore, dopamine intensi-
fies toxicity of iron accumulation and makes a more toxic
situation for neurons in the Sn [25].

In dopaminergic cells, ferritin level is lower than other
regions throughout the brain, neuromelanin pigment—a
dopamine product-stores free iron ions. Iron first con-
nects to high affinity-iron binding sites and reduces the
toxicity of iron, but after the occupation of these sites,
iron attaches to high affinity-iron binding sites and is
stored in Fe?" state [16]. Then, when iron is higher than
of a threshold, neuromelanin helps to keep redox-active
iron in the cell; and neuromelanin, itself is considered as
a destructive factor.

Given above content, we propose when iron accumu-
lation occurs, low GSH, dopamine, and neuromelanin in
the Sn help to more accumulate iron and contribute to
more generation of oxidative stress.

The role of iron in a-sinculein aggregation

Abnormal deposition of proteins into the brain is a char-
acteristic feature of several neurodegenerative disorders
and age-related diseases, including Parkinson’s disease.
However, the composition and location of protein aggre-
gations are different among diseases [26—30]. There are
protein aggregates, known as lewy bodies, containing
a-sinculein (aS)—non-amyloid component of APP—
and ubiquitin, in the midbrain of Parkinson’s patients
[25, 26]. The observation of iron accumulation within
the brain of Parkinson’s patients suggests a link between
iron and aggregation of aS [31]. Also, the existence of
IRE sequences in 5’'UTR of «aS mRNA indicates that aS
has a role in iron hemostasis [11]. The overexpression of
aS results iron accumulation in neural cells. Hare et al.
proposed that aS in the aggregated form can store iron,
similar to neuromelanin. Mutually, the free iron and iron-
dopamine complex available in the Sn may interact with
aS and produce a form of oS, which cannot be distin-
guished by ubiquitin/proteasome system and therefore,
causes aS aggregation [25]. aS in aggregates can produce
H,0, which in the presence of iron generates OH radi-
cals [24]. Together with, aS aggregation, iron accumula-
tion and oxidative stress make a positive feedback-loop
in which iron accumulation results in oxidative stress and
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aS aggregation. aS aggregation leads to more iron accu-
mulation and further oxidative stress.

The role of iron in Alzheimer disease

Alzheimer disease is a neurodegenerative disorder that
its prevalence is increasing in the world. The main fea-
tures of Alzheimer are a loss of synapses, increased num-
ber of senile plaques (containing AB) outside the neuron,
and promoted fibrillar aggregation of protein tau inside
the neuron [32]. There is a relationship between the
aggregation of Tau in the hippocampus and declined
cognition in AD. The effect of Iron on protein aggrega-
tion was explained earlier. Iron accumulation and pro-
tein aggregation, both result in extensive oxidative stress,
which disturbs synaptic function [16]. Furthermore, iron
accumulation leads to loss of dendritic spines [19], which
contributes to a number of neuropsychiatric disorders
[33]. Thus we propose that iron accumulation has a role
in cognitive suppression in AD.

The role of iron in AP aggregation

Some studies have reported that iron accumulates within
the brain of Alzheimer’s patients, and also proposed the
using iron chelators to improve this disease [10, 31, 34].
Intracellular free iron may affect the expression of some
proteins such as amyloid precursor protein. Salvador
et al. showed a correlation between the high concen-
tration of iron and oxidative stress and altered AB con-
centration in both soluble and deposited forms [35]. In
physiological-like condition, iron can bind to AP and
deposit it as amyloid aggregates [34]. Also, AP in the
aggregates can reduce Fe*™ to Fe?™ [36], which by con-
tributing to Fenton’s reaction, may lead to further ROS,
and ROS finally intensifies aggregation of Ap [19].
Researchers have claimed that by removing the iron ions
from senile plaques, they could reduce the toxicity of the
plaques and enhance the solubility of amyloid [34]. This
explanation shows a positive feedback-loop between iron
accumulation, oxidative stress, and protein aggregation.
It seems this loop is an effective factor in worsening of
the situation in neurodegenerative diseases and using
iron chelators may prevent the progress of these diseases.

The role of iron in the cell death

Recently, a type of cellular death on the basis of iron ions
accumulation, called as ferroptosis, has been defined.
This type of cellular death has morphological, biochemi-
cal and genetic properties different from apoptosis,
necrosis and autophagy. In this situation, mitochondria
become smaller than normal and the density of their
membranes increases. Dixton et al. stated that iron accu-
mulation causes to increase the cytotoxic lipid ROS in
the cell; and indicated that iron chelators, for instance
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deferoxamine, may prevents this death by removing the
excess iron ions [37]. Hare et al. proposed iron inter-
acted with dopamine and generated 6-OHQD, which
covalently interacts with mitochondrial glutathione per-
oxidase 4 (GPx4) which leads to ferroptotic cell death
[25]. Hence, ferroptosis probably is the cause of death in
dopaminergic neurons of Sn, which lead to a deficiency
of dopamine in the striatum, which in turn, cause to
develop Parkinson symptoms [27].

Mantzaris et al. reported that iron level increased in
H,0,-induced cell death. By inducing oxidative stress,
H,0, resulted in damaged lysosome and release of iron
ions into the cytoplasm. Thus intracellular iron pool
increases. Also, they indicated increased transcription of
ferritin and loss of transferrin receptor on the surface of
cell membrane. These results showed mechanistic regu-
lating iron hemostasis was activated in H,0O,-induced cell
death [38].

A recent study has reported symptoms of apoptotic
cell death, including reduced expression of Bcl-2 and
increased expression of Box, in the cells of Rat’s brain
with a high iron diet for four months. Elevated iron has
induced apoptosis through oxidative stress. However,
deferoxamine could decline iron accumulation and its
toxic effects [19]. As we have reviewed recently, iron
accumulation in the cytoplasm can damage to mitochon-
dria, and thus lead to disruption in ATP synthesis and
Ca”*" buffering. Iron, upon entrance to the mitochon-
dria, may be used in heme and Fe-S cluster synthesis or
stored by mitochondrial ferritin. Excess iron ions in the
mitochondria can open mitochondrial permeability tran-
sition pore; cause the release of Ca®" and cytochrome
C into the cytoplasm; and result in apoptosis activation
[11]. Accordingly, the excess contents of iron can lead to
cell death. However, more detailed studies are required to
unravel the iron effect on the various cell types.

The role of IONPs in neurodegenerative diseases

In order to review recent studies about the role of IONPs
in neurodegenerative diseases, we provided two tables
from recent in vitro and in vivo studies (Tables 1 and 2).
There are conflicting data related to the effects of vari-
ous IONPs in different cells and organisms. Imam et al.
indicated IONPs led to a reduction of the dopaminergic
neurons in the striatum of rats [39], which can trigger
PD. Zhang et al. reversely showed IONPs had neuropro-
tective effects and diminished the toxic effects of MPP
(an inducer of Parkinson) in PD model-cells. In addi-
tion, dietary IONPs could protect AD-model Drosophila
against neurodegeneration; and delayed aging [40]. For
analyzing the role of IONPs in neurodegenerative disor-
ders, it seems necessary to reply this question; whether
IONPs can activate the positive feedback loop between
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iron accumulation, oxidative stress, and protein aggre-
gation. If these NPs, or the iron ions released from these
particles, are able to do this, IONPs can be effective in
promoting the neurodegenerative diseases. So, we briefly
discuss the roles of IONPs in iron accumulation, oxida-
tive stress, and protein aggregation.

IONPs may lead to iron accumulation

One of the main reasons to pinpoint IONPs applications
is frequent implementation of IONPs to increase the
contrast in MRIL For this purpose, the nanoparticles are
guided to a target tissue by using an external magnetic
field [9] which may intensify the levels of NPs and iron
ions in the target tissue.

To investigate the effects of NPs on iron ion accumu-
lation in the brain tissue, first it should be considered
whether these NPs cross the BBB or not. The BBB is com-
posed of endothelial cells, having tight junctions, which
selectively permit the passage of some molecules and
prevent the entrance of others [41]. Cengelli et al. have
indicated that the uptake of IONPs by the brain endothe-
lial cells of rats was low. They have proposed that the BBB
damage in neurodegenerative disorders may facilitate the
influx of IONPs to the brain [42]. In an agreement with
this finding, Imam et al. recently reported that IONPs
by producing ROS caused a damage to the membrane of
rat’s brain endothelial cells [39]. Thus, IONPs are taken
up slowly by endothelial cells or by destroying cellular
membranes cross the BBB.

After crossing the BBB, it must be studied whether the
neural system cells absorb IONPs or not. PC12 cell line
is one of the cellular models for neural differentiation. In
the presence of NGE, PC12 cells differentiate to dopamin-
ergic neurons [43]. Pinkernelle et al. (2012) demonstrated
the uptake of IONPs by PC12 cells, primary neurons of
the cerebellum, and glial cells, including microglia, olygo-
dendrocytes, astrocytes, and Schwann cells. Noticeably,
their data approved the presence of NPs in the cells [44].
IONPs could disturb the cellular membrane of corti-
cal neurons; the scanning electron microscopy pictures
demonstrated that IONPs removed the cell membrane
[45]. Thus, the nanoparticles can enter into the neural
system cells and exert their functions.

The mechanism used by cells to uptake NPs may
be phagocytosis, various type of endocytosis or diffu-
sion [44]. Large IONPs are absorbed by endocytosis;
but small IONPs incorporated into a cell by pinocytosis
[46]. IONPs, after placing in the endosome, are degraded
and released iron ions into the cytoplasm [47-49]. Vola-
tron et al. simulated the medium of the endosome, with
pH:4.7 and in presence of citrate, and showed degrada-
tion of IONPs in this medium. In absence of citrate,
acidic pH could not break down IONPs [48]. Released
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iron ions introduce to physiological pathways; for exam-
ple, they participate in hemoglobin synthesis, or is stored
by ferritin in cells [47, 48]. IONPs affect iron hemosta-
sis and cause upregulation of proteins related to storage/
export of iron from a cell, or lead to downregulation of
proteins related to iron uptake into the cell, such as TfR1
[47]. Laskar et al. proposed iron, released by IONPs deg-
radation, induces an increased level of nuclear ferritin to
reduce the toxic effect of excess iron on DNA. Further-
more, the cells which were exposed to IONPs, in order
to export iron, incited ferroportin expression and ferritin
secretion [49]. These studies indicate IONPs can influ-
ence iron pool in cells.

Iron accumulation in a cell depends on the initial con-
centration and properties of NPs, including size, shape,
coating, and a functional group, and also cell type. Yu
et al. have explained the concentration of iron in the cells
increased depend on the dose of IONPs [50]. In addi-
tion, the dose of IONPs determines their longevity in a
tissue. When IONPs were injected into a tissue in a high
concentration, they were not completely removed from
the tissue; even two months after injection; but NPs in a
low concentration were deleted within three weeks [51].
Therefore, the high dose of IONPs causes the tissue cells
to be exposed to IONPs for a long time.

Smaller NPs could accumulate in higher concentra-
tion then the larger ones in the cell [46]. A recent study
has suggested that spherical nanoparticles compared
with cubes had less contact surface for degradation; thus
degraded more slowly [47]. Coating of IONPs with dex-
tran has reduced degradation rate compared with cit-
rate coating [48]. IONPs containing amine groups have
positive charges, and also are taken up by a cell more
than IONPs, which have negatively charged -carboxyl
or hydroxyl groups [39]. Ligand bonded-IONPs can eas-
ily bind to their targeted cells, for example, folic acid
bonded-IONPs bind to breast cancer cells [52]. Thus, the
properties of IONPs affect their cellular uptake and deg-
radation rate.

Cell type is an important factor to uptake IONPs. As
explained above, cells such as microglia uptake a great
content of IONPs [44]; but the brain endothelial cells
absorb lower amount [39]. Any factor, which changes
the uptake of IONPs or the degradation rate of them,
can affect iron accumulation in a tissue and a cell; thus,
these factors must be considered for applying IONPs in
the CNS.

IONPs may lead to oxidative stress

Numerous studies have indicated the cytotoxicity of
IONPs in vitro and in vivo [9, 17, 53-55]. In contrast, a
number of studies have acclaimed that IONPs are non-
toxic or even useful [40, 52, 56]. IONPs present a large



Page 7 of 12

Yarjanli et al. BMC Neurosci (2017) 18:51

J1213Welp 31eIpAY , ‘[Spow Uosuied |,

JIX0) IO SAI1IIYBUI I9M SIBYIO0 Ul INQ ‘JRJ-[3POW UoSUINIed Pue eiydosolp Ul $Sa13s 3A1RPIXO PadNPal SdNOI 4,24 UBY} J1X0} 30w S|
+¢24 3843 pasodoud sa1pns 9A0QY “0I3A Ul Yim paiedwiod usym x3|dwod 210w S| SUOIIIRISIUI OAIA Ul PUB SN JO UORW.IOJUI 3PIA0Id A|ISeS 3,U0p S3IPN3s SWOS 3sNe33q 'SINOI 4O SII94° OAIA Ul 3y} 21edwiod 03 JNdIP s13|

(0] 15en
leuns21uI0se6 343 Ul SgNO| paIeodun pue pajeos  AXOGUBD pueolyl - pde diuidnsoidessswig \-1bwooL-L 708
JO UolIBINWNDE puUe Uoisabul syl ‘A121x03 JuedyIubIs |Ax0IpAH (91eQ) SUON _1Bw001-01 M €0%4  (ainsodx3) (eubews ejuydeq) seay} Jarean
[AxogJeD pue |01yl pIde djuIddNsoidedsawip _16W00l-1 708
[0/] s350p J0 2buel SIY3 Ul SN AQ pa1dayeun [Ax0IpAH (21eQ) SUON 16w 001-1 LE€¢ £0% (2Insodx3) (Joujuwl euwaT) paamydNg
04Yzs |AXogued pue joly]  pIde diudNsoydediawip 18w 00L-1 05 (2insodxg)

13)Je SJN Pa1e0duUn pue pa1eod Ag Yyimoib Jo uonigiyu |Ax0IpAH (24eQ) SUON 16w 00l-1 <E€¢ f0%4  (eaeudengns sij@dopiydey) sebje usaio
(0] S1l4 p|O-42am-XIs Ul ALIASBUO| pasealdul pue ‘A

-|lge Buiqul> paduUBYUS ‘S|AS| SOY PadNpaJ JuedyiubIS |Ax0IpAH (2Jeq) aUON \_ 1w b 00z 0z YOt (2Insodx3) pjydosoig
(69]

1ieay uj abewlep YN PUE $S213S SAIIBPIXO JO UOIIdNPU| |AX0IpAH SEP B 6ri | pue ‘'z %0 S YOt (UonDa(ul JejNdSeARIIUY) SN0
[09] winieds ul

$S911S SAIBPIXO JO UORDNPaI pue Jyblam Apoq paseainuy [AX0IpAH (reg)ouoN  4sDeur _TlzdNBrie  0eF 9 YO (Wwniens olul uondafuy) #ey
[6¢] 9bewep suoinau dibisuiwedop

pue wnie3s ul auiuedop pasealdap Apuedyiubis |Ax0IpAH (31eQ) SUON 6% Bui 0§ ol E0%4 (Uonda(ul JejNdSeArIIU|) 1By
[65] sndwedoddiy pue wnieis wolj SN Jo buirowai

Ul AB|Sp PUB SS311S SAIIBPIXO Pasealdul Juedyiubis Uy S1dv M Brl oz o¢ E0%4 (leseuenuy) 1ey
[9] @s0p ybiy ur ureiq aya ul
35PIDISI DUIOYD K128 JO AYIAIIDE PIdNPaI pue ‘asop

ybiy ur3ybram Apogq Jo uopdnpai ‘uleiq Ul sased ]y \—Aep | _B% buwi 0001

478D pue L BN M- BN 4O uomigiyur uedyiubis IAXOIPAH (24eQ) SUON pue ‘00€ ‘0¢ 0¢ foteq (1e4Q) 1ey

[89] 1yblam Apoq Jo uononpay |Ax0IpAH (31eQ) SUON |0 Bw G pue | 05> "Ofa (Uonesul jeaydeilenul) 1ey

suonejueidxy dnoib jeuondung Buneo) uonenuaduo) (wu)azis adAy 4N (poyiaw) wsiuebiQ

SdNOI JO 12343 OAIA Ul BYL Z 3|qe)



Yarjanli et al. BMC Neurosci (2017) 18:51

surface area for redox cycling. In addition, separation
of iron ions from their surface by enzymatic activity,
may also produce ROS [9]. The iron ions released from
IONPs can contribute to Fenton’s reaction and generate
ROS from H,0, and superoxide (Fig. 1) [57]. In contrary,
Zhang et al. declared that bare Fe;O, had a catalytic role
and could reduce the effect of H,0O, on mouse fibroblas-
tic cells [40]. Pongrac et al. discussed however neural
stem cells incubated with IONPs showed a low level of
ROS, a severe reduction was observed in GSH level of
the cells. They also detected mitochondrial membrane
hyperpolarization. Pongrac et al. have acclaimed oxi-
dative stress has diminished mitochondrial membrane
potential [58]. Thus, IONPs actually can activate the loop
between reduced GSH, oxidative stress, and iron accu-
mulation in neural stem cells.

Numerous factors determine the interaction of IONPs
with cellular components, such as the oxidation state of
iron, concentration, size, coating, and functional group.
The oxidation state of iron (Fe?* or Fe*) in NPs is an
important factor to determine NPs toxicity. Fe*" in Fe,O,
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is more toxic than Fe*" in Fe;O, and causes more DNA
oxidation [59]. Fe,O5 has shown cytotoxicity in the most
of the recent studies (see Table 1 and 2); for instance, Wu
et al. reported Fe,Oj; led to an increase in H,O, content
in PC12 cells [55].

The concentration of IONPs is a critical factor to deter-
mine their effects. The most of the studies investigated
dose and time-dependent effects of IONPs; for exam-
ple, Naqvi et al. reported that the viability of murine
macrophages dose and time-dependently diminished
by Fe,O5 [17]. Jarockyte et al. also, showed a dose and
time-dependent reduction of viability by Fe;O, in mouse
embryonic fibroblasts (NIH3T3) [51]. Low doses of Fe;O,
declined oxidative stress in the stratum of Parkinson-
model rats [60]. In contrast, high dose of IONPs induced
oxidative stress in PC12 cells and resulted in altering the
expression of mitochondrial enzymes, lipids peroxidation
and cell membrane damage [9, 55].

The size of NPs may affect their cytotoxicity. After cel-
lular uptake, small NPs degrade sooner than the large
NPs. Large NPs, compared with the smalls, have more

Fenton
reaction

I n/\y

C \
\

\ /

Haber-Weiss
reaction

02+

W

Protein ag

Iron
accumulation

o “
Apoptosis

gation

Fig. 1 IONPs can cause iron accumulation, oxidative stress, and protein aggregation. IONPs present a large surface area for redox cycling [9]; in
addition, the iron ions released from IONPs can also contribute to Fenton's reaction, produce OH from H,0,, and finally lead to oxidative stress [57].
Reactive oxygen species (ROS) may directly damage DNA, cell membrane, and organelle’s membrane. ROS result in release of Ca’* and cytochrome
C from mitochondria, and therefore, induction of apoptosis [11]. Furthermore, ROS leads to the release of iron from lysosomes and mitochondria
through damaging organelle’s membrane, [18], and iron accumulation in cytosol. Both ROS and free iron interact with a number of proteins, change
their conformation, and mediate their aggregation [25]
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affinity to agglomerate; then they are easily taken up
by macrophages [61]. Since smaller NPs present more
reactive surface areas, therefore generate more ROS
compared with the larger particles [59]. A recent study
has demonstrated that 10 nm-NPs may lead to a sig-
nificant increase in ROS level in endothelial cells [39].
In contrast, Yu et al. have explained that bare NPs, in
30 nm size, have incited ROS formation; but the bare
NPs, in 5 nm size, have not altered ROS content [50].
The effects of size in toxicity of IONPs needs to more
investigation.

The coating and the surface charge of IONP may influ-
ence its interaction with cellular components [59]. In
study of Yang et al. coating by aminopropyltrimethoxysi-
lane (APTMS) intensified the toxicity of bare NPs and led
to dose-dependent diminished viability, membrane dam-
age, and decreased the stability of DNA. The presence of
amine groups on the NPs surface leads to more endocy-
tosis of IONPs by cell and more concentration in the cell.
The amine group has positive charged and more affinity
to interact with negative charged DNA [46]. In contrast,
in Yu et al. study bare NPs significantly increased ROS
and cellular death, but coating of NPs by dextran or poly-
ethylene glycol reduced ROS formation and cell toxicity
[50]. Therefore, the type of coating is so effective in NPs
toxicity.

Another factor in NPs toxicity is the type of target cells.
As explained before, the uptake of IONPs by the differ-
ent cells is different [44]. In addition, the interaction of
normal and cancerous cell with NPs is different. The
bare Fe;O, diminished viability of normal dermal fibro-
blast, but promoted viability of fibrosarcoma in doses less
than 800 pg mL™~! [46]. Thus, for depleting IONPs toxic-
ity in cells, it is necessary to consider the concentration,
size, shape, and coating of NPs, and also target cell type;
and also, it seems vital using IONPs in combined with
antioxidants.

IONPs may lead to protein aggregation

As mentioned before, IONPs can lead to iron accumu-
lation and oxidative stress. Given to the relationship
between iron accumulation, oxidative stress, and pro-
tein aggregation, it is not surprising that IONPs can
promote protein aggregation; as seen recently IONPs
have caused an increase in aS expression in human
neuroblastoma cells [39]. According to the role of oxi-
dative stress in protein aggregation of aS [30] and A
[35], IONPs may result in protein aggregation. The fac-
tors such as charge, coating and side-groups influence
IONPs function. Researchers showed that the presence
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of uncoated IONPs increased the formation of aS aggre-
gation, while IONPs coated with lysine inhibited pro-
tein aggregation. It was proposed that uncoated IONPs
resulted in promoting protein aggregation, by altering
the ionic potential of soluble [28]. Studies indicated that
the lower concentration of positively-charged IONPs
may cause AP fibrillation compared with neutrally- or
negatively-charged IONPs. Also, it has been proposed
the presence of fluorinated, sulfated, or sulfonated
groups on the surface of NPs can inhibit the formation
of AP fibril [62]. Therefore, the application of suitable
coatings and side-groups can reduce the damages of
IONPs on the neural cells.

IONPs may lead to apoptosis

A recent study has demonstrated that IONPs motivated
long-term depolarization of neural stem cell membrane
and hyperpolarization of mitochondrial membrane in
the cell [58]. The inhibition of Nat—K™ ATPase trans-
porter involved in maintenance of resting potential of cell
membrane, has led to membrane depolarization [63], as
observed in the brain of rats by Kumari and colleagues
[64]. Depolarization of cellular membrane can cause
Ca" ions entry into the cell and finally apoptosis through
activation of N-methyl-p-aspartate (NMDA) receptors
[63]. Wu et al. observed an increase in expression of bax
and a decrease in expression of bcl-2 in the PC12 cells
exposed with IONPs [55]. Sarkar and Sil indicated that
IONPs, in addition to upregulation of Bad and down-
regulation of Bcl-2, caused a reduction in the potential
of mitochondrial membrane, the release of cytochrome c
from mitochondria, and finally activation of caspase 3 in
hepatocytes exposed to IONPs. They concluded IONPs
could activate apoptosis through a mitochondria depend-
ent way [65]. Therefore, IONPs may trigger apoptosis
pathway in the cells.

Discussion and conclusion
As mentioned before, there is a positive feedback-loop
between iron accumulation, oxidative stress, and pro-
tein aggregation in which one factor promotes other fac-
tors. IONPs can activate this loop by induction of iron
accumulation, oxidative stress, or protein aggregation
(Fig. 2). In addition, IONPs may provoke apoptotic cel-
lular death in the neurons. Given the role of iron accu-
mulation, oxidative stress, protein aggregation, and
apoptosis in neurodegenerative diseases, IONPs may
induce neurodegeneration.

But the toxicity of IONPs is affected by their proper-
ties, including size, shape, concentration, surface charge,
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Fig. 2 The summary of this study. Iron oxide nanoparticles (IONPs)
can activate a positive feedback-loop between iron accumulation,
oxidative stress, and protein aggregation and therefore, they may

lead to neurodegenerative disease

the type of coating and functional groups. Therefore, in
order to application of IONPs in the CNS, consideration
of IONPs properties is so essential.
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