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Abstract

Selenium has been used traditionally for its various roles in traditional dosage
forms, specifically for enhancing memory and overall human health. As per a
recent research study, selenium is found to be safe. The positive role of selenium
and its protein (SELENOP) promises to control and manage neurodegenerative
diseases by directly and indirectly interacting with the pathophysiology of
neurodegenerative diseases like Alzheimer's disease (AD), Parkinson's disease
(PD), and Huntington's disease (HD). Selenium, combined with established
drugs for neurodegenerative diseases, is explored in its nanoformulation,
elevating its therapeutic action. Selenium can be a good candidate in exploring
prevention and managing less explored diseases like Huntington's disease (HD)
and other neurodegenerative diseases. Selenium is used as a neuroprotective
agent by redox regulation and antioxidant defense mechanisms, which protect
neurons from oxidative damage.

Keywords: Neurodegeneration, Selenium, Nanoformulation, Alzheimer’s
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List of Abbreviations:
AD- Alzheimer’s disecase DPPH- 2,2-diphenyl-1-picrylhydrazyl
PD- Parkinson’s disease GSK-3p- Glycogen synthase kinase-3 beta
HD- Huntington's disease STATS3-
WHO- World Health Organization Signal Transducer and Activator of Transcription 3
AB- Amyloid-8 BBB- Blood-Brain Barrier
HTT- Huntingtin gene HUVEC — Human umbilical vein endothelial cells
FDA- Food and Drug Administration TGN- Trigeminal neuralgia
GP- Glutathione peroxidases Tet-1- Tet Methylcytosine Dioxygenase 1
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SelP / SELENOP - Selenoproteins
UGA- Uracil, guanine, and uracil codon
DIO- Deiodinases

TrxR- Thioredoxin reductases

GSH- Glutathione

ROS- Reactive oxygen species

EDL- Extensor digitorum longus

FDB- Flexor digitorum brevis

ApoE- Apolipoprotein E

Nrf-2 — Nuclear factor erythroid 2-related factor 2
SOD- Superoxide Dismutase

CAT- Catalase

MPP* - 1-methyl-4-phenyl pyridinium

POD- Peroxidase

Poly Q- Polyglutamine

PVP- Polyvinylpyrrolidone

AchE- Acetylcholinesterase

BuchE- Butyrylcholinesterase

DNA- Deoxyribonucleic Acid
EC50- Half maximum effective concentration

1. Introduction:

Overall, 416 million people globally had different stages of AD, with about 22% of patients aged above 50 years.
Over 8.5 million people were diagnosed with PD in 2019. WHO estimated that PD caused about 329,000 deaths
globally [1]. The pooled prevalence of HD was found to be 4.88 per 100,000, with a higher number of patients
in Europe and North America [2]. Although neurodegeneration is at the core of these disorders, there are
multifactorial pathways involved in the pathogenesis of these diseases. Such varied mechanisms of pathogenesis
make it quite tricky to find therapeutic alternatives aimed at modifying the disease parameters. One of the
crucial trace elements is selenium, which is responsible for maintaining good brain health [3]. Organic forms of
selenium in the body include selenocysteine and selenoproteins. Different selenoproteins play various roles in the
body through cell-to-cell signaling mechanisms [3]. A decrease in the level of selenium is one of the leading
causes, which triggers several neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease [4]. Treatment of selenium has shown synergistic antioxidant activity in combination with
therapeutic agents, such as nanoformulation of selenium, and its combination was found to be more effective and
possesses a broad future scope [5]. This review will try to focus on the role of selenium in the progression of various
neurodegenerative diseases like Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington's disease (HD).
The underlying mechanisms of the diseases and the role of selenium in controlling them are explained in the present
review. This review aims to establish the correlation between selenium treatments and their various nanoformulation
in controlling and managing the aforementioned neurological disorders.

1.1 Neurodegenerative Disorders Mechanism:

Neurodegeneration is one of the crucial mechanisms associated with various brain diseases. Neurons are involved
in cell-to-cell signaling. Neurodegeneration can lead to neuronal dysfunction, hampered neural networks,
cytoskeletal abnormalities, altered homeostasis, neuroinflammation, and neuronal cell death [6] [7]. A primary
characteristic of all neurodegenerative diseases is the formation and accumulation of complex protein aggregates
8]. Based on the altered proteins, neurodegenerative diseases can be categorized as follows (Fig 1).
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Fig 1: Neurodegenerative diseases based on their causative protein.

Alzheimer's disease is characterized by the formation of extracellular aggregates of AP and intracellular
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neurofibrillary tangles composed of tau protein. A result of this is gliosis, loss of synapses, neuronal damage, and
death [9] [10] [11]. There is also a loss of cholinergic neurons and a significant decrease in the levels of
acetylcholine, which hampers the cognitive and learning functions of the brain [12, 13]. The formation of
amyloidosis is one of the major causes that leads to Alzheimer’s. These proteins are found in the cytoplasm of
neurons and glial cells. Extracellular deposition of these proteins results in the formation of amyloid plaques,
which are noted to have various morphological forms and include diffuse, dense-colored, classical, and cotton
wool plaques. The most common product of this protein is the amyloid-p (AP) formed upon degradation of
amyloid-precursor protein (APP). Such AP malformed deposits have been found in various diseases, including
Alzheimer’s disease (AD), Creutzfeldt-Jakob disease (CJD), familial British dementia, and familial Danish
dementia.

Intracellular aggregates of misfolded o-synuclein characterize Parkinson's disease in the spinal cord and
sympathetic ganglia. Furthermore, there is a significant loss of dopaminergic neurons present in substantia nigra
pars compacta, disruption of mitochondrial function, oxidative stress, and neuroinflammation [14] [15].
Aggregation and accumulation of presynaptic protein a-synuclein present within the neurons and glia. Disorders
like Parkinson’s disease (PD), Lewy-body dementia (LBD), and multiple system atrophy (MSA) (Fig 1).[16] A
mutation caused in the HTT gene by repeat fragments of the amino acid glutamine is the root cause of HD.
Neuroinflammation, microglial activation, mitochondrial dysfunction, striatal degeneration, and neuronal death
are hallmarks of this disease [17].

The current treatment strategy involves the use of a drug that gives symptomatic relief from Neurological
disorders. The current therapeutic option available for the treatment of neurodegenerative diseases. For
Alzheimer’s, cholinesterase inhibitors like donepezil, rivastigmine, and galantamine, N- N-methyl D-aspartate
(NMDA) antagonist memantine, and recently approved anti-amyloid drugs lecanemab and aducanumab [18] and
for Parkinson’s, several classes of drugs like dopamine precursors including levodopa, carbidopa, or a
combination of them, catechol-o-methyl transferase inhibitors like entacapone, tolcapone, and opicapone,
dopamine agonists like pramipexole, ropinirole, apomorphine, rotigotine, monoamine oxidase B inhibitors like
rasagiline, selegiline, safinamide. NMDA antagonists, such as amantadine and adenosine 2A antagonists, like
istradefylline, as well as anticholinergics like trihexyphenidyl and benztropine, are employed. Only two drugs,
tetrabenazine and deutetrabenazine, have been approved by the FDA against HD [19]. There is a limited number
of options for therapy, and there is a subsequent need to find newer alternatives as supplementing the current
treatment or as a novel therapy option all by itself.

2. Selenium in Brain Health:

Selenium is an essential trace element. The organic forms of selenium in the body include selenocysteine and
selenoproteins [20, 21]. A total of 25 different selenoproteins exist in the body with varied roles in diverse body
mechanisms (Table 1). They are subdivided into three categories: glutathione peroxidases (GPx), thioredoxin
reductases, and deiodinases. Glutathione peroxidases GPx1, GPx2, GPx3, GPx4, GPx6, SelP, SelK, and SelM are
involved in antioxidant defense mechanisms (Fig. 2). Selenoproteins are synthesized through a complex
mechanism involving the selenocysteine incorporation into the polypeptide chain, often facilitated by specific
codons (UGA) and unique translation machinery. Regulation of selenoprotein expression is influenced by
selenium availability, dietary intake, and cellular redox state. Many selenoproteins, including glutathione
peroxidases and thioredoxin reductases, are essential for detoxifying reactive oxygen species (ROS) and
protecting cells from oxidative damage [22]. Selenoproteins are involved in the synthesis and metabolism of
thyroid hormones, crucial for metabolic regulation and development [23]. Some selenoproteins modulate immune
responses, influencing inflammation and the body's defense mechanisms. The altered expression of selenoproteins
has been linked to various cancers. Some selenoproteins exhibit tumor-suppressive properties, while others may
promote cancer cell survival [24]Selenoproteins contribute to cardiovascular health by regulating inflammation
and oxidative stress. Deficiencies are associated with an increased risk of heart disease. In conditions like
Alzheimer’s and Parkinson’s disease, selenoproteins may protect against neurotoxicity and oxidative damage.
Dysregulation can exacerbate disease progression. Selenoproteins play a role in glucose metabolism and insulin
signaling [25]. Imbalances may contribute to conditions such as diabetes and obesity. Factors such as thyroid
hormones and specific transcription factors also play a role [22].

The brain is known to retain selenium the most among all the organs[26]. A positive correlation was observed
with cognition corresponding to the selenium level [27]. Irreversible damage has been closely associated with
selenium deficiency. Selenoproteins play a significant role in antioxidative mechanisms with the help of
particularly glutathione peroxidases (GPXs) and thioredoxin reductases (TrxRs), which protect neurons from
oxidative stress by detoxifying reactive oxygen species (ROS) [3]. By reducing oxidative damage, they help
maintain neuronal integrity and function. Selenium influences the synthesis and metabolism of neurotransmitters,
including dopamine and serotonin, which are crucial for mood regulation and cognitive function; as a result, they
play arole in the regulation of neurotransmission. Selenoproteins can help regulate inflammatory responses in the
brain, potentially reducing the risk of neuroinflammatory conditions as this selenoprotein also acts like a
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neuroinflammation modulator. Selenoproteins contribute to neuronal survival by preventing apoptosis and
promoting cellular resilience against stressors [28]SelM and SelN aid with protein folding. (SELENOP) SelP has
a role in metal detoxification. GPx4 is a component of sperm structural protein, Sell in phospholipid synthesis,
SeIN in calcium signaling, SelH as a transcription factor, SelR in the reduction of oxidized methionine groups,
SelS in the removal of misfolded proteins, SelT in calcium mobilization, SelW in synaptic localization,
iodothyronine deiodinases DIO1,2, and 3 in thyroid metabolism are some key functions of selenoproteins.
Thioredoxin reductases TrxR1, TrxR2, TrxR3, SelH, and SelO carry out redox signaling. (Fig 2) SelV has been
identified, but its function is not yet discovered [28] [29]

Table 1. Selenoproteins and their functions

Selenoproteins Selenoproteins Functions Reference
SelF Essential for biological functions [30]
SelM & SelN Protein folding and supports cellular [20]

growth.
SelP (SELENOP) Metal detoxification [20, 21]
Sell Phospholipid synthesis [31]
SelN Calcium signaling [31]
SelH Transcription factor [28]
SelR Reduction of the oxidized methionine [32]
group

SelS Removal of misfolded proteins [28]
SelT Calcium Mobilization [28]

SelV Function not discovered [28, 29, 31]
SelP, SelK, SelR, and SelM Antioxidant defense mechanism [20]
Thioredoxin reductase Redox signaling [28]

(TrxR1-3, SelH and SelO)
Glutathione peroxidases Antioxidant defense mechanism [20]
(GPx1-6)

Selenoproteins directly reduce Reactive Oxygen Species (ROS) by reducing ROS and preventing cellular damage.
For instance, GPXs convert harmful peroxides into less reactive species. Selenoproteins assist in regenerating
other antioxidants, like glutathione, through their enzymatic activities. This regeneration is crucial for maintaining
a high antioxidant capacity within cells. Selenoproteins can influence redox signaling pathways, impacting
cellular processes such as apoptosis, inflammation, and stress responses. By regulating the balance between
oxidation and reduction, they help maintain cellular health. Glutathione Peroxidases (GPXs) function by reducing
hydrogen peroxide (H20:) and lipid peroxides to water and alcohols, respectively, using glutathione (GSH) as a
substrate. Selenium in the form of selenocysteine is integral to the active site of GPXs, allowing these enzymes to
catalyze the reduction of peroxides efficiently [3]. Thioredoxin Reductases (TrxRs) function by maintaining the
redox state of thioredoxin, a small protein that reduces other proteins by thiol-disulfide exchange, thus aiding in
the repair of oxidative damage [23].TrxRs utilize NADPH to reduce oxidized thioredoxin, with selenocysteine
playing a vital role in the enzyme’s catalytic function. Selenoprotein P (SelP) functions by involving in selenium
transport and has antioxidant properties [24]. It protects cells from oxidative damage by reducing ROS levels and
can transport selenium to various tissues, enhancing overall antioxidant capacity. Selenoprotein K (SelK)
functions by implicating in protecting cells against oxidative stress and modulating immune responses. It helps
maintain ER function and prevents apoptosis induced by oxidative stress.
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Fig 2: Overview of selenoproteins in cellular antioxidant

GPX, TRXR, SEIR, and SEIP are selenoproteins that play a significant role in the cellular antioxidant system by
participating in GSH- and TRX-dependent antioxidant mechanisms.

a) GPXs catalyze the breakdown of peroxides in water in the presence of GSR (glutathione reductase) and SOD
(Superoxide dismutase).

b) TRXRs reduce oxidized TRXs, where TRX are used as a source of electron donors for detoxification of
oxidized proteins and lipids such as protein phosphate, protein kinase, and membrane protein by formation of
redox complex.

Selenium is stated to have a calcium ion influx effect [33]. A positive correlation has been observed between
selenium treatment and voluntary muscle performance in mice. Animals receiving the higher concentration of 5
ppm selenite and nano selenium showed significant improvement in voluntary muscle performance compared to
the control[34]. The processes in EC (excitation-contraction) coupling were thoroughly examined to elucidate the
underlying mechanics. Shortly after two weeks of using selenium alone, they observed comparable benefits in
mice's in vitro performance on the force in EDL (extensor digitorum longus) and SOL (in vitro force in soleus).
Since the flexor digitorum brevis (FDB) and EDL muscles contain essentially exclusively fast-twitch fibers, the
results of isolated muscle fiber tests on FDB and whole muscle experiments on EDL and SOL are reconcilable.
There is a strong correlation between the increased force development in the EDL of the same animal and the
greater intracellular [Ca+?] change during depolarisation in the FDB fibers of Se-supplemented mice.

The human study's focus on patients with facioscapulohumeral muscular dystrophy highlights the potential use of
selenium in medicine. They concluded that mice's muscle function benefits from selenium, and NanoSe absorbs
its effects at low concentrations. It raises the expression of selenoprotein N in the muscles and the amount of
releasable calcium in the intracellular reserves. According to their findings, a low-dose selenium supplement
combined with an antioxidant strategy may be a helpful treatment method for myopathy patients. It may also help
prevent sarcopenia in the elderly. Selenium deficiency is also associated with compromised motor function, such
as Alzheimer’s, Parkinson’s, and Huntington’s diseases [31]. Selenium also has several other functions, such as
antioxidants, modulation of neurogenesis, and maintenance of mitochondrial dynamics. It was thus observed that
selenium and selenoproteins are involved in varied bodily functions, and alterations of this metal could cause
significant changes in the normal body functions, typically of the brain. Selenoprotein F (SelF) is a member of
the selenoproteins family, distinguished by its incorporation of selenium, which is essential for various biological
functions. SelFs play a role in protein folding and secretion and are significant in cellular process triggers.
Misfolded proteins also lead to different neurodegenerative diseases [30]. Self is involved in the proper folding



Dhara Pandey et al. Exploring The Role Of Selenium....... 1832

of newly synthesized proteins in the endoplasmic reticulum (ER). It assists in the formation of disulfide bonds,
which are crucial for the structural stability of many proteins. By facilitating the correct folding of proteins, SelF
plays a critical role in the secretory pathway. Misfolded proteins can lead to cellular stress and diseases, making
SelF’s function vital for maintaining protein homeostasis. Imbalance in SelF triggers neurodegenerative
disorders, metabolic disorders, and cancer. Dysregulation of SelF may contribute to conditions such as
Alzheimer’s and Parkinson’s diseases, where protein misfolding and aggregation are prominent features. SelF's
involvement in protein processing suggests a link to metabolic syndromes. Altered expression or function could
affect insulin signaling and other metabolic pathways. Changes in the expression of SelFs have been observed in
various cancers, indicating a potential role in tumor progression and response to therapy.

Altered selenium levels and selenoprotein expression have been linked to Alzheimer’s disease. Selenium’s
antioxidant properties may help protect against the oxidative stress associated with amyloid-beta plaques [35]. In
Parkinson’s disease, selenoproteins may influence the aggregation of alpha-synuclein, a key pathological feature
[27]. Adequate selenium levels help reduce oxidative stress and improve mitochondrial function, which are
important in neuroprotection. Selenium deficiency has been associated with increased oxidative stress and
inflammatory responses in multiple sclerosis. Selenoproteins may play a role in mitigating these effects and
supporting neuronal health. Research suggests a link between selenium deficiency and mood disorders, including
depression and schizophrenia [36]. Selenoproteins may influence neurotransmitter systems and
neuroinflammatory pathways that are implicated in these conditions. Low selenium levels have been correlated
with cognitive decline and increased risk of neurodegenerative diseases in older adults, emphasizing the
importance of selenium in brain health [22].

2.1 Selenium in Neurodegenerative Disorders: Experimental Evidence:

The decline of selenium is age-related and has a direct link with age-related neurodegenerative disorders [37]
[38]. A recent study using knockout mouse models confirmed that SEPP1 (Selenoprotein P) and its receptor low-
density lipoprotein receptor-related protein 8 (LRP8) are required for the exercise-induced increase in adult
hippocampal neurogenesis [39]. Selenium supplementation (between 0.05 -0.1uM) not only increases neurosphere
generation isolated from the subventricular zone but also significantly increases the neurosphere number and its
size (>150 uM in diameter). Further selenium supplementation in the form of sodium selenite or seleno-L-
methylcysteine was found to increase the number of viable cells in adherent hippocampal precursor cells; this
suggests that selenium does not alter the percentage of apoptotic neural precursor cells-NPCs (annexin V*). A
dose-dependent increase in BIII-tubulin® neurons from DG-derived neurospheres and selenium supplementation
was also observed in both ex-vivo and in-vivo experiments. This study suggests a significant positive correlation
between selenium supplementation and increased NPC proliferation and neuronal lineage differentiation potential
without altering apoptotic cell death. The study also confirms that an exercise-induced increase in antioxidant
selenium levels activated quiescent hippocampal NPCs, which results in NPC proliferation and neurogenesis.
Mimicking the exercise-induced increase in systemic selenium transport by dietary supplementation was found to
restore neurogenesis and reverse cognitive decline associated with aging and hippocampal injury [39] [40]. In
Alzheimer's disease, a significantly lower plasma selenium level was found to be associated with AD patients
compared to normal individuals [41].

In AD, selenoprotein P (SELENOP) (SelP) has been stated to possess a key role in the pathogenesis of AD. It is
composed of 10 residues of selenocysteine and is the main transport protein of selenium in the body. Oxidative
stress is one of the key mechanisms for the pathogenesis of AD, and thereby, selenoproteins bearing a natural
antioxidant activity were suggested to have a potential role in preventing AD development.

The transport of selenium into the brain is carried out by binding (SELENOP) SelP to the ApoE receptor ( Fig 3
a). Mutations of this ApoE receptor, which are known to be involved in AD pathology, can lead to low uptake of
selenium. (SELENOP) SelP can bind toxic metals like copper, zinc, and iron, which are known to bind to AP.
There is a possibility of a ternary complex of metal ions and Ap with (SELENOP) SelP, which could potentially
be less toxic than AP plaques ( Fig 3 b). [42] [43]. Selenium in the form of selenite was found to reduce AB40,
AP42, and y- secretase activity and also protect against AP toxicity in cortical neurons in vitro. SelS has been
implicated to play a role in preventing neurofibrillary tangles. Selenium deficiency increases the translocation of
nuclear factor kB (NF-kB), which triggers the release of proinflammatory cytokines [42]. (SELENOP) SelP also
conferred protection from oxidative stress to the astrocytes in vitro. Misfolded proteins in the endoplasmic
reticulum need to be corrected by the endoplasmic reticulum-associated degradation (ERAD) system.
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Fig 3. Role of Selenoproteins SelP in Alzheimer’s Disease

SelS has a role in the normal function of the ERAD system and can thus possess preventive ability against the
formation of neurofibrillary tangles [44]. When misfolded proteins accumulate, the ER activates the UPR, a
cellular stress response aimed at restoring normal function. UPR pathways enhance the expression of chaperones
and reduce the load of new proteins entering the ER, thereby promoting the degradation of misfolded proteins
through ER-associated degradation (ERAD). (SELENOP) SelP-deficient mice showed deficient learning and
deficient long-term potentiation compared to controls. SelR is essential to maintain redox balance, thereby
preventing AP aggregation [45].AD is also associated with endoplasmic reticulum-related stress caused by the
presence of AP [31].

In Parkinson’s disease, selenium is a component of several antioxidant enzymes, such as glutathione peroxidase.
A deficiency can lead to increased oxidative stress, which can damage neurons and contribute to
neurodegeneration. Selenium has anti-inflammatory properties. Low levels can result in increased inflammation
in the brain, which is associated with the progression of Parkinson's disease. Selenium is important for proper
thyroid function, and thyroid hormones are essential for brain health. Deficiency may lead to thyroid dysfunction,
potentially affecting neurological health. Selenium influences the metabolism of neurotransmitters, such as
dopamine. Low selenium levels might disrupt dopamine synthesis or regulation, which is critical in Parkinson's
disease. Selenium was shown to protect against bradykinesia associated with PD. It also protected against DNA
damage in lymphocytes in rat models. It was also revealed to partially protect against dopamine depletion. A
positive correlation of selenium is stated with walking speed in older women equal to or above 65 years of age.
In rat models, protection against locomotion was conferred upon the administration of sodium selenate.
Degeneration of dopaminergic neurons is conferred by reduced activity of glutathione peroxidases [44, 45].

SelS lessens neuroinflammation by lowering levels of proinflammatory cytokines. Specific selenoproteins, such
as glutathione peroxidases, help mitigate oxidative damage in the brain. Their expression levels can influence
neuronal health and come back against precursors associated with PD[46]. Alpha-synuclein accumulation is a
protein that aggregates into Lewy bodies, a hallmark of Parkinson's disease. Its misfolding and accumulation are
central to the disease's pathology. There is emerging evidence suggesting that oxidative stress may promote the
misfolding of alpha-synuclein, potentially linking selenium's protective role to its impact on this protein. Some
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studies indicate that alterations in selenoprotein expression may influence alpha-synuclein aggregation and
toxicity. For instance, insufficient selenium levels could exacerbate oxidative stress and promote alpha-synuclein-
related pathology. Adequate selenium and selenoprotein levels might help prevent or mitigate alpha-synuclein
aggregation through enhanced antioxidant defense mechanisms.

In another cross-sectional study establishing the link between Se, selenoproteins, and PD, it was observed that
increased serum Se level and (SELENOP) SelP levels could be a biomarker or risk factor associated with PD.
SelP transports to the brain and neural cells and induces more SelS which prevent the aggregation of misfolded
protein [46].. Plasma selenium levels were found to be decreased in PD patients ( Fig 4). [31]. Higher blood
selenium levels were also correlated to neuroprotection in PD patients [47]. A deficiency of selenium was
associated with an enhanced risk of oxidative stress caused by dopaminergic neurons. Selenium deficiency was
found to be responsible for neurodegeneration and had the potential to cause PD. Selenium is crucial for the
production of antioxidant enzymes like glutathione peroxidase.

Role of selenium in Parkinsons Diseases
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Fig 4: Role of Selenium in Parkinson’s diseases.

Deficiency can lead to increased oxidative stress, which may exacerbate neuronal damage and contribute to the
progression of HD. Selenium has anti-inflammatory properties. Low selenium levels may result in heightened
neuroinflammation, which can worsen neurodegeneration associated with Huntington's disease. Selenium is
important for mitochondrial health. Impaired mitochondrial function is observed in HD, and selenium deficiency
could further compromise energy metabolism in neurons. Some studies suggest that selenium may influence gene
expression related to neuroprotection. Deficiency could affect the expression of proteins involved in neuronal
survival and function. The Gpx activity was significantly increased in HD patients to counteract oxidative stress,
especially GPx1 and GPx6 [31]. Selenium was stated as an antioxidant therapy alternative in HD owing to its
ability to improve neuronal morphology. Animal models showed a reduction in ipsilateral turning and significant
improvement in behavior when treated with selenium compared to controls [48]. Diphenyl selenate was found to
decrease neuronal death and levels of reactive oxygen species (ROS) in the C. elegans model of HD [49].
Selenium pretreatment in rat models that were induced with HD using quinoline displayed decreased quinoline-
induced circling behavior, mitigated depleted y-amino butyric acid (GABA) stores in the striatum, reduced
neuronal damage, and prevented morphological alterations partially[50]. Indicating the beneficial effects of
selenium in the treatment of Huntington's disease. Various nanoformulation approaches have been adapted to
overcome AD, PD, and HD pathologies along with some already existing drugs or in the form of monotherapy
(Table 2).

3. Selenium Formulation for Neurodegenerative Disorders:

Nanoformulation of selenium and its combined formulation (Fig 5) has future scope for neurodegenerative
diseases such as Alzheimer’s, Parkinson’s and Huntington's, which occurred due to one of the reasons of
selenium deficiency.
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Fig 5: Selenium-based nanoformulation for neurodegenerative diseases.

Selenium nanoparticles stabilized with chitosan and selenium particles stabilized using chitosan and
chlorogenic acid: The rationale behind the selection of these combinations was to couple the biocompatibility of
chitosan with the antioxidant and metal-chelation properties of chlorogenic acid and silica. Reduction of metal-
induced A formation and DPPH assay were analyzed to determine the potential of this formulation against AD.
The formulation was incubated with AP with iron, zinc, and copper individually. Transmission electron
microscopy images revealed an AB1-42 length of 6.3 + 0.2 nm, whereas, in the presence of iron, fibril width
increased to 9.0 + 0.2 nm. The Selenium nanoparticles stabilized with chitosan reduced fibril width by 20% upon
addition to metal-induced AP1-42 compared to metal-induced AB1-42 alone. EC50 was determined for DPPH
assay, and it revealed that selenium particles stabilized using chitosan and chlorogenic acid had an EC50 of
0.07 £ 0.05 mM. In contrast, selenium nanoparticles stabilized with chitosan showed an EC50 value of 0.9 + 0.1
mM [5].

Quercetin-loaded selenium nanoparticles coated with acacia and polysorbate 80: Polysorbate 80 was added
to enhance the blood-brain barrier permeability as well as to increase the solubility of quercetin. This formulation
showed DPPH scavenging activity with an IC50 value of 44pM, higher than the well-known antioxidant
ascorbic acid (51 pM). The nanoformulation was found to inhibit AB1-42 aggregation by decreasing
the fluorescence intensity at 310 nm by quenching the tyrosine residue of AP1-42. It also possessed higher
aqueous solubility compared to quercetin [51].

Selenium-chondroitin sulfate nanoparticles: Chondroitin sulfate (CS) is a compound that exhibits inhibitory
potential against neuroinflammation and possesses antioxidant and neuroprotective properties. It can also reduce
AP fibril formation and ROS formation. Selenium can decompose pre-formed AP aggregates into nontoxic
components as well as inhibit the formation of AP aggregates. The fluorescence intensity observed with AP
aggregates was 409.8+7.2. However, it significantly decreased upon the addition of selenium-chondroitin sulfate
nanoparticles to 357.8 + 9.3 with 50 pg/ml and 369.6 + 6.8 with 25 pg/ml concentrations. This results in intensity
indicated inhibition of AB1-42 due to reduced exposure of hydrophobic regions. The nanoformulation inhibited
hyperphosphorylation at amino acid residues Ser396 and Ser404 by inhibiting GSK-3f as analyzed by western
blotting [52, 53].

Resveratrol-selenium nanoparticles: Resveratrol suffers from low solubility and low bioavailability in vivo but
has neuroprotective properties. Resveratrol-selenium nanoparticles were tested in vivo, and it was revealed that
they attenuated impaired oxidative stress and mitochondrial dysfunction. It was also found to increase the levels
of acetylcholine in AD mice models upon treatment with nanoparticles compared to the untreated group. The
interleukin-f concentration was found to be lower compared to the untreated group. It also down-regulated STAT3
expression, thereby showcasing the potential to treat neuroinflammation. Also, the Ap1-42 concentration was
significantly decreased in AD mice that received the formulation compared to the untreated AD mice [53].

Silymarin-encapsulated xanthan-gum stabilized selenium nanocarriers: Silymarin and selenium
nanoparticles were fabricated in a single polysaccharide matrix to achieve dual antioxidant and A disaggregation.
The nanocarrier was able to block 90% of DPPH free radicals. Thioflavin T fluorescence assay revealed its ability
to cause AP disaggregation, as evidenced by quenched fluorescence intensity. The nanocarriers were also revealed
to mitigate AB-induced cytotoxicity[54].

Double selenium nanospheres: Ferroptosis is a regulated cell death phenomenon that is caused by impaired iron
metabolism. An adenosine A2A receptor agonist CGS was combined with a double selenium nanoformulation. It
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was found to be actively involved in neuronal damage and neuroinflammation associated with AD. It was also
shown to transform AP aggregates into AP oligomers by binding to them across a 6-hour time frame at a
concentration of 10 pg/ml. A cellular coumarin-6 fluorescence test was used to measure BBB permeability across
HUVEC cells, and it revealed a fluorescence intensity of 98.43% for the nanospheres. The same was confirmed
in mice models as the fluorescence intensity of nanospheres reached its peak within 6 to 8 hrs. In vitro, cellular
models revealed that the ROS levels in cells treated with A were up to 80%, whereas, in the cells co-cultured
with nanospheres, it decreased to 25%. The nanospheres were found to inhibit cell death and intracellular toxicity
by decreasing ROS levels. Mice models revealed an improved memory deficit upon treatment with the
formulation. Western blot analysis revealed phosphorylation of amino acid residues serine 196 and 399 and
threonine 205 and 231 on tau protein in brain tissue samples with 10 pg/ml concentration. Mice models also
confirmed that it also inhibited ferroptosis at the same concentration [55].

Dual-functional selenium nanoparticles with TGN and LPFFD: LPFFD is a peptide sequence with specificity
for a specific domain of the hydrophobic domain of AB. Owing to inefficacious BBB permeation, A inhibitors
fail to reach the clinic. Keeping this aspect in mind, TGN, composed of 12 amino acids, was used to enhance BBB
permeability. Formulations were prepared in the ratios of LPFFD: TGN as 1:1 (L1T1), 1:2 (L1T2), and 2:1
(L2T1). Then, it was further combined with selenium nanoparticles to achieve a synergistic effect of AP inhibition.
The L1T1-selenium nanoparticles were retained in the brain for 24 hrs and showed BBB permeability in vitro.
Upon 60 pg/ml concentration, L1T1-selenium and L2T1-selenium nanoparticles showed a reduction in the
fluorescence intensity in the thioflavin T assay by 71% and 75%, respectively. Cell viability was significantly
increased by 95% and 98% by LI1Tl1-selenium and L2T1-selenium nanoparticles in PC12 cells. Apoptosis
induced by AP was reduced to 8.6% and 3.3% by L1T1-selenium and L2T1-selenium nanoparticles [32].

Epigallocatechin-stabilized selenium nanoparticles coated with Tet-1: Epigallocatechin gallate is known
for its potent antioxidant and AP inhibitory activities. Initially, selenium and epigallocatechin gallate
nanoparticles were prepared and later coated with Tet-1. Tet-1 is a 12-amino acid long peptide that can efficiently
retrograde drug delivery into neuronal cells. A 4% increase in soluble AP was seen upon the
addition of epigallocatechin-stabilized selenium nanoparticles coated with Tet-1. The 10 pg/ml
formulation significantly increased cell viability from 0.56 to 0.88 % of controls, indicating the formation of
amorphous forms of AP. It also could disaggregate AP into nontoxic forms[56]. In the Knockdown of
(SELENOP) SelP from N2A mice, increased sensitivity of neuroblast cells towards A toxicity was observed in
N2A mice. SelP-deficient mice showed deficient learning and deficient long-term potentiation [31]. SelR is
essential to maintain redox balance, thereby preventing AP aggregation[57].AD is also associated with
endoplasmic reticulum-related stress caused by the presence of AP.

Multifunctional mesoporous of metformin possesses AP scavenging ability as well as increases phagocytosis.
However, BBB permeability and short half-life. Transferrin was capable of receptor-mediated endocytosis.
Mesoporous nano selenium was loaded with metformin, and surface-coated transferrin was added to enhance
BBB permeation. This formulation exhibited broad-range antioxidant activity with efficacy against abnormal ROS
and reactive nitrogen species at 50 pg/ml. It also showed the degradation of AB1-42 aggregates as well as
inhibition of AB1-42 formation as evidenced by a significant reduction in fluorescence intensity compared to
AP1-42 alone. Cell survival rate upon AP toxicity was 41%, which changed to 90% in the presence of the
formulation. Similarly, cell survival due to H202-induced cytotoxicity was alleviated from 28% to 85%. The
formulation reached a maximum fluorescence intensity within 6 hrs, indicating its potential to cross the BBB. In
vivo, mice models displayed a beneficial effect on cognition as well as repair of oxidative stress [58].

Sialic acid-modified selenium nanoparticles coated with B6 peptide: Sialic acid is an important component
of brain gangliosides that is essential for adequate brain development and cognition. Sialic acid administration in
animals was associated with learning and memory performance. B6 peptide was a substitute for transferrin to
achieve optimum BBB permeation. Initially, sialic acid-selenium nanoparticles were synthesized, and later, they
were coated with B6 peptide. Turbidimetry was used to analyze the effect of the formulation on A aggregation.
It was noted that at 40 pg/ml, the formulation showed a considerable decrease in turbidity from 0.072 units to
0.042 units, suggesting its role in inhibiting aggregation of AB. It could also transform A aggregates into
amorphous oligomers, showcasing its disaggregation potential [59].

Chondroitin sulfate (CS)-nano selenium: CS proteoglycan plays a key role in learning and memory. CS
possesses BACE]1 inhibitory potential and thus can control the AP formation. It is also involved in the
internalization of tau protein. Overall, it can prevent neurodegeneration. The Mice model revealed that a high
dose of the formulation can effectively increase memory and learning function. It afforded neuroprotection against
hippocampal neuronal damage induced by aluminum chloride. It also improved cholinergic balance by
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enhancing the activity of choline acetyltransferase and suppressing the activity of acetylcholinesterase. It was
shown to regulate the excessive phosphorylation of Ser396 and Ser404 present in tau protein by regulating the
expression of GSK-3p. It can also regulate the translocation of NF-kB, thereby bearing the potential to treat
neuroinflammation [60].

Selenium-doped 3D porous molybdenum carbide nanospheres: Mitochondrial dysfunction as a result of
oxidative stress is a critical factor in the pathogenesis of AD, which further leads to the formation of ROS.
Selenium-doped 3D porous molybdenum carbide nanospheres were employed to promote the antioxidant effect
as well as reduce mitochondrial dysfunction. It also displayed a reduction in Af formation, inhibition of
overactivated microglia, reduction of proinflammatory factors, and inflammation [61].

Resveratrol-loaded selenium/chitosan nanoflowers: An improper diet can facilitate the risk of AD. Hence,
this formulation was developed with the connection between good gut health and AD kept in mind. It aimed to
restore the gut bacteria, and it could reduce lipopolysaccharide (LPS) formation and LPS-induced
neuroinflammation. It was also found to inhibit AP aggregation and tau hyperphosphorylation. It also significantly
enhanced cognitive function in mice [62].

Engineered selenium/Human serum albumin nanoparticles: Human serum albumin (HSA) has good polymer
characteristics like non-toxicity, biocompatibility, long half-life, and non-immunogenicity. It can also permeate
the BBB via endocytosis and could reach peak concentration in 6 hrs. It suppresses ferroptosis and mitochondrial-
related apoptosis. It could also translocate nuclear erythroid factor 2 (Nrf-2) and thereby reduce oxidative stress.
It could also improve motor behavior and repair the loss of dopaminergic neurons in mice models [63].

Polydopamine-based nanocomposite co-synthesized with selenocysteine: ROS overproduction and oxidative
stress induce neurodegeneration of dopaminergic neurons present in substantia nigra pars compacta.
Polydopamine can act as an antioxidant by mimicking the enzymes superoxide dismutase (SOD) and catalase
(CAT). Selenocysteine, an essential component of glutathione peroxidase (GPx), was selected for synthesizing

the nanocomposite with the aim of inducing GPx-like activity. In the 1-methyl-4-phenyl-pyridine ion (MPP™)-
induced PD cell model, the formulation showed an increase in GPx activity and protected SH-SYS5Y neuronal
cells from oxidative stress [64].

Selenium nanoparticles functionalized with polyvinylpyrrolidone (PVP): The nanoparticles were loaded with
Levadopa or dopamine, and it was observed that the formulation formed several hydrogen-bonding and/or
electrostatic interactions with the compound. These nanoparticles were evidenced to pass the BBB efficiently and
thus present a potential alternative for drug delivery of dopamine as therapy for PD with an additional antioxidant
effect familiar with selenium [65].

Chiral L-type selenium and ceric oxide nanoparticles: L-cysteine was combined with selenium and ceric oxide
to synthesize these nanoparticles. The synergistic effect between selenium and ceric oxide enabled the
nanoparticles to reduce the oxidative enzyme activities of peroxidase (POD), CAT, and GPx by 5.6, 7, and 10
times, respectively, compared to their initial reaction velocities. In PD-cell-like models, this formulation showed
strong ROS scavenging ability. In the PD mice model, the level of a- synuclein in the cerebrospinal fluid was
reduced by about 71% upon two-week therapy [66].

Selenium nanoparticles: Caenorhabditis elegans (C. elegans) is a classic animal model to replicate and study the
effects of treatments against HD. Two types of C. elegans- wildtype and transgenic HA759 and AM141 were
employed to evaluate the effects of the formulation. Juglone and methylmercury were two chemicals that were
used to induce oxidative stress. PolyQ protein is known to be adequately involved in forming aggregates in
humans during HD. The formulation under 2 uM concentration displayed protective effects against both types of
stress. Treatment with 0.02, 0.2, and 2 uM concentrations reduced PolyQ aggregation by 18%, 22%, and 30%,
respectively. 2 uM concentration of the formulation significantly decreased ROS levels of Huntington nematodes.
At the same concentration, it could relieve behavioral dysfunction and decrease neuronal death [67] .

Table 2. Nano formulations of selenium for neurodegenerative diseases

Summary of Nanoformulation used for Neurodegeneration diseases

a) Alzheimer’s diseases

Nanoformulations Molecular targets Pathological effects

Selenium NP stabilized with | Formulation incubated with Selenium nanoparticles stabilized with chitosan
chitosan AP with iron, zinc and copper reduce fibril width by 20% with EC50 of 0.9 and
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individually.

0.07 mM.

Quercetin -loaded selenium
selenium NP coated with
acacia and polysorbate 80

To increase blood-brain
barrier permeability.

Inhibit AB-42 aggregation.
DPPH scavenging activity with IC50 value of
44uM.

Selenium-chondroitin
sulfate NP

Antioxidant and
neuroprotective properties,
reduction of a fibril
formulation and ROS
formation

Inhibited hyperphosphorylation at amino acid
residue Ser396 and Ser404 by inhibiting GSK-3[3

Double Selenium

Targets Relative oxygen

Inhibiting cell death and intracellular toxicity by

nanospheres species (ROS) decreasing ROS levels.
It was shown to transform AP aggregates into AP
oligomers by binding to them across six hrs. at a
concentration of 10 pg/ml.
Nanoformulations Molecular targets Pathological effects
Silymarin-encapsulated Antioxidant and A Blocked 90% of DPPH free radicals.
Xanthum -fum stabilized disaggregation
selenium Nanocarriers
Dual-functional selenium AB inhibition Improved BBB and increased retention, due to

nanoparticles with TGN and

which 98% AP inhibition was reported.

LPFFD
Resveratrol-selenium Attenuation impaired Increase level of Acetylcholine in AD mice
nanoparticle oxidative stress and models.

mitochondrial dysfunction.

Epigallocatechin-stabilized
selenium nanoparticles
coated with Tet-1

Potent antioxidant and AP
inhibition

Increase in cell viability from 0.56 to 0.88%.
Disaggregate Af into nontoxic forms at 10 pg/ml.

Multifunctional
mesoporous nano
selenium-loaded
metformin

Possesses AP scavenging
ability as well as increases
phagocytosis

Exhibited broad-range antioxidant activity with
efficacy against abnormal ROS and reactive
nitrogen Species at 50pug/ml.

Sialic acid-modified

Learning and memory

Role in inhibiting aggregation of AB at 40ug/ml.

selenium nanoparticles performance
coated with B6 peptide
Nanoformulations Molecular targets Pathological effects

Chondroitin sulfate (CS)-
nano selenium

Inhibitory potential and thus
can control the AP formation,
the internalization of tau
protein. Overall, it can
prevent neurodegeneration

Effectively increase memory and learning function

Selenium-doped 3D porous
molybdenum carbide
nanospheres

Promote the antioxidant
effect as well as reduce
mitochondrial dysfunction.

Reduction of pro-inflammatory factors and
inflammation

Resveratrol-loaded
selenium/chitosan
nanoflowers

Restore the gut bacteria, and
it could reduce
lipopolysaccharide (LPS)
formation and LPS-induced
neuroinflammation.

Significantly enhanced cognitive function in mice.

b) Parkinson's disease
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Engineered
selenium/Human serum
albumin nanoparticles

Suppresses ferroptosis and
mitochondrial-related
apoptosis

Reduce oxidative stress, improve motor behavior
and repair the loss of dopaminergic neurons in
mice models.

Nanoformulations

Molecular targets

Pathological effects

Polydopamine-based

Act as an antioxidant.

An increase in GPx activity and protected SH-

nanocomposite co- SYSY neuronal cells from oxidative stress

synthesized with

selenocysteine
Selenium nanoparticles Drug delivery of dopamine as Additional antioxidant effects familiar with
functionalized with therapy for PD selenium
polyvinylpyrrolidone
(PVP)

Reduction of the oxidative
enzyme activities of
peroxidase (POD),

Chiral L-type selenium and
ceric oxide nanoparticles

Showed strong ROS scavenging ability

¢) Huntington's disease

Selenium nanoparticles Decreasing Neuronal Death. 0.02 to 2uM concentration reduced PolyQ
aggregation up to 18% to 30%.

2uM concentration decreases ROS levels.

Discussion:

Understanding the role of selenium in the progression of neurodegenerative disorders is in its primary stage.
Selenium and selenoproteins are known to be essential for normal brain development and significantly
contribute to memory and learning. Many underlying mechanisms are proposed, starting from their role in ROS
scavenging to the involvement of Se in protein misfolding and protein aggregation, and they are validated by
carrying out the experimental study. Dietary intake and cellular redox state influence the regulation of
selenoprotein expression by selenium availability. Selenoproteins play a positive role in combating human
diseases such as Alzheimer’s, Parkinson’s, multiple sclerosis, schizophrenia, and mood disorders. Now, we
are at the stage of understanding the role of Se-based nanoformulations in the reduction of AB fibril formation and
ROS formation, leading to inhibiting AB1- 42 aggregation. Selenium-chondroitin sulfate nanoparticles not only
inhibit hyperphosphorylation of amino acid residue Ser396 and Ser404 by inhibiting GSK- 3 but also increase the
level of acetylcholine, downregulating STAT3 expression involved in neuroinflammation. Chondroitin sulfate (CS)-
Nano selenium enhances the choline acetyltransferase activity. In Parkinson’s disease, nanoformulations showed an
increase in GPx activity and protected SH-SYSY neuronal cells from oxidative stress. Selenium nanoparticles, with
PVP, have shown potential alternative for the drug delivery of dopamine with additional antioxidant activity. Various
experimental evidence suggests the role of selenium supplementation in the progression of neurodegenerative
disorders in a dose-dependent manner. Their role in neurogenesis, size, shape, and number of neurospheres is now
clearly established. The inclusion of selenium in the diet may have therapeutic interventions that have beneficial
effects on cognitive functions, protein aggregation and misfolding, and neurogenesis. Elderly individuals could
easily increase their intake of selenium because it is an inexpensive, easily accessible dietary supplement that is
present in many regularly consumed foods, including dairy products, cereals, and nuts. This is especially crucial
for the care of those who are too old, too fragile, or disabled to exercise.

Research conducted by various groups shed some light on the basic understanding of the correlation between Se
and its role in neuroprotection. We hereby summarize the various future studies essential for a better understanding
of molecular mechanisms underlying the topic under consideration.

1. Selenoproteins F is important in ensuring proper protein folding and secretion. Given its involvement in critical
cellular processes, further research into SelF could provide insights into its potential as a biomarker or therapeutic
target for various diseases.

2. Understanding the interplay between selenium, selenoproteins, and alpha-synuclein accumulation could
provide insights into PD mechanisms. This relationship may also present potential therapeutic avenues, such as
selenium supplementation or targeting specific selenoproteins to alleviate symptoms or slow disease progression.
3. Selenoproteins are vital for maintaining cellular homeostasis and protecting against disease. Their regulation
is complex and influenced by multiple factors, making them important players in the pathology of various human
diseases. Ongoing research is needed to fully elucidate their roles and potential therapeutic applications.

4. Selenium and selenoproteins are vital for maintaining brain health through their antioxidant, anti-
inflammatory, and neuroprotective roles. Dysregulation of selenium levels and selenoproteins' function has been
implicated in various brain diseases, highlighting their potential as therapeutic targets for prevention and
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treatment. Ongoing research is needed to elucidate these relationships further and develop strategies for enhancing
selenium status in the context of brain health.

5. The ER system plays a vital role in preventing the formation of neurofibrillary tangles by facilitating proper
protein folding, regulating cellular stress responses, maintaining calcium homeostasis, and supporting autophagy.
Enhancing ER function and addressing ER stress may offer potential therapeutic strategies for neurodegenerative
diseases characterized by tau pathology.

6. More research is needed to understand the molecular mechanism of selenium supplementation in depth that
could have therapeutic benefits in neurodegenerative disorders.

7. On our part, considering the studies involving Se-based nanoformulations, we recommend investigating the
combination of Acetylcholinesterase (AchE) inhibitors or Dopamine agonists with Se-based formulations for the
treatment of Alzheimer’s disease or Parkinson's disease. A recent study involving the fusion of donepezil, an AchE
inhibitor, and Ebselen, a potent organoselenium anti-inflammatory cytoprotective agent, led to the development of a
series of organoselenium was carried out, and out of the many derivatives synthesized, around 10 selenoderivatives
exhibited potent effect with ICsg values reaching submicromolar concentration when tested for their AchE inhibition.
Similar effects were observed with inhibition of Butyrylcholinesterase (BuChE); this suggests the positive role of
selenium-containing motifs in cognitive deficits related to neurodegenerative diseases [68][69, 70]. Furthermore, the
study also involves the examination of the most potent analog in the series, selenepezil. The mentioned analog was
found to be an inhibitor of human GPx-like activity, was found nontoxic when administered to mice [68], and
demonstrated a neuroprotective effect against 6-hydroxydopamine (6-OHDA) or H,O»-induced SH-SYSY cell
damage through activation of Keap-1-Nrf-2 ARE signaling pathway, its administration also found ameliorating AB-
induced cognitive impairment in-vivo [68].

Conclusion:

The emergence of neurodegenerative disorders in the later stages of life is a significant concern in recent times.
Therefore, there is an urgent need to test the efficacy of Se-based nanoformulations in the progression of
neurodegeneration. Such studies have already been initiated and must be carried forward. With the help of modern
drug discovery tools, molecular interactions between the Se and protein misfolding, aggregation, and
neurodegeneration can certainly lead us to a better understanding. Being a metal, it is also essential to conduct well-
planned toxicity studies involving Se-based nanoformulations. The authors wish to suggest the study of the binding
pattern of Se in the synthesis of proteins like A, alpha-synuclein, and their folding. Further, pharmacokinetic and
pharmacodynamic studies involving Se-based combinations of well-known drugs in the treatment of AD, PD, and
HD suggest that synergistic roles should be undertaken. This will help us design new molecules in the future to
control the progression occurrence or treatment of various neurodegenerative disorders. There is a titanic scope
for evaluating the mechanisms of Se-based nanoformulations in neuroprotection by utilizing the proposed
combinations. This will open up a new dimension in the research associated with neurodegeneration.
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