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Nanoparticle applications are becoming increasingly popular in fields such as

photonics, catalysis, magnetics, biotechnology, manufacturing of cosmetics,

pharmaceuticals, and medicines. There is still a huge pile of undermining

information about the potential toxicity of these products to humans, which

can be encountered by neuroprotective antioxidants and anti-inflammatory

compounds. Nanoparticles can be administered using a variety of methods,

including oronasal, topical applications, and enteral and parenteral routes

of administration. There are different properties of these nanomaterials that

characterize different pathways. Crossing of the blood-brain barrier, a direct

sensory nerve-to-brain pathway whose barriers are bypassed, these checks

otherwise prevent the nanoparticles from entering the brain. This inflicts damage

to sensory neurons and receptors by nanoparticles that lead to neurotoxicity

of the central nervous system. A number of routes make nanoparticles able to

penetrate through the skin. Exposure by various routes to these nanoparticles can

result in oxidative stress, and immune suppression triggers inflammatory cascades

and genome-level mutations after they are introduced into the body. To out-

power, these complications, plant-based antioxidants, essential oils, and dietary

supplements can be put into use. Direct nanoparticle transport pathways from

sensory nerves to the brain via blood have been studied grossly. Recent findings

regarding the direct pathways through which nanoparticles cross the blood-brain

barriers, how nanoparticles elicit different responses on sensory receptors and

nerves, how they cause central neurotoxicity and neurodegeneration through

sensory nerve routes, and the possible mechanisms that outcast these effects

are discussed.
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1. Introduction

Nanotechnology is a new scientific field that studies minerals
with particles between 1 to 10 microns in size (Tammam et al.,
2020). Nanoparticles possess exceptional therapeutic effects when
they hold an interaction with biological molecules due to their
nanometer particle sizes. It is believed that nanoparticles are more
beneficial than mass materials because of their small surface-to-
volume ratios, high reactivity, solvency, and bioactivity, as well as
controlled molecule size, site-specific focusing and bioavailability
(Youssef et al., 2020). Nanoparticles are now being widely used
in biomedical applications like anticancer (El-Dawy et al., 2022)
which is now being reported in feed supplementation for better
quality meat (Khan et al., 2022; Samy et al., 2022). There is a
wider range of nanoparticles based on their preparation e.g., green
synthesized nanoparticles like turmeric nanoparticles (Sarwar et al.,
2021), green synthesized silver nanoparticles (Jalil et al., 2021), and
chemical synthesized nanoparticles (Aymen et al., 2022) against
different pathogens. The application of nanoparticles is now being
evaluated in fish (Aziz et al., 2021, 2022). Recently, nanoparticles
are also used against ticks (Kandeel et al., 2022; Zaheer et al.,
2022). The chemical properties of these compounds make them
useful in cosmetics (Wiechers and Musee, 2010), biotechnology
(Singh and Nalwa, 2011), as nanofillers and nanosensors used
for the remediation of environmental pollution (Li et al., 2008).
Their mass-scale applications have made biological life and humans
more exposed to the increased risk of metallic NPs. They may
get absorbed into the biological bodies and are redistributed to
secondary targets post-exposure. There has been extensive in vivo
research that shows metal base nanoparticles may have toxic effects
when administered intravenously (De Jong et al., 2008), orally (van
der Zande et al., 2012), or intraperitoneally (Daniel et al., 2010). The
vital and visceral organs; the brain, liver, lung, kidneys, and spleen
are among the organs which are likely to come across, absorb and
interact with them. In spite of being the chief organ in the body,
the brain is highly susceptible to the noxious effects of metallic
nanoparticles (Feng et al., 2015). The list of effects that are caused
due to metallic nanoparticle neurotoxicity includes; oxidative stress
(OS), apoptosis, autophagy, inflammation, and disturbed sensory-
motor signaling pathways. Cerebral tissue is principally composed
of lipids, and brain oxygen consumption accounts for nearly half
of the total body’s consumption of oxygen. Due to its sensitivity to
hypoxic injury and oxidative damage, the brain is more susceptible
to hypoxic and ischemic tissue damage.

The nervous system is broadly divided into central and
peripheral innervations. Neuron cells (neuron body) and their
processes (axons and dendrites) that make up the peripheral
nervous system (PNS) transmit information to and from muscles,
glands, sense organs, and the spinal cord or brain. Peripheral
and cranial nerves contain bundles of nerve fibers formed by
PNS axons that are sheathed by Schwann cells. The somatic
(voluntary) and visceral (automatic) components of the nervous
system are made up of afferent (sensory) and afferent (motor)
fibers, respectively. Unlike visceral afferent fibers, which carry
impulses from the intestines, heart and blood vessels, glands, and
various organs, somatic afferent fibers carry information from
specific sense organs and sensory receptors in the skin and muscles
to the brain. Striated muscles are supplied by somatic afferents,

while smooth muscles in the heart, intestine, blood vessels, and
glands are supplied by visceral afferents. Peripheral neuropathies
due to sensory loss (e.g., loss of sensitivity to vibration, touch,
or body orientation) and motor (muscle) weakness result from
degeneration of sensory and motor fibers in toxic PNS states.
Abnormal sweating, cardiovascular changes, or disorders of the
gastrointestinal tract, urinary tract, genitals, or other organs
or systems may result from the breakdown or dysfunction of
autonomic fibers (Sánchez-Rodríguez et al., 2011).

Different factors determine how nanoparticles affect
biosystems. According to their shape, size, and interaction
with tissues, nanomaterials can be toxic. In the body, NPs may
cause phagocytic cells to "overload," resulting in a defensive fever
and depression in immunity. The inability of organs to effectively
degrade NPs may cause them to accumulate. The large surface
area of NPs makes them capable of causing enzymes and proteins
to dysfunctional, thus dysregulating the cellular-level biological
processes. The regeneration of neurons may not be possible
as it is for other damaged tissues of many organs involved in
active metabolism. Since most of the drugs are unable to pass
the BBB in the brain, rendering them from the ability to affect
the neurons. Thus, it is particularly important to evaluate nano-
neurotoxic effects comprehensively and systemically for preventing
or reducing CNS damage. Long-term exposure to Nano titanium
(n- TiO 2) NPs inhibits ERK signaling and produces ROS, which
can interfere with both mitotic progression and chromosomal
segregation. It has recently been proposed that AgNPs directly
interact with membrane receptors, causing ROS to be produced
and activating signaling pathways involving protein kinases
(Marano et al., 2011). The genes that activate these pathways,
nuclear factors, or specific genetic programs are dependent on ROS
production intracellular and extracellular, despite their varying
chemical patterns and differential activities (Nel et al., 2009). NPs
have been shown to affect the CNS and the possible mechanisms
for these effects are discussed in this review.

2. Routes of exposure

The most usual way of exposure to nanoparticles is via
oral intake or a central route (Sohal et al., 2018). However,
the absorption of nanomaterials through the dermal route has
usually been determined to be non-significant (Filon et al., 2015).
Nanomaterials also come in contact by parenteral routes and
directly with skin, such as topical applications; cosmetics or
sunscreens. By the intra-nasal route, particles inhaled are absorbed
widely, while the particle density and size contribute to the pattern
of particle deposition. The olfactory bulb or other brain sensory
receptors are believed to receive particles through neurons in
the trigeminal nerve or olfactory bulb (axonal transport) also
by paracellular pathways. A mucous membrane in the head
region, such as the nasal cavity is impinged by these nerves
(Bourganis et al., 2018). The transport across the blood-brain
barrier, makes them reach the central nervous system without
getting absorbed into the bloodstream. Pulmonary macrophages
can also inculcate the inspired particles in the trachea and bronchi,
either transporting them to the lymphatic system or removing them
from the mucociliary escalator to be phagocytosed by the mucosal
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cells. In addition to penetrating the alveolar space of the lung,
nanometer particles can also dissolve ionic particle components
and translocate into the bloodstream. Lastly, particles that were
consumed by ingestion of food and beverages may get excreted
through lung clearance mechanisms. It is possible that a small
percentage of these nanoparticles may enter the digestive system
and become toxic via the esophageal route. Nano- titania (n-TiO 2)
used in the food industry (as a whitening agent) is also absorbed in
the body. Inside brain, particles may enter via passing through the
blood-brain barrier due to systemic absorption.

NPs are absorbed through three primary pathways in humans:
the respiratory tract (especially the nasal passages), the digestive
tract, and the skin. The blood-brain barrier (BBB), blood-
cerebrospinal fluid barrier (BCSFB), and blood-nerve barrier
(BNB) are the three barriers through which NPs can enter the
nervous system. A direct route to the brain is provided by exposed
cranial nerves (see VI.D. Direct uptake into the brain through
exposed cranial nerves). There has been evidence that metal-based
nanoparticles are absorbed from the mouth cavity, the portions of
the large intestine; the rectum and cecum, but not from the colon.
There is no evidence of sublingual NPs absorption. Absorption
by the stomach and intestine depends on the size of the NPs
(Hillyer and Albrecht, 2001). Nano- titania (n- TiO 2) has been
investigated most extensively for cutaneous absorption because it is
extensively used in sunscreen products. Despite the limited detailed
evidence, metal-based NPs can be absorbed into the body after
dermal application, especially when skin injury, organic solvents,
or irritating detergents are not present.

2.1. Olfactory nerve pathway

The thousands of olfactory sensory nerves that line the
olfactory epithelium form an olfactory nerve pathway through the
cribriform plate and olfactory bulb, allowing these nano particles
to access the brain (Moseman et al., 2020). In order to ensure
the morphological and physiological balance of the human brain,
which coordinates almost all body systems, a strict morphological
and physiological balance is essential. Through its influence on a
key interaction between the nervous system and the environment,
the nose-brain interface regulates the immune activity and fluid
clearance. It acts as a major physical barrier against pathogenic
organisms’ making a difficult entrance into the central nervous
system (CNS) by mediating the physiological protection of the
brain. Cerebrospinal Fluid (CSF) circulation is another function
of the nose-brain link, in addition to regulating environmental
microorganisms. A neurodegenerative process can occur in the
brain when nanoparticles are inhaled from air pollution and
occupational exposure (Calderon-Garciduenas et al., 2002). The
olfactory bulb is believed to be a possible passage for metal
nanoparticles to migrate into the brain after depositing in the nasal
cavity’s olfactory area. From inhaled particles, nanoparticles reach
the brain, but how they do so is undercover.

It has been found that the pathway from nose to brain works
in most primates (Dorman et al., 2006), but not in humans. It has
been suggested that manganese particle transfer from the nose to
brain may contribute to Parkinsonian-like symptoms in welding
fume workers (Antonini et al., 2006). Quantifying the number

of nanoparticles inhaled by humans and rats is crucial in the
investigation of this potential exposure route. For nanoparticles
deposited in the human olfactory area, inhalation rates ranged from
15 to 30 L/min and particle sizes varied from 1 to 100 nm. In
small particles between 1 and 2 nm that are inhaled, our models
estimated that around 1% accumulates in the olfactory area. The
nasal epithelium covers a larger portion of the nasal surface in
rats, and their nasal tubes are smaller than in humans, which may
explain the less effective olfactory deposition in rats. Despite a
larger minute volume in humans, humans have a higher olfactory
dose per unit surface area than rats between 1 and 10 nm, which is
consistent with the increased minute volume.

2.2. Trigeminal nerve pathway

Olfactory nerves are exposed to the environment only at their
ends in the nose and the trigeminal nerve can be found in the oral
cavity and roof of the mouth. Colloid silver-coated gold at 50 nm
was shown to absorb into the nasal passages, olfactory bulb, and
across synapses to connect neurons in the brain. A brainstem’s
pons is its biggest and most important region, where these three
sensory nuclei converge. The trigeminal ganglion develops on
either side of this sensory root as it exits the brainstem. Using
nasal medication as a method of crossing the blood-brain barrier
offers an intriguing way to transport across the barrier, as olfactory
and trigeminal neurons transmit drug molecules directly to the
brain. It remains unclear, that whether intact nanoparticles can be
transported from nose to brain and along which sort of pathways.
Nanoparticle behavior was monitored using accumulation-caused
quenching probes, which allow fluorescence switching between
loaded and released states. Ex vivo histological examinations of rats
following nasal injection showed evidence of intact nanoparticles
and Cur being transferred. Although preserved PCL nanoparticles
cannot penetrate the nasal canal, free Cur molecules released by the
nanomaterials can. The mucosa and the trigeminal nerve can be
penetrated by PCL NPs and PEGylated PCL NPs containing Cur.
Trigeminal neurons are less likely to absorb NP after PEGylation,
despite the fact that PEGylation promotes NP retention and mucus
penetration. NPs move slowly along the trigeminal nerves. Within
an hour of injection, the brain was no longer containing Cur signals
or carriers. Two hours after injection, Cur-loaded PEGylated PCL
Nanoparticles were present in the brainstem, indicating both intact
nanoparticles and Cur were delivered. Once the NPs reach the brain
they can travel to other parts of brain, such as mid and forebrain.
Other than the olfactory nerve, intact polymeric nanoparticles are
primarily transported from the nose to brain via the trigeminal
nerve channel (Li et al., 2019).

2.3. Blood-brain pathway

Nanoparticles chiefly may not be able to reach the brain because
of Blood-Brain Barrier (BBB) and clearance processes through
metabolism, distribution, and excretion. An important component
of NPs removal from circulation is by mononuclear phagocytes. In
order to increase Nanoparticle transport to the nervous system, NPs
dosage may need to be increased. In addition, this raises concerns
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FIGURE 1

Due their smaller size and target specificity nanoparticles can cross
the tight junctions of the brain and cause disturbance in the calcium
metabolism and activates necrosis, apoptosis and bring changes in
the neurotransmitters.

about the long-term effects of permanent nanoparticles because
it increases the possibility of undesired outcomes and increases
the load on the Nanoparticle system. The NPs can also be made
to escape the mononuclear phagocyte system by using PEG and
other surface modifications. It is possible to modulate the surface
to facilitate selective uptake into the target site, such as by utilizing
a synthesis process that is only recognized by tumor tissues when
treating that situation, use magnetic nanoparticles directly aimed
at the target brain site using external field targeting, and open
up the BBB for a short period of time. The blood–brain barrier
(BBB) has a unique barrier function that is created by endothelial
cells in brain capillaries, pericytes, and astrocytes, which are part
of the neurovascular unit, and protects the brain from potentially
harmful endogenous and exogenous substances. Efflux transporters
and tight junctions in the BBB prevent most therapeutic agents
from entering (Bernacki et al., 2008).

A promising approach to overcome limited flux into the central
nervous system (CNS) is the use of nanoparticles. Due to their nano
size and target specificity, nanoparticles are able to cross the blood-
brain barrier and cross the tight junctions of the brain (Agarwal
et al., 2009).

A greater understanding of nanoparticles’ effects on the BBB
and CNS is needed, however. Ag-NPs have been shown to cross
the BBB in vitro and in vitro, causing BBB dysfunction and
neurotoxicity in recent years (Tang et al., 2009; Figure 1).

2.4. Exposure through ingestion and
inhalation

Food components, supplements, and additives are being
synthesized using nanoparticles in the food industry in order
to improve nutrient absorption, better packaging, and enhance
nutrient absorption capacity (Sufian et al., 2017). There are
also non-edible items that may contain nanoparticles, such as
food and drink containers, and surfaces with silver nanoparticles
(Warheit and Sayes, 2015). There are some safety risks associated
with these technologies, despite their positive impacts (Lundquist

and Artursson, 2016). It is recommended to administer drug-
encapsulated nanoparticles, which boost bioavailability via multiple
mechanisms, through the oral route because of their simplicity
(Date et al., 2016). After ingestion, nanoparticles may not reach
their target cells because of various barriers, such as the stomach
and intestinal milieu, the mucus barrier, tight junctions limiting
paracellular transit, and the epithelial cells lining the digestive
tract (Lundquist and Artursson, 2016). Therefore nanoparticles are
absorbed through paracellular absorption (passing between cells) as
well as transcellular uptake (attached to specific receptors or passed
passively through enterocytes (Momin et al., 2013). Accordingly,
nanoparticles can pass through the intestinal system and enter
the circulatory system depending on their size, dispersibility, and
charge (Warheit and Sayes, 2015). Nanoparticles smaller than a
nanometer be transported by the blood-brain barrier and become
trapped in the brain (Caito and Aschner, 2015).

A significant danger associated with inadvertent consumption
of nanomaterials is because they are widely used in fabric,
paint, beauty products, water cleaning agents, and packaged food
(Geiser et al., 2017). Nanoparticles with diameters of 1–5 nm
get accumulated in the upper airway area, and larger particles
with diameters of 0.1–1 nm enter the alveoli, depending on the
size. Larger particles with diameters of 5–30 nm stay in the
nasopharyngeal area, and smaller ones with diameters of 0.1–1 nm
go into the alveoli. By contrast, nanoparticles with a size less
than 0.5 nm can pass through the thin epithelium to reach the
blood capillaries (De Matteis, 2017). The nasal passages have been
discovered to contain nanomaterials, which can either enter the
capillaries beneath the respiration epithelium or be digested by the
olfactory system and enter the brain (Fröhlich and Salar-Behzadi,
2014). Although non-therapeutic forms of nanoparticles are the
most common subject of toxicological studies, most of these lead to
morbidity or death. In contrast to therapeutic nanoparticles, these
nanoparticles are significantly smaller, inorganic, and insoluble
in water, and require different dosages and dosing frequencies.
Therefore, nanomaterials used in biological systems could be
subjected to toxicity studies (Zhang J. et al., 2011).

2.5. Exposure through skin contact and
systemic intake

Skin contains both lipophilic and hydrophilic substances, so
it may acquire both through different pathways. As a result of
their physicochemical characteristics, nanoparticles are capable of
infiltrating the skin through a number of pathways, facilitating
passage into the systemic circulation (Teixeira et al., 2018). The
epithelium, corneocytes, and hair cells absorb small nanoparticles
intracellularly, intercellularly, and dermally (Palmer and DeLouise,
2016). Biomedical nanoparticles’ size and ionizing potential
determine their bioavailability, and skin integrity influences the
substance’s absorption. In spite of this, toxicology studies suggest
that only certain types of nanoparticles penetrate and permeate the
skin (Mauro, 2018).

It is mostly associated with nanotechnology that nanoparticles
are exposed via intravenous infusions (Warheit and Sayes, 2015).
In medicine, they are used to diagnose and treat a wide range
of illnesses. The use of nanoparticles that can pass through the
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bloodstream is necessary for the detection and treatment of brain
cancer and central nervous system disorders.

3. Mechanisms of damage to the
brain

It has been demonstrated that NPs transported along sensory
nerves to the brain are capable of targeting the olfactory
bulb, cortex, striatum, hippocampus, cerebellum, and brainstem
(Hemmink et al., 2016). As sensory nerve-to-brain pathways pass
through the brain, nanoparticles are deposited in different areas.
As NPs pass through the olfactory nerve and reach the brain,
they are deposited in the olfactory bulb in significant quantities
(Kwon et al., 2013). Most NPs transported via the taste nerve-to-
brain pathway are directed toward the cortex (Liang et al., 2018).
An interesting finding was that the nanoparticles were initially
located in the same area as the target area. The olfactory nerve is
a pathway nanoparticles take to enter the brain in an investigation
by Kim et al. (2016). Following intranasal administration of gelatin
nanoparticles (GNPs), brain regions including the olfactory bulb,
cortex, and striatum were revealed to have been affected within one
hour, which confirms previous research on GCPQ nanoparticles.
Researchers found that NPs are primarily transported through the
olfactory bulb before reaching the cortex and thalamus, according
to Godfrey et al. (2018).

3.1. Organelle damage

Through sensory nerve pathways, nanoparticles can induce
a variety of ultrastructural changes in the brain, including
mitochondrial dysfunction and nuclear damage. The intranasal
administration of TiO2 nanoparticles to brain tissue leads to
a significant alteration in the nuclear membrane, chromosome
marginalization, and mitochondrial swelling (Ze et al., 2014). The
installation of ZnO and TiO2 NPs in the brain also resulted in
mitochondrial swelling and fragmentation (Aijie et al., 2017), as
well as a karyopyknotic and a karyorrhexic appearance. A more
detailed description of mitochondrial injury caused by copper
nanoparticles was also provided by Liu et al. (2014). As a
result of mitochondrial aggregates in the olfactory bulb, less ER
organelles were present and ER ribosomes became dissociated
(Liu et al., 2014). The lysosomes might be another target, in
addition to mitochondrial impairments and nuclear defects. As
a result of an intranasal instillation, Fe2O3 nanoparticles are
transported to hippocampal lysosomes. Oxidative stress is closely
associated with mitochondria (Sharma et al., 2018), whereas
autophagy is associated with lysosomes (He et al., 2013). Therefore,
neurotoxicity might be linked to oxidative stress and autophagy
mechanisms (Figure 2).

3.2. Oxidative stress

ROS (reactive oxygen species) contain oxygen atoms and can
be highly reactive. Examples would be superoxide radicals and
H2O2 (Rang and Boonstra, 2014). As a result of mitochondrial

FIGURE 2

Nanoparticles entry into the human brain through various routes of
exposure produced ROS which causes oxidative stress and as a
consequence of it inflammation, apoptosis, necrosis, gene disability,
immune destruction and the dis-regulation of cellular energies
occur, that disturbs the cell homeostasis.

and cytoplasmic oxidation, ROS are present in every cell under
physiological conditions. Normal physiological processes require
low to moderate ROS concentrations. It would be extremely
damaging, however, to produce an excessive amount of ROS
as a result of oxidative stress. Since the CNS consumes so
much oxygen, has weak antioxidative abilities, and has terminal
differentiation, it is highly susceptible to oxidative stress (Li et al.,
2013). The oxidative stress associated with acute-CNS-injury-
related neurodegenerative diseases is known to cause DNA damage
that impairs cerebral cell viability (Smith et al., 2013). The role of
ROS in neurodegenerative diseases such as Alzheimer’s has been
repeatedly demonstrated in studies. Apoptosis of neurons is also
an important mechanism in brain dysfunction, which is mediated
by ROS (Sorce and Krause, 2009). As well as regulating neuronal
ion channels, transcription factors, and kinases, ROS can alter
the genetic code of neurons (von Bohlen und Halbach, 2007). In
addition to contributing to long-term memory dysregulation, ROS
generated by the NADPH oxidase 2 (Nox2) system also contributes
to it (Massaad and Klann, 2011). ROS damages membranes,
denaturing lipids and altering DNA structures, as well as altering
the structure and function of internal proteins. A mutation or
alteration in gene expression can result from DNA oxidation, which
is extremely concerning. In mitochondrial DNA, mutations caused
by ROS are more likely to occur because there are no DNA repair
enzymes. Protein oxidation may result in the accumulation of
insoluble proteins in some diseases, including neurodegenerative
diseases (Brieger et al., 2012). Due to their large surface areas,
nanoparticles may cause cytotoxicity due to their ability to generate
ROS, a prime factor in disease progression and cellular stress (Nel
et al., 2006). Contrary to this, it is unclear how the central nervous
system is affected by NP-induced ROS. Numerous nanomaterials
have been shown to induce excessive levels of ROS in cells,
including quantum dots and metal-oxide nanoparticles (Hanley
et al., 2009; Figure 3).
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FIGURE 3

Disequilibrium between oxidation and free radicals disturbs cell
homeostasis and causes oxidative stress.

A major cause of poisoning is excessive ROS production
caused by nanoparticles transmitted through sensory nerves to
the brain (Ema et al., 2016; Tapeinos et al., 2017). It has been
shown that excessive ROS production by Nano- titania (n- TiO 2)
nanoparticles causes brain diseases, as shown by the impairment
of memory recognition after exposure (Czajka et al., 2015). Due to
nanoparticles, the excessive production of ROS is also accompanied
by the production of other oxidants and reduced antioxidant
activity. There was a significant increase in malondialdehyde levels,
SOD levels, hydrogen peroxide levels, and GSH activity among
the nanoparticles intranasally instilled (Liu et al., 2014), Fe3O4
nanoparticles (Wu et al., 2013), and ZnO nanoparticles (Liu et al.,
2009). Nanoparticles containing ZnO and TiO2 were found to
reduce the brain’s levels of SOD, GSH, glutathione peroxidase
(GSH-Px), and GSH/glutathione disulfide (GSSG), whereas MDA
levels were increased (Aijie et al., 2017). Aside from this, the
authors of the same study noted that Cyp51 and Gsr genes
were upregulated, whereas Nqo1, Fmo2, and Dhcr7 genes were
downregulated (Aijie et al., 2017). There may be a mechanism
that induces brain toxicity after NPs pass through sensory nerve
pathways.

3.3. Inflammation

Inflammation is the body’s response to phagocytosis, which is
followed by several immune regulatory molecules. Various studies
have revealed that carbon nanotubes and fullerene derivatives
induce inflammation in different types of cells, including
alveolar epithelial cells, epidermal keratinocytes, and monocyte
macrophages cultured in vitro (Baktur et al., 2011). In response to
oxidative stress, proinflammatory mediators are released through
nuclear factor-B, mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3-K) pathways (Poljak-Blaži et al.,
2010). This indicates that oxidative stress and inflammation are
mutually interconnected (Allen and Tresini, 2000). In addition

FIGURE 4

Administration of metallic oxide nanoparticles in the healthy brain
cells causes programmed cell death due to the increase production
of oxidative stress and convert normal cell into cancerous cell.

to zinc, cadmium, silica, and iron nanoparticles, many metal
oxide nanoparticles have been shown to be toxic by triggering
inflammatory cytokines (Pujalté et al., 2011). Several cellular
processes are regulated by the MAPK pathway, including cell
division, proliferation, mitosis, survival, and apoptosis (Torres and
Forman, 2003).

3.4. Apoptosis

One of the most commonly studied PCD types is apoptosis.
The phenomenon can be defined simply as programmed self-
destruction (Maiuri et al., 2007). An important role of apoptosis
is to renovate cells as well as to eliminate those that have been
injured. A malfunctioning apoptotic process can cause cell death
and tissue damage, resulting in organ dysfunction (Elmore, 2007).
An important aspect of human health and disease is the ability
of cells to undergo apoptosis (Wirawan et al., 2010). Blebbing,
fragmentation of DNA, and activation of caspases are some of the
hallmarks of apoptosis (Kanter et al., 2016). Although apoptosis
played a role in their neurotoxicity, metallic nanoparticles do
not seem to regulate apoptosis by regulating apoptosis. Cells are
believed to apoptose as a result of oxidative stress (OS) (Hildeman,
2004). In order to verify that NP-induced OS leads to neurotoxicity,
rescue studies were conducted. As a result of exposure to TiO2 NP,
PC12 cells had diminished viability, increased ROS production, and
showed an increase in apoptotic cells. It is possible to reverse these
changes, however, if PC12 cells are treated with N-acetylcysteine
(NAC). This suggests that ROS generated by TiO2 NPs are
responsible for PC12 apoptosis (Liu et al., 2010; Figure 4).

3.5. Autophagy

Recently, autophagy has gained much attention and has become
a hot topic. Programmable self-eating can be described simply as
this concept (Maiuri et al., 2007). An autophagic process differs
from an apoptotic process by relying on caspase-independent
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FIGURE 5

Selective sequestration of invasive microbes occur through the automacrophagy nanoparticles entry into cell speeds up the self-eating process and
destroys the normal cells with pathogenic cells.

pathways. Starvation adaptation is a process that occurs in cells
in response to starvation. When cells are degraded, their cargo is
transported to lysosomes, a major component of autophagy. Non-
neuronal cells, such as human keratinocytes, can be induced to
undergo autophagy by metallic nanoparticles (HaCaT) (Mizushima
and Komatsu, 2011; Lopes et al., 2016). Nanotoxicity has been
linked to autophagy (Cohignac et al., 2014) as one mechanism
of actions. A study in human cerebral endothelial cells (HCECs)
revealed the presence of autophagic vacuoles after attachment of
aminoPVA [poly(vinyl alcohol/vinylamine)]-coated USPIO NPs.
Also, NPs increased cathepsin D protein levels in HCECs,
suggesting autophagy is induced by them (Kenzaoui et al., 2012;
Figure 5).

4. Nanoparticles’ effects peripheral
nervous system

It is possible that NPs might alter sensory neuroreceptor
morphology since they induce toxicity within sensory
neuroreceptors. Due to this, NP effects on sensory neuroreceptor
morphology have been rarely studied in vivo, with imprecise
descriptions provided. Hyperemia of the fungiform papilla
occurs when ZnO nanoparticles are injected under the tongue
(Liang et al., 2018). In addition, intravitreal nanogold injections
induce mild vacuolization in ganglion cells which disrupts outer
photoreceptor segments. It is still necessary to conduct more
research on the sensory organs and their sensory neuroreceptors.
Acute inflammation is observed in the eyes of mice after intravitreal
injection of AuNRs (Gabriele Sandrian et al., 2012). Inhalation of
CuO nanoparticles causes the olfactory epithelium to degenerate
(Gosens et al., 2016). There is an interesting difference between the
effects of NPs and ions in the solution. Intranasal administration
of ZnO nanoparticles to rats resulted in olfactory epithelium
edema, cluttered epithelial columnar cells, sparse cell layers, and
shrinkage. Nanoparticles of ZnO suspended in PBS, however, do
not cause significant harm (Gao et al., 2013). Further, we found that
ZnO NPs increased intracellular Zn ions, resulting in cytotoxicity

and olfactory dysfunction, rather than Zn ions eliciting olfactory
epithelial toxicity (Qin et al., 2017). In vitro studies may provide
some insight into how NPs affect the morphology of sensory
neuroreceptors, particularly when it comes to the non-metallic
NPs. It is known that the dose of NPs has a significant impact
on sensory neuroreceptor morphology. As a result of the LNCs,
cochlear cell morphology is disrupted and there is an increase in
apoptosis or necrosis (Zhang Y. et al., 2011). It is also important
to note that the size of NPs plays a role in affecting neuroreceptor
morphology in addition to the dose. NPs with a diameter of 20 nm
destroyed the epithelium layer of porcine olfactory epithelium
in vitro, whereas NPs with a diameter of 100 nm disturbed its
integrity.

4.1. Effects on the morphology of the
neuron receptors

A neuron can be classified into three major morphological
groups depending on how many dendrites it has (i.e., its primary
dendrites); this classification system applies to all animals and
plants. In multipolar neurons, there are more than one primary
dendrite, similar to what is found in mammalian pyramidal
neurons. On the other hand, bipolar neurons have a single primary
dendrite from which large dendritic arbors may emerge (e.g.,
cerebellar Purkinje cells) or may not arise (e.g., photoreceptors).
An important point to note is that unipolar neurons, such as DRG
neurons in vertebrates and most CNS neurons in invertebrates,
usually extend only one neurite. Since the dendritic arbor has a
multipolar morphology, several distinct fields surround its soma,
which affects not only how passive current is distributed in
neurons and how electrical signals are processed, but also what
type of synaptic or sensory inputs neurons receive (Spruston
and Johnston, 2008). Neurons have three primary morphologies,
which serve as both explanations for differences in organization
principles between species of animals and within the same species.
Vertebrates have multipolar neurons in contrast to invertebrates
that have unipolar ones (Grueber et al., 2005). Although all three
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FIGURE 6

Nanoparticles affect the brain and damage the neuron.

morphological types have been found throughout evolution, most
invertebrates have unipolar neurons. Monopolar neurons originate
from the soma of insects and project their somatic processes to
synapse-enriched neuropils. They then divide into dendrites, which
arborize locally, and axons, which extend into other neuropil areas.
Due to the unipolar organization of neuronal processes, synaptic
connections can be formed away from the cell body of the neuron,
suggesting that neuronal migration is not uncommon in the insect
CNS (Harris and Fallot, 2001), but is common in vertebrates. It has
taken almost a century for the molecular and cellular mechanisms
that lead to postmitotic neurons developing multipolar, bipolar, or
unipolar morphologies to be understood, despite the importance
of these basic neuronal organizations. The functioning of astrocyte
cells was impacted by titanium dioxide nanoparticles, the second-
most prevalent nanomaterial in the world. Astrocytes serve a
variety of roles, including providing energy to the neurons that
process signals and regulating the exchange of neurotransmitters
that carry signals in the brain. Glutamate is a neurotransmitter
that normally enters and is processed by astrocytes and has a
variety of functions in cognition, memory, and learning, as well
as the development, migration, and maintenance of other cells.
Glutamate, however, turns into a lethal toxin when it builds up
outside of cells, increasing the risk of neurodegenerative illnesses
like Alzheimer’s and Parkinson’s (Kofroñová et al., 2020; Figure 6).

4.2. Effects on the receptor function

Humans can be exposed to metallic oxide nanoparticles from
different sources, including the environment and the workplace.
NPs can be produced by natural processes, such as volcanic activity,
and by industrial processes, such as cutting, grinding, melting,
casting, and welding. The use of metallic nanoparticles in food
products is in addition to their intentional use in pharmaceutical
vectors, sunscreens, toothpaste, cosmetics, plastics, textiles, and
paints. There are several methods by which NPs can enter the

FIGURE 7

Diagram showing the various methods used by nanoparticles to
cross the blood-brain barrier (BBB). AMT, adsorptive-mediated
transcytosis; TMT, transporter-mediated transcytosis; RMT,
receptor-mediated transcytosis.

body, including injections, inhalations, and ingesting, despite the
fact that they originate from different sources. Once they reach
the bloodstream, they penetrate and accumulate in several tissues
and organs, including the central nervous system (CNS) (Chen
et al., 2008). When developing solutions to meet this need, active
targeting is especially crucial because it enables the targeted delivery
of drugs to the brain, their site of action, by guiding nanoparticles
to the desired location. In fact, the surface area to volume ratio
of these nano systems is very high, allowing the nanoparticles to
be highly chemically reactive and allowing surface modification
with molecules that may be recognized by receptors/transporters
overexpressed in the BBB and cell-specific receptors in the brain
tissue. Adsorptive-mediated transcytosis, transporter-mediated
transcytosis, and receptor-mediated transcytosis are essentially
three different methods for achieving this goal. Nanoparticles must
be able to access the target once inside the brain, such as brain
tumor cells, neurons, or even the fibrils linked to many neurological
disorders (Kofroñová et al., 2020; Figure 7).
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5. Cope up strategies

5.1. Plant-based antioxidants

In response to stress conditions, plant antioxidants are
generally activated and biosynthesized to prevent oxidative damage
caused by ROS. There was an interesting observation that plant
stress tolerance differs between sensitive and tolerant cultivars of
the same species according to how well they were able to counteract
oxidative stress by increasing antioxidant enzyme activity and
biosynthesis. The effects of salt stress on tomato (Solanum
lycopersicum) were elevated superoxide and H2O2 levels, as well as
increased lipid peroxidation. These responses led to an increase in
the activity of SOD, CAT, and enzymes involved in the AsA-GSH
cycle (APX, MDHAR, DHAR, and GR). In addition, salinity caused
significant increases in AsA, GSH, and carotenoid concentrations.
As a consequence of the latter observation, it appears that ROS
are damaging photosynthetic machinery. In contrast to cultivated
tomatoes (S. lycopersicum), wild tomato relative Solanum chilense
suffered less ROS-induced damage during salt stress, which is likely
due to a stronger activation of the antioxidant machinery in the
former species when salt was applied (Sánchez-Rodríguez et al.,
2011). The antioxidant activity of plants has been demonstrated,
using FRAP, DPPH, and ABTS, as well as the ability to scavenge
and suppress the formation of (ROS) reactive oxygen species (ROS)
(Elghobashy et al., 2020).

Insensitive Solanum species, drought stress reduced the
activity of enzymes involved in the shikimate pathway, but
not in ones that had learned to tolerate drought stress, which
increased the concentrations of phenolic compounds, such as
quercetin and kaempferol. It is evident from the study that
polyphenols contribute significantly to tomato drought tolerance.
Nicotiana tabacum showed significant reductions in chlorophyll
and carotenoid concentrations when stressed with drought, while
lipid peroxidation and ROS levels showed strong increases. Again,
this indicates that the photosynthetic machinery is damaged due
to stress. Drought-induced ROS production was countered by
significant increases in SOD, POD, APX, CAT, and GR activities, as
well as AsA, GSH, and total phenol levels. As a result of inoculating
plants with arbuscular mycorrhizal fungi or supplementing them
with phosphorus during water deficits, the antioxidant machinery
was even more active, emphasizing that microorganisms and
soil characteristics influence plant responses to stress (Begum
et al., 2020). Tobacco plants are also tolerant to As exposure via
antioxidant defense mechanisms, as N tabacum cv ’Wisconsin’
generally exhibits higher levels of phenolic compounds, AsA, and
GSH than Nicotiana sylvestris. There were opposite responses in
antioxidant enzyme activity between both genotypes of roots and
leaves. There was a decrease in APX, GST, and POD activity in the
leaves of the tolerant genotype, whereas there was an increase in
the leaves of the sensitive genotype. By contrast, CAT behaved in
the opposite manner. There is evidence that antioxidant responses
in plants are strongly organ-specific (Kofroñová et al., 2020).

A plant’s antioxidant defense system protects it against a wide
range of stress factors, as evidenced by the fact that it is tolerant
to a variety of stress conditions when exogenous antioxidants are
applied. The antioxidant capacity of plants can also be improved
through transgenic methods to improve their stress tolerance. The

use of crop engineering techniques to increase crop tolerance to
abiotic stresses has been reviewed by Broad et al. (2020). AsA
biosynthesis genes can be increased, as can genes responsible for
AsA recycling genes, and factors that affect AsA levels can be
altered, such as transcription factors controlling genes involved in
the AsA biosynthesis pathway (Broad et al., 2020).

5.2. Extracts and essential oils

The study found plant essential oils to reduce migraine
intensity, attack frequency, and pain by reducing lavender essential
oil, peppermint essential oil, chamomile essential oil, anise essential
oil, basil essential oil, rose essential oil, and mixed essential oils.
Nanoparticles made from plants serve as less toxic and more
effective carriers for drugs, thereby improving their bioactivity
within tissues and cells (El-Dawy et al., 2022). There is evidence that
certain oils can reduce symptoms like photophobia, phonophobia,
nausea, vomiting, and other disorders, but there is still much
work to be done to determine the specific mechanism. NO and
CGRP levels, as well as ET, 5-HT, and c-fos levels, were reduced
by Angelicae Dahuricae Radix oil and Chuanxiong Rhizoma
essential oil in rats. Inflammation is decreased and abnormal
vasomotion may be balanced in the two oils, so they might be
able to relieve migraines. A dose-dependent reduction of cortical
spreading depression has been demonstrated in the cerebral cortex
using garlic essential oil (1–500 mL/L). An inflammatory cascade
is triggered by CSD, which causes a slow wave of depolarization
to spread rapidly among neuronal and glial cells. In addition,
it activates the NF–B pathway in astrocytes. Researchers have
found that garlic oil inhibits neurogenic inflammation and central
sensitization, which might alleviate migraine symptoms (Yang
et al., 2015). Researchers have demonstrated therapeutic benefits
of nanoformulations of curcumin in the treatment of cancer,
cardiovascular disease, and neurological disorders (El-Dawy et al.,
2022).

5.3. Dietary supplements

Cellular neurodegeneration develops years before the clinical
manifestations of Parkinson’s disease occur. In order to combat
PD, finding strategies that can be applied over an extended
period of time would seem logical. Nutrients and functional foods
have been found to be neuroprotective against neurodegeneration
in an increasing number of studies (Park H. A. et al.,
2018). Specific vitamins, minerals, and phytochemicals have
antioxidizing properties because they directly scavenge ROS, act
as cofactors for antioxidant enzymes, and trigger the production
of intracellular antioxidants. With the introduction of advanced
liquid chromatography and mass spectrometry technologies such
as LC/MS/MS and MALDI-TOF, it is possible to analyze these
nutrients quantitatively and apply molecular approaches, such as
sequencing, polymerase chain reaction, and electrophoresis, to
elucidate the relationship between PARK genes and antioxidants in
the diet. PD progression may be delayed or prevented by dietary
antioxidants (Park H. A. et al., 2018).

A neurodegenerative disorder called Parkinson’s disease (PD)
is caused by loss of dopaminergic neurons in the substantia
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nigra pars compacta (SNpc). The forebrain substructure that
regulates the motor system, the striatum, is also affected by
dopamine. Parkinson’s disease is characterized by motor symptoms
such as tremor, bradykinesia, rigidity, and speech difficulties, as
well as non-motor symptoms such as depression and insomnia
(Armstrong and Okun, 2020). Sporadic Parkinson’s disease is
caused by a number of factors, such as lifestyle, environment,
and age. Neurodegenerative disorders are thought to be caused by
a variety of factors, including oxidative stress. ROS-induced PD
pathology, in particular mitochondrial dysfunction, is commonly
observed (Dias et al., 2013). A complex I enzyme known as
NADH oxidoreductase (ETC) assists in oxidative phosphorylation
by transferring electrons between NADH and ubiquinone. The
damage to complex I caused by oxidative damage creates a
positive feedback loop that allows ROS such as superoxide
and hydrogen peroxide to be generated. There are currently
neurotoxic compounds as well as rotenone that induce oxidative
stress in vitro and in vivo when administered, which trigger
parkinsonism models in vitro and in vivo. In addition, desynaptic
neurons are damaged when dopamine metabolism is disrupted,
resulting in the production of ROS. Tyramine and tyrosine are
amino acids that are necessary to synthesize dopamine in the
body. The hydroxylation and decarboxylation of tyrosine lead
to the production of dopamine. As a result of this conversion,
norepinephrine and epinephrine are produced or dopamine is
degraded. It is possible for monoamine oxidase (MAO) to produce
3,4-dihydroxyphenylacetaldehyde (DOPAL), while dopamine itself
can be oxidized. It is believed that accumulation of DOPAL and
oxidized dopamine damages mitochondria (Park J. S. et al., 2018).
The mitochondria can be protected against damage by dietary
antioxidants (Park H. A. et al., 2018).

6. Impact on human health

In addition to chemical agents, neurotoxicology also examines
biological and some physical (such as radiation) agents that have
negative effects on the growing, developing, and aging nervous
systems, including the neuroendocrine, neuromuscular, and special
sense organ systems, as well as on behaviors in both humans
and other animals. Some neuroactive substances cause rapidly
reversible changes, while others cause permanent damage to the
nervous system, and some can cause progressive and eventual
degeneration of the nervous system. Substances used (such as
alcohol, inhalants and drugs), therapeutic drugs, toxic by-products
or components of organisms (such as bacteria, fungi, plants,
or animals), chemicals intended to affect organisms undesirable
to humans (such as overexposure to fungicides, herbicides and
pesticides), industrial chemicals, chemical warfare agents, additive
and naturally occurring food ingredients, and some other types
of chemicals that are exposed. There is generalized initiation
of inflammatory cascades, the mechanisms by which chemicals
may cause damage to the neurons. Others cause neurological
or behavioral disturbances indirectly, for example by altering
electrolyte balance, cerebral blood flow, glucose metabolism, or
the levels of key intermediate metabolites. Because of the specific
sensitivity of nervous tissue to disturbances in body homeostasis,
such pathophysiological changes are often clinically manifested as
neurological disorders (Marano et al., 2011). The neuro-pathologies

are deeply rooted in the effects of oxidative stress, which may lead
to ischemic injuries to CNS. While acute nano particle toxicity may
induce, vomiting and convulsions may lead to seizures triggered by
hypoxia.

7. Conclusion

The recent age of environmental and biological remediating
technology has resulted in the vast use of nanoparticles, with
underline effects of neurotoxicity. This review article highlights
different types of exposure to the metallic nanoparticles which may
eventually cause brain damage. Comparatively, phytochemical-
based nanocarriers are non-hazardous, environment-friendly, less
toxic, easy to manufacture, provide particles in controlled sizes and
morphologies, and are inexpensive. A variety of anti-inflammatory
compounds in essential oils and antioxidants derived from plants
can be used to deal with neuropathologies. There have been reports
that NPs are restorative in preclinical models of neurological
disorders, but further research is required to address safety
concerns. Thus, new research is urgently needed to determine
the detrimental effects of nanocarriers on central nervous system,
especially their neurotoxicity leading to neuro-degenration and
ways to effectively encounter these concerns.
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