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Abstract
Polyphenols are one of the most notable phytochemicals present abundantly in fruit, vegetables, and other nutritional sources. A number of therapeutic significances have been attributed to this phytochemical which include antioxidant, anti-inflammatory, antiapoptotic, modulatory effects and so on. This therapeutic importance has also been reported in polyphenols neuroprotective actions such as enhancement of memory, learning, and cognitive performances, neuronal detoxification and repairment, downstream modulation of signaling pathways of neuronal oxidative stress, neuro-inflammation and necrosis which are all implicated in neurodegenerative diseases as well as transcription, translation, amyloid congestion, neuronal disruption pathways within the nerve cells. This article presents the molecular mechanisms underpinning neuroprotective action of polyphenols via Nrf-2, neurotropic pathways, NF-kB/MAPK, c-JUN, c-FOS, p53 pathway, anti-apoptotic, and anti-neuro-inflammatory signaling pathways. Considering the deteriorating effects of apoptosis, protein misfolding, neuroinflammation, and oxidative stress in the pathogenesis of neurodegenerative diseases, modification of these key neurodegenerative pathological mediators at the molecular level may offer promising treatment approaches to slow down neurodegeneration and mitigate associated symptoms. Polyphenols pose to be promising therapeutic candidate to halt/mitigate/slow down the pathogenesis of these neuronal degenerative diseases via signaling pathways discussed in this article.
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1.0 Introduction 
The role of phytochemicals in maintenance of structural components integrity of nerve cell and tissues, neuronal homeostasis and disease prevention presently cannot be undervalued. Most notable among the phytochemicals are polyphenols, which are larger polymeric hydroxyl containing substances which acts as secondary metabolites. Plant sources like fruit and vegetables are richly in polyphenols. They are majorly classified as flavonoid and non-flavonoids-based polyphenols which selective cross through the blood brain barrier to exact their therapeutic roles in neuronal detoxification and repairment in order to enhance memory, learning, and cognitive performances [1,2].
Polyphenols have many therapeutic roles in combating many cellular and neuronal oxidative damages and inflammation which are all stack development of neurodegenerative diseases. Review on these groups of compound shows that they possessed antioxidant via free radicals scavenging and metal chelating potentials. Dietary polyphenols are either natural bioactive or considered to be xenobiotics within but upon biotransformation by gut microbiota they tend to be made biologically therapeutically and pharmacological active [1-3]. 
Polyphenols currently are of major discussion among the populace of researchers due to their identify neuroprotective therapeutic role in prevention of neurological and cognitive decline disorders, age- related cognitive malignancies [1,4]. Molecular mechanism of neuroprotective action of polyphenols in neuronal damage and disorders occurs via downstream modulation of signaling pathways of oxidative stress, inflammation and necrosis which are all implicated in neurodegenerative diseases as well as transcription, translation, amyloid congestion, neuronal disruption pathways within the nerve cells [1-2,4-5].
Inhibition of expression pro-oxidant biological catalyst and some molecules associated with and susceptible to oxidative attack such as nuclear factor -kB, direct ROS scavenging, down regulation of Bcl-2 and other molecules associated with apoptotic pathways are all involved in the molecular mechanism associated with polyphenols. Modulation of MAPK (Mitogen-activated protein kinase) activity, dissociation of nuclear factor erythroid 2–related factor 2 (Nrf2) associated complexes and other signaling pathway involved in developmental protective mechanism against neuronal damages processes [6,7].
Neuronal damages, amyloid congestion, and impairment of nerves cell are major causes of developmental neuronal losses of functions and structure which leads to degenerative diseases such Parkinson disease, Alzheimer’s, Huntington and other degenerative diseases. The prevalence of these diseases has been increasingly yearly, presently over 50 million people worldwide are suffering from these pathological conditions and statistical prediction shown that numerical values might increase to 115 million by 2025 [8].
Although the used of polyphenols in neurodegenerative research are limited by it reduced bioavailability due to its ability to pass through the blood brain barriers but the advent of nanotechnology in drug delivery and structural modification strategy have help in delivering the polyphenols containing compound in the brain.  Exploiting the role of these phyto-polyphenols is paramount in prevention and treatment of these neurodegenerative diseases. Therefore, in exploiting their therapeutic and pharmacological functions, the molecular mechanism underpinning their neuroprotective mechanisms must be understood clearly for it effective used and in their drug design. Hence in this paper, the discussion on the polyphenol’s neuroprotective mechanism down to the molecular level will be done explicitly.
2.0 Neurodegenerative diseases
Continuing loss of neuronal structure and functions collectively are clinically referred to as neuronal degenerative diseases [4,9]. These progressive degenerative disorders are still incurable, they effectually result in complete loss of nerve cell’s biological functions and death at final stage. These diseases affect the brain at both molecular, cellular and systemic levels. Apoptosis, neuro-inflammation and oxidative destruction of nerve cells are majorly known contributory factors which have implicated in the development and progression of the degenerative diseases [9, 10].
Alzheimer, Multiple atrophy and sclerosis, Parkinson, Huntington and Amyotrophic lateral sclerosis diseases are all most notable known neurodegenerative disorders. These pathological conditions result in formation of protein assembly, misfolding and aggregation which eventually leads to total cell death [9,11]. Research in this field is growing but still need more focus as longevity is ultimate desire of everyone.
2.1 Parkinson disease
Parkinson disease is the most popular degenerative diseases after Alzheimer’s disease. This disease was early called shaking palsy disease. Parkinson disease is a slow onset degenerative condition which affect nerves cell at the substantial nigra compacta of the mid brain region. Continuous loss of function and death of the dopaminergic neurons at this region of the brain occurred in Parkinson [4,12]. Bradykinesia, instability of posture, involuntary slow motor of hands (tremor), and rigidity of body parts are major cardinal motor symptoms of Parkinson while language speaking and memory defaults, inability to recall and recapture, slow speed in thinking and action are part of neurological psychology symptoms [4,12,13]. 
Oxidative destruction of neuronal cells and its components, mitochondria cellular malfunctioning, neuronal inflammation, default in protein clearance which result in Lewis bodies build up (due continuous accumulation of misfolded alpha synucleins proteins) within and outside the brain interacting with other cellular and extracellular components are all involved in the pathogenesis of the Parkinson disease [4,12]. Although its etiology is multifactorial, genetic or environmental, exposure to agrochemicals and heavy metals, caffeine and cigarettes smoking are all environmental factors that have been implicated in the development of the disease while changes in nucleotides of DNA coding for alpha synucleins, Tau proteins and many others which have been identified encompassed the genetic factors (figure 1). These genes are collectively called PARK genes [4,14,15].
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Figure 1: Molecular mechanisms underlying pathogenesis of Parkinson’s disease and Alzheimer’s disease [9]
The prevalence of this degenerative disease is about less than 1% in age range of 65-69years and 4% in those at 80 years and above [4,16]. The prevalence has been suggested to raise statistically to more than 30% by year 2030 [17].  This shown a need to arrest this slows killing deadly disorder. 
Several molecular mechanisms have been reported to implicate in the disease pathogenesis [4,9]. Building of misfolded alpha synucleins proteins is part of these molecular mechanisms [9]. In native form, alpha synucleins exhibit alpha helical structure or unfolded form but in diseased state (Parkinson) it exhibits beta sheet helical amyloid structure due to conformation changes through the processes of ubiquitination, phosphorylation of its serine 129 or terminal carbon distortion [18,19]. Accumulation of these over a long time combined with reduce efficiency or default in protein clearance system of the cell bring about formation of insoluble oligomeric protein call Lewis bodies which is the cause of loss and death of dopaminergic neurons [20].
These oligomeric proteins block and suppressed the activities of mitochondria complex 1 activity, reduction in activities of the complex results mitochondria dysfunction which eventually exposure the brain and nerve cells to oxidative attack and depletion in ATP generation. In addition to this, exposure of cell to neurotoxins like pesticide and heavy metals combined with depletion in antioxidant capacity of cell due to oxidative attack results in imbalance in free radicals/reactive oxygen species generation and antioxidants levels [21,22].
Presently there is no true cure for Parkinson disease, the disorder is being managed based on symptoms presented by the patients. Levodopa is still the current precious method of treatment of Parkinson disease and has been used over decades [4,23]. Aside this, there are other method used currently in addition to or following the used of Levodopa, some these Include Monoamine oxygenase-B inhibitor, dopamine antagonist, and dopa decarboxylase inhibitor [24]. The advent and choice of use of these other drugs preference to, after and in combination with levodopa is due to its clinical complications like dyskinesias, nauseas, vomiting, and low blood pressure [23]. Fluctuations in its effectiveness due to on-off effect of the drug and low bioavailability due to blood brain barrier and many more are notable factors that limited it usage. Others drug used in combination still shown side effects like hallucination and insomnia to mention but few. Stem cell transplants, surgery, and gene therapy are alternative means but these are very expensive [25].
Alzheimer’s disease
Alzheimer’s disease is another neurodegenerative disease that people mistakenly seem confused to be aging symptomatically, due to some similar features and process shared with aging and about 20% are diagnosis wrongly [26]. Loss of functional neurons and nerves synapses within brain cerebral cortex and extending to some part of the subcortical are major characteristic features of this disease [27]. Alzheimer’s disease is most common and rampant degenerative diseases in term of number of sufferers in the world. The disease was named after the science which first gives public description about this clinical condition back then in 1906 [28]. The disease is basically referred to as memory loss disorder. The disease is also slow onset and continue worsen progressively over years. Infact, this disease accounted for over 60% of medical cases reported and linked to dementia worldwide [29]. The disease primary affects the part of the brain that function to memory which is known as hippocampus and defect or altered the physio-anatomical function of this region resulting to loss memory attributed to brain impairment.
Although memory loss is the most paramount and most identifiable symptoms in Alzheimer’s, but language problem, apraxia, difficulties in perception, writing, dressing and other fine motor activities as well as movement coordination are clinically identified early-stage symptoms [30]. Detrimental damages long time memory which is affected in early stage, difficulties in patient speech most notable paraphasia, failure to recognize relatives, untailored aggressiveness, loss of courtesy in urination and other neuropsychiatric- behavioral alteration have been identified diagnostically as middle stage symptoms while at severe stage, complete reliance of care giver and absolute loss of speech exist [31]. 
The prevalence of Alzheimer’s disease is about 6% in adults of age 65 and above [4,32], this is disease affect woman more in terms of number and over 50 million of people were affected globally. The pathogenesis of this disease has been attributed protein misfolding due to larger gathering together in place of folded amyloid beta proteins in neurons and brain tissues. In homeostatic state, the amyloid beta proteins are sub part of transmembrane protein called amyloid beta precursor which function upon transport via neuron’s membrane is to promote growth and repair of nerve cell, but when largely gather thus ravel them to folded randomly so as to associate together leading to abnormal folding within the cell as neurofibrillary tangles and outside the cell as amyloid plaques and Tau proteins [33].
These plaques are insoluble deposit which it named proteopathy. Also, the Tau proteins aids transport of nutrients and other vital nutrients are further subjected to phosphorylation leading to formation of paired thread like structure called neurofibrillary tangles [34].  All these results in neuronal toxicity, then coupled with oxidative stress, decreased protein clearances of the system and neuro-inflammation response in eliminating these plagues results in neuronal functions loss and death, disruption of calcium homeostasis, induction of apoptosis, mitochondria malfunctioning and energy depletion [35].
The etiology of this disease is also multifactorial like Parkinson disease, as this is linked to genetic and environmental factors. In term of genetic, Alzheimer’s disease can inherit when any of these autosomal dominant gene’s APP, PSEN1/2 which codes for amyloid precursor proteins and presenilins are inherited [36] or when there is mutation of gene APOE£4 which codes for apolipoproteins E [37]. Environmental factors include exposure to traffic exhaust and burning, excessive consumption of alcohol, poor sleeping lifestyle, high cholesterol intake were channels of being prone to development of Alzheimer’s disease. 
Like Parkinson disease, the Alzheimer’s disease is being managed based on symptoms presented by the sufferers. There is no true cure for Alzheimer’s diseases; medicinal intervention made so far on it was on way of reducing the onset and the disease progression.  The used of drug that could enhance memory and cognitive function such as tacrine (an acetylcholinesterase inhibitor) and Memantine which function as the N-Methyl-D-aspartate receptor antagonist [38], as well as other drug which could lower depression, inflammation, hypertension and cholesterol level are usually employed depending on the pronounce symptom in individuals [39,40]. Also, physical exercise, educational engagement, abstinent from smoking, adequate sleep and living less stressful are life style changes that could help in management this disease condition.
Huntington diseases
The disease pathogenesis has been linked to inclusion bodies neuronal toxicity which present itself similar to amyloid plaque protein deposit which exist in other neurodegenerative diseases. The inclusion bodies exist due to cellular cleavage of polyglutamine chains into smaller fragments, which misfolded and build up to form beta strand amyloid deposit with the help of hydrogen bonds interaction between the amino acids of the short polypeptide chains [41].
The inclusion bodies are not useful to the cell and present neuronal toxicity. They further interact and impaired activities of other proteins like chaperone and caspases, thereby exacerbating the neuronal toxicity level.  Mitochondria malfunctioning present after due interaction with the nerve cell membrane metabolic processes. This has led to oxidative stress, ROS release and energy depletion which finally caused cell death [42].
Like other types of neurodegenerative diseases, there is no true cure for Huntington disease. Medications available so far for treatment are all for the symptoms associated with these diseases in order to improve the healthy living in such patient. Psychotic combating drug like benzodiazepines is used to treating Huntington related psychology symptoms, tetrabenazine is used for treatment of chorea related symptoms while the used of eicosapentanoic acid for improvement in the motor and cognitive problems [43,44]. Physical and speech therapies are also part of the multidisciplinary care giving in the disease management.
Other kinds of neurodegenerative diseases
Other neuronal function degenerative disorders include multiple sclerosis, a disease that its pathogenesis has been attributed to inflammation response due to autoimmune attack leading to migration on nerve cell signaling molecules such as myelin proteins and glycoprotein, proteolipids and other antigen related responses, moving to the blood brain barrier of the myelin layer of the neuronal cell [45]. Other forms of neuronal function degenerative disorders like Amyotrophic lateral sclerosis, progressive nuclear palsy, ataxia and others diseases have their pathogenic mechanisms from either amyloid protein formation or fibrillary aggregates in case of synucleino-or TDP-43 proteino- pathy or prion proteins build up or shared any of its combination [46]. 
Chemistry and biological significance of polyphenols 
The relevance of polyphenols in biomedical research cannot be underestimated due to their ability to combat diseases whose origin of molecular pathology can be traced to oxidative stress and free radicals’ attacks, inflammation, protein misfolding and amyloid aggregation, unregulated growth and mitochondria malfunctioning, these include diseases like cancer, cardiovascular and neurodegenerative diseases to mention but few [1,47,48].
In term of structural overview, Polyphenols belongs to compound having more than one phenol moiety in their structure, many thousands of them have been analytical identified and classified. Some of these compounds are edible while the rest are not. 
Polyphenols exist abundantly and largely derived from plant and this is the major reason they were classified as phytochemicals. They exist naturally as the nutritional component of plants like fruits, vegetables, cereal and red wine etc [1,49].  Polyphenols have minimum of fifteen carbon skeletons in its structure which are surrounded by hydroxyl moieties, the phenol moiety are linked together by ester or through carbon-to-carbon bonds. This ester connection is hydrolysable tannins whereas the carbon-to-carbon connection is non hydrolysable but condensed tannins like linked. 
Because of their structural diversification and wide distribution in natural products, polyphenols are classified in different ways based on the chemical structure, biological roles and sources. Of all the chemical structural classification, the most common and widely used are discussed in this article. 
Polyphenols can be grouped two categories, flavonoids and non-flavonoids polyphenols.  The non-flavonoid polyphenols include the simple and free phenol such as gallic acid which are benzoic acid derivatives having C1 to C6 backbone and coumaric acids which are cinnamic derivatives having C3 to C6 backbone. Others non flavonoids polyphenols include hydrolysable tannins, lignans, phenylacetic acids etc [50].
The flavonoids polyphenols group are the most abundant categories and most commonly studied due to the antioxidant and counter inflammatory potentials. In term of structural skeleton, they have two benzyl moeities tagged ring A & B linked together by three carbon C3 skeleton tagged ring C in their structure. These comprises of the following:
(1) Those having their ring B attached to Carbon-3 position of ring C in open or closed ring form as found in isoflavones (genistein), neoflavonoids (dalbergin), and chalcones [51]. 
(2) Those having their three carbon skeletons forming a ring chain with ring A and the last carbon of the three carbon skeletons attached to the ring C as found inflavanones (furanoflavanones), flavones (nobiletin), flavonols (quercetin) and flavanonols (taxifolin) [52].
(3) Flavanols and proanthocyanidins which are structurally similar to the group of flavonols except that there is no double bond between the carbon 2 & 3 of the ring C. Flavanols includes catechin and epicatechin while proanthocyanidins includes tannins.
(4) Polyphenolic amides are polyphenols having N-containing functional substituent. This includes capsaicinoids in chili peppers.
Other polyphenols include resveratrol, curcumin, rosmarinic acid and other which are complex polyphenols but have been reported to have crucial antioxidative, anti-inflammatory and neuroprotective roles [1,51]. 
The physiological roles of polyphenols to healthy living are diverse ranging from chemopreventive, treatment and management of diseases like cancer, diabetes, cardiovascular diseases and degenerative diseases [1,53]. They play their health beneficial roles either directly or indirectly by modulation the signal pathways and its components which have been implicated to play role in disease development. Research on physiology of polyphenols is increasing nowadays because of its multifunctional therapeutic and pharmacological importance. In promoting healthy brain, polyphenols have been reported to help scavenging reactive chemical species generated in the brain due to metabolic processes or due to exposure to xenobiotics, thus exhibiting antioxidant role which help in lowering the risk of developing neurodegenerative disorder [1,54]. 
Polyphenol such as curcumin of turmeric, flavonoids and carotenoids has reported to be useful cytoprotective and chemoprotective agent which promote in tissue generation and repair of the lining of the digestive tracts as well as suppressing of inflammation. In preventing stress on cardiovascular vessel, polyphenols have been reported to help inhibiting the oxidation of low-density lipoprotein cholesterol in the blood and blood vessels and also promote blood conveying process by increasing the vasodilation of the blood channels [55,56].  In ensuring healthy bone function and structure, polyphenols show protective effects against deterioration of bone, which occurs via oxidative attack on the bone components, thus help prevention and management of bones conditions like osteoporosis and arthritis [57].
Another most distinct physiological function of polyphenols is therapeutic role in combating cancer via anti-oxidative and anti-inflammatory effects. Antioxidant potential of curcumin and flavonoids against DNA damages by free radicals’ attacks has been reported via direct free radical scavenging action, as this act triggers and promote cancer cell development [58]. Polyphenols also acts indirectly via the signaling pathway of some transcriptional factors whose alteration have implicated in oxidative stress, inflammation and cancer. Such factor includes p53, c-Jun, Nrf-2, COX-2 and MAPK [59]. 
The dietary polyphenols also help in promoting healthy digestion of food and in control of the metabolic activities of gut microbiota, by favoring the growth of beneficial bacteria and fending off the system of the harmful pathogens. Evidence of these was reported for green tea polyphenols in an in vitro study using bifidobacteria. The available research evidences support the nutritional and microbial regulatory roles of dietary polyphenols by promoting the survival of probiotics and improving the symptomatic features of inflammatory bowel diseases and peptic ulcer [60,61]. Furthermore, compositional modulation of the gut microbiota and function, quorum bacterial sensing interfering, sensitizing of the gut bacteria to xenobiotics and membrane permeability were also reported as the beneficial roles of polyphenols [61,62].

Mechanisms of neuroprotective effect of nutritional polyphenols
Among the most notable ways by which polyphenols demonstrated neuronal protection against neurological damages and brain ageing is via modulation of signaling pathway which are directly or indirectly involved in the molecular and pathological events of these diseases such as oxidative stress, inflammation, protein misfolding, mitochondria malfunctioning and many more. Some of these signaling pathways are Nrf-2, neurotropic pathways, NF-kB/MAPK, c-JUN, c-FOS, p53 pathway, anti-apoptotic, anti-neuro-inflammatory pathways, and others [1,4,63]. Studies have elucidated the physiological role of polyphenols in modulating these pathways; some of which will be of discussion here. 
Neuroprotective mechanism of polyphenols via NF-kB signaling pathway
[bookmark: _Hlk110371150]Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is an ubiquitous transcriptional factor hosted in nearly all types of animal cell. NF-κB major roles involve modulating the genetic expression of cytokines and chemokines which includes interferons, interleukins, lymphokines and tumor necrosis factors [64] (figure 2). These factors play wide roles in inflammatory and immune responses, survival of cells as well as promoting integrity of signaling pathway in nervous system involve in learning, plasticity and memory [65]. Likewise, its role in management of cancerous cell has been linked with down line suppression of tumor necrosis factors cellular cytosol toxicity via apoptotic route and suppression of c-Jun pathway via the N-terminal enzymatic kinase activities [66].
[image: ]
Figure 2: NF-κB is an inducible transcription factor that target genes which are linked to inflammation development and progression. 
NF-kB undergoes either canonical or non-canonical route which are both dependent on the structural oligomeric dimerized components. The p50 and p65 (RelA) subunits play role in the canonical route while RelB and p52 play role in non-canonical route. 
In homeostatic state, the NF-kB exist as an inactive hetero-dimer forms composing of   p50 and p65 (RelA) subunits, complexing with an inhibitory proteins IkB-α or IkB-β and mask with the cytoplasm, but upon stimulation by microglia, expression of the membranes receptor like toll-like receptors (TLRs) and their associate which recognized the pathogen-associated molecules like and damage-associated molecules of bacteria, virus, fungal and other parasites as pro-inflammatory ligands are initiated [67,68]. The signaling response results in activation of the IκB protein kinases which phosphorylate the inhibitory protein for its dissociation from the complexes to free NF-kB for nuclear transport in order to bind with its nuclear receptor for expression and recruitment of expression of chemokines, inflammatory enzymes: COX-2 and iNOS, pro-inflammatory cytokines and tissues adhesion cytokine molecules [69,70] (figure 3). These molecules are collectively markers for cellular or tissues or neuronal inflammatory responses.
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Figure 3: Mechanistic approaches in NF-κB mediated intervention in inflammatory diseases
Suppression of the active level of NF-KB could be therapeutic tool in prevention of cancer, cardiovascular and degenerative diseases. Research have shown that polyphenols exhibit anti-inflammatory potential in neuronal cells via these mechanism: (i) by inhibiting the activity of the enzyme IκB protein kinases, thereby halting the phosphorylation and ubiquitination processes which are essential for liberation of IkB moiety from the NF-kB complexes [71]; (ii) by inhibiting the productive interaction of the NF-κB subunits even after translocation into the nucleus with the targeted DNA [71]; (iii) polyphenols also interfere directly with arachidonic acid (AA) dependent pathways by inhibiting the expression of the enzyme which promote progression of inflammatory process (cyclooxygenase-2)  and AA independent pathways indirectly as this depends on it counterpart pathway [72].
Among the reported polyphenols which have been shown to exhibit these neuronal anti-inflammatory mechanisms are curcumin, quercetin, epigallocate catechin and resveratrol [73-75].
Neuroprotective mechanism of polyphenols via Nrf2 signaling pathway
Many dietary polyphenols have been identified to play significant role in activation of the heterodimer’s transcription factor: Nuclear factor-erythroid factor 2-related factor 2 (Nrf2) in mediating neuronal protection against oxidative destruction/stress and inflammation [76,77].
Nrf2 is a transcription factor which belongs to Cap “n” Collar family of basic leucine zipper (bZip) which are located in the cytoplasm to regulates the main genes for antioxidant and cellular protection [78]. It interacts under physiological conditions with Kelch-like ECH-associated protein 1(Keap 1) to enhance proteasomal degradation via interaction with ubiquitin ligase. This complex, Nrf2-Keap1 is essential for passage of Nrf2 in to the nuclear for associative interaction with other leucine zipper (bZip) transcription factors and to the non-coding region of DNA which plays role in pleiotropy of many neighboring genes called Cis-acting element, specifically the Antioxidant response element (ARE) (figure 4 and 5). 
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Figure 4: Domain structure of NRF2 and KEAP1 proteins. 
bZIP: basic leucine zipper, NTR: N-terminal region, BTB: Broad Complex, Tramtrack, and Bric-a-Brac, IVR: intervening region, DGR: double glycine repeat (=Kelch), and CTR: carboxyl terminal region.
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Figure 5: Interaction of NRF2 and KEAP1: hinge and latch model. 
KEAP1 proteins dimerize via BTB domains. The KEAP1 homodimer identifies the DLG (weak interaction) and ETGE (strong interaction) motifs in the NRF2. NRF2 tightly binds to KEAP1 homodimer in basal state. After stress, weaker DLG motif is detached, blocking ubiquitination of NRF2 and facilitating nuclear import and binding to ARE. BTB: Broad Complex, Tramtrack, and Bric-a-Brac, IVR: intervening region, DGR: double glycine repeat (=Kelch), and ARE: antioxidant response element.

Under cellular oxidative stress, the condition serves as signal for the Nrf2 to dissociate from the Nrf2-Keap1 complex and for its activation, which further translocate into nuclear through E3 ubiquitin ligase catalytic action. ARE responses give rise to induction of inducible cytoprotective biological proteins like hemeoxygenase-1(HO-1), glutathione-s-transferase and other associated enzymes complexes which all play roles in detoxification of xenobiotics and removal of endogenously generated toxic molecules [79] (figure 6). The Nrf2-ARE interaction is the major target for polyphenols enhanced neuroprotective signaling. Polyphenols promote NrF2 and ARE interaction as this interaction activates HO-1 (regulatory enzymes) and activate of xenobiotics/drug detoxifying enzymes complexes. Likewise, the end products of HO-1 catalyzed reaction results in generation of carbon monoxide and bilirubin [80]. These end products enable HO-1 to demonstrate its immuno-modulatory and neuronal anti-inflammation role via end products regulatory actions which includes regulation of neuronal vessel tone, platelets aggregation prevention, neuronal tissue injury prevention, neuronal tissue congestion and neuro-inflammation prevention [80,81].
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Figure 6: Regulation of NRF2 stability by KEAP1. 
NRF2 is constantly degraded by KEAP1-mediated ubiquitination in the cytoplasm. Oxidative stress will halt degradation of NRF2 and lead it to bind to ARE to activate transcription of oxidant and detoxifying enzymes

Asides from the direct free radicals and lipid peroxides quenching potentials, polyphenols via Nrf2 pathways exhibited neuroprotection through phase II detoxifying enzymes system, HO-1 expression and Nrf2-ARE signaling complex activation. Curcumin, caffeic acid phenethylester, and the green tea catechins have been shown to exhibit this neuroprotective role via HO-1 expression and Nrf2-ARE signaling routes [82,83]. Curcumin rich diet have been reported to enhance memory, learning and cognitive functions through decreased amyloid protein aggregation, suppression of inflammation responses, reversing of brain lipid peroxidation and lipid modifications, and increased glutathione levels in Alzheimer and Parkinson patient. Likewise, the green tea catechins had been shown to possess anti-inflammation in addition to its neuroprotective actions, its daily intake has been reported to help in delaying the occurrence of ageing and age-related diseases. Furthermore, neuronal vessel formation and inhibition of the spread of cancerous are other beneficial roles accounted for its intake [84].
The health benefits of polyphenols have been linked to its direct antioxidant and anti-inflammatory role due to their ability to scavenge free radicals through their hydroxyl functional group present in its structure, but an underlined indirect neuroprotective mechanism not well study is their role in modulation of signaling pathway within the cells. Curcumin, green tea catechins, cinnamic acid of ferulic acid source and caffeic acid phenethyl ester are all polyphenols which modulate Nrf2 signaling pathway, specifically by enhancing Nrf2-ARE interaction which activates and promotes the expression of the phase II detoxifying enzymes and expression of HO-1 gene which accounted for their powerful antioxidant, neuroprotective and anti-inflammatory capacities [83]. Additionally, the Nrf2 pathway also helps in moderating the levels and effect principal neurotransmitters including norepinephrine, dopamine, and glutamate. This underlined mechanism of action could be another significant therapeutic tool for treatment of cancer and neurodegenerative diseases.
Neuroprotective mechanism of polyphenols via MAPK pathway
Among the important pathway which helps in signal transduction from the extracellular components of the cell to the intracellular or target region is mitogen-activated protein kinase (MAPK) pathway. MAPK pathway comprises of cascade of events which plays role in modulating signaling event which is vital for mammalian cells proliferation, development and differentiation, inflammatory responses and apoptosis [85]. The pathway comprises of many proteins which transfer signal via phosphorylation of their tyrosine, serine or threonine amino acids containing moiety in their structure of the neighboring proteins in order to send signal to the DNA for transcription purposes. 
The phosphorylation process caused conformational changes in their protein structure enabling them to activate neighboring proteins. Mutation is gene expression of any of these proteins results in development of cancer. C-Jun N-terminal kinases (JNK), extracellular signal-regulated kinases (ERKs) and p38 mitogen-activated protein kinases are major MAPK subfamilies of popular discussions, although other subfamilies like Nemo-like kinase exist [86]. In general, each cascade event is activated by binding of ligand to the extracellular receptor sites which pronounce three sequential kinases event where MAPK kinase kinase (MAPKKK) stimulates MAPK kinase (MAPKK) which finally turn on MAP kinase (MAPK).
Although the ligand type determines which cascade among the subfamilies that will be activate within the enzymatic complexes. The canonical ERKs is activated by growth factor and cytokines while oxidative stress, cytokines, lipopolysaccharide and infections turn on the p38 and JNK signaling routes [85].
MAPK pathway play crucial role in response to oxidative stress and oxidative damages which occurs as a result of destructive effect of free radicals and reactive nitric oxides species. This occurs via activation and expression of transcriptional factor for regulation of apoptosis and inflammatory processes. When the cell is under oxidative stress irrespective of the causative agent either ROS or iNOS, this serves as effector ligand that binds the extracellular receptor components causing activation of the MAPK upstream regulatory proteins thioredoxin which is a classical component of apoptosis signal-regulating kinase 1 (ASK1) [87]. The ROS caused dissociation of the thioredoxin from the complexes converting it to active form, where its kinases activity catalyzed phosphorylation of the MEKs component i.e MAPKs and proceed further to the phosphorylate JNK and p38 of MAPK. Likewise, the causative agent, ROS can also directly activate MAPK via inhibition of its phosphatase’s components. This cascade event caused expression of transcriptional factor the regulates apoptosis and inflammation [85.87]. With respect to inflammation, MAPK pathway play roles in turning on of transcriptional factor gene NF-κB which is crucial for induction of pro-inflammatory cytokines, cyclooxygenase-2 and the inducible nitric oxide synthase, which are all promoters of inflammation response [85].
From this point of view, inhibition of the signal transduction of MAPK vis ERKs, JNK and p38 pathway either at transcriptional level should be the major target of therapeutic drug for promoting neuroprotection against oxidative and inflammation. Many reports have shown that polyphenols exhibit neuroprotective role via this mechanism. They regulate the MAPK pathway by inhibiting the activation processes at each step. For example, report from research conducted using activated human THP1 monocyte cell line showed that the polyphenol catechins regulates MAPK pathway by inhibiting activity the p38 and JNK of MAPK and their phosphorylated form, while quercetin demonstrated its inhibition on ERK, JNK, and their phosphorylated forms, thereby preventing further signaling transduction via phosphorylation process catalyzed by kinases [88]. Likewise, research conducted using lipopolysaccharide activated macrophages in mouse showed that polyphenol (quercetin) displayed its regulatory role against expression of TNF-α by inhibiting the prevention production of TNF-α protein synthesis via inhibiting the phosphorylation ERK1/2 and activity of p38 MAPK as well as TNF-α expression by halting the phosphorylation [89].
Furthermore, the green tea catechins displayed its neuroprotective mechanism by inhibiting the expression of the gene for cyclooxygenase-2, an enzyme that promote inflammatory response by inhibiting the activation via phosphorylation of the p38 MAPK pathway and it binding to DNA of NF-κB [75].
Neuroprotective mechanism of Polyphenols via P53 Pathway.
P53 pathway is another signaling pathway of great significant to the cell. This pathway and its transcriptional products participate in stress response signaling processes like cell cycle arrest, senescence and apoptosis and most importantly the pathway helps in expression and synthesis of p53 protein which act as tumor suppressor protein preventing development of cancer [90]. Additionally, the p53 helps in process of inhibition of angiogenesis, metastasis and IGF-1/mTOR pathway, facilitate exosomes secretion and in DNA damage repair. 
Damaged DNA via ROS and radiation, activated oncogenes, nitric oxide, cold and heat shock, hypoxia, damage spindle are stress signals that activate p53 genes which result in expression of p53, in same way the Murine double minute 2 (MDM-2) are degraded in response to these stress signals via MDM-2 ubiquitin ligase [91,92].  P53 response genes upstream mediating follows a ND, the activated p53 proteins caused transcription of many genes, among which are GADD-45, MDM-2, cycling G and p21 which play role in cell cycle arrest; secreted protein fas, and killer/DR5 which works in conjunction with PIDD to activate caspases 8 and Bid to release cytochrome c in extrinsic apoptotic pathway; Bax, p53AIP and PIGs in intrinsic apoptotic pathway; p48, GADD-45 and  p53R2 which play role in DNA damage repair mechanism; BAI-1, KAI, Maspin which play role as inhibitors of protease which degrades extracellular matrix and surface and PTEN/IGF-BP3 genes which gene products IGF-1R, IGF 1 and others inhibit the activation of growth response signal transduction routes thereby regulating cell growth negatively after stress signals are triggered with cell [93,94].
Available evidence proved that the p53 cross the nucleus and acting directly on mitochondria and its protein components BCL-2 to enhance the liberation of cytochrome c and apoptotic p53 also play role in communication between neighboring cell by inducing the TSAP-6 gene which enhances production of exosome for cell-cell communication. However, the p53 protein level is regulated by MDM-2 via ubiquitin ligase enzyme like COP1 (constitutively photomorphogenic 1) and Pirh2 (p53-induced RING-H2 domain protein) and catalytic turn over [90]. 
Polyphenols help in activation of p53 transcriptional activity in order to mediated increase synthesis of p53 protein which suppresses neuronal tumors and neurological cancer via initiation of apoptosis, cell arrest, ROS generation and cell senescence with the neurological tumor [95,96]. Furthermore, polyphenols caused up-regulation of p53 dependent target like p21, Bax and DR5 [95].
Conclusion
[bookmark: _GoBack]Neurodegenerative diseases affect the brain at both molecular, cellular and systemic levels. Apoptosis, neuro-inflammation and oxidative destruction of nerve cells are majorly known contributory factors which have implicated in the development and progression of the degenerative diseases. Polyphenols are one of the most notable phytochemicals present abundantly in fruit, vegetables, and other nutritional sources. A number of therapeutic significances have been attributed to this phytochemical which include antioxidant, anti-inflammatory, antiapoptotic, modulatory effects and so on. This therapeutic importance has also been reported in polyphenols neuroprotective actions such as enhancement of memory, learning, and cognitive performances, neuronal detoxification and repairment, downstream modulation of signaling pathways of neuronal oxidative stress, neuro-inflammation and necrosis which are all implicated in neurodegenerative diseases as well as transcription, translation, amyloid congestion, neuronal disruption pathways within the nerve cells. The molecular mechanisms underpinning neuroprotective actions of polyphenols involved signaling pathways such as Nrf-2, neurotropic pathways, NF-kB/MAPK, c-JUN, c-FOS, p53 pathway, anti-apoptotic, and anti-neuro-inflammatory. Polyphenols pose to be promising therapeutic candidate to halt/mitigate/slow down the pathogenesis of these neuronal degenerative diseases due to its multi-signaling modulatory properties.
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