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            Abstract

            
               
Neurodegenerative diseases, including Alzheimer's, Parkinson's, and Huntington's, are a growing global health challenge with
                  no definitive cure. Oxidative stress is implicated in these disorders, and antioxidants have emerged as a promising avenue
                  for addressing them. Research has shown the potential of natural antioxidants to combat oxidative stress in neurodegenerative
                  disorders, but clinical trials have often failed to treat patients effectively. However, natural extracts have shown diverse
                  molecular activities beyond their antioxidant capabilities, indicating their potential for prevention and disease management.
                  This review will explore in vitro and in vivo research studies to highlight the promising prospects of natural antioxidants
                  and their therapeutic applications in Neurodegenerative conditions.
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               Introduction

            Oxidative stress (OS) arises when there is an imbalance between the production of reactive oxygen species (ROS) and reactive
               nitrogen species (RNS) by cells and tissues and the body's ability to effectively remove these waste products through cellular
               mechanisms.1 This condition occurs when the equilibrium between pro-oxidants and antioxidants, which regulate cellular stability, is disrupted.
               ROS and RNS are generated during cellular respiration, a crucial process powering cellular reactions. Excessive OS can damage
               vital biological components like lipids, proteins, and DNA. 2 Additionally, the generation of both ROS and RNS has been linked to mitochondrial dysfunction, resulting in energy production
               deficits, disturbances in metal balance, toxic protein aggregates, and subsequent illness. This leads to the activation of
               cellular death mechanisms such as necrosis, apoptosis, alterations in iron metabolism, and autophagy. 3

            The essential roles of RNS and ROS in cells include maintaining cellular balance through processes like redox signaling, immunity
               against pathogens, and protein folding. Many cellular structures possess inherent mechanisms to eliminate ROS and RNS, primarily
               relying on enzymes like catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), and glutathione reductase
               (GSR). These enzymes constitute the body's antioxidant defense system, safeguarding tissues from damage caused by ROS and
               RNS. However, when these reactive species accumulate excessively within cells, their harmful effects outweigh their antioxidant
               benefits, overwhelming the body's defense mechanisms. The inability to maintain redox balance, whether due to excessive production
               or impaired removal of these reactive species, leads to OS. OS disrupts various cellular functions by interacting with cellular
               components such as DNA, RNA, amino acids, carbohydrates, lipids, and proteins. Consequently, cells, especially neurons, are
               adversely affected, impacting their viability. Therefore, OS contributes to various metabolic disorders, malignant conditions,
               and neurodegenerative diseases. 4, 5

            Neurodegenerative disorders typically arise from various factors, including OS, mitochondrial dysfunction, genetic mutations,
               protein misfolding, neuroinflammation, apoptosis, autophagy, and more. OS is a significant contributor to the development
               of all these factors. OS plays a pivotal role in initiating neurodegenerative processes and cellular pathways, ultimately
               resulting in neurodegeneration. 6 
            

            Considering the established role of OS in harming and killing neuronal cells, it's logical to enhance the body's internal
               antioxidant status and act as a protective strategy against neurodegenerative disorders. Recent scientific investigations
               have directed their attention towards the formulation of techniques grounded in antioxidants to address the neuronal dysfunction
               and decline resulting from OS, features commonly observed in neurological conditions. In the current review, we will explore
               the present understanding of OS's wide-ranging impact on the human biological system and its contribution to multiple neurodegenerative
               disorders.
            

         

         
               Oxidative Stress, Antioxidant Defence, and Cellular Balance
            

            Understanding of the intricate concept of OS and the crucial role played by antioxidant defense mechanisms in upholding cellular
               balance is central to comprehending cellular function and overall health. The emergence of OS results from the complex interplay
               between ROS and RNS and their impact on cellular components.7 ROS and RNS are naturally produced through various cellular processes, including respiration and immune responses, making
               them integral parts of cellular metabolism. While these species have pivotal roles in physiological functions such as redox
               signaling and immune responses when maintained at controlled levels, unregulated and excessive accumulation sets off a chain
               of reactions that give rise to free radicals, ultimately leading to damage to biomolecules. 8

            One of the most significant among these reactive species is the superoxide anion radical (O2•), which can contribute to the
               formation of various other free radicals, such as H2O2, hydroxyl radicals (OH•), and peroxynitrite anions (ONOO•), among others.
               The build-up of these free radicals initiates cellular damage and marks the onset of OS. 9 Notably, mitochondria are notable sources of ROS and RNS, primarily due to the aerobic respiratory processes they facilitate.
               Additionally, external factors like ionizing radiation, xenobiotics, infections, and lifestyle choices such as smoking and
               alcohol consumption support the generation of reactive species. 1

            To counteract the potential harm caused by the accumulation of ROS and RNS, cells employ an efficient antioxidant defense
               system. This system comprises both non-catalytic small molecules and catalytic enzymes. Non-catalytic molecules, including
               bilirubin, α-lipoic acid, melatonin, glutathione (GSH), and uric acid, as well as exogenous substances like vitamins E, C,
               β-carotene, and plant polyphenols, directly scavenge ROS and RNS. Particularly, glutathione (GSH) plays a pivotal role in
               maintaining redox balance and is tightly regulated to ensure homeostasis. On the other hand, catalytic antioxidants, like
               superoxide dismutases (SODs), convert superoxide anions (O2•) into H2O2.10 These enzymes are strategically distributed within cells to regulate redox signaling and preserve cellular homeostasis. Enzymes
               such as catalase (CAT), peroxiredoxins (PRDXs), and glutathione peroxidases (GPXs) further neutralize H2O2 by converting it
               into water and oxygen. This well-orchestrated antioxidant defense system not only prevents cellular damage caused by ROS and
               RNS but also participates in the elimination of nitrogen oxide compounds and the denitrosylation of proteins.11 In summary, OS arises from the imbalance between the generation of ROS and RNS and the cellular capacity to counteract their
               detrimental effects. This process involves the production of free radicals that harm cellular components. To preserve cellular
               health and function, the intricate antioxidant defense system protects cells by neutralizing ROS and RNS, preventing excessive
               accumulation, and promoting cellular equilibrium. Understanding this delicate balance between OS and antioxidant defense is
               crucial for deciphering the complexities of cellular biology and may open the door to potential therapeutic interventions.
            

         

         
               Oxidative stress, CNS, and Neurodegenerative Disorders

            The central nervous system (CNS) exhibits a heightened metabolic rate, necessitating significant energy production through
               mitochondrial processes like the electron transport chain (ETC) and oxidative phosphorylation. As a result, neurons and certain
               glial cells, including microglia and astrocytes, have a propensity to generate substantial quantities of (ROS/RNS). 12 This susceptibility is accentuated by the inherent characteristics of CNS cells, rendering them particularly liable to OS.
               The impact of OS, both at a biochemical, cellular, and tissue level, differ based on the specific region within the CNS that
               is affected. Prolonged exposure to OS can give rise to a diverse array of CNS disorders, including neurodegenerative conditions.
            

            
                  
                  Figure 1

                  Source of oxidative stress
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            Among various brain structures, the hippocampus, amygdala, prefrontal cortex, and cerebellar granular cells are acknowledged
               as the most susceptible to OS. This selectivity can be ascribed to a combination of factors, including higher ATP demands
               within these cells, distinct requirements for ROS/RNS signalling, varying intrinsic OS levels, unique communication mechanisms
               between glial cells and neurons, differences in DNA repair capabilities, and distinctive calcium signalling processes. 13 Consequently, these structures are more predisposed to display functional deterioration under OS conditions. Interestingly,
               these same regions within the CNS are prominently affected by numerous neurodegenerative disorders, such as AD and PD. 14

            In particular, the hippocampus, crucial for memory and learning, and the ventromedial prefrontal cortex, responsible for memory
               integration, are particularly impacted during OS. Research indicates that OS induces biochemical alterations within the hippocampus,
               leading to disruptions in neuronal connectivity and function. Regions like the cornu ammonis neurons exhibit the potential
               for plasticity and regeneration but are susceptible to the effects of OS. 15 Similar dendritic changes occur in the amygdala and prefrontal cortex due to chronic OS, affecting neuronal connectivity.
               In laboratory models, particularly in vitro setups, have been instrumental in understanding the effects of OS. For instance,
               experiments involving the HT4 cell line exposed to OS-inducing agents demonstrate increased ubiquitination of cellular proteins
               and the activation of the ubiquitin-proteasome system. This leads to the degradation of ubiquitinated proteins, potentially
               resulting in disruptions in neuronal function. 16 Additionally, OS triggers the accumulation of misfolded proteins within neurons, causing endoplasmic reticulum stress and
               subsequent activation of autophagy. 17

            OS doesn't solely impact neurons; it also affects other components of the CNS, such as astrocytes. Astrocytes, which contribute
               to inflammatory responses and immunity within the CNS, undergo inflammation and astrogliosis due to OS. This phenomenon is
               central to various CNS disorders, including neurodegenerative diseases. OS activates inflammatory pathways in astrocytes,
               releasing inflammatory mediators that worsen neuronal damage. The interaction between astrocytes and microglia further amplifies
               neuroinflammation. Oligodendrocytes, which are crucial for myelination, are also susceptible to OS, potentially leading to
               demyelination, a common feature of neurodegenerative conditions. 17, 18

         

         
               Role of oxidative stress in Alzheimer's Disease 

            The pathogenic characteristics of AD involve the development of hyperphosphorylated tau protein within nerve cells, forming
               neurofibrillary tangles, and the accumulation of amyloid-beta (Aβ) protein outside nerve cells, resulting in neuritic plaques.
               19 Ultimately, these deposits lead to issues with nerve cell functioning, loss of connections between nerve cells (synapses),
               and the death of nerve cells. This leads to a progressive decline in cognitive abilities, particularly in memory and executive
               function deficiencies. 20

            The role of mitochondria in the production of ROS and RNS has been extensively explored in previous research. Recent evidence
               emphasizes age-related mitochondrial dysfunction, characterized by reduced levels of ATP synthase subunits, which compromises
               ATP production and increases the generation of free radicals. These studies highlight the common factors contributing to dysfunctional
               mitochondria in the progression of AD. This includes early changes, such as oxidative damage to mitochondrial DNA due to the
               elevated free radicals associated with aging. 21 Mitochondrial dysfunction with aging plays a role in altering the processing and expression of the amyloid precursor protein
               (APP), resulting in the production of amyloid-β (Aβ) oligomers that lead to the formation of plaques. 22 A specific amino acid sequence within Aβ stimulates the generation of ROS, leading to nerve cell toxicity and establishing
               a self-perpetuating cycle of amyloid formation. OS associated with AD disrupts the transport of glucose and glutamate in nerve
               cells, affects the functioning of mitochondrial membranes, impairs sodium-potassium ATPase activity, and disrupts the regulation
               of calcium within nerve cells. Collectively, these factors contribute to nerve cell dysfunction and impairment. 23

            Aβ's potential to induce OS arises from its interactions with metals that are redox-active. In particular, copper, zinc, and
               iron binding to Aβ promote the aggregation of plaques, with copper forming the most stable complexes with Aβ, ultimately leading
               to the generation of superoxide and hydrogen peroxide. The resulting OS from these metal-Aβ complexes further exacerbates
               excitotoxicity, disrupting nerve cell membrane potential and mitochondrial function. Importantly, the interplay between mitochondrial
               dysfunction and OS establishes a self-sustaining cycle. 24 Accumulated Aβ lowers the respiratory control ratio (RCR), reduces ATP production, and escalates the production of ROS, creating
               a reinforcing loop between OS and Aβ. Furthermore, these free radicals activate calcium-dependent phospholipase A2 (cPLA2),
               which triggers disturbances in nerve cell membranes, the release of arachidonic acid, and kinase activation, all of which
               play a pivotal role in the pathogenesis of AD. Importantly, lipoproteins from AD patients elevate nitric oxide production
               and peroxynitrite generation in astrocytes, deepening the connection between OS and AD within various components of the central
               nervous system. 25, 26 Together, these findings illustrate a reciprocal relationship between the progression of AD and OS, with each factor exacerbating
               the impact of the other.
            

         

         
               Parkinson’s Disease 

            Dopaminergic neurons in the substantia nigra pars compacta are lost in PD, a chronic neurodegenerative disorder characterized
               by movement symptoms like tremors, slow movements, rigidity, and postural difficulties. While the exact cause of PD is not
               fully understood, factors like OS, genetic changes, mitochondrial dysfunction, aggregation of alpha-synuclein protein, and
               neuroinflammation are believed to play a role in its development. The primary source of ROS in the brain is the mitochondria,
               and various factors, including neuroinflammation, dopamine breakdown, faulty mitochondria, aging, depletion of the antioxidant
               glutathione, and elevated calcium ions, contribute to the generation of harmful free radicals. 27, 28

            Mitochondrial dysfunction is a key player in the generation of ROS and the maintenance of OS. The connection between mitochondrial
               dysfunction and PD was initially recognized in the 1980s when the examination of brain tissues from individuals with MPTP-induced
               Parkinsonism, primarily drug users, revealed a significant loss of dopaminergic neurons. MPTP, a narcotic substance, can enter
               the brain and transform into 1-methyl-4-phenylpyridinium (MPP+), which impairs mitochondrial complex I within the electron
               transport chain, reducing complex I activity and ubiquinone levels in the substantia nigra. Reduced activity of these components
               causes significant electron leakage, leading to the release of free radicals that damage neurons. PD-affected brains show
               a decline in the production of mitochondrial proteins in dopaminergic neurons, indicating mitochondrial dysfunction as an
               early event in PD development. 29 The degeneration of dopaminergic neurons is consistently associated with mitochondrial dysfunction and OS. Post-mortem examinations
               of PD-affected brains consistently show elevated levels of OS markers such as HNE, 8-hydroxydeoxyguanosine, and 8-hydroxyguanosine.
               30 Additionally, toxic substances that induce PD in humans and are used to replicate the disease's effects in animal models,
               like MPTP, paraquat, rotenone, and 6-hydroxydopamine, are known to induce OS, affirming the role of oxidative damage in the
               disease's progression. 31 The protein PTEN-induced putative kinase-1 (PINK1), critical for preventing OS and maintaining mitochondrial function, develops
               mutations due to excessive ROS production. 32 Furthermore, the loss of complex I caused by ROS triggers the activation of certain apoptotic proteins, eventually leading
               to neuronal cell death.
            

            Several factors, including dopamine metabolism, elevated iron levels, and reduced glutathione (GSH) levels in the substantia
               nigra pars compacta (SNpc), are considered pivotal contributors to the initiation of OS in PD. Under normal conditions, dopamine
               levels are finely controlled by oxidative metabolism, primarily mediated by monoamine oxidase-A (MAO-A) within nerve cells.
               However, as individuals age and in PD, monoamine oxidase-B (MAO-B), mainly found in glial cells, plays a more prominent role
               in dopamine metabolism. This shift results in the production of substances like 3,4-dihydroxyphenyl-acetaldehyde and H2O2,
               which can harm neighboring dopaminergic neurons. This is due to H2O2 moving into neighboring neurons, where it becomes a substrate
               for the Fenton reaction catalyzed by ferrous ions (Fe2+), leading to the highly reactive hydroxyl radical and increasing OS
               in the PD-affected brain. Studies on adult transgenic mice reveal that when MAO-B expression is induced in astrocytes, they
               progressively lose specific dopamine-producing neurons in the SNpc. 33, 34

            Dopamine can also undergo self-oxidation, producing dopamine quinones catalyzed by metals or enzymes like tyrosinase. These
               quinones can become aminochrome, a highly reactive substance that can generate superoxide and deplete cellular NADPH reserves.
               35 Both the thioredoxin antioxidant system and the production of reduced glutathione (GSH) depend on NADPH, and these systems
               are vital for protecting cells from OS. The interactions between iron molecules (Fe) in the brain can trigger the release
               of dopamine, leading to redox reactions that produce neuromelanin (NM) and ROS. 36 Additionally, neuromelanin can support iron coordination and ROS production. Comparing the substantia nigra of PD patients
               to age-matched controls, PD patients show higher levels of iron, an essential cofactor for normal neuronal protein activity.
               37 When combined with dopamine oxidation byproducts, these iron molecules create highly reactive hydroxyl radicals, which, when
               combined with dopamine oxidation products, can cause neurotoxicity. OS encourages increased levels of cellular iron by releasing
               it from ferritin, heme proteins like hemoglobin, cytochrome C, and iron-sulfur proteins through peroxidase and peroxynitrite
               activity. 38 Lewy bodies, which are abnormal aggregations of alpha-synuclein fibrils within neurons, are a defining feature of PD and
               are linked to increased OS. OS-induced iron dysregulation in the PD-affected brain is also evident in the presence of nitrosylated
               iron-regulated protein 2 (IRP) within Lewy bodies in the substantia nigra of PD patients. Additionally, alpha-synuclein may
               disrupt mitochondrial function by reducing complex I activity and causing OS. The progression of the disease is influenced
               by various factors, including complex interactions between OS and other proteins related to PD, such as Parkin, LRRK2, DJ-1,
               and PINK1. 39

         

         
               Huntington’s Disease 

            Huntington's disease (HD) is an inherited neurological disorder characterized by uncontrollable jerky movements, cognitive
               issues, and behavioral disturbances. It is caused by an abnormal repetition of cytosine, adenine, and guanine (CAG) DNA sequences
               within the Huntingtin (HTT) gene on chromosome 4p16.3. 40 This genetic anomaly results in the elongation of the polyglutamine segment in the HTT protein, leading to nerve cell degeneration.
               Additionally, this elongation causes the HTT protein to aggregate more easily, disrupting proper protein folding. 41 HD typically affects individuals between the ages of 30 and 50, although a higher number of CAG repeats can lead to earlier
               symptom onset. When the disease appears before the age of 20, it is referred to as juvenile HD, characterized by both learning
               difficulties and behavioral disruptions. 42

            Oxidative stress plays a significant role in the development of HD. HD patients exhibit elevated levels of OS markers like
               8-OHDG, protein carbonylation products, 3-Nitrotyrosine, 4-HNE, and isoprostanes. 43 Mutant huntingtin interferes with DNA repair by inhibiting the DNA repair protein ku70, leading to DNA damage, and also increases
               ROS levels. This combination of DNA damage and OS contributes to the loss of nerve cells. 44 Mutant huntingtin's activity via the kynurenine pathway generates quinolinic acid and ROS, intensifying OS, mitochondrial
               dysfunction, and neuronal death. Mitochondrial dysfunction is a key factor in HD pathology. Mutant huntingtin affects mitochondrial
               proteins, resulting in protein dysfunction and increased production of free radicals, establishing a harmful cycle. 45

            In response to OS, antioxidant enzyme activity increases, but the function of electron transport chain (ETC) proteins is reduced.
               OS damages mitochondrial DNA, depleting levels in mutant neurons. Altered mitochondrial calcium handling exacerbates the loss
               of nerve cells, as calcium leakage triggers the opening of the mitochondrial permeability transition pore, leading to reduced
               ATP production and neuronal death. 46, 47

            

            
                  
                  Table 1

                  Therapeutic application of natural antioxidantsin neurodegenerative disorders

               

               
                     
                        
                           	
                              
                           
                            Compound

                           
                        
                        	
                              
                           
                            Natural Source

                           
                        
                        	
                              
                           
                            Class

                           
                        
                        	
                              
                           
                            Therapeutic Application and Probable Mechanism

                           
                        
                        	
                              
                           
                            

                           
                        
                     

                     
                           	
                              
                           
                            Acacetin

                           
                        
                        	
                              
                           
                            Chrysanthemi Indici, Calamintha, Linaria spp 

                           
                        
                        	
                              
                           
                            Flavonoid

                           
                        
                        	
                              
                           
                            • Exerts neuroprotection by upregulation of Nrf2/HO-1 signalling pathway 

                           
                        
                        	
                              
                           
                            48

                           
                        
                     

                     
                           	
                              
                           
                            Baicalein

                           
                        
                        	
                              
                           
                            Scutellaria baicalensis and Scutellaris lateriflora

                           
                        
                        	
                              
                           
                            Flavonoid

                           
                        
                        	
                              
                           
                            • Scavenges superoxide ions,

                           
                        
                        	
                              
                           
                            49, 50

                           
                        
                     

                     
                           	
                              
                           
                            • Inhibit iron-dependent lipid peroxidation 

                           
                        
                     

                     
                           	
                              
                           
                            • By inhibiting the fe2+-catalysed Fenton reaction,

                           
                        
                     

                     
                           	
                              
                           
                            • Baicalein may decrease the generation of hydroxyl radicals

                           
                        
                     

                     
                           	
                              
                           
                            Asiatic acid

                           
                        
                        	
                              
                           
                            Centella Asiatica

                           
                        
                        	
                              
                           
                            Triterpenoids

                           
                        
                        	
                              
                           
                            • Prevents oxidative stress and apoptosis by inhibiting the translocation of α-synuclein into mitochondria protects dopaminergic
                              neurons from neuroinflammation by suppressing mitochondrial ROS production
                           

                           
                        
                        	
                              
                           
                            51, 52 
                           

                           
                        
                     

                     
                           	
                              
                           
                            Curcumin

                           
                        
                        	
                              
                           
                            Curcuma longa

                           
                        
                        	
                              
                           
                            Polyphenolic flavonoids

                           
                        
                        	
                              
                           
                            • Curcumin upregulate the levels of endogenous antioxidants SOD, CAT, GSH 

                           
                        
                        	
                              
                           
                            53 
                           

                           
                        
                     

                     
                           	
                              
                           
                            • Induces activation of regulatory proteins in iron metabolism and thus regulate the amount of iron

                           
                        
                     

                     
                           	
                              
                           
                            Resveratrol

                           
                        
                        	
                              
                           
                            White Hellebore and Polygonum Cuspidatu

                           
                        
                        	
                              
                           
                            Polyphenols

                           
                        
                        	
                              
                           
                            • Increase plasma antioxidant capacity and decrease lipid peroxidation 

                           
                        
                        	
                              
                           
                            54 
                           

                           
                        
                     

                     
                           	
                              
                           
                            • Reduces markers ofoxidative stress such as 8-hydroxyguanosine decreases the concentration of reactive oxygen species(ROS)
                              generated by menadion upregulating endogenous antioxidantenzymes
                           

                           
                        
                     

                     
                           	
                              
                           
                            Silymarin

                           
                        
                        	
                              
                           
                            Silybum Marianum

                           
                        
                        	
                              
                           
                            flavonolignans

                           
                        
                        	
                              
                           
                            • Upregulating endogenous antioxidant markers, 

                           
                        
                        	
                              
                           
                            55, 56 
                           

                           
                        
                     

                     
                           	
                              
                           
                            • Preventing free radical formation by inhibiting specific ROS-producing enzymes

                           
                        
                     

                     
                           	
                              
                           
                            •  improving an integrity of mitochondria in stress

                           
                        
                     

                     
                           	
                              
                           
                            •  conditions nrf2 activation is probably the main driving force of antioxidant 

                           
                        
                     

                     
                           	
                              
                           
                            • Decreasing inflammatory responses by inhibiting NF-ΚB pathways is an emerging mechanism

                           
                        
                     

                     
                           	
                              
                           
                            Ginsenoside

                           
                        
                        	
                              
                           
                            Panax ginseng

                           
                        
                        	
                              
                           
                            Steroidal saponins

                           
                        
                        	
                              
                           
                            • Antioxidant effect by activating Nrf2 transcriptional factor

                           
                        
                        	
                              
                           
                            57 
                           

                           
                        
                     

                     
                           	
                              
                           
                            •  Neuroprotective effects via Wnt/β-catenin signalling pathway

                           
                        
                     

                     
                           	
                              
                           
                            Withanolides

                           
                        
                        	
                              
                           
                            Withania Somnifera / Ashwagandha

                           
                        
                        	
                              
                           
                            Alkoloids

                           
                        
                        	
                              
                           
                            • Increasing GSH and glutathione peroxidase (Gpx) level

                           
                        
                        	
                              
                           
                            58, 59 
                           

                           
                        
                     

                     
                           	
                              
                           
                            Bacosides 

                           
                        
                        	
                              
                           
                             Bacopa monnieri

                           
                        
                        	
                              
                           
                            Glycosides

                           
                        
                        	
                              
                           
                            • Reduces oxidative stress Ameliorates learning and memory impairments through mature BDNF signalling

                           
                        
                        	
                              
                           
                            60 
                           

                           
                        
                     

                     
                           	
                              
                           
                            Fraxetin

                           
                        
                        	
                              
                           
                            Fraxinus bungeana

                           
                        
                        	
                              
                           
                            Phenylpropanoid

                           
                        
                        	
                              
                           
                            • Increase GSH level Reduce ROS mediated apoptosis

                           
                        
                        	
                              
                           
                            61 
                           

                           
                        
                     

                     
                           	
                              
                           
                            Hyoscyamine

                           
                        
                        	
                              
                           
                            Hyoscamine. reticulatus or Hyoscamine nige

                           
                        
                        	
                              
                           
                            Tropane alkaloids

                           
                        
                        	
                              
                           
                            • Increased GSH GPX, SOD and CAT activity

                           
                        
                        	
                              
                           
                            62 
                           

                           
                        
                     

                     
                           	
                              
                           
                            Chrysin

                           
                        
                        	
                              
                           
                            Hypericum Afrum, Cytisus Villosus

                           
                        
                        	
                              
                           
                            dihydroxyflavone

                           
                        
                        	
                              
                           
                            • Attenuated the increase in free radical production, and inhibited the activities of superoxide dismutase (SOD), catalase
                              (CAT) and glutathione peroxidase (gpx), and Na(þ), K(þ)-atpase level
                           

                           
                        
                        	
                              
                           
                            63 
                           

                           
                        
                     

                     
                           	
                              
                           
                            Magnolol

                           
                        
                        	
                              
                           
                            Magnolia officinalis

                           
                        
                        	
                              
                           
                            Phenylpropanoid

                           
                        
                        	
                              
                           
                            • Inhibiting aggregation of disease-specific amyloid proteins, inhibiting excitotoxicity, stimulating neurogenesis modulating
                              mitochondrial dysfunction and PI3K/Akt signaling
                           

                           
                        
                        	
                              
                           
                            64 
                           

                           
                        
                     

                     
                           	
                              
                           
                            Triptolide

                           
                        
                        	
                              
                           
                            Tripterygium wilfordii

                           
                        
                        	
                              
                           
                            Terpenoid

                           
                        
                        	
                              
                           
                            • Induced ERK activation modulate the expression of the Bcl-2 protein family member

                           
                        
                        	
                              
                           
                            65 
                           

                           
                        
                     

                  
               

            

         

         
               Amyotrophic Lateral Sclerosis

            The common motor neuron disease known as Lou Gehrig's disease, or ALS, causes progressive loss of both upper and lower motor
               neurons in the brain stem and spinal cord. This causes respiratory failure and mortality as a result of muscular deterioration,
               atrophy, and paralysis. 66 Presently, there's no definitive treatment for ALS, though three FDA-approved drugs include Riluzole, Edaravone, and Sodium
               Phenylbutyrate/Taurursodiol. Around 90-95% of ALS cases are sporadic (sALS), while the rest are familial (fALS) and linked
               to genetic mutations like C9orf72, SOD1, TARDBP, and FUS. Molecular mechanisms behind ALS involve RNA metabolism disruption,
               OS, inflammation, and mitochondrial dysfunction. 67 OS plays a critical role in ALS. Post-mortem ALS neuronal tissue shows oxidative damage to DNA, proteins, and lipids. Markers
               of OS, like protein carbonyls and 8-hydroxy-20-deoxyguanosine, are heightened in ALS spinal cord tissue. Antioxidant molecules
               are also diminished in ALS patients. Mutations in SOD1, responsible for 20% of fALS cases, contribute to OS and mitochondrial
               dysfunction. Mutant SOD1 generates harmful molecules and forms aggregates, worsening neuronal damage. Similarly, FUS and C9orf72
               mutations also promote OS-induced damage in ALS. 68, 69

         

         
               Natural Antioxidants 

            Neurodegenerative disorders are characterized by brain damage, and safeguarding neural health through pharmacological means
               is an attainable objective. However, the development of effective compounds for clinical application has been hindered by
               their potential toxicity and carcinogenic properties. Natural antioxidants, such as polyphenols, offer neuroprotective benefits
               by engaging in various intricate biological processes. These mechanisms involve interactions with transition metals, deactivation
               of free radicals, modulation of enzyme activity, and influences on intracellular signaling pathways and gene expression. Diets
               abundant in antioxidants play a pivotal role in shielding against a spectrum of health disorders. Notably, the primary reservoirs
               of these health-promoting compounds, namely fruits and vegetables, are linked to a reduced susceptibility to conditions like
               cancer, heart disease, hypertension, neurodegenerative ailments, and stroke. 70, 71

            In recent years, natural antioxidants found in food have gained significant attention for their potential to counteract the
               harmful effects of excessive free radicals and their associated health problems. When there's an imbalance in the body's exposure
               to oxidative substances, it can lead to health issues. 72 Diets rich in fruits and vegetables have been shown to mitigate various conditions, including cardiovascular, neurodegenerative,
               respiratory, and metabolic disorders. The key to these positive effects lies in the antioxidative and anti-inflammatory properties
               of these foods, which involve the neutralization of free radicals and the regulation of gene expression through the activation
               or suppression of specific transcription factors. 73

            Moreover, an alternative defense mechanism employed by natural substances against excessive ROSH involves the modulation of
               various signaling pathways, including MAPK/ERK1/2 and JNK. 74 Some chemopreventive and cytoprotective agents exhibit anti-inflammatory activity by stimulating the expression of antioxidant
               genes. One critical player in this process is Nrf2, a protein that is typically bound to Keap1 in the cytoplasm. However,
               in response to changes in cellular redox status, Nrf2 dissociates from Keap1 and translocates to the nucleus. Here, it forms
               heterodimers with Maf proteins, which then bind to specific sites known as antioxidant-responsive elements (ARE) or electrophile-responsive
               elements within the promoter/enhancer regions of genes responsible for encoding numerous phase II detoxification and antioxidant
               enzymes. 75 These essential enzymes include superoxide dismutase (SOD), heme oxygenase-1 (HO-1), glutathione peroxidase (GPx), glutamate-cysteine
               ligase catalytic (GCLC) and modifier (GCLM) subunits, glutathione S-transferase (GST), and NADPH: Quinone oxidoreductase 1
               (NQO1). 76

            Antioxidants derived from natural sources, including plants, bacteria, and fungi, offer a wealth of health benefits due to
               their capacity to combat OS. Plants are rich sources of antioxidants, with compounds such as polyphenols (found in tea, berries,
               and dark chocolate) and carotenoids (present in carrots and tomatoes) known for their free radical-scavenging properties.
               Bacteria, particularly probiotic strains like Lactobacillus and Bifidobacterium, produce antioxidants such as SOD, which can
               help maintain a balanced gut microbiome and strengthen the immune system. Fungi contribute to this natural arsenal with compounds
               like ergothioneine, a potent antioxidant found in mushrooms, renowned for its protective effects against oxidative damage.
               These natural antioxidants play a pivotal role in scavenging dangerous free radicals, lowering the risk of chronic illnesses,
               and enhancing overall health. Incorporating a diverse range of antioxidant-rich foods and supplements from these sources into
               one's diet can be a proactive step toward maintaining good health and vitality. 77, 78

            Polyphenols constitute a diverse category of secondary metabolites found in plants, characterized by the presence of aromatic
               rings and one or more hydroxyl groups, displaying a range of structural complexities. 79 Among the most prevalent dietary polyphenols are flavonols, such as quercetin and catechin, along with the non-flavonoid
               compound resveratrol. Green tea polyphenols, rich in flavonoids, particularly catechins and their derivatives, are renowned
               for their antioxidant potential, effectively countering hydroxyl radicals, nitric oxide, and lipid oxidation. 80 These bioactive components in green tea possess varying antioxidant capabilities, with EGCG (Epigallocatechin gallate) being
               at the forefront, followed by EGC (Epicatechin gallate), EGC (Epicatechin), and EC (Epicatechin). 81

            In the realm of neurodegenerative diseases, the administration of green tea extracts has demonstrated the capacity to curtail
               Aβ (amyloid beta) production and aggregation. This effect was observed both in mice overexpressing APP/Aβ and neuron cell
               cultures with heightened APP/Aβ expression, achieved through the augmentation of beta-secretase activity.82  EGCG, the most significant flavonoid found in green tea leaves, has been shown to diminish the activities of gamma and beta-secretases.
               Consequently, it hinders the amyloidogenic pathway, reduces the accumulation of Aβ aggregates, and safeguards neurons against
               cell death, particularly in AD.83  Other notable polyphenols in this category include Baicalin and Curcumin, which have been employed for centuries as both
               dietary additives and traditional herbal remedies. Several natural plant-based antioxidants have shown therapeutic potential
               in the context of neurodegenerative disorders are given in Table  1.
            

         

         
               Conclusion

            Neurodegenerative diseases like Alzheimer’s, Parkinson’s, and ALS are conditions associated with aging, leading to issues
               like protein aggregation, the production of ROS, oxidative damage, dysfunctional mitochondria, and cell death. Developing
               treatments for these diseases using synthetic compounds in clinical trials has proven challenging due to their toxic nature
               and potential to induce cancer. As a result, employing natural antioxidants such as polyphenols through dietary means or supplements
               has emerged as a promising alternative. Dietary interventions present valuable tools for preventing or even reversing the
               progression of neurodegenerative diseases. Polyphenols play a crucial role in enhancing brain health by improving neuronal
               function. Compounds like curcuminoids, silymarin, and chlorogenic acid have mechanisms of action that offer defense against
               various pathological aspects of neurodegenerative diseases, including OS, impaired mitochondria, neuroinflammation, and abnormal
               protein aggregation. These natural substances have shown promise in preclinical studies for neurodegeneration and Alzheimer's
               disease therapy. However, the outcomes of clinical trials have been inconsistent, indicating the need for further investigations
               to uncover their therapeutic potential fully.
            

            One of the challenges faced in clinical studies might be the timing of intervention, often occurring when patients are already
               in advanced stages of the disease. Adopting a nutritional approach could potentially overcome this hurdle. Initiating supplementation
               of bioactive natural compounds from a young age could facilitate both prevention and a delay in disease progression. Nonetheless,
               understanding their bioavailability in the brain, including their ability to cross the blood-brain barrier, remains a significant
               obstacle in the development of effective therapies. Further research is essential to address these complexities and unlock
               the true therapeutic value of these natural compounds.
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