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Abstract

The unique physicochemical properties of nanoparticles (NPs) make them
widely used in cosmetics, medicines, food additives, and antibacterial and antiviral
compounds. NPs are also used in therapy and diagnostic applications. Depending
on their origin, the NPs are commonly classified as naturally occurring and syn-
thetic or anthropogenic NPs. Naturally occurring nanoparticles can be formed by
many physical, chemical, and biological processes occurring in all spheres of the
earth. However, synthetic NPs are specifically designed or unintentionally pro-
duced by different human activities. Owing to their nano size and special proper-
ties, the engineered NPs can enter the human body through different routes such as
dermal penetration, intravenous injection and inhalation. NPs may accumulate in
various tissues and organs including the brain. Indiscriminate use of NP is a matter
concern due to the dangers of NP exposure to living organisms. It is possible for NPs
to cross the placental barrier, and adversely affect the developing fetus, posing a
health hazard in them by causing neurodevelopmental toxicity. Thus, NP-induced
neurotoxicity is a topic that demands attention at the maternal-fetal interface. This
chapter summarizes the routes by which NPs circumvent the blood-brain barrier,
including recent investigations about NPs’ neurotoxicity as well as possible mecha-
nisms involved in neural fetotoxicity.
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1. Introduction

The term nanoparticle (NP) refers to particles with at least one dimension less
than 100 nanometers [1]. NPs are an essential part of earth’s biogeochemical sys-
tem, produced by many physical and chemical processes including different natural
and human activities. They are commonly classified as naturally occurring and syn-
thetic or anthropogenic NPs, depending on their origin. Synthetic or anthropogenic
NPs can be further categorized into two types: incidental and engineered nanopar-
ticles [2]. Naturally occurring nanoparticles can be formed by chemical, photo-
chemical, mechanical, thermal, and biological processes occurring in all spheres of
the Earth. NPs such as alumina, iron oxide, gold, sulfur manganese oxide, and so on
derived from natural sources can be found in volcanic ash, fine sand, ocean spray,
and even some biological matter [1]. Incidental nanoparticles are unintentionally
produced as a byproduct of human day-to-day activities involving combustion
process such as running diesel engines, large-scale mining, and even starting a fire.
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On the other hand, the engineered or manufactured NPs such as silver, gold, zinc,
metal oxides like manganese dioxide (MnO,), aluminum oxide Al,O;, titanium
oxide (TiO,) of controlled shape, sizes, and compositions are specifically designed
and deliberately synthesized by human beings [3]. Engineered NP include nonmet-
als like carbon nanotubes and quantum dots, polymers like chitosan, alginate,
lipids like stearic acid, and metal sulfide like CuS, AgS, ZnS and so on [4]. Another
classification of NP is their grouping into organic nanoparticles and inorganic
nanoparticles. Organic nanoparticles include liposomes, dendrimers, micelles and
so on. Examples of some of inorganic NP include metallic NP like gold, iron, silver,
aluminum, titanium oxide (TiO,), and zinc oxide (ZnO). Nanomaterials can also
be classified based on their size for example zero-dimension, one dimension, two
dimension, and three dimensions [5]. Silver, gold, copper, and platinum are some of
the most commonly used metals NP. Metal-based NPs can be easily conjugated with
various functional groups, like polylysine, polyethylene glycol (PEG) or bovine
serum albumin [6, 7].

The technological advancements of human society as well as progress in the field
of nanotechnology have shown a sharp rise in consumer products that deliberately
include synthetic nanoparticles [8]. This has resulted in high levels of exposure to
many types of synthetic NPs, and it is likely that this trend will continue in future.
The easiest place to find these nano-enabled products in our own homes is in health
care products, cosmetics, and food additives. In the past decade, many companies
have used ZnO and TiO, NPs as sun block materials because these materials are
very effective at absorbing UV radiation [9]. Some commonly used nanomateri-
als as food additives include silver, silicon dioxide (SiO,), titanium TiO,, and iron
oxide (Fe,0;) [10]. Silver NPs are also commonly used as antibacterial and antiviral
agents, while gold NPs are used for drug delivery, photothermal therapy and
diagnostic applications, and polymeric NPs are used for controlled and targeted
drug delivery [11].

Extensive use of engineered NP poses risk to human health. The health hazards
are cause of concern in pregnant women and their unborn children. Therefore, it is
important to study the toxic effect of NP on developing fetuses. In this chapter, we
summarize the developmental toxicity of NP on the nervous system.

2. Factors affecting the toxicity of nanoparticles

The embryonic toxicity of nanoparticles depends on their bioaccumulation,
which in turn depends on the following [12]:

* Chemical composition, particle size, shape, surface modification, and degree
of agglomeration. Smaller NPs have been shown to induce more pronounced
blood brain barrier (BBB) breakdown, brain edema and neuronal injuries,
glial fibrillary acidic protein upregulation, and myelin vesiculation in young
animals [13]. Similarly, different shapes of the same NP have been shown to
induce different cellular responses by nonspecific uptake into cells [14]. In
vivo animal studies have demonstrated that administration of higher doses
of smaller particles NP caused their increased accumulation in placental and
embryonic/fetal tissues [15].

* Type of coating, concentration of particles, surface charge of the particles,
zeta potential, and crystal form. Unmodified fullerene NPs can generate
reactive oxygen species (ROS) to damage cells, whereas surface-modified
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fullerene NPs have been demonstrated to enter cerebral microvessel endothe-
lial cells and protect these cells by attenuating ROS-induced cellular damage,
such as F-actin depolymerization [16].

* Other factors include the pH of the solution, salt concentration and the
temperature [17], “protein corona,” chemical characteristics, metal impurities,
and degradation properties [18].

* Particle dissolution also alters the particle presence [15].

* Routes of exposure in in vivo studies. Inhalation is the main route of exposure
in occupational and environmental settings. Experimental studies commonly
use intravenous and intra peritoneal routes [15].

* The anatomical and functional state of the placenta [19, 20] and the critical
period of exposure during gestation [15].

* Zeta potential of the NP. The charges on the NP determine their interactions
with the biological system. Also, the zeta potential determines the stability of
the NP in colloidal systems [21].

3. Entry of nanoparticles

The exogenous entry of engineered NP is mainly from hand-to-mouth contact
in the workplaces. Nanoparticles enter the body through food, drinking water,
drugs, or exposure during medical procedures. Inhalation of airborne nanopar-
ticles is also an important point of entry into the body [22]. Larger particles are
trapped in the nasopharyngeal region (5-30 pm), while the smaller particles
(1-5 pm) get deposited in the tracheobronchial region. These particles can be
removed by mucociliary clearance. Finally, the remaining submicron particles
(<1 pm) and nanoparticles (< 100 nm) with the smallest size distribution penetrate
deeply into the alveolar region, where removal mechanisms may be insufficient.
Nanosized particles can reach the alveolar region of the lungs where they get in
contact with the alveolar epithelium. From the alveolar epithelium these par-
ticles can cross the blood-air-tissue barrier and enter the bloodstream to reach
various organs [22]. Inhaled ultrafine particles may get deposited in the olfactory
mucosa from where they can translocate in the central nervous system (CNS),
which in turn might cause neurotoxicity. Studies have shown that the CNS
may be a crucial target for nanoparticle inhalation or intranasal installation
exposure [23, 24]. The third route of entry of NP into the body is through dermal
penetration [22, 25].

The NPs enter the CNS through three main routes: (1) Transport through the
lymphatic and circulatory system; (2) Activity of the mucocilliary escalator fol-
lowed by oral exposure; and (3) Transport through the olfactory and trigeminal
nerves [18, 26]. This pathway involves the passage of nanoparticles through
the olfactory epithelium and the neurons associated with it to the brain [18].
Carbonaceous nanomaterials have been reported to show increased access to the
brain via the facilitation of olfactory mucosa and olfactory nerve [23]. After uptake,
NPs can permeate into other parts of the brain by simple diffusion and then travel
along the direction of the convection of the interstitial fluid and the cerebrospinal

fluid flow [27].
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4. Barriers that restrict the entry of substances into the brain
4.1 Blood: Brain barrier (BBB)

The blood-brain barrier (BBB) is a term used to describe the unique properties
of the microvasculature of the central nervous system (CNS). CNS is made of
continuous and non-fenestrated vessels. These blood vessels function to regulate
the movement of molecules, ions, and cells between the blood and the CNS
[28, 29]. The central nervous system of vertebrates is isolated from the rest of the
body by BBB. Normal functioning of BBB is essential for homeostasis. The BBB
is made of two main types of cells, that is, endothelial cells (EC) and mural cells.
ECs function to regulate the movement of ions, molecules, and cells between the
blood and the brain. ECs are held together by tight junctions (T]s), which greatly
restrict the paracellular movement of solutes [30]. The tight junctions hold CNS
ECs in place forming a paracellular barrier to molecules and ions [30].

Mural cells are the cells surrounding the large vessels and pericytes, which are
present on the abluminal surface of the endothelium [31]. Pericytes and astrocytes
are considered the key cell types involved in BBB regulation through their interac-
tions with brain endothelial cells. Astrocytes interact with brain endothelium and
are thought to be involved in the maintenance of BBB endothelial cell properties
[32] and regulate BBB permeability [33]. The BBB restricts the movement of
molecules by forming a physical barrier, which is represented by tight junctions
between the endothelial cells. The endothelial cells express two main types of trans-
porters: the efflux transporters, which transport lipophilic substances toward the
blood [34] and nutrient transporters, which transport nutrients into the CNS and
remove waste products from the CNS to the blood [35]. The EC cells of the CNS are
characterized by a higher number of mitochondria [36]. These mitochondria supply
the BBB with Adenosine triphosphate to carry out their transport processes.

Other cell types of the BBB are astrocytes and immune cells, mainly macrophages
and microglial cells [30]. Pericytes, astrocyte end-feet, and a discontinuous basal
membrane support the functions of the BBB. The highly selective functionality of the
BBB is due to endothelial tight junctions that are assisted by astrocytes and pericytes.
The tight influx control is complemented by the efflux transport system, which rapidly
eliminates classic xenobiotics and NMs buildup in the brain [37]. However, nanomate-
rials have been reported to cross the BBB via a transcytosis-mediated route [38].

4.2 Metabolic barrier

A second barrier observed in the nervous system is the metabolic barrier.
The metabolic barrier is composed of enzymes and transport systems [39]. The
metabolism of endothelial cells plays an important role in the function of BBB.
L-Dihydroxyphenylalanine is the precursor of dopamine which enters the brain
through the neutral amino acid-transport system. However, its entry is restricted
due to L-Dihydroxyphenylalanine decarboxylase and monoamine oxidase inside
the endothelial cells of the brain capillaries. This “enzymatic blood-brain barrier”
limits the passage of L-Dihydroxyphenylalanine into the brain (https://nba.uth.tmc.
edu/neuroscience/m/s4/chapter11.html). The brain capillaries contain enzymes that
metabolize neurotransmitters. These enzymes include endopeptidases, cholinester-
ases, aminopeptidases, and Gamma-Aminobutyric acidtransaminases. The brain
capillaries also contain drug and toxin-metabolizing enzymes found in the liver [40].
The endothelium of the BBB lacks pinocytic vesicles. This limits pinocytosis
by the cells of BBB. The cells of BBB express many enzymes on the intra and
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extracellular surfaces, which restrict the movement of substances through the BBB.
P-glycoproteins, and similar substances present on the endothelial cells also help

to eliminate various endogenous and exogenous toxins [18]. P-glycoproteins cause
multi-drug-resistant cancer cells to pump out the drugs. The endothelial cells have
P-proteins, which help to pump some hydrophobic substances like cyclosporin A,
domperidone, digoxin and so on into the blood.

4.3 Blood-Cerebrospinal fluid barrier

A third barrier represented by the blood-Cerebrospinal fluid barrier also serves
to prevent indiscriminate entry of substances in the CNS [41]. This barrier is made
up of choroid plexus epithelial cells. The blood-Cerebrospinal fluid barrier is
made up of choroid plexus epithelial cells, which have smaller tight junctions than
the BBB endothelia. The blood-Cerebrospinal fluid barrier prevents the entry of
macromolecules into the Cerebrospinal fluid. The active transport systems of the
BBB actively remove therapeutic organic acids from the Cerebrospinal fluid [42].

5. Circumvention of the blood-brain barrier by NPs

Some of the ways by which NP can circumvent the blood brain barrier include
the following (Figure 1):

* Transcellular diffusion—Low molecular weight solid lipid nanoparticles [43].

* Paracellular diffusion—this route is taken by silica and reduced graphene oxide
NP [44, 45].

* Receptor-mediated transcytosis—Engineered nanomaterials with ligands such
as transferrin, insulin, ApoE can avoid the BBB by this route [46].
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Figure 1.

Possible pathways through which nanoparticles cvoss the blood-brain barrier (BBB) and damage the neurons.
Engineered nanomaterials with specific physicochemical properties can cvoss the BBB through various transport
pathways such as (A) transcellular diffusion; (B) paracellular diffusion; (C) receptor-mediated transcytosis;
(D) adsorptive-mediated transcytosis; and (E) cell mediated transcytosis. Nanoparticles intevact divectly with
neuronal cells and cause neurotoxicity.
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* Adsorptive-mediated transcytosis—Cationic albumin-conjugated pegylated
NPs enter the brain by adsorptive-mediated transcytosis [47].

* Cell mediated transcytosis—Macrophages take up engineered nanomaterials
and release them into the CNS [48].

6. Translocation of nanoparticles through the placenta

Exposure of pregnant mice to different NPs has been reported to induce preg-
nancy complications or damage to the fetus. Placenta is the maternal-fetal interface,
which is formed of both maternal and fetal tissues that protects the embryo from
harmful substances in the maternal blood. Placenta functions to exchange oxygen,
nutrients, metabolic waste, and other molecules between the maternal and fetal
bloodstream [49]. Factors that control the transfer of substances between maternal
and fetal circulation include membrane surface area and thickness, blood flow,
hydrostatic pressure in the intervillous chamber and the difference between fetal
and maternal osmotic pressure [50]. Beside the placenta, amnion, chorion and
parietal decidua also surround the fetus. These membranes are impervious to most
of the xenobiotics in the maternal blood [51].

The brains from the fetuses of rats and mice have shown the presence of NP
when the pregnant mothers were exposed to NP [52, 53]. Nano-silica and nano-

TiO, have been reported to accumulate in the placenta, fetal liver, and fetal brain
when injected to pregnant mice [54]. The extent of transfer of nanoparticle across
the placenta depends on the characteristics and functionalization of the particles
[55, 56]. NPs with diameters 1-100 nm have been shown to transverse the placental
barrier and were detected in the brain of the offspring [57, 58]. Gestational age is

an important factor affecting the toxicity of NP on the fetus [50]. Fennell et al. [59]
have demonstrated that AgNP administered through oral and IV route on gestational
day 18 resulted in placental accumulation after 48 h. Campagnolo et al. [60] demon-
strated that inhalation of Ag NP during the first gestational day until the fifteenth
gestational day in female rats caused fetal resorption. This was accompanied with an
increased expression of pregnancy-relevant inflammatory cytokines in the placentas.
Zhang et al. [19] have shown that maternal exposure of mice to TiO, NP decreased in
angiogenesis in placental tissue and activated apoptotic pathways through caspase-3
in placental tissue.

Studies have demonstrated that various NPs can cross the BBB and placental
barrier [61, 62]. Titanium dioxide nanomaterials (nTiO,) have been reported
to cross the placental barrier in pregnant mice and cause neurotoxicity in their

offspring. Toxicity to the brain cells was reported to be caused due to necrosis
(Figure 2) [63].

6.1 Mammalian embryonic model

Rodents, primarily mice and rats have been commonly used for gestational
translocation of NPs [15]. Mice have been commonly used for mammalian embryo
toxicity studies [64-66]. Although rabbits have been used in fewer studies, rabbit
placentae bear closer resemblance to human placentae than that of other rodents.
Therefore, rabbits should be the preferable animal model to study gestational
particle exposure [15]. Other nonmammalian species like drosophila and zebrafish
have also been used in iz vivo studies [67].
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Maternal exposure of nanoparticles (NPs) results in neural fetotoxicity and developmental abnormalities.
Direct translocation of NPs from maternal civculation acvoss the placental barrier into growing fetus has been
recognized as the major factor involved in NP-induced fetotoxicity. Accumulation of NPs in the fetus can cause
structural and functional abnormalities in various fetal tissues, including the central nervous system (CNS)
which is the main target of metallic NPs. Oxidative stress, induction of inflammatory responses, altevations in
gene expression, DNA damage, necrosis, and apoptosis are the mechanisms associated with NP-induced neural
fetotoxicity.

6.2 Effects of nanoparticles on fetal brain

The developing brain is highly vulnerable to nanomaterials [18] due to the
incomplete development of BBB in the fetus [68]. The CNS shows considerable
plasticity in the early stages of development and therefore highly susceptible to
the toxic effects of NP [69]. The placenta is a multifunctional organ forming a
barrier between maternal and fetal tissues. In utero exposure to NPs is one of
main routes of exposure during the development of the nervous system [70].
Neurodevelopmental studies have shown that both male and female offspring show
differential phenotypes after prenatal insults by NPs [18].

Among various NPs, many studies have been reported on the neurotoxicity of
TiO, NP. Injection of TiO, NP into pregnant mice resulted in altered expression of
genes associated with brain development and function of the central nervous system
in embryos [71]. The effects of TiO, seem to continue on the developing brain even
during lactation [72]. The effects of titanium dioxide nanomaterials in pregnant
mice include reduced size of the placenta and disrupted anatomical structure of
the fetal brain and liver. Toxicity to the brain cells was reported to be caused due
to necrosis [63]. One study showed that TiO, NPs administered subcutaneously to
pregnant mice resulted in an increased number of apoptotic cells in the olfactory
bulb of the brain and damage to cranial nerves [58]. A subsequent study showed that



Neurotoxicity - New Advances

the mice fetuses that were exposed to TiO, NPs prenatally exhibited an increased
level of dopamine and its metabolites in the prefrontal cortex and neostriatum.
This demonstrates that prenatal exposure to TiO, NPs might affect the development
of the central dopaminergic system in mouse offspring [73]. In utero exposure of
mice to TiO,, NP has been shown to cause changes in the genes associated with the
brain development and functions of central nervous system in the embryo [71].
Accumulation of TiO, NP in the placenta may interfere with the development of
nervous system of the fetus by impairing the transport of nutrients to the fetus [74].
Injection of silica (Si) NPs to pregnant mice resulted in their accumulation
in the brain of the embryo [54]. Other studies have reported that ZnO and TiO,
NPs causes neurotoxic effects in fetus after passing through the placenta [71, 75].
Injection of cobalt-chrome (CoCr) NPs into pregnant mice has been reported to
cause neurodevelopmental abnormalities, like reactive astrogliosis and increased
DNA damage in the fetal hippocampus [76].

6.3 Effects of prenatal exposure to NP on the offspring

Here, we briefly enumerate some of the effects of NPs in offspring associated with
prenatal exposure. The effects of prenatal exposure to nanoparticles include neurobe-
havioral alterations in the offspring [77]. Other effects of prenatal exposure include
accumulation of NP in the hippocampus [58, 78, 79]. These NPs in the fetal brain
cause disturbances in the CNS homeostasis. The accumulated NP has been reported
to cause psychiatric disorders such as autism, schizophrenia, and depression in
offspring [80]. Exposure of pregnant mice to aluminum NP has been shown to induce
neurodevelopmental changes which persisted during adulthood. This was accompa-
nied by an anxiety-like behavior and impairment of cognitive function in offspring
exposed to aluminum nanoparticles during in utero life [20]. Prenatal exposure to
TiO, NPs has been shown to impair the antioxidant status, cause oxidative damage to
nucleic acids and lipids in the brain of newborn pups and enhanced the depressive-
like behaviors during adulthood. Prenatal exposure to TiO, NP has been associated
with depressive behavior in adults [81]. In the case of ZnO NP, the depressive behav-
ior has been attributed to their neurotoxic effects on neural development [82].

Pups from mice exposed to Al1203 before and during pregnancy have been
shown to have higher levels of Al accumulation in the hippocampus [20]. Similarly,
in the case of Sprague Dawley rats the pups of dams exposed to silver NP showed
the accumulation of silver in the brain, lung, liver, and kidneys [78]. Subcutaneous
injection of TiO, NP to CD-1 pregnant mice caused the accumulation of TiO, NPs in
the brain and testis of offspring [58]. However, exposure of Sprague Dawley rats to
Zn NPs before mating and during lactation caused no accumulation of these NPs in
the brain of offspring [83]. Prenatal exposure of mice to TiO, NPs causes anatomi-
cal alterations in cerebral cortex, olfactory bulb and regions associated with the
dopamine systems in the offspring [84].

Studies of Mohammadipour et al. [85] and Gao et al. [72] showed that in
pregnant rats treated with TiO, NPs significantly decreased hippocampal cell
proliferation, impaired learning, and memory, and affected synaptic plasticity in
the hippocampal dentate gyrus area in newborn rats. Similarly, the study of Zhou
and his collogues [86] showed that maternal exposure to TiO, NP results in inhibi-
tion of hippocampal and dysfunction of the rho/NMDAR signaling pathway in
offspring. Maternal CB-NP exposure induced the long-term activation of astrocytes
resulting in reactive astrogliosis in the brains of young mice [87]. TiO, NP injection
to pregnant mice has been reported to cause symptoms akin to autism spectrum dis-
order (ASD) and neurodevelopment disorders in neonates, without the detectable
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presence of NP in the placenta [88]. Another study indicated that nano-TiO, can
cross the blood-fetal barrier and placental barrier, thereby delaying the develop-
ment of fetal mice and inducing skeletal malformation [89].

7. Mechanisms of nanoparticle toxicity

Various hypothesizes have been proposed from time to time regarding the toxic-
ity of NP. Nanoparticles can directly cross the placenta and cause damage to the
fetus because of their high surface reactivity. Because of their small size, NPs can
easily reach the brain and are taken up by the brain cells, such as neurons and glia.
Mechanisms of NP uptake by cells include pinocytosis, endocytosis dependent on
caveolae and lipid raft composition, clathrin-dependent endocytosis, and phago-
cytosis [90]. Due to their high surface reactivity, the nanoparticles can cause the
generation of reactive oxygen species [91] and inflammation [92]. The metal ions
of the NP have been proposed to contribute to their toxicity [93, 94]. The neuro-
toxic effects can either result in the direct alteration of the structure or activity of
the neural system or lead to subsequent effects due to glial activations and glial-
neuronal interactions [95]. The nanoparticles may also exert their toxic effects due
to their limited elimination/excretion from the brain.

Oxidative stress has been implicated as one of the major mechanisms of NP
toxicity. Consequences of oxidative stress include mitochondrial membrane damage
and dysfunction, which in turn leads to cell death [96]. Inflammation caused by the
production of cytokines appear to be a second mechanism by which the NP exerts
their cytotoxic effects [97]. ZnO NPs have been shown to induce the production of
pro-inflammatory cytokines in the brain of mice, accompanied by an impairment
of cAMP/CREB signaling pathway. The degree of inflammation correlated with the
age of the mice [56]. NPs interact with enzymes, potential apoptotic, or necrotic
factors and induces inflammatory processes [12]. NP show properties similar to that
of viruses and cause damage to DNA affecting cell proliferation [90]. NP can reduce
mitochondrial function [98] and generate cellular morphological abnormalities [99]
Cui et al. [81] postulated that prenatal exposure to NP resulted in an impairment of
antioxidant capabilities in the brain of newborn pups.

Accumulation of NPs along the endosomal pathway may affect the morphology
and functioning of the BBB. The interaction of the NP with biological macro-
molecules like DNA, lipids, and proteins may lead to the generation of oxidative
stress, conformational changes in the macromolecules, mutations, alterations in
membrane permeability, activation of various signaling pathways, alterations in
the functions of enzymes, and exposure of new protein epitopes [100]. Genotoxic
effects of NP include chromosomal aberrations, DNA strand breaks, oxidative DNA
damage, DNA adducts, and micronucleus formation [101, 102]. Interactions of NP
with microglia and astrocyte may activate NF-«B signaling and result in the release
of mediators of inflammation and apoptosis [103]. On the other hand, oxidative
stress induced mitochondrial DNA damage results in Nod-like receptor protein 3
(NLRP3) inflammasome activation, which subsequently regulates inflammatory
responses by activating caspase-1 and interleukin-1p (IL-1p) release [104].

Most of the resulting damage of the nervous tissue is usually irreversible
[18]. NPs have been reported to disrupt the cytoskeleton of cells of the CNS and
thus cause cell death. NPs been shown to regulate the expression of neuronal
channels and other proteins involved in excitability and neurotransmission [105].
Microglia, account for ~20% of the glial cells in the brain. They are a type of
glial cells, which are the resident innate immune cells in the brain and regulate
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neuroinflammation [106]. Choi et al. [107] demonstrated that low levels of SiNPs
can alter microglial function by changing the expression of proinflammatory genes
and cytokine release. Excessively activated or uncontrollable microglia can cause
nerve toxicity by inducing proinflammatory factors, such as interleukin-1f, tumor
necrosis factor (TNF)-a, prostaglandin E2, and interferon-y (Figure 3) [18].

Autophagy (autophagic flux) is a highly regulated cellular process which by
eliminating long-lived proteins and damaged organelle components through the
lysosomal mechanism maintains cellular homeostasis [18]. NPs have been demon-
strated to be autophagic inducers [108]. Autophagy has been found to be correlated
with increased DNA strand breaks and other defensive mechanisms [109]. NPs have
been reported to induce autophagy through the generation of ROS and lysosomal-
dependent mechanism [18]. Autophagy induced by NPs can have protective or
detrimental effect on cells. During intracellular oxidative stress, imbalance and
excessive ROS generation decline in autophagy-lysosome degradation function
results in autophagic flux impairment, which leads to significant accumulation of
the substrate of autophagy within the cell and may even trigger cell death through
mitochondprial pathway [110].
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Figure 3.

Mechanism of nanoparticles (NPs)-induced neurotoxicity. Supraphysiological levels of reactive oxygen

species (ROS) induce oxidative damage to the cellular macromolecules such as lipids, protein, and both
mitochondrial and nuclear DNA. ROS-induced protein peroxidation may result in loss of catalytic activity of
many enzymes including the antioxidant enzymes. NPs-mediated genotoxic stress in turn, can drive apoptosis
mainly through the intrinsic mitochondrial apoptotic cell death pathway in neuronal cells. Mitochondrial
dysfunction activates inflammasomes, which triggers the velease of proinflammatory cytokines IL-1p and IL-18
via caspase-1 activation. Moreover, ROS-induced activation of nuclear factor kappa B (NF-xB) pathway may
trigger proinflammatory responses, which is one of the key factors associated with NPs-induced neurological
inflammation.
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8. Conclusion

The brain has a limited capacity to excrete NPs [111]. Therefore, NPs that bypass
the blood brain barrier and reach the fetal brain during embryonic development
result in neurodevelopmental toxicity in growing fetus and psychiatric disorders
in offspring. Compelling evidence from animal studies on nanotoxicity during
pregnancy shows that cautions must be taken by pregnant women when using
NP-based products or medicine. Deeper understanding of interaction of NPS with
the biological system and the underlying mechanism on neurotoxicity will help in
the development of safety guidelines on the use of engineered NPs in medicine and
commercial products without health hazard. However, there is a need to study the
effects of long-term exposure to NP with realistic routes and levels of exposure to
identify the chronic effects of NP to fetal nervous system.
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