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Neurodegenerative disorders/diseases (NDs) are a chronic debilitating group of heterogeneous diseases, which
include loss of neuronal function and structure, leading to neuronal cell death or progressive degeneration. NDs
comprise a highly complex etiology that is mainly associated with abnormal protein accumulation, mutated genes,
increased reactive oxygen species (ROS), neuroinflammation, mitochondrial dysfunction, apoptosis, elevated
endoplasmic reticulum (ER), calcium overload, excitotoxicity, or neuronal destruction in specific regions of the
brain. ND is a wide array of neurological disorders that generally affect central nervous system (CNS) neurons,
characterized by progressive neuronal dysfunction in the CNS, resulting in deficit of specific functions of the brain
(movement, memory, and cognition). These processes are involved in the pathogenesis and progression of NDs,
such as Huntington’s disease, Alzheimer’'s disease, amyotrophic lateral sclerosis, multiple sclerosis, and

Parkinson’s disease.

nutraceuticals neurodegenerative diseases oxidative stress mitochondrial dysfunction

apoptosis neuroprotective complementary therapy

| 1. Introduction

ND is a universal terminology for a varied debilitating and often irregular group of disorders categorized by
diseases of the dynamic nervous system emerging from neuronal loss and neuronal degradation &2, Apart from
neural loss, these NDs are characterized by impaired electro-physiological and neuro-chemical properties in the
vulnerable regions of the brain, thus influencing the associated functions B4, Moreover, ND encompasses a wide
array of neurological disorders that generally affect CNS neurons, characterized by progressive neuronal
dysfunction in the CNS, resulting in deficit of specific functions of the brain (movement, memory, and cognition) &
[l NDs comprise a highly complex etiology, mainly associated with abnormal protein accumulation, mutated
genes, increased ROS, neuroinflammation, mitochondrial dysfunction, apoptosis, elevated ER stress, calcium
overload, excitotoxicity, or neuronal destruction in specific regions of the brain @E Huntington’s disease,
Alzheimer’s disease, amyotrophic lateral sclerosis, multiple sclerosis, and Parkinson’s disease are examples of
NDs.

Considered to be second most persisting/recurring ND worldwide with multifaceted etiologies, Parkinson’s disease
affects approximately 1-2% of the population B9 An intra-neuronal buildup of protein aggregates and Lewy

bodies (consisting of misfolded a-synuclein) and gradual decline of dopaminergic neurons in the substantia nigra
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pars compacta 2112 gre the two major neuropathological processes involved in Parkinson’s disease. Patients with
Parkinson’s suffer from a variety of non-motor symptoms, uncontrollable tremors, and diminished motor function
that exacerbate in the later stages of the disease 13124l Symptoms include anxiety, dementia, depression, optical
delusion, and excessive daytime sleepiness (13, Several other symptoms may involve cognitive and autonomic

dysfunction, olfactory functional loss, and rapid eye movement, which may appear at later stages of this disorder
[16),

Alzheimer’s disease is the most common type of ND in the elderly, which worsens with time. Becoming a major
healthcare challenge of 21st century, its prevalence continues to rise worldwide. It is the most established cause of
dementia characterized by gradual cognitive impairment 2. Thought to start 20 years or more before, the
symptoms arise with brain alterations that remain unnoticeable to the affected person. Individuals after years of
brain alterations experience noticeable symptoms (i.e., language problems and memory loss) 171811920 The
occurrence of symptoms is due to damage or destruction of nerve cells (neurons) in brain regions involved in
learning, thinking, and memory L4222 Therefore, Alzheimer's disease is characterized by visual-spatial
disorders, cognitive functional loss, memory and language impairment, and complications with judgment or
analysis. The two proposed fundamental pathogenic mechanisms are the amyloid cascade and the tau
hyperphosphorylation 23, The neuropathological feature includes accumulation of B-amyloid protein, leading to
hard plaques interfering with acetylcholine initiating inflammatory processes and affecting synaptic transmission,
which may further result in the specific protein (tau) leading to cell demise in Alzheimer’s disease. Therefore, the
pairing of microtubules with other tubules of the neurons produces neurofibrillary tangles, resulting in disintegration

of tubule and blockade of neurotransmitters, which causes cell death [241[23],

Another progressive ND, amyotrophic lateral sclerosis, is characterized by progressive motor neurodegeneration
and death of lower and upper motor neurons in the spinal cord, brain, and brainstem, affecting voluntary muscles
and leading to paralysis and respiratory failure and even death [28. The causative mechanisms underlying
amyotrophic lateral sclerosis remain unclear but numerous factors have been included such as excitotoxicity,
genetic factors, autoimmune response, protein misfolding and aggregation, oxidative stress, deficits in neurotrophic
factors, neurofilament aggregation, environmental factors, mitochondrial dysfunction, and impaired axonal transport
[27128] This disease is linked with gene mutation that produces superoxide dismutase-1 enzyme. Moreover, this ND
is linked with protein inclusions, composed of cytoplasmic trans active response DNA binding protein-43 (TDP-43)

in the affected regions of spinal cord and brain 22,

Huntington’s disease is an inherited ND characterized pathologically by diminished functions of gamma-
aminobutyric acid and excessive dopaminergic activity in the basal ganglia. Clinically, it is characterized by
psychiatric disturbance, abnormal movements, and cognitive deficits (12, being associated with the expansion of
the trinucleotide repeat in the Huntington (Htt) gene present at the short arm of chromosome 4. Htt (mutant)

proteolysis has been observed to contribute to its pathology, but its role is not yet well defined 9.

An inflammatory, autoimmune, and chronic in nature, multiple sclerosis is a CNS disease characterized by axonal

preservation with demyelinated regions. Multiple sclerosis is mostly observed in individuals 20-45 years of age in
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contrast with other old-age-related NDs B, The major driver of pathology in multiple sclerosis is inflammation of
CNS. Various factors encourage its development, yet its cause is not well-defined. In MS, the disrupted BBB elicits
infiltration of peripheral blood leukocyte, followed by myelin degradation, axonal disruption, and cell loss of
neurons. Approximately 2.3 million people are estimated to live with this disease worldwide. Moreover, the
prevalence and incidence of this ND is increasing. There are progressive and relapsing—remitting forms of multiple

sclerosis; its cause is still not well understood and established 321331,

| 2. Mechanisms Involved in Neurodegeneration

Different mechanisms have been implicated in the progression and pathogenesis of NDs, including OS,
neuroinflammation, apoptosis, excitotoxicity, and mitochondrial dysfunction [B4I23136137][38] (Figyre 1).

MITOCHONDRIAL DYSFUNCTION
——  Loss of mitochondrial membrane potential
Release of mitochondrial factors

NEUROINFLAMMATION
— Activation of microglial and astrocytes
tInflammatory cytokines and chemokines

OXIDATIVE STRESS
Lipid peroxidation
DNA damage
Protein oxidation
|Antioxidant enzyme activities
TROS generation

Neurodegeneration

APOFPTOSIS
Caspase activation
Proapoptotic expression

EXCITOTOXICITY
tIntracellular calcium ions
T1ROS generation
Glutamate receptors Overactivation

Figure 1. Highlighting the associations of different mechanisms with the neurodegeneration that is involved in NDs.

DNA, deoxyribonucleic acid; ROS, reactive oxygen species.

2.1. Apoptosis
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Apoptosis facilitates the precisely programmed natural neuronal death that is physiologically essential in
neurogenesis during CNS maturation. The process is energy-dependent, which necessitates ATP for signal
activation and protein synthesis 2. Apoptosis is a complicated process, which is triggered by various extrinsic and
intrinsic signals. Extrinsic and intrinsic pathways consist of death receptor activation upon ligand binding and
production of pro-apoptotic factors in cytosol, respectively. Subsequently, the intrinsic pathway triggers caspase-
independent apoptosis or caspase-dependent apoptosis B4[B9 Characterized by chromatin condensation, cell
shrinkage, membrane cell death, and DNA fragmentation, neuronal apoptosis is the neuropathological hallmark of
NDs. Therefore, abnormality in the regulation of apoptosis or premature apoptosis is involved in the pathogenesis
of neurodegeneration, a multifarious process that leads to several NDs, such as Huntington’s disease, Alzheimer’s

disease, amyotrophic lateral sclerosis, multiple sclerosis, Parkinson’s disease, etc. (22,

Various primary brain regions undergo neuronal loss; as diseases progress, these regions can be expanded in
several conditions. The most noticeable clinical symptom in patients of Alzheimer’s disease is memory loss, which
is associated with neuronal loss in the hippocampal region. As Alzheimer's disease advances, the
cortical/subcortical areas experience neuronal losses that can be extremely severe 41142l |n the apoptosis context,
it has been indicated that executor or initiator caspases are activated in Alzheimer’s disease. Moreover, the levels
of extrinsic apoptotic pathway protein have been reported to elevate in the brains of Alzheimer’s disease 3. In the
brains of Parkinson’s disease, it has long been proposed that apoptosis is the preferred pathway for the elimination
of dopaminergic neurons in substantia nigra. It has been suggested that nearly every Lewy body neuron is positive
for pro-apoptotic process, proposing that heavily burdened neuron with protein aggregates undergo apoptosis 44!
5] |n Huntington’s disease, it has been specifically proposed that hyperpolarization of mitochondrial membrane
occurs via an mHtt monomer to promote apoptotic neuronal death 28! In amyotrophic lateral sclerosis, it is TDP-43
that was found to induce the pro-apoptotic proteins expression in a p53-dependent manner. However, various

studies suggested that loss of neurons in the brains of amyotrophic lateral sclerosis is a caspase-independent
process [4748],

2.2. Oxidative Stress (0OS)

OS is a contributory hallmark in the pathophysiology of common NDs. OS is the imbalance of ROS production and
antioxidative defense ability, resulting in cellular damage and DNA repair system damage, which will speed up the

neurodegenerative process and progression of NDs 341,

The nervous system is mainly susceptible to OS for the following reasons:
» lower endogenous antioxidants reserve levels;

e more oxygen consumption due to higher ATP demand,

« availability of polyunsaturated lipids that are mainly vulnerable to attack of free reactive species in the neuronal

cell membrane;
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» presence of neurotransmitters and excitatory amino acids, the metabolism of which can generate ROS; and
« elevated levels of transition metals 42159,

These aforementioned characteristics make neuronal cells a target for the damage caused by ROS. In patients
with amyotrophic lateral sclerosis, AB neurotoxicity and neuronal degeneration are correlated with the oxidative
damage to lipids and proteins, DNA, and RNA B2 |n Parkinson’s disease, oxidative damage to proteins and
DNA has been reported in the nigro-striatal regions 2834l Dopamine oxidation to 6-OHDA (reactive) stipulates an
essential endogenous cascade for creating Parkinson’s disease-like condition B3, Moreover, the overload of
transition metals (such as iron) has been implicated in the Lewy body formation process in Parkinson’s 28, OS-
induced damage to DNA, proteins, and lipids and mutations in the SOD-1(Cu/Zn)-encoding gene have been linked
with sporadic and familial amyotrophic lateral sclerosis forms 2. The pathology of multiple sclerosis is not
dissimilar when the harmful influence of OS is considered. In addition, reactive species generated by the
mononuclear cells and activated microglia play a critical role in the pathogenesis of multiple sclerosis. Declined
endogenous antioxidants levels and oxidative damage to mtDNA are related to the axonal injury and demyelination
in multiple sclerosis 281, Exacerbation of lipofuscin and increased occurrence of the oxidative DNA strand breaks is
known to be associated with Huntington’s disease B9 |t has been found that a substantial increase in 8-OH-dG
levels occurs in nDNA in the postmortem tissue of Huntington's disease subjects 61l All the aforementioned

studies noticeably specify a causal and evidential relationship between OS and neuronal cell demise in NDs.
2.3. Calcium Overload and Excitotoxicity

Excitotoxicity is another process implicated in the pathogenesis of NDs. It is caused by the persistent over-
activation of glutamate receptors by excitotoxins or excitatory amino acids in the CNS, leading to neuronal death
(341 pathologically elevated levels of glutamate and binding of excitotoxins with the glutamate receptors can cause
or trigger excitotoxicity by permitting speedy entry of calcium ions (Ca2*) in the cell [¢2. |n the cell, Ca2* influx
activates numerous Ca?*-dependent enzymes, including endonucleases, protein phosphatases, lipases,
endonucleases, xanthine oxidase, proteases, phospholipases, protein kinase, and inducible nitric oxide synthase
(INOS). These enzymes destroy and damage cellular structures such as membrane, cytoskeleton components,
and DNA.

The excessive influx of Ca%* could also render mitochondrial dysfunction, ROS production, OS, and inflammatory
responses, ultimately leading to neuronal cell demise 263, Apart from these processes, accumulation of Ca2* in
neurons can also take place via different routes such as activation of receptor-operated Ca?* channels, voltage-
sensitive Ca?* channels, ATP-dependent Ca?* channel (P2j receptor), Ca®* channels coupled to G-protein
receptors, and cyclic nucleotide-gated CaZ* channels 6284 An Ap-induced neuronal cell demise in AD is linked
with dysregulation of pathways dependent on Ca2* 83, In Parkinson’s disease, intracellular Ca2* dysregulation can
describe the destruction of dopaminergic neurons [68l. Besides, neuronal injury and destabilization in multiple
sclerosis are due to over-activation of calpain and Ca2*-dependent protein phosphatases and proteases 7. The
opening of mitochondrial permeability transition pore due to Ca?* release and mitochondrial Ca?* overload from the

endoplasmic reticulum by mHtt is considered as the process of neuronal demise in Huntington’s disease [68.
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2.4. Neuroinflammation

Emerging threads of evidence underscore the role of neuroinflammation in the progression or pathophysiology of
NDs. The beginning and consequent increase in neuroinflammation seem to depend on cross-talks among glia,
neurons, and immune cells. Macrophages are located in the brain region nearby glial cells that play an essential
role in neuroinflammation-mediated NDs. Moreover, activated microglia in the diseased state mediates neuronal
injury via release of pro-inflammatory factors. The production of pro-inflammatory factors results in trans-

endothelial migration of immune cells across the blood—brain barrier (BBB) 8,

Different processes have been implicated for the actions mediated by microglia that cause neuronal destruction.
Phagocytic oxidase (PHOX)-mediated OS-induced neurotoxicity is the foremost mechanism involved here. When
PHOX is triggered by inflammatory state, it produces OS by promptly generating high superoxide levels. The
inflammatory PHOX activation also stimulates activated microglia leading to production of IL-18 and TNF-a 6270,
Therefore, activation of PHOX offers an essential link between OS and inflammation 472 Microglia-expressed
inducible nitric oxide synthase (INOS) and astrocytes are upregulated during neuroinflammation, leading to
increase production and, thus, promoting neuronal death (34 However, it should be observed that activation of
either NO or NADPH oxidase via INOS expression alone is insufficient to cause neurotoxicity, but rather their
mutual activation triggers the cascade of inflammatory neurodegeneration 82721 Moreover, chemokines released

by astrocytes exert multifaceted roles in the pathophysiology of chronic NDs including Alzheimer’s disease 4731,

2.5. Mitochondrial Dysfunction

Considered as the site of cellular respiration and oxidative phosphorylation, mitochondria play an essential role in
sustaining a low Ca?* concentration in the cytosol. Excessive Ca2* uptake and ROS generation cause the failure of
mitochondrial membrane potential and mitochondrial permeability pore opening 4. The pathophysiology of
numerous NDs such as Huntington’s disease, Alzheimer’'s disease, amyotrophic lateral sclerosis, multiple
sclerosis, and Parkinson’s disease mainly comprises damaged mitochondria [274  Several molecular
mechanisms dependent on mitochondria such as generation of ROS, inhibition of mitochondrial electron transport
chain (ETC) complexes, dysfunction of the enzymes implicated in the cycle of tricarboxylic acid, perturbations of
mitochondrial clearance mechanisms, and impairment of mitochondrial dynamics could promote the pathogenesis
of NDs and neuronal injury 221, In the substantia-nigra, defective ETC (Complex 1) is known as the chief cause of
sporadic Parkinson’s disease 78, Mitochondria abnormalities also trigger the neuronal loss and damage in
amyotrophic lateral sclerosis and Alzheimer’s disease 87, |n multiple sclerosis, neuronal degeneration is also
considered to contribute to the irregular activities of ETC (Complexes | and 1V) 8. Several pre-clinical and clinical
lines of evidence from Huntington’s disease cases suggest that mitotoxicity plays a critical role in the pathogenesis
of neurodegeneration 79, Owing to complicated cross-talks among mitotoxicity, chronic inflammatory state, and
OS, itis not yet well-defined whether damage to mitochondria is the consequence or cause of neuronal dysfunction

and damage (89,
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