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Abstract: Neurodegenerative disorders affect more than fifty million Americans each year and rep-

resent serious health threats as the population ages. Neuroinflammation and oxidative stress are 

critical in the onset, progression, and pathogenesis of neurodegenerative diseases such as Alz-

heimer’s (AD), Parkinson’s (PD), and amyotrophic lateral sclerosis (ALS). A wide range of natural 

compounds has been investigated because of their antioxidant, anti-inflammatory, and neuropro-

tective properties. The citrus flavonoid hesperetin (HPT), an aglycone of hesperidin found in or-

anges, mandarins, and lemons, has been extensively reported to exert neuroprotective effects in ex-

perimental models of neurogenerative diseases. This review has compiled multiple studies on HPT 

in both in vivo and in vitro models to study neurodegeneration. We focused on the modulatory 

effects of hesperetin on the release of cellular anti-inflammatory and antioxidative stress mediators. 

Additionally, this review discusses the hesperetin effect in maintaining the levels of microRNA 

(miRNA) and modulating autophagy as it relates to hesperetin's protective mechanisms against 

neurodegeneration. Moreover, this review is focused on providing experimental data for hes-

peretin’s potential as a neuroprotective compound and discusses reported evidence that HPT 

crosses the blood–brain barrier. In summary, this review shows the evidence available in the litera-

ture to indicate the efficacy of hesperetin in delaying the onset of neurodegenerative diseases. 
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1. Introduction 

Neurodegenerative disorders have emerged as a major threat to the aging population 

and currently affect more than fifty million Americans each year [1]. Neurodegenerative 

conditions primarily occur in later periods of life, which have become more prevalent 

because of increased life expectancy. Most common neurodegenerative disorders include 

Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and Alzheimer’s Disease 

(AD) [1]. All of which involve memory loss and a decline in neuronal function. The prev-

alence of these disorders is predicted to gradually increase in the future [2]. Developing 

treatments for these conditions remains challenging with the forthcoming increase in neu-

rodegenerative disorders [2]. These disorders bring financial and emotional burdens to 

patients and their caregivers. In 2019, neurodegenerative diseases cost the United States 

economy 655 billion in healthcare expenses [3,4]. 

Genetic risk factors play a role in neurodegeneration’s causes, such as the aggrega-

tion of toxic proteins and mitochondrial dysfunction [2,3]. For all these disorders, the pri-

mary risk factor is age. Other possible components may include oxidative stress, neuroin-

flammation, vitamin deficiencies, lifestyle behaviors, diabetes, hypertension, stroke, and 

other preexisting conditions [1]. Environmental factors must also be included in the etiol-

ogy of neurodegeneration. Exposure to many diverse types of stress leads to cellular 
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homeostatic disruption, which changes normal cellular function, leading to cellular death 

[5]. 

Some of the factors that may initiate neurodegeneration are neuroinflammation and 

oxidative stress. Neuroinflammation is an inflammatory response of the central nervous 

system (CNS) caused by complex immune responses to injury in the brain [1–3]. These 

injuries lead to the stimulation of glial cells and the secretion of inflammatory cytokines, 

which cause complications associated with neurodegenerative disorders [6]. Oxidative 

stress is generated from numerous factors, such as abnormal protein accumulation, high 

trafficking of calcium ions across the neurons, disturbance in peroxidation, and polyun-

saturated fatty acid homeostasis [7]. The activation of multiple biochemical pathways in-

duces damage to proteins, DNA, and lipids, resulting in the death of neuronal cells [8]. 

Recent findings indicate that natural compounds, such as flavonoids, can potentially 

prevent cellular injury by attenuating cellular oxidative stress and inflammation [9]. It has 

been demonstrated that natural products are therapeutic and have few side effects in clin-

ical practice. Historically, flavonoids have been characterized based on their scavenging 

of free radicals and antioxidant activity. Moreover, it has been indicated that many flavo-

noids effectively block the neurotoxic pathways associated with neurodegeneration 

[10,11]. The origin of flavonoid is the Latin root word “flavus”, meaning yellow, because 

flavonoids are yellow. Flavonoids are naturally occurring polyphenolic metabolites found 

in fruits, herbs, and vegetables [12]. Additionally, a variety of medicinal and pharmaceu-

tical applications contain flavonoids. These natural compounds can activate enzymes with 

an antioxidant nature and scavenge reactive oxygen species (ROS) [2,12]. 

Hesperetin (HPT), a derivative of a naturally occurring flavonoid from the Citrus L. 

plant, has various pharmacological properties, including antioxidative and anti-inflam-

matory properties [13]. HPT is an aglycone glycoside of hesperidin that widely exists in 

fruits, vegetables, and traditional Chinese medicinal herbs [14]. HPT has been used to 

counteract and treat various chronic inflammatory conditions [14,15]. It has also been 

shown that HPT significantly inhibits interleukin 1 beta (IL-1β) [16]. Moreover, HPT was 

reported to inhibit inflammation in multiple cell types by controlling the p38 mitogen-

activated protein kinase (MAPK) signaling pathway and enhancing the antioxidant pro-

tein levels, such as nuclear factor erythroid 2-related factor 2 (Nrf2) in mice brains [15]. 

This review focuses on the neuroprotective, anti-inflammatory, and antioxidative stress 

effects of citrus flavonoid HPT on neurodegenerative diseases. 

2. Neurodegenerative Etiology 

Neurodegenerative brain disorders represent a large group that arises from un-

known causes and persistently progress. They are characterized as a neurological disorder 

that affects distinct neurons in specific anatomical areas in heterogeneous groups [17]. The 

neurodegenerative process is distinguished by the gradual dysfunction and destruction 

of neurons in susceptible parts of the nervous system [17]. The basic processes that induce 

neurodegeneration are multifactorial and caused by genetics, endogenous, and environ-

mental factors [18]. These processes include defective protein degradation and aggrega-

tion, oxidative stress, mitochondrial dysfunction, interference of neuronal Golgi appa-

ratus, and abnormal ubiquitin–proteasomal system function. These interconnected mech-

anisms lead to programmed cell death [17,18]. 

Loss of neurons is the main feature in most neurodegenerative conditions [13]. Ge-

netic and environmental factors participate in variable degrees in the etiology of neuro-

degeneration. Some neurodegenerative disorders have evidence of familial occurrence, 

which suggests the cause is genetics, such as diseases with autosomal dominant traits like 

Huntington’s disease [13]. Less common conditions exist as an autosomal recessive trait, 

X-linked trait, or a maternally inherited trait [13]. These traits are referred to as genetic 

neurodegenerative disorders. Others are sporadic, showing small numbers of patients 

with the disorder being inherited, which is true in AD and PD [13] (Figure 1). Przedbroski 
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et al. [17] characterized neurodegeneration as a neurological disorder that affects distinct 

neurons in specific anatomical areas in heterogeneous groups. 

 

Figure 1. Etiology of neurodegenerative diseases. In most neurodegenerative diseases, the onset of 

the disease is unknown. Environmental, genetic, and endogenous factors and oxidative stress must 

be considered when investigating the mechanism of the onset of neurodegeneration. 

Aging and Neurodegeneration 

The physical decline, leading to an enhanced threat of disease, is associated with ag-

ing, which develops at different rates in different tissues [19]. Among the multiple risk 

factors for neurodegeneration, aging alone has the most impact. In the elderly population, 

neurodegenerative disorders are common, and it is rare to find a disease-free brain, espe-

cially in very senior individuals [20]. 

The brain’s aging is an irreversible process that is a critical factor in neurodegenera-

tive diseases [19,20]. The aging process makes patients more prone to neurodegeneration 

and impairs self-repair abilities [21]. Neurodegeneration, the most prevalent in age-re-

lated diseases, indicates the link between neurodegeneration and age-related changes in 

the brain’s microenvironment, such as epigenetic modification, genomic inability, and the 

loss of proteostasis [21]. Aging is a major factor for neurodegeneration; however, the exact 

mechanisms through which aging is associated are not yet identified. Various signaling 

pathways involved in managing aging include target of rapamycin (TOR) signaling, mi-

tochondrial function, insulin/insulin-like growth factor 1 (IGF-1) signaling, and caloric re-

striction [22]. Studies recently suggested that the involvement of these pathways may be 

significant in cognitive decline. Proteins, such as phosphorylated tau, amyloid-β (Aβ) ab-

normal aggregates, and α-synuclein, have been identified through molecular studies, but 

it has not been confirmed that they are correlated with cognitive impairment [23]. 

Recent studies have shown that protein glycation is also involved in forming the am-

yloid protein. This process gives rise to advanced glycation end product (AGE) formation. 

Altered AGEs interact with specific receptors, including receptor advanced glycation end 

products (RAGEs), which are members of the immunoglobulin family and can extensively 

bind ligands and activate cellular pathways [24]. These receptor products can interact 

with Aβ, stimulating stress and various signaling pathways within the neuron. AGE and 

RAGEs have a significant role in AD, either by their incorporation in Aβ plaques and tau 

tangles or recognition of Aβ and clearance [24,25]. It has been suggested that RAGE in-

duces oxidative stress and inflammation, which may lead to AD [25]. Diet must also be 

considered along with excessive intake of glycotoxins, which have adverse effects related 

to the pathogenesis of dementias such as AD and the metabolism of amyloid precursor 

protein (APP) and regulatory pathways linked to tau phosphorylation [26]. 

Worldwide, an emerging issue with the increase in life span is the onset of dementia. 

The commonly occurring form of dementia is AD, which is characterized by memory 

damage and cognitive injury [21]. The leading factor of AD is aging. The most common 

pathological findings are senile plaques and neurofibrillary tangles in the brain’s cortex, 

containing β-amyloid peptides and tau proteins, respectively [19,20]. The collection of 
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misfolded proteins leads to neuronal injury and synaptic damage. Cellular changes in ag-

ing may be linked to protein misfolding and aggregation [27]. The aging process is con-

nected to oxidative stress accumulation and mitochondria dysfunction. The brain is vul-

nerable to malfunctioning mitochondria because of bioenergetic needs [28]. Elevated lev-

els of energetic demands in neural populations in the brain, like degenerate pyramidal 

neurons in AD, may be affected by the decreasing function of the mitochondria [27,28]. 

This declining function may impact brain aging and increase the susceptibility of neurons 

to age-dependent pathological changes [28]. Memory loss is an indicator of AD and nor-

mal aging, but the pathology and neurophysiology of both conditions are different. Both 

histopathological and functional magnetic resonance imaging have exhibited decreased 

metabolic activity, and neuronal loss begins in the hippocampal region. In the aging brain, 

a reduced activity occurs first in the subiculum and dentate gyrus of the brain, instead of 

the hippocampus [29–31]. It has been demonstrated that the functional brain imaging that 

separates brain regions, which interact to accelerate higher-order cognitive function, be-

comes less coordinated [32]. Alterations in the connectivity of the higher-order brain could 

be related to myelinated fiber disruption, connecting neurons in different cortical regions 

or the synaptic physiological changes of aging neurons [32–34]. 

Another age-related neurodegenerative disorder involving protein misfolding is PD. 

The misfolding of α-synuclein, which develops into Lewy bodies due to its accumulation, 

starts in the olfactory and subordinate brain stem regions and gradually extends to the 

midbrain and the cortex [27,35]. Meanwhile, age is the leading risk factor that impacts the 

onset and occurrence of PD. In a cohort study, patients that had an onset at older ages 

displayed an accumulation of more Lewy bodies throughout the brain in addition to age-

linked plaque pathology [36] (Figure 2). 

 

Figure 2. Common factors that induce neurodegeneration. Aging is one of the main factors associ-

ated with neurodegeneration, leading to changes in mood, memory loss, and movement dysfunc-

tion. Moreover, protein aggregation, neuronal loss, inflammation, oxidative stress, and apoptosis 

may also promote neuronal death. Yellow arrows indicate an increase. 

3. The Role of Neuroinflammation in Neurodegeneration 

Neuroinflammation is a specific or nonspecific immunological outcome in the CNS 

induced by microglial activation. In the brain, innate immunity is coordinated by the mi-

croglial cells. The inflammatory response participates in the defense against exogenous 

antigens, but chronic inflammation is implicated in multiple neurodegenerative disor-

ders. Microglia offset disturbances in immunological homeostasis to protect the neurons 

limited in regenerative capacity [37]. Typically, microglia guard the nervous system by 

removing debris, demolishing pathogens, and stimulating the immune response. How-

ever, when there is a brain injury or neurodegenerative disorder, microglia are activated 

and release proinflammatory cytokines and neurotoxins [37]. In these instances, released 

neurotoxins include nitric oxide, IL-1β, interleukin 6 (IL-6), and tumor necrosis factor 

(TNF-α) [37]. The overproduction of inflammatory mediators may enhance neuronal de-

generation. Additionally, several studies have suggested that dominant, nongrowing 
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bacteria contribute to AD, releasing inflammatory elements like lipopolysaccharide (LPS). 

LPS is found in gram-negative bacteria that activate the immune system, leading to be-

havioral and memory impairments, ROS generation, and oxidative damage to the brain. 

In AD, levels of LPS in plasma are increased and are intricately connected with protein 

aggregation in the brain [38]. Toll-like receptors (TLR) play a critical role in recognizing 

microbial and bacterial components in the brain, initiating the immune response. A TLR-

mediated signaling pathway removes bacteria from the biological system but can damage 

the brain cells [39]. Microglial cells express toll-like receptor 4 (TLR4) in the brain, which 

recognizes LPS, and is associated with the release of inflammatory mediators during nu-

clear factor kappa B (NF-κB) signaling [39]. 

4. Oxidative Stress and Neurodegenerative Diseases 

Oxidative stress is an event that is affected by an imbalance in the production and 

collection of ROS in cells and tissues and the ability of the biological system to remove 

these ROS products [40]. ROS, as byproducts of oxygen metabolism in normal conditions, 

play a critical role in multiple physiological conditions. ROS that are frequently elucidated 

are superoxide radicals (O2−), hydrogen peroxide (H2O2), hydroxyl radicals (-OH), and 

singlet oxygen (1O2), which are secreted as metabolic byproducts of the biological system. 

Biological activities, such as the initiation of many transcriptional factors, cell differentia-

tion, immunity, apoptosis, and protein phosphorylation, are dependent on ROS produc-

tion. However, the presence of ROS inside cells needs to be at low levels [10]. Increased 

ROS levels show harmful effects on proteins, lipids, and nucleic acids, which are critical 

in cellular structures. Evidence has shown that oxidative stress may cause the onset or 

progression of numerous diseases (i.e., cardiovascular disease, diabetes, cancer, and met-

abolic disorders) [7]. 

ROS are generally produced via mitochondria during physiological and pathological 

conditions. Superoxide radicals can be produced by endothelial and inflammatory cells, 

cellular respiration, lipoxygenases, and cyclooxygenases during arachidonic acid metab-

olism [41]. Mitochondria have distinctive ROS scavenging capability, but it is not enough 

to maintain physiological amounts of ROS produced. Excessive ROS in cells is reduced by 

antioxidant defense mechanisms based on enzymes, such as superoxide dismutase (SOD), 

catalase (CAT), and glutathione peroxidase (GPx), as protection against ROS-induced 

damage [42]. 

Enzymatic responses that bring about ROS are connected to prostaglandin synthesis, 

phagocytosis, the cytochrome P450 system, and the respiratory chain [43,44]. The genera-

tion of superoxide radicals occurs by nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase, xanthine oxidase, and peroxidase. Upon formation, superoxide radi-

cals are associated with several reactions that produce hydrogen peroxide, hydroxyl rad-

icals (OH•), hypochlorous acid (HOCl), and many others [40]. Hydrogen peroxide, which 

is nonradical, produces various oxidase enzymes, such as xanthine and amino acid oxi-

dase. The most reactive among all free radicals produced in vivo is the hydroxyl radical, 

caused by the Fenton reaction (O2− with H2O2, with Fe2+ or Cu+). Nitric oxide plays a critical 

physiological role, and it is synthesized from arginine to citrulline oxidized by nitric oxide 

synthase [40] (Figure 3). 
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Figure 3. Oxidative stress and its effects on neurodegeneration. The introduction of various sources 

led to the production of reactive oxygen species causing neurodegeneration, which leads to DNA 

damage and mitochondrial dysfunction. H2O2, hydrogen peroxide; OH-, hydroxide; LOOH, lipid 

hydroperoxides; OH•, hydroxyl radical; L•, lipid radical; LOO•, peroxy radical; HOCl, hypo-

chlorous acid; O2−, superoxide radicals. 

Studies have shown that oxidative stress has been correlated to many neurological 

disorders (i.e., AD, ALS, PD, and depression) [45]. In AD, several research investigations 

have illustrated that oxidative damage has a critical role in the progression of dementia 

and neuronal loss. AD is responsible for about 80% of dementia cases, which causes a loss 

of memory, decline in behavioral function, and inefficiency in learning [2,3]. Presently, 

there is no cure nor therapy aimed at the neurological hallmarks to slow the progression 

of this neurodegenerative disorder. The etiology of AD has not been elucidated, but 

pathological characteristics include the aggregation of neurofibrillary tangles and extra-

cellular Aβ plaques [46]. Aβ is a toxic peptide present in the brain of AD patients, which 

is produced by free radicals and is known to be partly responsible for the onset of neuro-

degeneration. Several hypotheses have been proposed to explain the AD mechanism, and 

the most common is the Aβ plaque formation, tau protein destabilization, inflammation, 

and the cholinergic and oxidative hypothesis [47]. The Aβ peptides seem to be the causa-

tive agents in AD, and the development of the Aβ plaques is initiated with the processing 

of the APP. The processing of APP is internalized and sorted in the endosomes, where 

APP is processed to generate Aβ [48]. The degradation of Aβ occurs by the endolysosomal 

pathway or is released by fusing multivesicular bodies into the extracellular space. It 

should be noted that this is only one operative mechanism for AD pathogenesis mediated 

by Aβ linked to exosome production, initiating the aggregation process [49]. 

On the other hand, in ALS, the underlying mechanism is unclear, but diverse cell 

types (i.e., microglia, astrocytes, macrophages, and T cells) seem to be critical in the path-

ophysiology of this disease [50]. ALS is a developing disease that can occur sporadically 

and as a familial disorder. In ROS-mediated oxidative stress ALS, it has been reported that 

specific oxidative products are elevated both in sporadic and familial ALS model systems 

[51]. 

Neuroinflammation and oxidative stress are correlated to the pathogenesis of neuro-

degenerative conditions. Increased production of ROS leads to oxidative stress, which is 

coupled with a decrease in antioxidant defense [52,53]. Activated glial and immune cells 

are the primary producers of ROS and nitrogen species in the pathology of neurodegen-

erative conditions in the CNS [52]. It is believed that ROS does not cause ALS, but because 

the cause is unclear, ROS may be likely to exacerbate the progression of the disease [51]. 

It is believed that oxidative stress may also contribute to ALS by degrading 
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neuromuscular junctions. Mouse models have shown an enhanced sensitivity to the nerve 

terminal to ROS, promoting a presynaptic decline in neuromuscular junctions [49]. It 

seems that the over-stimulation of motor neurons in ALS causes the abnormal secretion 

of acetylcholinesterase, which then decreases the level of acetylcholine in the synaptic 

cleft. These early-stage changes, paired with inflammatory agents and defective trophic 

support, lead to neurodegeneration [53]. 

Studies have also shown that responses to oxidative stress are depressed in ALS. Glu-

tathione, an antioxidant in mammalian cells, is lowered in the motor cortex of patients 

with ALS compared to healthy ones [54]. Furthermore, the expression of mutant gene TAR 

DNA-binding protein 43 (TDP-43), which participates in protein production in motor neu-

ron-like cells, increases oxidative stress and mitochondrial damage evoking nuclear dep-

osition of Nrf2, a master regulator of antioxidants, anti-inflammatory, and cytoprotective 

mechanisms [54]. It has been proven that post-mortem tissues from ALS patients are de-

pleted of Nrf2 mRNA and have low protein levels. Studies in mouse models have shown 

significant beneficial effects of elevated Nrf2 levels in astrocytes, which are major suppli-

ers of glutathione (GSH) to neighboring neurons [55,56]. 

Abnormal motor symptoms of Parkinson’s disease, such as rigidity, bradykinesia, 

resting tremors, and loss of postural reflexes [57], are thought to arise from the loss of 

substantia nigra dopaminergic neurons in the substantia nigra pars compacta [58]. The 

exact mechanism remains unclear, but oxidative stress has been considered one of the 

main pathophysiological mechanisms. Aging is a component coupled with the onset of 

PD. It is believed that typical cellular dysfunction occurring with aging may cause the 

increased susceptibility of dopaminergic neurons [58]. Several studies have demonstrated 

that decreased activity in Complex I of the substantia nigra in the respiratory chain could 

generate excessive ROS, inducing apoptosis [58]. 

Antioxidant changes have been reported in PD, even at the initial stages of the dis-

ease. Research has shown that GSH levels have been lowered in the substantia nigra pars 

compacta of PD. However, this finding is not PD-specific [57,59]. In PD, the conditions are 

aggravated by the presence of ROS-generating enzymes like tyrosine hydroxylase and 

monoamine oxidase [60]. In addition, dopaminergic neurons are prone to oxidative stress 

[60]. The nigral dopaminergic neurons contain iron, a catalytic agent for the Fenton reac-

tion, where superoxide radicals and hydrogen peroxide may add to more oxidative stress 

[61]. There is an intrinsic sensitivity to reactive species, and moderate oxidative stress can 

prompt a cascade of events leading to cell death [60]. Primary sources of such oxidative 

stress are generated from the nigral dopaminergic neurons, which are believed to be pro-

duced during dopamine metabolism, neuroinflammation, and mitochondrial dysfunction 

[60]. In the mitochondria, neurons are heavily dependent on the aerobic respiration of 

adenosine triphosphate (ATP), and hydrogen peroxide and superoxide radicals are nor-

mally produced as byproducts during oxidative phosphorylation. Any pathological cir-

cumstance that leads to mitochondrial dysfunction can lead to enhanced ROS and over-

load the cellular antioxidant mechanisms [62]. The presence of oxidative stress affects the 

peroxidation of specific mitochondrial lipid cardiolipin, which causes a release of cyto-

chrome C into the cytosol, leading to apoptosis [62]. 

Dopaminergic neurons are intrinsically more ROS-generating, as described previ-

ously; anything that prompts further oxidative stress can damage the cell. Mitochondrial 

Complex I damage in the electron transport causes electrons to leak, which then causes 

ROS production [63]. Evidence of mitochondrial dysfunction coupled to oxidative stress 

and dopaminergic cell damage is derived from mutations in the parkin, protein deglycase 

(DJ-1), and PTEN-induced kinase (PINK) genes, which are mitochondrial proteins cou-

pled with familial forms of PD [64]. Mouse models with the parkin gene absent have 

shown a reduction in the activity of the striatal respiratory chain along with oxidative 

damage [64]. 
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5. Nrf2 Role in Neurodegeneration and Neuroinflammation 

Increased oxidative stress results from changes in antioxidant levels in tissues, en-

hanced mitochondrial dysfunction, and metal homeostasis changes, where most mito-

chondria produce additional ROS [65]. Endogenous antioxidant pathways protect cells 

from oxidative stress by boosting cytoprotective enzyme expression that can scavenge free 

radicals and decrease cellular injury caused by ROS. Nrf2 controls this pathway by bind-

ing to the antioxidant response elements (AREs) at the promoter region of antioxidant 

genes [66,67]. 

Nrf2 is a cap ‘n’ collar member of basic leucine zipper proteins, typically bound in 

the cytosol to the Kelch-like ECH-Associated Protein 1 (Keap1), which targets it and 

causes it to degrade via the proteasome. In the presence of oxidative stress, nucleophilic 

cysteine sulfhydryl groups on Keap1 are modified, which results in allosteric conforma-

tional changes that reduce the Keap1-dependent degradation of Nrf2 and allow this tran-

scription factor to accumulate in the nucleus [68]. In normal conditions, this is how Nrf2 

is activated. However, other mechanisms, including phosphorylation, can result in disso-

ciation from Keap1, increasing nuclear localization [68,69]. In the nucleus, Nrf2 forms a 

heterodimer with musculoaponeurotic fibrosarcoma (Maf) proteins and binds to the ARE 

consensus sequence at the promotor of targeted genes [69]. Nrf2 is expressed ubiquitously 

and, in the brain, is a critical defense mechanism against toxic threats in glial cells and 

neurons. Nrf2 upregulates multiple antioxidant enzymes, increases the expression of anti-

inflammatory mediators, both phase I and II enzymes, and initiates mitochondrial signal-

ing pathways [70,71]. 

Nrf2 is critical in the crosstalk between antioxidant and anti-inflammatory pathways, 

which are considered secondary effects to its antioxidant effects. Usually, the nuclear fac-

tor kappa-light-chain-enhancer of activated B cells (NFκB) proinflammatory transcription 

factor is activated by oxidative stress. It can be inhibited by the Nrf2-dependent induction 

of antioxidant genes, leading to a decrease in the transcription of proinflammatory cyto-

kines [72,73]. However, Nrf2 has been demonstrated to directly control the anti-inflam-

matory mediator expression of interleukin 17D (IL-17D), G protein-coupled receptor ki-

nase, macrophage receptor with collagenous structure, and platelet glycoprotein 4 (CD36) 

[74,75]. More recently, Nrf2 has been involved in downregulating the expression of pro-

inflammatory cytokines like TNF-α, IL-6, interleukin 8 (IL-8), and IL-1β in microglia, mac-

rophages, monocytes, and astrocytes [76]. 

Studies have shown that the expression and activity of Nrf2 are reduced in both aged 

mice and humans [54,77]. Since oxidative stress, mitochondrial dysfunction, and inflam-

mation are characteristics of the aging brain and aging is the leading risk factor of neuro-

degeneration, Nrf2 is an appealing target for clinical mediation [65]. 

Neuroprotective Effects of Nrf2 Activation 

The increased oxidation of proteins and lipids and decreased antioxidant defense 

have been linked to neurodegenerative diseases. The Nrf2-ARE pathway has been 

strongly considered a prospective target for preventing these conditions [78,79]. There is 

less activation of the Nrf2-ARE-dependent gene expression in the CNS in neurons com-

pared to astrocytes [80,81]. Moreover, astrocytes have a greater GSH content than neu-

rons, which is why neurons depend on astrocytes for protection against oxidative stress. 

Numerous studies indicate that neurons are more resistant to oxidative stress in the pres-

ence of astrocytes. Most findings are targeted at astrocytic Nrf2 overexpression-mediated 

expression, cell-specific overexpression, or the modulation of endogenous neuronal anti-

oxidant capacity via Nrf2 activators [82]. Youdim et al. suggested that Nrf2 knockdown 

neurons were more susceptible to oxidative stress, while Nrf2 overexpression reversed 

this effect [83]. Other studies used amyloid protein precursor mouse models with Nrf2 

knockout, which showed an increase in oxidative damage; however, the activation or 

overexpression of Nrf2 protected mice from the toxicity of Aβ [84,85]. Studies using 



Nutrients 2022, 14, 2228 9 of 26 
 

 

sulforaphane, an Nrf2-activating chemical, showed that treatment after injury could at-

tenuate damage in an Nrf2-dependent manner. Sulforaphane, in one analysis, was admin-

istered 30 min after intracerebral hemorrhage and 15 min after traumatic brain injury 

[86,87]. These studies denote that Nrf2 activation after stress may be favorable for acute 

toxicity [86]. Evidence suggests that the activation of Nrf2 signaling may offer neuropro-

tection and offers a potential method for treating neurodegenerative diseases. 

6. Flavonoids 

6.1. Classification 

Flavonoids are plant-based secondary metabolites that are natural compounds 

widely found in different medicinal applications. They are polyphenolic compounds with 

a benzo-γ-pyrone structure responsible for several pharmacological activities [88]. Flavo-

noids are traditionally classified by oxidation degree, the formation of ring C, and the 

position at which ring B is connected. Based on their structures, flavonoids are subclassi-

fied into flavonols, flavones, isoflavones, and anthocyanidins [89] (Figure 4). Flavonoids 

have been investigated for their potential health benefits as antioxidants, which scavenge 

free radical and/or chelate metal ions mediated by functional hydroxyl groups [90]. Anti-

oxidant activity is dependent on conformational changes of functional groups, substitu-

tion, configuration, and a total number of hydroxyl groups, which are all critical factors 

in the mechanisms of antioxidant activity [90,91]. It has been shown that flavonoids can 

interact with neuronal receptors and modulate signaling pathways, gene and protein ex-

pression, and transcription factors. This interaction can control memory and learning pro-

cesses in the hippocampus [91]. 

 

Figure 4. Basic chemical structure of the types of flavonoids. Three rings are considered the back-

bone of the flavonoid. The oxygen atom is in the first position in the heterocyclic ring labeled as C 

[92]. O, oxygen; O+, oxygen ion; OH, hydroxyl group; A, C, B, rings structure. 

6.2. Chemical Structure, Bioavailability, and Dietary Sources 

Flavonoids are a large and diverse group of polyphenols with the basic structure of 

fifteen carbon atoms along with two benzene rings attached by three carbon atoms. 
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Currently, there are more than 5000 flavonoids that have been identified in various plants 

[89]. 

Because flavonoids are found in many beverages of plant origin and food, they are 

called dietary flavonoids. They are the most popular and found in everyday diet, includ-

ing fruits, vegetables, grains, stems, roots, bark, and flowers. The interest in the use of 

dietary flavonoids has grown and is focused on addressing oxidative stress-mediated neu-

rodegeneration. The release of flavonoids is by the digestive enzymes in the gastrointes-

tinal tract or physical release via chewing before absorption [89]. Flavonoids are absorbed 

based on their physicochemical properties, including solubility, molecular size, and their 

ability to dissolve in the organic phase or polar aqueous phase [93]. 

6.3. Hesperetin 

The citrus flavonoid HPT has a plethora of protective properties of interest in neu-

rons and glial cells relative to CNS disorders. HPT is a bioactive compound used tradi-

tionally in Chinese medicine with antioxidant, anti-inflammatory, and anticarcinogenic 

properties [2]. HPT is an aglycone of hesperidin, showing various biological activities 

(Figure 5). Although hesperidin demonstrates a wide range of biological properties, HPT 

has greater bioactivity, making it more efficiently absorbed from the gastrointestinal tract 

[2,15]. Chemically, it is a trihydroxyflavone, which has three hydroxy groups at positions 

3,5, and 7. HPT is found abundantly in citrus fruits like oranges and mandarins, which 

are consumed in the daily diet in the form of juices at 200–590 mg/L [94]. 

 

Figure 5. Chemical structure of hesperidin and hesperetin [95]. H3CO, methoxy group; CH3, me-

thyl group.  

The leading factors that assist in the efficacy of bioactive compounds like HPT [92] 

include its pharmacokinetics. It has been suggested that after administration, hesperidin 

is transformed to hesperetin 7-O-glycoside by an enzymatic reaction. The metabolite is 

hydrolyzed by beta-glucosidase in the small intestine [96]. Human studies have demon-

strated that the peak plasma concentration of hesperetin is improved after oral intake of 

citrus juices, such as grapefruit and orange juices [97]. It has been observed that HPT en-

ters the CNS, where it may exert neuroprotective effects by neutralizing free radicals gen-

erated during cellular metabolism [98]. 

HPT has been found to protect neurons against toxicity and induced oxidative stress, 

inflammation, and the release of neurotoxic substances in vitro and in vivo neurodegen-

erative models. Studies have shown in animal models and brain endothelial cells that HPT 

and other flavonoids are taken up by brain cells [99]. This flavonoid promotes neuronal 

survival through the phosphatidylinositol 3-kinase and Akt protein kinase B (PI3K-Akt) 

and MAPK pathways and the recruitment of neuronal progenitor cells affecting astro-

cytes. HPT demonstrates anti-inflammatory, antioxidant, and neuroprotective effects in 

various neurodegenerative disorders [15]. It has also been shown that HPT decreases the 

overexpression of inducible nitric oxide (NO) synthase and proinflammatory cytokines 

(IL-1β, TNF-α, and IL-6) along with MAPK extracellular regulated kinase 1/2 (ERK1/2) 

and p38 in LPS stimulated BV-2 murine cell lines [100]. The signaling pathway modula-

tion, antioxidant, and anti-inflammatory activity of flavanones may contribute to 
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observed improvements in cognitive and motor impairment that have been reported by 

AD animal models treated with HPT [2]. 

The neuroprotective effects of HPT were investigated in rat models, and the authors 

determined that HPT and its nanoparticle (at doses of 10 and 20 mg/kg, lasting three 

weeks) showed significant improvement in learning and cognitive impairment and low-

ering elevated oxidative stress levels [2]. A similar study was conducted to evaluate the 

effects of HPT against Aβ-stimulated AD. According to the findings, HPT significantly 

decreased oxidative stress-mediated neuroinflammation, apoptosis, and neurodegenera-

tion. The study targeted endogenous antioxidant mechanisms, such as TLR4-mediated 

glial cells neuroinflammation and neurodegeneration. Additional findings showed that 

HPT reduced cognitive and memory loss in mice [10]. Since neuroinflammation is the pri-

mary initiator of AD, inflammation-mediated neurodegenerative disease models have 

been widely used in different experiments. To further confirm the findings, Khan et al. [2] 

used LPS stimulated neurodegenerative mouse models of AD to evaluate HPT effects. The 

results supported HPT’s ability to reduce LPS-induced neurodegeneration and memory 

loss significantly [2]. 

To further support the hypothesis that HPT protects against neurodegeneration, mul-

tiple studies evaluated the effects on different models of neuronal cell lines of neurodegen-

eration, which include neuroblastoma SH-SY5Y, PC12 cells, and hippocampal HT22 cells 

from mice [101]. In the studies performed on neuroblastoma cells, the neuronal damage 

was stimulated by hydrogen peroxide at a concentration of 75 μmol/L, showing signifi-

cant protection against peroxide-induced neuronal loss when treated with HPT at a con-

centration of 0.01 μmol/L. The caspase activity was significantly decreased when HPT was 

administered. The study also demonstrated an increased expression of ERK1/2 phosphor-

ylation in a dose-dependent manner [60]. When evaluating the PC12 cells, hydrogen per-

oxide caused cytotoxicity, which promotes cellular damage and reduces antioxidant en-

zyme production, such as catalase and glutathione peroxidase, changes mitochondrial 

membrane potential, induces ROS, and diminishes GSH [102]. To analyze the effect of 

HPT on PD, doses of 50 mg/kg were administered for 1 week. Findings suggested HPT 

reduced oxidative stress by regulating Nrf2, NF-κB, and apoptotic cell loss. It was also 

shown that HPT reduced motor dysfunction in PD rat models induced with 6-hydroxydo-

pamine (6-OHDA) [103]. 

6.4. Hesperetin and Microglia 

After the immune response is initiated, microglial cells regulate neuroinflammatory 

responses in the brain. Normally, microglia protect the nervous system by destroying 

pathogens, eliminating debris, and advancing immune responses. Under physiological 

conditions, microglia are at rest and serve as host defense and immune surveillance [104]. 

These cells are vulnerable to changes in their microenvironment and are readily active in 

response to injury or infection [105]. Once activated, microglia upregulate an array of sur-

face receptors. Microglia also undergo morphological changes from inactive cells to acti-

vated and release multiple soluble factors, which are promising in regard to the survival 

of the neurons [106]. Most of the factors produced, however, are proinflammatory and 

neurotoxic, including cytokine TNF-α, free radicals such as NO and superoxide, and fatty 

acid metabolites [105,107,108]. Chronic development of inflammation in the brain can lead 

to neurodegenerative diseases like AD and PD [37]. HPT’s anti-inflammatory activity in 

brain-resident glial cells, LPS stimulated astrocytes, and microglial activation was ob-

served in the mouse brain [100]. The astrocyte marker, glial fibrillary acidic protein 

(GFAP), was significantly increased and the microglial marker, Iba-1, expression was up-

regulated in the hippocampus of LPS-injected mice compared with control animals [109]. 

Astrocyte and microglia LPS-induced activation in the hippocampus were significantly 

decreased by HPT administration [110]. Several findings indicated that HPT suppressed 

LPS-induced neuroinflammatory response by inhibiting astrocyte and microglial activa-

tion [111]. 
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6.5. Hesperetin Crossing the Blood–Brain Barrier 

There has been an increased concern about the use of dietary flavonoids to combat 

oxidative stress-induced damage to the CNS and the associated pathophysiological pro-

cess, such as PD and AD [2,93]. Growing concerns are centered around the entry of flavo-

noids through the blood–brain barrier (BBB). Furthermore, changes in CNS function may 

be simply caused by aging, which could exacerbate motor and cognitive modifications 

[112]. Some studies have analyzed the ability of flavonoids to penetrate through the BBB, 

which enhanced the findings conducted thus far. The neuroprotective effects of flavonoids 

and their derivatives against peroxide-stimulated oxidative stress have been reported 

[113,114]. Although there are demonstrated results on flavonoid-mediated neuroprotec-

tion, there is little information on how flavonoids enter the CNS. The metabolism of fla-

vonoids and their method of entry into the systemic circulation after oral absorption has 

been unclear until recently. There are limited studies on flavonoid neuroprotective prop-

erties and their interaction or circulating metabolites on brain endothelial cells, which 

form the BBB [93]. A layer of endothelial cells forms the BBB, which has a complex iden-

tification system for entry into the CNS. This layer of cells is sealed by tight junctions that 

house a few pinocytotic vesicles and express multiple specific influxes and efflux trans-

porters and metabolic enzymes [93]. These properties alone enable the BBB to regulate the 

passage of polar molecules [93]. 

In the case of hesperetin, studies on brain endothelial cells and in vivo show that 

citrus flavonoids, such as hesperetin, are taken up by brain cells [99]. Youdim et al. [93] 

demonstrated that, on ECV304/C6 endothelial cell lines, multiple flavonoids, including 

hesperetin, can enter into isolated mouse and rat brain endothelial cells. It has also been 

reported that flavonoid aglycones and methylated forms have been uptaken in neurons, 

suggesting that glucuronidated flavonoids can cross brain endothelium [115]. Youdim et 

al. [93] showed evidence that derivatives, like hesperetin, cross the BBB by passive trans-

cellular diffusion based on their lipophilicity. 

6.6. Hesperetin and Neuroinflammation 

The main contributor to progressive neurodegeneration is inflammation. In the pres-

ence of neuroinflammation, multiple cell types are involved, which include activated mi-

croglia and astrocytes [116,117]. The anti-inflammatory effects of HPT have been high-

lighted in numerous studies conducted. One study analyzed HPT effects against amyloid 

beta-induced neuroinflammation and neurodegeneration. The findings collectively sug-

gest that HPT lessens Aβ-produced oxidative stress, which reduces the activated micro-

glial cells [118]. Glial cell suppression was coupled with a reduction in NF-κB phosphor-

ylation and the release of inflammatory mediators. Further confirmation of the effects of 

HPT against Aβ- induced neuroinflammation can be found in an in vitro study demon-

strating the inhibition of TLR4 and phosphorylated (p)-NF-κB in comparison to specific 

pharmacological inhibitors [15]. In a different study, mice were treated with LPS, and the 

anti-inflammatory effects were evaluated. After the administration of HPT, findings sug-

gest that inflammation was significantly reduced, implied by the lowered expression of 

TLR4 and p-NF-κB. The comparison of TLR and p-NF-κB with specific pharmacological 

inhibitors supported the finding that HPT significantly reduced LPS-induced inflamma-

tion [15]. Another study demonstrated HPT’s potential anti-inflammatory effects against 

LPS-activated BV-2 microglial cells [100,101]. In this study, the blocking of MAP kinases 

was shown with the treatment of HPT, which decreased the expression of p-ERK and p38, 

reducing inflammatory cytokine levels [119]. Overall, findings exhibit HPT’s potential 

neuroprotective properties against inflammatory mediators in various neurodegenerative 

disease models. 
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6.7. Hesperetin and Oxidative Stress 

The brain is the most susceptible organ to ROS due to excessive demands for oxygen 

and the presence of peroxidation-sensitive cells. Extensive research has demonstrated that 

oxidative stress has a key role in the development of neurodegenerative diseases. Natural 

and plant-derived compounds like HPT have been found to counteract excessive ROS by 

scavenging elevated levels and improving endogenous antioxidant defense mechanisms 

[2]. HPT has demonstrated an upregulation of the expression of Nrf2 and heme oxygen-

ase-1 (HO-1). A previous study showed that HPT has significant protection on RPE-19 

cells from increased oxidative stress, inhibiting apoptotic cell death, the production of 

ROS, and improving the expression of SOD and GSH, which possibly cause the activation 

of both Keap-1, Nrf2, and HO-1 signaling [120]. Similarly, in the case of potassium oxon-

ate-induced hyperuricemic rats via intraperitoneal injection with or without HPT and or-

ange juice, findings suggest that HPT and orange juice prevented oxidative stress by en-

hancing antioxidant mechanisms and decreasing lipid peroxidation [121]. To further sup-

port HPT’s antioxidative stress properties, a study induced cataracts in rats with sodium 

selenite and then injected the rats with HPT. Findings here imply HPT and its byproducts 

lowered oxidative stress in the cataract lens, even though there was a negligible effect on 

antioxidant levels systemically [122]. 

Antioxidant effects of HPT have also been evaluated in adult rats treated with lead. 

Collected findings suggest HPT could reduce the undesirable effects of lead by lowering 

oxidative damage. These results may be critical in managing lead-induced neurotoxicity 

[111]. Other studies have shown that cadmium-treated rats administered with HPT re-

duced lipid peroxidation (LPO) levels, which is a biomarker of thiobarbituric acid reactive 

substances and lipid hydroperoxides. HPT also improved the levels of plasma nonenzy-

matic antioxidants, including decreased GSH [123]. Comparable results were collected in 

mice treated with 7,12-dimethylbenz (a) anthracene (DMBA). HPT distinctly reduced li-

pid peroxidation levels and protein oxidation and improved the expression of antioxidant 

defense by improving catalase, SOD, and GSH ratios. HPT was tested in type 1 diabetes 

mellitus, induced by streptozotocin, showing that the GSH levels and Nrf2 and HO-1, 

antioxidant genes, were markedly increased with administration [124]. Overall findings 

propose that HPT is a strong antioxidant flavonoid, reducing increased oxidative stress 

and damage. In addition, HPT has been found to significantly increase CAT, SOD, and 

GPx activity in the hippocampal area [125]. It has been previously reported that HPT ex-

erts cytoprotective activity [126]. 

6.8. Hesperetin’s Effect on Canonical and Non-Canonical Mechanisms of Nrf2 Activation 

Nrf2 is a critical transcription factor that instructs antioxidant defense genes to main-

tain cellular homeostasis. Nrf2 regulates the expression of genes involved in the metabo-

lism, immune response, cellular proliferation, and other processes [127]. Nrf2 is consid-

ered the “master” regulator against oxidative stress [128]. Normally, Nrf2 remains inac-

tive in the cytoplasm, forming a complex with Keap1, an inhibitory protein. The complex 

promotes ubiquitination and degradation of Nrf2. Under stress or in the presence of elec-

trophilic compounds, Nrf2 is activated, stimulating the expression of target genes in-

volved in cell protection. This mechanism of activation is known as the canonical mecha-

nism [127]. 

Nrf2 activation occurs where proteins, such as p62 and p21, disrupt the Keap1/Nrf2 

complex and directly interact with Keap1, decreasing the ubiquitination of Nrf2 [129]. 

Nrf2 disassociates from Keap1 and translocates to the nucleus, where it binds to the ARE 

in the promoter region of numerous cytoprotective genes, including HO-1 and NADPH 

[130,131]. This mechanism of activation is known as the noncanonical mechanism. It has 

been reported that the Nrf2 pathway is closely related to neurodegenerative disorders 

[130]. 
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In homeostatic conditions, Nrf2 is isolated by the Keap1 complex in the cytoplasm, 

transferring ubiquitin proteins from E2 ligases to the Neh2 domain in Nrf2 four residue 

β-hairpin, which interacts with the bottom surface of the Kelch domain of one promotor 

on the Keap1 homodimer in the open conformation [132–134]. The β-hairpin conformation 

in Nrf2 interacts similarly with the bottom surface of the Kelch domain of the second pro-

tomer of the Keap1 homodimer in a second step, called the closed conformation [132]. The 

Keap1–Nrf2 interaction is also referred to as the hinge and latch model. The Keap1–Nrf2 

complex closed conformation allows a lysine-rich α-helix orientation in the Neh2 domain 

for the Keap1-dependent ubiquitination. This requires the presence of Neddylated-cullin-

3 (Cul3) and ring-box 1 (Rbx1) protein [135,136]. 

Nrf2 inducers oxidize cysteine residues in Keap1, activating a conformational change 

in the structure. This change in Keap1 induces a Keap1–Nrf2 interaction in a closed con-

formation. However, in this interaction, lysine residues of Nrf2 are not appropriately po-

sitioned for ubiquitination, decreasing Nrf2 degradation. This phenomenon reduces 

Keap1 levels to isolate a new Nrf2, which is then translocated into the nucleus [137]. Nrf2 

heterodimerizes in the nucleus with small Maf proteins with basic leucine zipper (bZip) 

domains and binds to the ARE sequences, including transcriptional activation [138] (Fig-

ure 6). Nrf2 has been reported to heterodimerize with other transcriptional factors like c-

Jun, jun dimerization protein 2 (JDP2), and specificity protein 1 (Sp-1), increasing tran-

scriptional activity [139,140]. Additionally, Nrf2 nuclear activity is regulated negatively 

by cellular master regulator of cell cycle entry and proliferative metabolism (c-Myc) di-

merization, which represses genes regulated by Nrf2 [141]. Activation of Nrf2 is ended 

with its nuclear export through nuclear export signal (NES) sequences in Nrf2. Phosphor-

ylation by glycogen synthase kinase 3 beta (GSK3β) is an essential process in nuclear ex-

port [139]. The study of the Nrf2 activation mechanism has been focused on the canonical 

pathway, with potential therapeutic effects against oxidative stress through Nrf2 signal-

ing. This pathway involves proteins such as p62, p21, and breast cancer type 1 suscepti-

bility protein (BRCA1) [127]. 

Nrf2 regulates antioxidant responses by transcriptionally activating HO-1 expres-

sion. Additionally, Keap1 regulates Nrf2 negatively by inhibiting the activation of Nrf2. 

HPT was evaluated for its potential to induce Nrf2 activation and degrade Keap1 in asso-

ciation with upregulation of HO-1. RAW 264.7 cells were treated with HPT in a range of 

concentrations, and a Western blot analysis of the proteins was conducted. Findings indi-

cated that HPT significantly increased total Nrf2 and Keap1 degradation [142,143]. Lui et 

al. treated myocardial ischemic mice induced with isoproterenol (ISO). There were sepa-

rately treated mice groups with low doses and high doses with HPT combined. Findings 

suggest that HPT protects ISO-induced myocardial ischemia by modulating oxidative 

stress, apoptosis, and inflammation by Nrf2 activation [144]. 
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Figure 6. Nrf2 mechanism of action. Oxidative stress induces Nrf2 modification, leading to the re-

lease, stabilization, and Nrf2 nuclear translocation. Nrf2 binds to the ARE in the promoter region, 

transcribing multiple antioxidant genes [145]. Nrf2, nuclear factor-erythroid factor 2-related factor 

2; Keap 1, Kelch-like ECH-associated protein 1; ub, ubiquinated; p, phosphorylation; Maf, muscu-

loaponeurotic fibrosarcoma; ARE, antioxidant response element.  

6.9. Possible Effects of Hesperetin on Autophagy Modulation 

Autophagy is a process found in low levels under normal conditions known as self-

eating, which maintains cellular homeostasis balancing catabolic mechanisms. Autoph-

agy is controlled by numerous pathways targeting multiple disease states, including viral 

and bacterial infections, cancer, diabetes, and neurodegenerative diseases [146]. It is acti-

vated in response to stress to remove excess damaging cellular proteins and organelles. 

Autophagy comprises five key steps: induction, nucleation, vesicle lengthening and mat-

uration, vesicle fusion, and degradation and recycling [146]. These processes are regulated 

by the recruitment of autophagy-related protein repressed by the mechanistic target of 

rapamycin complex 1 [146]. 

Claims that autophagy deficiency promotes neurodegeneration are strengthened by 

studies that uncover a class of diseases caused by mutations in critical autophagic genes. 

β-propeller protein-associated neurodegeneration (BPAN) is a type of neurodegeneration 

introduced with a movement disorder and declines in intellect [147]. This disease is an X-

linked dominant with the loss of function mutation in WD Repeat Domain 45 

(WDR45)/WD repeat domain phosphoinositide-interacting protein 4 (WIPI4), a β-propel-

ler scaffold protein that is an autophagic gene. In mice, autophagy in the brain was further 

highlighted in studies showing that the neuron-specific loss of critical autophagic proteins 

leads to neurodegenerative phenotypes in the absence of contributing factors [148,149]. 

Autophagy is a critical regulator of intracytoplasmic aggregate-prone protein levels that 

cause neurodegenerative diseases, including ALS, PD, HD, and several dementias [150–

153]. When autophagy is impaired, there is a delay in removing said aggregates, and self-

eating is initiated when stimulated [147]. 

It has been reported in several neurodegenerative diseases that autophagic dysfunc-

tion contributes to these disorders. It was first suggested that autophagy alteration in AD 

was caused by accumulating autophagic vesicles in impacted neurons. Initially consid-

ered, increased autophagy was a representation of AD, but, more recently, findings imply 

that vesicle accumulation is because of reduced autophagic clearance [154,155]. The γ-
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secretase complex is required for Aβ production. Presenilin-1 (PS1) is part of complex 

functions that facilitate the N-glycosylation of V0 sector isoform a1 (V0a1) subunit lysoso-

mal v-ATPase and traffic the enabling acidification of the lysosome [156]. The mutation of 

PS1 and presenilin-2 (PS2) causes familial autosomal-dominant AD, resulting in neuronal 

loss, amyloid deposition, and lysosomal pathology [157,158]. Lysosome acidification loss 

and function lead to autophagosome accumulation. It has also been shown that decreasing 

the expression of beclin 1 (BECN1), the autophagic gene coding for beclin1, reduced 

mRNA levels in neuronal autophagy of AD brain tissue [159]. BECN1 can be cleaved by 

caspase3, which may be activated in AD neurons, causing the impaired formation of au-

tophagosomes [160]. In a haploinsufficient mice model, overexpressing amyloid precur-

sor protein crossed with beclin1 demonstrated autophagy disruption and heightened pa-

thology [147]. The loss of beclin1 activity decreases autophagosome formation, which may 

be coupled with defects in autophagosome biogenesis and degradation, resulting in de-

fective lysosomes [147]. Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene in 

autosomal dominant PD have been indicated to regulate autophagy negatively following 

LRRK2 knockdown [161]. Another form of PD, the Kufor–Rakeb syndrome, is linked to 

mutations in ATPase cation transporting 13A2 (ATPase 13A2), encoding for lysosomal 

ATPase. This ATPase type regulates lysosomal acidification, which is needed for autoph-

agosome–lysosome fusion and substrate degradation [162]. Many studies have implied 

that Aβ influences neurodegenerative diseases; however, Aβ is a substrate of autophagy. 

Pucci et al. demonstrated that in methylglyoxal-treated mice, PS1 was significantly 

increased based on a high intake of AGE activators in the diet, which increased oxidative 

stress in AD mice models, suggesting a link between RAGE and PS1 as it relates to the 

worsening of dementia, such as AD [163]. Recent studies have demonstrated the im-

portance of AGEs in neurodegenerative conditions with the abnormal accumulation of 

glycated proteins in the brain. Furthermore, as previously stated, the diet can increase 

AGE collection leading to increased oxidative stress and inhibition of Nrf2, both of which 

progress to neurodegenerative diseases. Mastrocola et al. [164] demonstrated that mice 

fed with fructose treated with pyridoxamine displayed an inhibited production of AGEs 

and upregulated Nrf2. Evidence also shows that increased levels of RAGEs can trigger the 

stimulation of NFkB, leading to decreased expression of Nrf2 [165]. 

Recently, flavonoids have been investigated for their anti-inflammatory and anti-

tumor properties and their connection to autophagy [166,167]. Some beneficial effects of 

some flavonoids in oncology pathology are commonly coupled with their activity on au-

tophagy and nonapoptotic cell death [168]. Multiple articles showed that flavonoids could 

induce autophagy both in vivo and in vitro, resulting from their antioxidant activity in 

proteosomes and mitochondrial endoplasmic reticulum [169]. 

Flavonoids have protective effects against bacterial and viral infections that promote 

the activation of autophagy like baicalin, epigallocatechin gallate (EGCG), naringenin, 

and quercetin [170,171]. Endothelial cells treated with a high glucose concentration 

demonstrated that quercetin induces autophagy by the negative regulation of p62 and 

beclin-1 and microtubule-associated protein light chain 3 lipidated limestone calcined clay 

cement (LC3-II) activation [172]. Oxidative damage is reduced and there is an improve-

ment in antioxidant defense. This suggests that flavonoids could be potential candidates 

in treating neurodegeneration linked with defective autophagy, demonstrated by their 

ability to modulate autophagy [172]. Quercetin in AD has been shown to reduce abnormal 

protein aggregates such as β-amyloid peptides and hyperphosphorylated tau protein 

through the autophagy pathway [173,174]. In primary rat neuron culture, EGCG de-

creases phosphorylated tau protein by upregulation of mRNA expression of autophagy 

adapter proteins [175]. An in vivo PD model showed that quercetin and baicalin amplify 

autophagic functions, and neurotoxicity induced by rotenone was improved [173,176]. 

Autophagy plays a protective role in pathophysiology, and it should be noted that the 

modulation of autophagy is a critical target in regulating metabolic diseases [177]. 
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It was described that HPT affects A1-42-induced autophagy with the impairment of in-

sulin-stimulated glucose uptake in Neuro-2A cells, indicating that this phenomenon may be 

related to cellular autophagy [126]. Findings in this study suggest that HPT may be a potential 

therapeutic agent to prevent the progression of neurodegeneration by modulating autophagy 

[126]. 

6.10. The Possible Protective Effects of Hesperetin on MicroRNA 

MicroRNA (miRNA) degradation is emerging as a contributor to neurodegeneration, in-

fluencing most of the mechanisms responsible for neurodegenerative diseases [178]. It is said 

that neurodegeneration can be considered an RNA disorder where miRNA plays a critical role 

[179]. The miRNA could provide therapeutic targets based on suggesting that one miRNA can 

affect several target genes, potentially modifying an entire disease phenotype by modulating 

one molecule. The miRNAs are single-stranded RNA molecules that inhibit gene expression 

by complementary binding sequences in the three prime untranslated region (3′UTR) of target 

genes [180]. In the brain, dopaminergic neurons are dependent on the functionality of the 

miRNA network, which has been observed in vitro and in vivo [181]. In neurodegeneration, 

miRNA has been described as regulating APP expression [182]. Recent research shows that 

miRNAs may induce TLR and mediate neuroinflammatory processes [183]. 

Various preclinical studies have indicated their possible therapeutic potential to alter 

miRNAs levels by different mechanisms. The quercetin intake effect is mediated primarily by 

its ability to influence miRNA expression. The miRNA has a regulatory role in major pro-

cesses, including inflammation, apoptosis, proliferation, differentiation, neurodegeneration, 

and immune response. In neurodegenerative diseases like AD, quercetin has shown a modi-

fied regulation of miRNA [184]. In the various stages of AD, multiple cells affect many miR-

NAs, potentially those involved in AD. An in vitro study using PC-12 neuronal cells demon-

strated that quercetin markedly protected them from hydrogen peroxide-induced cellular 

death [185,186]. ROS and neurodegenerative processes are linked and act as the regulators 

and effectors of miRNA and their target proteins [187,188]. Over 135 miRNAs are found in 

neuronal cells in response to oxidative stress, and there was a reduction in the number of miR-

NAs identified as critical in antioxidant responses triggered by quercetin [181]. Neuronal cells 

pretreated with quercetin showed that 14 miRNAs had altered expression induced by oxida-

tive stress; miRNAs observed here were linked to the antioxidant ability of quercetin [188]. In 

diabetes-induced memory impairment mice, quercetin has been demonstrated to increase the 

expression of miR-146a, miR-9, and precursor proteins. A critical finding in this study was that 

quercetin normalizes gene expression in the hippocampus of diabetic rats, modulating patho-

logical inflammation. It was suggested that miRNA-dependent anti-inflammatory mecha-

nisms justify the neuroprotective effects of quercetin [189]. An AD mouse model with vitamin 

D deficiency supplemented with quercetin had a significant reduction in miRNA levels, sug-

gesting that tau amelioration upon treatment with quercetin may modulate miRNA expres-

sion. Modifications of miRNA were observed, which indicates that quercetin treatment causes 

miRNA differential expression in specific regions of the brain that can participate in neuro-

degenerative disease, particularly AD [190]. 

Although there is little knowledge regarding this, EGCG has been demonstrated to up-

regulate miRNA expression in chondrocytes and decrease inflammation in osteoarthritis via 

miRNA-199a-3p, reducing cyclooxygenase-2 (COX2) stimulation [191]. Both prostaglandin E2 

and interleukin 1 were inhibited. It was also shown that EGCG reduces the prevalence of 

miRNA in the serum in APP/PSI transgenic mice [192]. These findings suggest that EGCG 

may indirectly affect miRNA, decreasing age-related neuroinflammation [183]. 

Dong et al. investigated the protective effects and mechanism of HPT in the lungs of mice. 

Results on injured lung tissue showed a significant increase in miRNA levels in acute lung 

injury mice after HPT treatment, suggesting that HPT has a protective effect on miRNA [193]. 

These findings indicate that HTP may be a potential agent for increasing miRNA expression 

[193]. 
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7. Conclusions 

Neurodegenerative diseases can be triggered by aging, elevated oxidative stress, 

neuroinflammation, and environmental factors. However, outcomes of neurodegenera-

tion may be attenuated with the use of different flavonoids. HPT is a flavonoid with anti-

inflammatory effects through the downregulation of inflammatory cytokines and antiox-

idative stress properties by the activation of the Nrf2/Keap1 pathway and the subsequent 

induction of antioxidant genes transcription. Reports show evidence that HPT can cross 

the BBB. Moreover, HPT was demonstrated to modulate autophagy and increase miRNA 

levels, making it a potential candidate for treating neurodegenerative diseases or delaying 

the onset of the disease. The available literature allows the conclusion that HPT may be a 

potential candidate for the management of neurodegenerative disease, offering neuropro-

tection, although further investigations are still needed (Figure 7). 

 

Figure 7. Hesperetin’s neuroprotective effects. Studies show that in vivo and in vitro administration 

of hesperetin increases miRNA levels, decreases the expression of proinflammatory cytokines, re-

duces autophagy, and reduces the chronic production of ROS, indicating a neuroprotective mecha-

nism for this compound. miRNA, microRNA. 

Author Contributions: Conceptualization: J.A.E., P.M., and K.F.A.S.; Funding acquisition: K.F.A.S.; 

Project administration: K.F.A.S.; Investigation: J.A.E., P.M., and K.F.A.S.; Resources: K.F.A.S.; Su-

pervision: K.F.A.S.; Writing—original draft: J.A.E., P.M; Writing—review & editing: J.A.E., P.M., 

and K.F.A.S. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was supported by National Institute on Minority Health and Health Dispar-

ities Grants U54 MD 007582. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Brown, R.C.; Lockwood, A.H.; Sonawane, B.R. Neurodegenerative Diseases: An Overview of Environmental Risk Factors. En-

viron. Health Perspect. 2005, 113, 1250–1256. https://doi.org/10.1289/ehp.7567. 

2. Khan, A.; Ikram, M.; Hahm, J.R.; Kim, M.O. Antioxidant and Anti-Inflammatory Effects of Citrus Flavonoid Hesperetin: Special 

Focus on Neurological Disorders. Antioxidants 2020, 9, 609. https://doi.org/10.3390/antiox9070609. 

3. Meek, P.D.; McKeithan, K.; Schumock, G.T. Economic considerations in Alzheimer’s disease. Pharmacotherapy 1998, 18 Pt 2, 68–

73; discussion 9–82. 

4. Zahra, W.; Rai, S.N.; Birla, H.; Singh, S.S.; Dilnashin, H.; Rathore, A.S.; Singh, S.P. The global economic impact of neurodegen-

erative diseases: Opportunities and challenges. In Bioeconomy for Sustainable Development; Keswani, C., Ed.; Springer Nature: 

Singapore, 2020; pp. 333–345. ISBN 9789811394300. 



Nutrients 2022, 14, 2228 19 of 26 
 

 

5. Cannon, J.R.; Greenamyre, J.T. The role of environmental exposures in neurodegeneration and neurodegenerative diseases. 

Toxicol. Sci. 2011, 124, 225–250. 

6. Disabato, D.J.; Quan, N.; Godbout, J.P. Neuroinflammation: The devil is in the details. J. Neurochem. 2016, 139 (Suppl. 2), 136–

153. https://doi.org/10.1111/jnc.13607. 

7. Cobley, J.N.; Fiorello, M.L.; Bailey, D.M. 13 reasons why the brain is susceptible to oxidative stress. Redox Biol. 2018, 15, 490–

503. https://doi.org/10.1016/j.redox.2018.01.008. 

8. Guo, C.; Sun, L.; Chen, X.; Zhang, D. Oxidative stress, mitochondrial damage, and neurodegenerative diseases. Neural. Regen. 

Res. 2013, 8, 2003–2014. 

9. Kang, Y.; Lee, J.-H.; Seo, Y.H.; Jang, J.-H.; Jeong, C.-H.; Lee, S.; Jeong, G.-S.; Park, B. Epicatechin Prevents Methamphetamine-

Induced Neuronal Cell Death via Inhibition of ER Stress. Biomol. Ther. 2019, 27, 145–151. https://doi.org/10.4062/biomol-

ther.2018.092. 

10. De Andrade Teles, R.B.; Diniz, T.C.; Costa Pinto, T.C.; de Oliveira Júnior, R.G.; Gama e Silva, M.; de Lavor ÉM; Fernandes, 

A.W.C.; de Oliveira, A.P.; de Almeida Ribeiro, F.P.R.; da Silva, A.A.M.; et al. Flavonoids as Therapeutic Agents in Alzheimer’s 

and Parkinson’s Diseases: A Systematic Review of Preclinical Evidence. Oxid. Med. Cell. Longev. 2018, 2018, 7043213. 

https://doi.org/10.1155/2018/7043213. 

11. Jones, Q.R.; Warford, J.; Rupasinghe, H.V.; Robertson, G.S. Target-based selection of flavonoids for neurodegenerative disor-

ders. Trends Pharmacol. Sci. 2012, 33, 602–610. https://doi.org/10.1016/j.tips.2012.08.002. 

12. Gonzales, G.B.; Smagghe, G.; Grootaert, C.; Zotti, M.; Raes, K.; Camp, J.V. Flavonoid interactions during digestion, absorption, 

distribution, and metabolism: A sequential structure-activity/property relationship-based approach in the study of bioavaila-

bility and bioactivity. Drug Metab. Rev. 2015, 47, 175–190. 

13. Parhiz, H.; Roohbakhsh, A.; Soltani, F.; Rezaee, R.; Iranshahi, M. Antioxidant, and anti-inflammatory properties of the citrus 

flavonoid’s hesperidin and hesperetin: An updated review of their molecular mechanisms and experimental models. Phytother. 

Res. 2015, 29, 323–331. 

14. Wang, S.-W.; Wang, W.; Sheng, H.; Bai, Y.-F.; Weng, Y.-Y.; Fan, X.-Y.; Zheng, F.; Zhu, X.T.; Xu, Z.C.; Zhang, F.; et al. hesperetin, 

a SIRT1 activator, inhibits hepatic inflammation via the AMPK/CREB pathway. Int. Immunopharmacol. 2020, 89, 107036. 

https://doi.org/10.1016/j.intimp.2020.107036. 

15. Muhammad, T.; Ikram, M.; Ullah, R.; Rehman, S.U.; Kim, M.O. Hesperetin, a Citrus Flavonoid, Attenuates LPS-Induced Neu-

roinflammation, Apoptosis, and Memory Impairment by Modulating TLR4/NF-κB Signaling. Nutrients 2019, 11, 648. 

https://doi.org/10.3390/nu11030648. 

16. Wu, J.; Qian, Y.; Chen, C.; Feng, F.; Pan, L.; Yang, L.; Wang, C. Hesperetin Exhibits Anti-Inflammatory Effects on Chondrocytes 

via the AMPK Pathway to Attenuate Anterior Cruciate Ligament Transection-Induced Osteoarthritis. Front. Pharmacol. 2021, 

12, 735087. https://doi.org/10.3389/fphar.2021.735087. 

17. Przedborski, S.; Vila, M.; Jackson-Lewis, V. Neurodegeneration: What is it and where are we? J. Clin. Investig. 2003, 111, 3–10. 

18. Jellinger, K.A. Recent advances in our understanding of neurodegeneration. J. Neural Transm. 2009, 116, 1111–1162. 

https://doi.org/10.1007/s00702-009-0240-y. 

19. Carmona, J.J.; Michan, S. Biology of Healthy Aging and Longevity. Rev. Investig. Clin. 2016, 68, 7–16. 

20. Hou, Y.; Dan, X.; Babbar, M.; Wei, Y.; Hasselbalch, S.G.; Croteau, D.L.; Bohr, V.A. Ageing as a risk factor for neurodegenerative 

disease. Nat. Rev. Neurol. 2019, 15, 565–581. https://doi.org/10.1038/s41582-019-0244-7. 

21. Azam, S.; Haque, E.; Balakrishnan, R.; Kim, I.-S.; Choi, D.-K. The Ageing Brain: Molecular and Cellular Basis of Neurodegener-

ation. Front. Cell Dev. Biol. 2021, 9, 683459. https://doi.org/10.3389/fcell.2021.683459. 

22. Hung, C.-W.; Chen, Y.-C.; Hsieh, W.-L.; Chiou, S.-H.; Kao, C.-L. Ageing, and neurodegenerative diseases. Ageing Res. Rev. 2010, 

9, S36–S46. 

23. Elobeid, A.; Libard, S.; Leino, M.; Popova, S.N.; Alafuzoff, I. Altered Proteins in the Aging Brain. J. Neuropathol. Exp. Neurol. 

2016, 75, 316–325. https://doi.org/10.1093/jnen/nlw002. 

24. Salahuddin, P.; Rabbani, G.; Khan, R.H. The role of advanced glycation end products in various types of neurodegenerative 

disease: A therapeutic approach. Cell. Mol. Biol. Lett. 2014, 19, 407–437. https://doi.org/10.2478/s11658-014-0205-5. 

25. Cai, Z.; Liu, N.; Wang, C.; Qin, B.; Zhou, Y.; Xiao, M.; Chang, L.; Yan, L.J. Role of RAGE in Alzheimer’s Disease. Cell. Mol. 

Neurobiol. 2016, 36, 483–495. 

26. Lovestone, S.; Smith, U. Advanced glycation end products, dementia, and diabetes. Proc. Natl. Acad. Sci. USA 2014, 111, 4743–

4744. 

27. van Ham, T.J.; Breitling, R.; Swertz, M.A.; Nollen, E.A. Neurodegenerative diseases: Lessons from genome-wide screens in small 

model organisms. EMBO Mol. Med. 2009, 1, 360–370. 

28. Bishop, N.A.; Lu, T.; Yankner, B.A. Neural mechanisms of ageing and cognitive decline. Nature 2010, 464, 529–535. 

https://doi.org/10.1038/nature08983. 

29. Small, S.A.; Tsai, W.Y.; DeLaPaz, R.; Mayeux, R.; Stern, Y. Imaging hippocampal function across the human life span: Is memory 

decline normal or not? Ann. Neurol. Off. J. Am. Neurol. Assoc. Child Neurol. Soc. 2002, 51, 290–295. 

30. Gómez-Isla, T.; Price, J.L.; McKeel Jr, D.W.; Morris, J.C.; Growdon, J.H.; Hyman, B.T. Profound loss of layer II entorhinal cortex 

neurons occurs in very mild Alzheimer’s disease. J. Neurosci. 1996, 16, 4491–4500. 

31. Rodrigue, K.M.; Raz, N. Shrinkage of the entorhinal cortex over five years predicts memory performance in healthy adults. J. 

Neurosci. 2004, 24, 956–963. 



Nutrients 2022, 14, 2228 20 of 26 
 

 

32. Andrews-Hanna, J.R.; Snyder, A.Z.; Vincent, J.L.; Lustig, C.; Head, D.; Raichle, M.E.; Buckner, R.L. Disruption of large-scale 

brain systems in advanced aging. Neuron 2007, 56, 924–935. 

33. Yankner, B.A.; Lu, T.; Loerch, P. The aging brain. Annu. Rev. Pathol. Mech. Dis. 2008, 3, 41–66. 

34. Loerch, P.M.; Lu, T.; Dakin, K.A.; Vann, J.M.; Isaacs, A.; Geula, C.; Wang, J.; Pan, Y.; Gabuzda, D.H.; Li, C.; et al. Evolution of 

the Aging Brain Transcriptome and Synaptic Regulation. PLoS ONE 2008, 3, e3329. https://doi.org/10.1371/journal.pone.0003329. 

35. Braak, H.; Bohl, J.R.; Müller, C.M.; Rüb, U.; de Vos, R.A.; Del Tredici, K. Stanley Fahn Lecture 2005: The staging procedure for 

the inclusion body pathology associated with sporadic Parkinson’s disease reconsidered. Mov. Disord. Off. J. Mov. Disord. Soc. 

2006, 21, 2042–2051. 

36. Halliday, G.M.; McCann, H. The progression of pathology in Parkinson’s disease. Ann. N.Y. Acad. Sci. 2010, 1184, 188–195. 

37. Schetters, S.T.T.; Gomez-Nicola, D.; Garcia-Vallejo, J.J.; Van Kooyk, Y. Neuroinflammation: Microglia and T Cells Get Ready to 

Tango. Front. Immunol. 2018, 8, 1905. https://doi.org/10.3389/fimmu.2017.01905. 

38. Pretorius, E.; Bester, J.; Page, M.; Kell, D. The Potential of LPS-Binding Protein to Reverse Amyloid Formation in Plasma Fibrin 

of Individuals With Alzheimer-Type Dementia. Front. Aging Neurosci. 2018, 10, 257. https://doi.org/10.3389/fnagi.2018.00257. 

39. Hsieh, Y.H.; Deng, J.S.; Chang, Y.S.; Huang, G.J. Ginsenoside Rh2 Ameliorates Lipopolysaccharide-Induced Acute Lung Injury 

by Regulating the TLR4/PI3K/Akt/mTOR, Raf-1/MEK/ERK, and Keap1/Nrf2/HO-1 Signaling Pathways in Mice. Nutrients 2018, 

10, 1208. https://doi.org/10.3390/nu10091208. 

40. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress: 

Harms and Benefits for Human Health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. https://doi.org/10.1155/2017/8416763. 

41. Al-Gubory, K.H.; Garrel, C.; Faure, P.; Sugino, N. Roles of antioxidant enzymes in corpus luteum rescue from reactive oxygen 

species-induced oxidative stress. Reprod. Biomed. Online 2012, 25, 551–560. https://doi.org/10.1016/j.rbmo.2012.08.004. 

42. Deponte, M. Glutathione catalysis and the reaction mechanisms of glutathione-dependent enzymes. Biochim. Biophys. Acta (BBA) 

Gen. Subj. 2013, 1830, 3217–3266. https://doi.org/10.1016/j.bbagen.2012.09.018. 

43. Halliwell, B. Biochemistry of oxidative stress. Biochem. Soc. Trans. 2007, 35, 1147–1150. https://doi.org/10.1042/bst0351147. 

44. Valko, M.; Izakovic, M.; Mazur, M.; Rhodes, C.J.; Telser, J. Role of oxygen radicals in DNA damage and cancer incidence. Mol. 

Cell. Biochem. 2004, 266, 37–56. https://doi.org/10.1023/b:mcbi.0000049134.69131.89. 

45. Ceriello, A. Possible Role of Oxidative Stress in the Pathogenesis of Hypertension. Diabetes Care 2008, 31, S181–S184. 

https://doi.org/10.2337/dc08-s245. 

46. Embury, C.; Dyavarshetty, B.; Lu, Y.; Wiederin, J.L.; Ciborowski, P.; E Gendelman, H.; Kiyota, T. Cathepsin B Improves ß-

Amyloidosis and Learning and Memory in Models of Alzheimer’s Disease. J. Neuroimmune Pharmacol. 2016, 12, 340–352. 

https://doi.org/10.1007/s11481-016-9721-6. 

47. Liu, P.-P.; Xie, Y.; Meng, X.-Y.; Kang, J.-S. History and progress of hypotheses and clinical trials for Alzheimer’s disease. Signal 

Transduct. Target. Ther. 2019, 4, 29. https://doi.org/10.1038/s41392-019-0063-8. 

48. Pacheco-Quinto, J.; Eckman, E.A. Endothelin-converting Enzymes Degrade Intracellular β-Amyloid Produced within the En-

dosomal/Lysosomal Pathway and Autophagosomes. J. Biol. Chem. 2013, 288, 5606–5615. 

https://doi.org/10.1074/jbc.m112.422964. 

49. Obrador, E.; Salvador, R.; López-Blanch, R.; Jihad-Jebbar, A.; Vallés, S.L.; Estrela, J.M. Oxidative Stress, Neuroinflammation and 

Mitochondria in the Pathophysiology of Amyotrophic Lateral Sclerosis. Antioxidants 2020, 9, 901. https://doi.org/10.3390/an-

tiox9090901. 

50. Sies, H. Oxidative stress: A concept in redox biology and medicine. Redox Biol. 2015, 4, 180–183. https://doi.org/10.1016/j.re-

dox.2015.01.002. 

51. Liu, J.; Wang, F. Role of Neuroinflammation in Amyotrophic Lateral Sclerosis: Cellular Mechanisms and Therapeutic Implica-

tions. Front. Immunol. 2017, 8, 1005. https://doi.org/10.3389/fimmu.2017.01005. 

52. Carrı̀, M.T.; Ferri, A.; Cozzolino, M.; Calabrese, L.; Rotilio, G. Neurodegeneration in amyotrophic lateral sclerosis: The role of 

oxidative stress and altered homeostasis of metals. Brain Res. Bull. 2003, 61, 365–374. https://doi.org/10.1016/s0361-

9230(03)00179-5. 

53. Pollari, E.; Goldsteins, G.; Bart, G.; Koistinaho, J.; Giniatullin, R. The role of oxidative stress in degeneration of the neuromus-

cular junction in amyotrophic lateral sclerosis. Front. Cell. Neurosci. 2014, 8, 131. https://doi.org/10.3389/fncel.2014.00131. 

54. Duan, W.; Li, X.; Shi, J.; Guo, Y.; Li, Z.; Li, C. Mutant TAR DNA-binding protein-43 induces oxidative injury in motor neuron-

like cell. Neuroscience 2010, 169, 1621–1629. https://doi.org/10.1016/j.neuroscience.2010.06.018. 

55. Petri, S.; Körner, S.; Kiaei, M. Nrf2/ARE Signaling Pathway: Key Mediator in Oxidative Stress and Potential Therapeutic Target 

in ALS. Neurol. Res. Int. 2012, 2012, 878030. 

56. Vargas, M.; Pehar, M.; Cassina, P.; Beckman, J.S.; Barbeito, L. Increased glutathione biosynthesis by Nrf2 activation in astrocytes 

prevents p75NTR-dependent motor neuron apoptosis. J. Neurochem. 2006, 97, 687–696. https://doi.org/10.1111/j.1471-

4159.2006.03742.x. 

57. Sian, J.; Dexter, D.T.; Lees, A.J.; Daniel, S.; Agid, Y.; Javoy-Agid, F.; Jenner, P. Alterations in glutathione levels in Parkinson’s 

disease and other neurodegenerative disorders affecting basal ganglia. Ann. Neurol. 1994, 36, 348–355. 

58. Blesa, J.; Trigo-Damas, I.; Quiroga-Varela, A.; Jackson-Lewis, V.R. Oxidative stress and Parkinson’s disease. Front. Neuroanat. 

2015, 9, 91. https://doi.org/10.3389/fnana.2015.00091. 

59. Hauser, D.N.; Hastings, T.G. Mitochondrial dysfunction and oxidative stress in Parkinson’s disease and monogenic parkinson-

ism. Neurobiol. Dis. 2013, 51, 35–42. 



Nutrients 2022, 14, 2228 21 of 26 
 

 

60. Hwang, S.L.; Yen, G.C. Effect of hesperetin against oxidative stress via ER- and TrkA-mediated actions in PC12 cells. J. Agric. 

Food Chem. 2011, 59, 5779–5785. 

61. Halliwell, B. Reactive oxygen species and the central nervous system. J. Neurochem. 1992, 59, 1609–1623. 

62. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial Reactive Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol. 

Rev. 2014, 94, 909–950. https://doi.org/10.1152/physrev.00026.2013. 

63. Hwang, O. Role of oxidative stress in Parkinson’s disease. Exp. Neurobiol. 2013, 22, 11–17. 

64. Muftuoglu, M.; Elibol, B.; Dalmızrak, .; Ercan, A.; Kulaksız, G.; Ögüs, H.; Dalkara, T.; Özer, N. Mitochondrial complex I and IV 

activities in leukocytes from patients with parkin mutations. Mov. Disord. 2003, 19, 544–548. https://doi.org/10.1002/mds.10695. 

65. Brandes, M.S.; Gray, N.E. NRF2 as a Therapeutic Target in Neurodegenerative Diseases. ASN Neuro 2020, 12, 1759091419899782. 

https://doi.org/10.1177/1759091419899782. 

66. Itoh, K.; Chiba, T.; Takahashi, S.; Ishii, T.; Igarashi, K.; Katoh, Y.; Oyake, T.; Hayashi, N.; Satoh, K.; Hatayama, I.; et al. An 

Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response ele-

ments. Biochem. Biophys. Res. Commun. 1997, 236, 313–322. 

67. Motohashi, H.; Yamamoto, M. Nrf2–Keap1 defines a physiologically important stress response mechanism. Trends Mol. Med. 

2004, 10, 549–557. https://doi.org/10.1016/j.molmed.2004.09.003. 

68. Kobayashi, A.; Kang, M.-I.; Watai, Y.; Tong, K.I.; Shibata, T.; Uchida, K.; Yamamoto, M. Oxidative and Electrophilic Stresses 

Activate Nrf2 through Inhibition of Ubiquitination Activity of Keap1. Mol. Cell. Biol. 2006, 26, 221–229. 

https://doi.org/10.1128/mcb.26.1.221-229.2006. 

69. Huang, H.-C.; Nguyen, T.; Pickett, C.B. Phosphorylation of Nrf2 at Ser-40 by Protein Kinase C Regulates Antioxidant Response 

Element-mediated Transcription. J. Biol. Chem. 2002, 277, 42769–42774. https://doi.org/10.1074/jbc.m206911200. 

70. Nguyen, T.; Nioi, P.; Pickett, C.B. The Nrf2-Antioxidant Response Element Signaling Pathway and Its Activation by Oxidative 

Stress. J. Biol. Chem. 2009, 284, 13291–13295. https://doi.org/10.1074/jbc.r900010200. 

71. Sandberg, M.; Patil, J.; D’Angelo, B.; Weber, S.; Mallard, C. NRF2-regulation in brain health and disease: Implication of cerebral 

inflammation. Neuropharmacology 2013, 79, 298–306. https://doi.org/10.1016/j.neuropharm.2013.11.004. 

72. Lee, D.F.; Kuo, H.P.; Liu, M.; Chou, C.K.; Xia, W.; Du, Y.; Shen, J.; Chen, C.T.; Huo, L.; Hsu, M.C.; et al. KEAP1 E3 ligase-

mediated downregulation of NF-kappaB signaling by targeting IKKbeta. Mol. Cell 2009, 36, 131–140. 

73. Bellezza, I.; Tucci, A.; Galli, F.; Grottelli, S.; Mierla, A.L.; Pilolli, F.; Minelli, A. Inhibition of NF-κB nuclear translocation via HO-

1 activation underlies α-tocopheryl succinate toxicity. J. Nutr. Biochem. 2012, 23, 1583–1591. 

74. Thimmulappa, R.K.; Mai, K.H.; Srisuma, S.; Kensler, T.W.; Yamamoto, M.; Biswal, S. Identification of Nrf2-regulated genes 

induced by the chemopreventive agent sulforaphane by oligonucleotide microarray. Cancer Res. 2002, 62, 5196–5203. 

75. Ishii, T.; Itoh, K.; Ruiz, E.; Leake, D.S.; Unoki, H.; Yamamoto, M.; Mann, G.E. Role of Nrf2 in the regulation of CD36 and stress 

protein expression in murine macrophages: Activation by oxidatively modified LDL and 4-hydroxynonenal. Circ. Res. 2004, 94, 

609–616. 

76. Quinti, L.; Dayalan Naidu, S.; Träger, U.; Chen, X.; Kegel-Gleason, K.; Llères, D.; Connolly, C.; Chopra, V.; Low, C.; Moniot, S.; 

et al. KEAP1-modifying small molecule reveals muted NRF2 signaling responses in neural stem cells from Huntington’s disease 

patients. Proc. Natl. Acad. Sci. USA 2017, 114, e4676–e4685. 

77. Suh, J.H.; Shenvi, S.V.; Dixon, B.M.; Liu, H.; Jaiswal, A.K.; Liu, R.-M.; Hagen, T.M. Decline in transcriptional activity of Nrf2 

causes age-related loss of glutathione synthesis, which is reversible with lipoic acid. Proc. Natl. Acad. Sci. USA 2004, 101, 3381–

3386. https://doi.org/10.1073/pnas.0400282101. 

78. de Vries, H.E.; Witte, M.; Hondius, D.; Rozemuller, A.J.; Drukarch, B.; Hoozemans, J.; van Horssen, J. Nrf2-induced antioxidant 

protection: A promising target to counteract ROS-mediated damage in neurodegenerative disease? Free. Radic. Biol. Med. 2008, 

45, 1375–1383. 

79. Johnson, J.A.; Johnson, D.A.; Kraft, A.D.; Calkins, M.J.; Jakel, R.J.; Vargas, M.R.; Chen, P.C. The Nrf2-ARE pathway: An indicator 

and modulator of oxidative stress in neurodegeneration. Ann. N. Y. Acad. Sci. 2008, 1147, 61–69. 

80. Lee, J.-M.; Calkins, M.J.; Chan, K.; Kan, Y.W.; Johnson, J.A. Identification of the NF-E2-related Factor-2-dependent Genes Con-

ferring Protection against Oxidative Stress in Primary Cortical Astrocytes Using Oligonucleotide Microarray Analysis. J. Biol. 

Chem. 2003, 278, 12029–12038. https://doi.org/10.1074/jbc.m211558200. 

81. Kraft, A.D.; Johnson, D.A.; Johnson, J.A. Nuclear Factor E2-Related Factor 2-Dependent Antioxidant Response Element Activa-

tion by tert-Butylhydroquinone and Sulforaphane Occurring Preferentially in Astrocytes Conditions Neurons against Oxidative 

Insult. J. Neurosci. 2004, 24, 1101–1112. https://doi.org/10.1523/JNEUROSCI.3817-03.2004. 

82. Hannan, M.A.; Dash, R.; Sohag, A.A.M.; Haque, M.N.; Moon, I.S. Neuroprotection Against Oxidative Stress: Phytochemicals 

Targeting TrkB Signaling and the Nrf2-ARE Antioxidant System. Front. Mol. Neurosci. 2020, 13, 116. 

https://doi.org/10.3389/fnmol.2020.00116. 

83. Lee, J.-M.; Johnson, J.A. An important role of Nrf2-ARE pathway in the cellular defense mechanism. Korean Soc. Biochem. Mol. 

Biol. 2004, 37, 139–143. https://doi.org/10.5483/bmbrep.2004.37.2.139. 

84. Kanninen, K.; Malm, T.M.; Jyrkkänen, H.-K.; Goldsteins, G.; Keksa-Goldsteine, V.; Tanila, H.; Yamamoto, M.; Ylä-Herttuala, S.; 

Levonen, A.-L.; Koistinaho, J. Nuclear factor erythroid 2-related factor 2 protects against beta amyloid. Mol. Cell. Neurosci. 2008, 

39, 302–313. https://doi.org/10.1016/j.mcn.2008.07.010. 

85. Joshi, G.; Gan, K.A.; Johnson, D.A.; Johnson, J.A. Increased Alzheimer’s disease-like pathology in the APP/PS1ΔE9 mouse model 

lacking Nrf2 through modulation of autophagy. Neurobiol. Aging 2015, 36, 664–679. 



Nutrients 2022, 14, 2228 22 of 26 
 

 

86. Zhao, J.; Moore, A.N.; Redell, J.B.; Dash, P.K. Enhancing Expression of Nrf2-Driven Genes Protects the Blood Brain Barrier after 

Brain Injury. J. Neurosci. 2007, 27, 10240–10248. https://doi.org/10.1523/jneurosci.1683-07.2007. 

87. Zhao, X.; Sun, G.; Zhang, J.; Strong, R.; Dash, P.K.; Kan, Y.W.; Grotta, J.C.; Aronowski, J. Transcription Factor Nrf2 Protects the 

Brain From Damage Produced by Intracerebral Hemorrhage. Stroke 2007, 38, 3280–3286. 

https://doi.org/10.1161/strokeaha.107.486506. 

88. Mahomoodally, M.F.; Gurib-Fakim, A.; Subratty, A.H. Antimicrobial Activities and Phytochemical Profiles of Endemic Medic-

inal Plants of Mauritius. Pharm. Biol. 2005, 43, 237–242. https://doi.org/10.1080/13880200590928825. 

89. Wang, Y.; Chen, S.; Yu, O. Metabolic engineering of flavonoids in plants and microorganisms. Appl. Microbiol. Biotechnol. 2011, 

91, 949–956. https://doi.org/10.1007/s00253-011-3449-2. 

90. Rice-Evans, C.A.; Miller, N.J.; Bolwell, P.G.; Bramley, P.M.; Pridham, J.B. The Relative Antioxidant Activities of Plant-Derived 

Polyphenolic Flavonoids. Free Radic. Res. 1995, 22, 375–383. https://doi.org/10.3109/10715769509145649. 

91. Rendeiro, C.; Rhodes, J.S.; Spencer, J.P. The mechanisms of action of flavonoids in the brain: Direct versus indirect effects. Neu-

rochem. Int. 2015, 89, 126–139. https://doi.org/10.1016/j.neuint.2015.08.002. 

92. Cosme, P.; Rodríguez, A.B.; Espino, J.; Garrido, M. Plant Phenolics: Bioavailability as a Key Determinant of Their Potential 

Health-Promoting Applications. Antioxidants 2020, 9, 1263. https://doi.org/10.3390/antiox9121263. 

93. Youdim, K.A.; Dobbie, M.S.; Kuhnle, G.; Proteggente, A.R.; Abbott, N.J.; Rice-Evans, C. Interaction between flavonoids and the 

blood-brain barrier: In vitro studies. J. Neurochem. 2003, 85, 180–192. https://doi.org/10.1046/j.1471-4159.2003.01652.x. 

94. Aranganathan, S.; Selvam, J.P.; Nalini, N. Effect of hesperetin, a citrus flavonoid, on bacterial enzymes and carcinogen-induced 

aberrant crypt foci in colon cancer rats: A dose-dependent study. J. Pharm. Pharmacol. 2010, 60, 1385–1392. 

95. Kim, J.; Wie, M.-B.; Ahn, M.; Tanaka, A.; Matsuda, H.; Shin, T. Benefits of hesperidin in central nervous system disorders: A 

review. Anat. Cell Biol. 2019, 52, 369–377. https://doi.org/10.5115/acb.19.119. 

96. Zhao, C.; Wang, F.; Lian, Y.; Xiao, H.; Zheng, J. Biosynthesis of citrus flavonoids and their health effects. Crit. Rev. Food Sci. Nutr. 

2018, 60, 566–583. https://doi.org/10.1080/10408398.2018.1544885. 

97. Nielsen, I.L.F.; Chee, W.; Poulsen, L.; Offord-Cavin, E.; Rasmussen, S.E.; Frederiksen, H.; Enslen, M.; Barron, D.; Horcajada, M.-

N.; Williamson, G. Bioavailability Is Improved by Enzymatic Modification of the Citrus Flavonoid Hesperidin in Humans: A 

Randomized, Double-Blind, Crossover Trial. J. Nutr. 2006, 136, 404–408. https://doi.org/10.1093/jn/136.2.404. 

98. Erlund, I.; Meririnne, E.; Alfthan, G.; Aro, A. Plasma Kinetics and Urinary Excretion of the Flavanones Naringenin and Hes-

peretin in Humans after Ingestion of Orange Juice and Grapefruit Juice. J. Nutr. 2001, 131, 235–241. 

https://doi.org/10.1093/jn/131.2.235. 

99. Hollman, P.C.H. Absorption, Bioavailability, and Metabolism of Flavonoids. Pharm. Biol. 2004, 42 (Suppl. 1), 74–83. 

100. Jo, S.H.; Kim, M.E.; Cho, J.H.; Lee, Y.; Lee, J.; Park, Y.-D.; Lee, J.S. Hesperetin inhibits neuroinflammation on microglia by sup-

pressing inflammatory cytokines and MAPK pathways. Arch. Pharmacal Res. 2019, 42, 695–703. https://doi.org/10.1007/s12272-

019-01174-5. 

101. Choi, E.J.; Ahn, W.S. Neuroprotective effects of chronic hesperetin administration in mice. Arch. Pharmacal Res. 2008, 31, 1457–

1462. https://doi.org/10.1007/s12272-001-2130-1. 

102. Vauzour, D.; Vafeiadou, K.; Rice-Evans, C.; Williams, R.J.; Spencer, J.P. Activation of pro-survival Akt and ERK1/2 signalling 

pathways underlie the anti-apoptotic effects of flavanones in cortical neurons. J. Neurochem. 2007, 103, 1355–1367. 

103. Batista, C.R.A.; Gomes, G.F.; Candelario-Jalil, E.; Fiebich, B.L.; De Oliveira, A.C.P. Lipopolysaccharide-Induced Neuroinflam-

mation as a Bridge to Understand Neurodegeneration. Int. J. Mol. Sci. 2019, 20, 2293. https://doi.org/10.3390/ijms20092293. 

104. Liu, B.; Hong, J.-S. Role of Microglia in Inflammation-Mediated Neurodegenerative Diseases: Mechanisms and Strategies for 

Therapeutic Intervention. J. Pharmacol. Exp. Ther. 2003, 304, 1–7. https://doi.org/10.1124/jpet.102.035048. 

105. Boje, K.M.; Arora, P.K. Microglial-produced nitric oxide and reactive nitrogen oxides mediate neuronal cell death. Brain Res. 

1992, 587, 250–256. https://doi.org/10.1016/0006-8993(92)91004-x. 

106. Kreutzberg, G.W. Microglia: A sensor for pathological events in the CNS. Trends Neurosci. 1996, 19, 312–318. 

https://doi.org/10.1016/0166-2236(96)10049-7. 

107. Chao, C.C.; Hu, S.; Molitor, T.W.; Shaskan, E.G.; Peterson, P.K. Activated microglia mediate neuronal cell injury via a nitric 

oxide mechanism.. J. Immunol. 1992, 149, 2736–2741. 

108. O McGuire, S.; Ling, Z.D.; Lipton, J.W.; E Sortwell, C.; Collier, T.J.; Carvey, P.M. Tumor Necrosis Factor α Is Toxic to Embryonic 

Mesencephalic Dopamine Neurons. Exp. Neurol. 2001, 169, 219–230. https://doi.org/10.1006/exnr.2001.7688. 

109. Teismann, P.; Schulz, J.B. Cellular pathology of Parkinson’s disease: Astrocytes, microglia, and inflammation. Cell Tissue Res. 

2004, 318, 149–161. 

110. Sofroniew, M.V. Molecular dissection of reactive astrogliosis and glial scar formation. Trends Neurosci. 2009, 32, 638–647. 

https://doi.org/10.1016/j.tins.2009.08.002. 

111. Nakazawa, Y.; Pauze, M.; Fukuyama, K.; Nagai, N.; Funakoshi-Tago, M.; Sugai, T.; Tamura, H. Effect of hesperetin derivatives 

on the development of selenite-induced cataracts in rats. Mol. Med. Rep. 2018, 18, 1043–1050. 

https://doi.org/10.3892/mmr.2018.9045. 

112. Shukitt-Hale, B. The effects of aging and oxidative stress on psychomotor and cognitive behavior. Age 1999, 22, 9–17. 

https://doi.org/10.1007/s11357-999-0002-7. 

113. Schroeter, H.; Spencer, J.P.; Rice-Evans, C.; Williams, R.J. Flavonoids protect neurons from oxidized low-density-lipoprotein-

induced apoptosis involving c-Jun N-terminal kinase (JNK), c-Jun, and caspase-3. Biochem. J. 2001, 358 Pt 3, 547–557. 



Nutrients 2022, 14, 2228 23 of 26 
 

 

114. Spencer, J.P.; Schroeter, H.; Kuhnle, G.; Srai, S.K.; Tyrrell, R.M.; Hahn, U.; Rice-Evans, C. Epicatechin and it’s in vivo metabolite, 

3’-O-methyl epicatechin, protect human fibroblasts from oxidative-stress-induced cell death involving caspase-3 activation. Bi-

ochem. J. 2001, 354 Pt 3, 493–500. 

115. Spencer, J.P.; Schroeter, H.; Crossthwaithe, A.J.; Kuhnle, G.; Williams, R.; Rice-Evans, C. Contrasting influences of glucuronida-

tion and O -methylation of epicatechin on hydrogen peroxide-induced cell death in neurons and fibroblasts. Free Radic. Biol. 

Med. 2001, 31, 1139–1146. https://doi.org/10.1016/s0891-5849(01)00704-3. 

116. Shimouchi, A.; Yokota, H.; Ono, S.; Matsumoto, C.; Tamai, T.; Takumi, H.; Narayanan, S.P.; Kimura, S.; Kobayashi, H.; Caldwell, 

R.; et al. Neuroprotective effect of water-dispersible hesperetin in retinal ischemia reperfusion injury. Jpn. J. Ophthalmol. 2015, 

60, 51–61. https://doi.org/10.1007/s10384-015-0415-z. 

117. de Souza, V.T.; de Franco, É.P.; de Araújo, M.E.; Messias, M.C.; Priviero, F.B.; Frankland Sawaya, A.C.; de Oliveira Carvalho, P. 

Characterization of the antioxidant activity of aglycone and glycosylated derivatives of hesperetin: An in vitro and in vivo 

study. J. Mol. Recognit. 2016, 29, 80–87. 

118. Ikram, M.; Muhammad, T.; Rehman, S.U.; Khan, A.; Jo, M.G.; Ali, T.; Kim, M.O. Hesperetin Confers Neuroprotection by Regu-

lating Nrf2/TLR4/NF-κB Signaling in an Aβ Mouse Model. Mol. Neurobiol. 2019, 56, 6293–6309. 

119. Rehman, S.U.; Ikram, M.; Ullah, N.; Alam, S.I.; Park, H.Y.; Badshah, H.; Choe, K.; Kim, M.O. Neurological Enhancement Effects 

of Melatonin against Brain Injury-Induced Oxidative Stress, Neuroinflammation, and Neurodegeneration via AMPK/CREB 

Signaling. Cells 2019, 8, 760. https://doi.org/10.3390/cells8070760. 

120. Muhammad, T.; Ali, T.; Ikram, M.; Khan, A.; Alam, S.I.; Kim, M.O. Melatonin Rescue Oxidative Stress-Mediated Neuroinflam-

mation/ Neurodegeneration and Memory Impairment in Scopolamine-Induced Amnesia Mice Model. J. Neuroimmune Pharma-

col. 2019, 14, 278–294. https://doi.org/10.1007/s11481-018-9824-3. 

121. Zhu, C.; Dong, Y.; Liu, H.; Ren, H.; Cui, Z. Hesperetin protects against H (2)O(2)-triggered oxidative damage via upregulation 

of the Keap1-Nrf2/HO-1 signal pathway in ARPE-19 cells. Biomed. Pharmacother. 2017, 88, 124–133. 

122. Haidari, F.; Keshavarz, S.A.; Rashidi, M.R.; Shahi, M.M. Orange Juice and Hesperetin Supplementation to Hyperuricemic Rats 

Alter Oxidative Stress Markers and Xanthine Oxidoreductase Activity. J. Clin. Biochem. Nutr. 2009, 45, 285–291. 

https://doi.org/10.3164/jcbn.09-15. 

123. Yang, Z.; Liu, Z.; Wang, J.; Zhu, H. Antioxidative effects of hesperetin against lead acetate-induced oxidative stress in rats. 

Indian J. Pharmacol. 2013, 45, 395–398,. https://doi.org/10.4103/0253-7613.115015. 

124. Choi, E.J. Antioxidative effects of hesperetin against 7,12-dimethylbenz(a)anthracene-induced oxidative stress in mice. Life Sci. 

2008, 82, 1059–1064. https://doi.org/10.1016/j.lfs.2008.03.002. 

125. Kheradmand, E.; Hajizadeh Moghaddam, A.; Zare, M. Neuroprotective effect of hesperetin and nano-hesperetin on recognition 

memory impairment and the elevated oxygen stress in a rat model of Alzheimer’s disease. Biomed. Pharmacother. 2018, 97, 1096–

1101. 

126. Huang, S.-M.; Tsai, S.-Y.; Lin, J.-A.; Wu, C.-H.; Yen, G.-C. Cytoprotective effects of hesperetin and hesperidin against amyloid 

β-induced impairment of glucose transport through downregulation of neuronal autophagy. Mol. Nutr. Food Res. 2012, 56, 601–

609. https://doi.org/10.1002/mnfr.201100682. 

127. Islas, C.S.; Maldonado, P.D. Canonical and non-canonical mechanisms of Nrf2 activation. Pharmacol. Res. 2018, 134, 92–99. 

https://doi.org/10.1016/j.phrs.2018.06.013. 

128. Dinkova-Kostova, A.T.; Holtzclaw, W.D.; Kensler, T.W. The Role of Keap1 in Cellular Protective Responses. Chem. Res. Toxicol. 

2005, 18, 1779–1791. https://doi.org/10.1021/tx050217c. 

129. Hayes, J.D.; Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and intermediary me-

tabolism. Trends Biochem. Sci. 2014, 39, 199–218. https://doi.org/10.1016/j.tibs.2014.02.002. 

130. Buendia, I.; Michalska, P.; Navarro, E.; Gameiro, I.; Egea, J.; León, R. Nrf2–ARE pathway: An emerging target against oxidative 

stress and neuroinflammation in neurodegenerative diseases. Pharmacol. Ther. 2016, 157, 84–104. 

https://doi.org/10.1016/j.pharmthera.2015.11.003. 

131. Joshi, G.; Johnson, J.A. The Nrf2-ARE pathway: A valuable therapeutic target for the treatment of neurodegenerative diseases. 

Recent Pat. CNS Drug Discov. 2012, 7, 218–229. 

132. Lo, S.-C.; Li, X.; Henzl, M.T.; Beamer, L.J.; Hannink, M. Structure of the Keap1:Nrf2 interface provides mechanistic insight into 

Nrf2 signaling. EMBO J. 2006, 25, 3605–3617. https://doi.org/10.1038/sj.emboj.7601243. 

133. Padmanabhan, B.; Tong, K.I.; Kobayashi, A.; Yamamoto, M.; Yokoyama, S. Structural insights into the similar modes of Nrf2 

transcription factor recognition by the cytoplasmic repressor Keap1. J. Synchrotron Radiat. 2008, 15, 273–276. 

https://doi.org/10.1107/S090904950705114X. 

134. Tong, K.I.; Padmanabhan, B.; Kobayashi, A.; Shang, C.; Hirotsu, Y.; Yokoyama, S.; Yamamoto, M. Different Electrostatic Poten-

tials Define ETGE and DLG Motifs as Hinge and Latch in Oxidative Stress Response. Mol. Cell. Biol. 2007, 27, 7511–7521. 

https://doi.org/10.1128/mcb.00753-07. 

135. Lo, S.-C.; Hannink, M. CAND1-Mediated Substrate Adaptor Recycling Is Required for Efficient Repression of Nrf2 by Keap1. 

Mol. Cell. Biol. 2006, 26, 1235–1244. https://doi.org/10.1128/mcb.26.4.1235-1244.2006. 

136. Zhang, D.D.; Lo, S.-C.; Cross, J.V.; Templeton, D.J.; Hannink, M. Keap1 Is a Redox-Regulated Substrate Adaptor Protein for a 

Cul3-Dependent Ubiquitin Ligase Complex. Mol. Cell. Biol. 2004, 24, 10941–10953. https://doi.org/10.1128/mcb.24.24.10941-

10953.2004. 



Nutrients 2022, 14, 2228 24 of 26 
 

 

137. Baird, L.; Llères, D.; Swift, S.; Dinkova-Kostova, A.T. Regulatory flexibility in the Nrf2-mediated stress response is conferred by 

conformational cycling of the Keap1-Nrf2 protein complex. Proc. Natl. Acad. Sci. USA 2013, 110, 15259–15264. 

https://doi.org/10.1073/pnas.1305687110. 

138. Li, W.; Yu, S.; Liu, T.; Kim, J.-H.; Blank, V.; Li, H.; Kong, A.-N.T. Heterodimerization with small Maf proteins enhances nuclear 

retention of Nrf2 via masking the NESzip motif. Biochim. Biophys. Acta 2008, 1783, 1847–1856. 

https://doi.org/10.1016/j.bbamcr.2008.05.024. 

139. Chi, P.-L.; Lin, C.-C.; Chen, Y.-W.; Hsiao, L.-D.; Yang, C.-M. CO Induces Nrf2-Dependent Heme Oxygenase-1 Transcription by 

Cooperating with Sp1 and c-Jun in Rat Brain Astrocytes. Mol. Neurobiol. 2014, 52, 277–292. https://doi.org/10.1007/s12035-014-

8869-4. 

140. Tanigawa, S.; Lee, C.; Lin, C.; Ku, C.; Hasegawa, H.; Qin, S.; Kawahara, A.; Korenori, Y.; Miyamori, K.; Noguchi, M.; et al. Jun 

dimerization protein 2 is a critical component of the Nrf2/MafK complex regulating the response to ROS homeostasis. Cell Death 

Dis. 2013, 4, e921. https://doi.org/10.1038/cddis.2013.448. 

141. Levy, S.; Forman, H.J. C-Myc is a Nrf2-interacting protein that negatively regulates phase II genes through their electrophile 

responsive elements. IUBMB Life 2010, 62, 237–246. https://doi.org/10.1002/iub.314. 

142. Li, W.; Yu, S.; Kong, A.-N.T. Nrf2 Possesses a Redox-sensitive Nuclear Exporting Signal in the Neh5 Transactivation Domain. 

J. Biol. Chem. 2006, 281, 27251–27263. https://doi.org/10.1074/jbc.m602746200. 

143. Ren, H.; Hao, J.; Liu, T.; Zhang, D.; Lv, H.; Song, E.; Zhu, C. Hesperetin Suppresses Inflammatory Responses in Lipopolysac-

charide-Induced RAW 264.7 Cells via the Inhibition of NF-κB and Activation of Nrf2/HO-1 Pathways. Inflammation 2016, 39, 

964–973. https://doi.org/10.1007/s10753-016-0311-9. 

144. Liu, P.; Li, J.; Liu, M.; Zhang, M.; Xue, Y.; Zhang, Y.; Han, X.; Jing, X. Hesperetin modulates the Sirt1/Nrf2 signaling pathway in 

counteracting myocardial ischemia through suppression of oxidative stress, inflammation, and apoptosis. Biomed. Pharmacother. 

2021, 139, 111552. https://doi.org/10.1016/j.biopha.2021.111552. 

145. Mendonca, P.; Soliman, K.F.A. Flavonoids Activation of the Transcription Factor Nrf2 as a Hypothesis Approach for the Pre-

vention and Modulation of SARS-CoV-2 Infection Severity. Antioxidants 2020, 9, 659. https://doi.org/10.3390/antiox9080659. 

146. Adinew, G.; Taka, E.; Mendonca, P.; Messeha, S.; Soliman, K. The Anticancer Effects of Flavonoids through miRNAs Modula-

tions in Triple-Negative Breast Cancer. Nutrients 2021, 13, 1212. https://doi.org/10.3390/nu13041212. 

147. Frake, R.; Ricketts, T.; Menzies, F.M.; Rubinsztein, D.C. Autophagy and neurodegeneration. J. Clin. Investig. 2015, 125, 65–74. 

https://doi.org/10.1172/jci73944. 

148. Hara, T.; Nakamura, K.; Matsui, M.; Yamamoto, A.; Nakahara, Y.; Suzuki-Migishima, R.; Yokoyama, M.; Mishima, K.; Saito, I.; 

Okano, H.; et al. Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature 2006, 441, 

885–889. https://doi.org/10.1038/nature04724. 

149. Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.-I.; Tanida, I.; Ueno, T.; Koike, M.; Uchiyama, Y.; Kominami, E.; et al. 

Loss of autophagy in the central nervous system causes neurodegeneration in mice. Nature 2006, 441, 880–884. 

https://doi.org/10.1038/nature04723. 

150. Ravikumar, B.; Duden, R.; Rubinsztein, D.C. Aggregate-prone proteins with polyglutamine and polyalanine expansions are 

degraded by autophagy. Hum. Mol. Genet. 2002, 11, 1107–1117. https://doi.org/10.1093/hmg/11.9.1107. 

151. Webb, J.L.; Ravikumar, B.; Atkins, J.; Skepper, J.N.; Rubinsztein, D.C. Alpha-Synuclein is degraded by both autophagy and the 

proteasome. J. Biol. Chem. 2003, 278, 25009–25013. 

152. Barmada, S.J.; Serio, A.; Arjun, A.; Bilican, B.; Daub, A.; Ando, D.; Tsvetkov, A.S.; Pleiss, M.; Li, X.; Peisach, D.; et al. Autophagy 

induction enhances TDP43 turnover and survival in neuronal ALS models. Nat. Chem. Biol. 2014, 10, 677–685. 

https://doi.org/10.1038/nchembio.1563. 

153. Berger, Z.; Ravikumar, B.; Menzies, F.M.; Oroz, L.G.; Underwood, B.R.; Pangalos, M.N.; Schmitt, I.; Wullner, U.; Evert, B.O.; 

O’Kane, C.; et al. Rapamycin alleviates toxicity of different aggregate-prone proteins. Hum. Mol. Genet. 2005, 15, 433–442. 

https://doi.org/10.1093/hmg/ddi458. 

154. Nixon, R.A.; Wegiel, J.; Kumar, A.; Yu, W.H.; Peterhoff, C.; Cataldo, A.; Cuervo, A.M. Extensive Involvement of Autophagy in 

Alzheimer Disease: An Immuno-Electron Microscopy Study. J. Neuropathol. Exp. Neurol. 2005, 64, 113–122. 

https://doi.org/10.1093/jnen/64.2.113. 

155. Boland, B.; Kumar, A.; Lee, S.; Platt, F.M.; Wegiel, J.; Yu, W.H.; Nixon, R.A. Autophagy induction and autophagosome clearance 

in neurons: Relationship to autophagic pathology in Alzheimer’s disease. J. Neurosci. 2008, 28, 6926–6937. 

156. Lee, J.-H.; Yu, W.H.; Kumar, A.; Lee, S.; Mohan, P.S.; Peterhoff, C.M.; Wolfe, D.M.; Martinez-Vicente, M.; Massey, A.C.; Sovak, 

G.; et al. Lysosomal Proteolysis and Autophagy Require Presenilin 1 and Are Disrupted by Alzheimer-Related PS1 Mutations. 

Cell 2010, 141, 1146–1158. https://doi.org/10.1016/j.cell.2010.05.008. 

157. Sherrington, R.; Rogaev, E.I.; Liang, Y.; Rogaeva, E.A.; Levesque, G.; Ikeda, M.; Chi, H.; Lin, C.; Li, G.; Holman, K.; et al. Cloning 

of a gene bearing missense mutations in early-onset familial Alzheimer’s disease. Nature 1995, 375, 754–760. 

158. Cataldo, A.M.; Peterhoff, C.M.; Schmidt, S.D.; Terio, N.B.; Duff, K.; Beard, M.; Mathews, P.M.; Nixon, R.A. Presenilin Mutations 

in Familial Alzheimer Disease and Transgenic Mouse Models Accelerate Neuronal Lysosomal Pathology. J. Neuropathol. Exp. 

Neurol. 2004, 63, 821–830. https://doi.org/10.1093/jnen/63.8.821. 

159. Pickford, F.; Masliah, E.; Britschgi, M.; Lucin, K.; Narasimhan, R.; Jaeger, P.A.; Small, S.; Spencer, B.; Rockenstein, E.; Levine, B.; 

et al. The autophagy-related protein beclin 1 shows reduced expression in early Alzheimer disease and regulates amyloid beta 

accumulation in mice. J. Clin. Investig. 2008, 118, 2190–2199. 



Nutrients 2022, 14, 2228 25 of 26 
 

 

160. Rohn, T.T.; Wirawan, E.; Brown, R.J.; Harris, J.R.; Masliah, E.; Vandenabeele, P. Depletion of Beclin-1 due to proteolytic cleavage 

by caspases in the Alzheimer’s disease brain. Neurobiol. Dis. 2011, 43, 68–78. 

161. Alegre-Abarrategui, J.; Christian, H.; Lufino, M.M.; Mutihac, R.; Venda, L.L.; Ansorge, O.; Wade-Martins, R. LRRK2 regulates 

autophagic activity and localizes to specific membrane microdomains in a novel human genomic reporter cellular model. Hum. 

Mol. Genet. 2009, 18, 4022–4034. https://doi.org/10.1093/hmg/ddp346. 

162. Ramirez, A.; Heimbach, A.; Gründemann, J.; Stiller, B.; Hampshire, D.; Cid, L.P.; Goebel, I.; Mubaidin, A.F.; Wriekat, A.-L.; 

Roeper, J.; et al. Hereditary parkinsonism with dementia is caused by mutations in ATP13A2, encoding a lysosomal type 5 P-

type ATPase. Nat. Genet. 2006, 38, 1184–1191. https://doi.org/10.1038/ng1884. 

163. Pucci, M.; Aria, F.; Premoli, M.; Maccarinelli, G.; Mastinu, A.; Bonini, S.; Memo, M.; Uberti, D.; Abate, G. Methylglyoxal affects 

cognitive behaviour and modulates RAGE and Presenilin-1 expression in hippocampus of aged mice. Food Chem. Toxicol. 2021, 

158, 112608. https://doi.org/10.1016/j.fct.2021.112608. 

164. Mastrocola, R.; Nigro, D.; Cento, A.S.; Chiazza, F.; Collino, M.; Aragno, M. High-fructose intake as a risk factor for neurodegen-

eration: Key role for carboxymethyl lysine accumulation in mice hippocampal neurons. Neurobiol. Dis. 2016, 89, 65–75. 

165. Li, W.; Khor, T.O.; Xu, C.; Shen, G.; Jeong, W.-S.; Yu, S.; Kong, A.N. Activation of Nrf2-antioxidant signaling attenuates NFκB-

inflammatory response and elicits apoptosis. Biochem. Pharmacol. 2008, 76, 1485–1489. 

166. Zhang, H.-W.; Hu, J.-J.; Fu, R.-Q.; Liu, X.; Zhang, Y.-H.; Li, J.; Liu, L.; Li, Y.-N.; Deng, Q.; Luo, Q.-S.; et al. Flavonoids inhibit cell 

proliferation and induce apoptosis and autophagy through downregulation of PI3Kγ mediated PI3K/AKT/mTOR/p70S6K/ULK 

signaling pathway in human breast cancer cells. Sci. Rep. 2018, 8, 11255. https://doi.org/10.1038/s41598-018-29308-7. 

167. Zhang, B.; Buya, M.; Qin, W.; Sun, C.; Cai, H.; Xie, Q.; Xu, B.; Wu, Y. Anthocyanins from Chinese Bayberry Extract Activate 

Transcription Factor Nrf2 in β Cells and Negatively Regulate Oxidative Stress-Induced Autophagy. J. Agric. Food Chem. 2013, 

61, 8765–8772. https://doi.org/10.1021/jf4012399. 

168. García-Barrado, M.J.; Iglesias-Osma, M.C.; Pérez-García, E.; Carrero, S.; Blanco, E.J.; Carretero-Hernández, M.; Carretero, J. Role 

of Flavonoids in the Interactions among Obesity, Inflammation, and Autophagy. Pharmaceuticals 2020, 13, 342. 

https://doi.org/10.3390/ph13110342. 

169. Hasima, N.; Ozpolat, B. Regulation of autophagy by polyphenolic compounds as a potential therapeutic strategy for cancer. 

Cell Death Dis. 2014, 5, e1509. https://doi.org/10.1038/cddis.2014.467. 

170. Xue, Y.; Du, M.; Zhu, M.-J. Quercetin suppresses NLRP3 inflammasome activation in epithelial cells triggered by Escherichia 

coli O157:H7. Free Radic. Biol. Med. 2017, 108, 760–769. https://doi.org/10.1016/j.freeradbiomed.2017.05.003. 

171. Tsai, C.-Y.; Chen, C.-Y.; Chiou, Y.-H.; Shyu, H.-W.; Lin, K.-H.; Chou, M.-C.; Huang, M.-H.; Wang, Y.-F. Epigallocatechin-3-

Gallate Suppresses Human Herpesvirus 8 Replication and Induces ROS Leading to Apoptosis and Autophagy in Primary Ef-

fusion Lymphoma Cells. Int. J. Mol. Sci. 2017, 19, 16. https://doi.org/10.3390/ijms19010016. 

172. Rezabakhsh, A.; Rahbarghazi, R.; Malekinejad, H.; Fathi, F.; Montaseri, A.; Garjani, A. Quercetin alleviates high glucose-induced 

damage on human umbilical vein endothelial cells by promoting autophagy. Phytomedicine 2018, 56, 183–193. 

https://doi.org/10.1016/j.phymed.2018.11.008. 

173. El-Horany, H.E.; El-Latif, R.N.; ElBatsh, M.M.; Emam, M.N. Ameliorative Effect of Quercetin on Neurochemical and Behavioral 

Deficits in Rotenone Rat Model of Parkinson’s Disease: Modulating Autophagy (Quercetin on Experimental Parkinson’s Dis-

ease). J. Biochem. Mol. Toxicol. 2016, 30, 360–369. 

174. Regitz, C.; Dußling, L.M.; Wenzel, U. Amyloid-beta (Aβ₁₋₄₂)-induced paralysis in Caenorhabditis elegans is inhibited by the 

polyphenol quercetin through activation of protein degradation pathways. Mol. Nutr. Food Res. 2014, 58, 1931–1940. 

175. Chesser, A.S.; Ganeshan, V.; Yang, J.; Johnson, G.V.W. Epigallocatechin-3-gallate enhances clearance of phosphorylated tau in 

primary neurons. Nutr. Neurosci. 2015, 19, 21–31. https://doi.org/10.1179/1476830515y.0000000038. 

176. Kuang, L.; Cao, X.; Lu, Z. Baicalein Protects against Rotenone-Induced Neurotoxicity through Induction of Autophagy. Biol. 

Pharm. Bull. 2017, 40, 1537–1543. https://doi.org/10.1248/bpb.b17-00392. 

177. Rubinsztein, D.C.; Codogno, P.; Levine, B. Autophagy modulation as a potential therapeutic target for diverse diseases. Nat. 

Rev. Drug Discov. 2012, 11, 709–730. https://doi.org/10.1038/nrd3802. 

178. Maciotta, S.; Meregalli, M.; Torrente, Y. The involvement of microRNAs in neurodegenerative diseases. Front. Cell Neurosci. 

2013, 7, 265. https://doi.org/10.3389/fncel.2013.00265. 

179. Johnson, R.; Noble, W.; Tartaglia, G.G.; Buckley, N.J. Neurodegeneration as an RNA disorder. Prog. Neurobiol. 2012, 99, 293–315. 

https://doi.org/10.1016/j.pneurobio.2012.09.006. 

180. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. 

181. Kim, J.; Inoue, K.; Ishii, J.; Vanti, W.B.; Voronov, S.V.; Murchison, E.; Hannon, G.; Abeliovich, A. A MicroRNA Feedback Circuit 

in Midbrain Dopamine Neurons. Science 2007, 317, 1220–1224. https://doi.org/10.1126/science.1140481. 

182. Hebert, S.; De Strooper, B. Alterations of the microRNA network cause neurodegenerative disease. Trends Neurosci. 2009, 32, 

199–206. https://doi.org/10.1016/j.tins.2008.12.003. 

183. Payne, A.; Nahashon, S.; Taka, E.; Adinew, G.M.; Soliman, K.F.A. Epigallocatechin-3-Gallate (EGCG): New Therapeutic Per-

spectives for Neuroprotection, Aging, and Neuroinflammation for the Modern Age. Biomolecules 2022, 12, 371. 

https://doi.org/10.3390/biom12030371. 

184. Benameur, T.; Soleti, R.; Porro, C. The Potential Neuroprotective Role of Free and Encapsulated Quercetin Mediated by miRNA 

against Neurological Diseases. Nutrients 2021, 13, 1318. https://doi.org/10.3390/nu13041318. 



Nutrients 2022, 14, 2228 26 of 26 
 

 

185. Ebrahimpour, S.; Esmaeili, A.; Dehghanian, F.; Beheshti, S. Effects of quercetin-conjugated with superparamagnetic iron oxide 

nanoparticles on learning and memory improvement through targeting microRNAs/NF-κB pathway. Sci. Rep. 2020, 10, 15070. 

186. Bilkei-Gorzo, A. Genetic mouse models of brain ageing and Alzheimer’s disease. Pharmacol. Ther. 2014, 142, 244–257. 

187. Lv, M.; Yang, S.; Cai, L.; Qin, L.-Q.; Li, B.-Y.; Wan, Z. Effects of Quercetin Intervention on Cognition Function in APP/PS1 Mice 

was Affected by Vitamin D Status. Mol. Nutr. Food Res. 2018, 62, e1800621. https://doi.org/10.1002/mnfr.201800621. 

188. Santa-Maria, I.; Alaniz, M.E.; Renwick, N.; Cela, C.; Fulga, T.; Van Vactor, J.D.L.; Tuschl, T.; Clark, L.N.; Shelanski, M.L.; 

McCabe, B.; et al. Dysregulation of microRNA-219 promotes neurodegeneration through post-transcriptional regulation of tau. 

J. Clin. Investig. 2015, 125, 681–686. https://doi.org/10.1172/jci78421. 

189. Konovalova, J.; Gerasymchuk, D.; Parkkinen, I.; Chmielarz, P.; Domanskyi, A. Interplay between MicroRNAs and Oxidative 

Stress in Neurodegenerative Diseases. Int. J. Mol. Sci. 2019, 20, 6055. https://doi.org/10.3390/ijms20236055. 

190. Zhang, Z.; Yi, P.; Yi, M.; Tong, X.; Cheng, X.; Yang, J.; Hu, Y. Protective Effect of Quercetin against H (2)O(2)-Induced Oxidative 

Damage in PC-12 Cells: Comprehensive Analysis of a lncRNA-Associated ceRNA Network. Oxid. Med. Cell. Longev. 2020, 2020, 

6038919. 

191. Cione, E.; La Torre, C.; Cannataro, R.; Caroleo, M.C.; Plastina, P.; Gallelli, L. Quercetin, Epigallocatechin Gallate, Curcumin, and 

Resveratrol: From Dietary Sources to Human MicroRNA Modulation. Molecules 2019, 25, 63. https://doi.org/10.3390/mole-

cules25010063. 

192. Hong, H.; Li, Y.; Su, B. Identification of Circulating miR-125b as a Potential Biomarker of Alzheimer’s Disease in APP/PS1 

Transgenic Mouse. J. Alzheimer’s Dis. 2017, 59, 1449–1458. https://doi.org/10.3233/JAD-170156. 

193. Dong, J.; Zhou, H.; Zhao, H.; Zhao, Y.; Chang, C. Hesperetin ameliorates lipopolysaccharide-induced acute lung injury via the 

miR-410/SOX18 axis. J. Biochem. Mol. Toxicol. 2020, 34, e22588. https://doi.org/10.1002/jbt.22588. 

 


