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Abstract: Neurodegenerative diseases are incurable and debilitating conditions that result in progres-
sive degeneration and loss of nerve cells. Oxidative stress has been proposed as one factor that plays
a potential role in the pathogenesis of neurodegenerative disorders since neuron cells are particularly
vulnerable to oxidative damage. Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is strictly related
to anti-inflammatory and antioxidative cell response; therefore, its activation and the consequent
enhancement of the related cellular pathways have been proposed as a potential therapeutic approach.
Several Nrf2 activators with different mechanisms and diverse structures have been reported, but
those applied for neurodisorders are still limited. However, in the very last few years, interesting
progress has been made, particularly in enhancing the blood-brain barrier penetration, to make Nrf2
activators effective drugs, and in designing Nrf2-based multitarget-directed ligands to affect multiple
pathways involved in the pathology of neurodegenerative diseases. The present review gives an
overview of the most representative findings in this research area.
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1. Introduction

Neurodegenerative diseases affect millions of people worldwide and are a leading
cause of disability and a major cause of mortality [1]. The treatment of these pathological
conditions is only palliative; therefore, there is an urgent need for effective therapeutic
agents, as well as a deeper understanding of the molecular changes affecting neuronal cells
during the disease progression. Neuroinflammation is a hallmark in the development of
neurodegenerative diseases, as well as nitroxidative stress, which is due to the unbalanced
production of both reactive oxygen species (ROS) and reactive nitrogen species (RNS) [2,3].
The key role played by ROS in the onset of age-related neurodegenerative diseases indicates
that erythroid-derived 2-like 2 (Nrf2), the master regulator of redox homeostasis [4], may
be a promising target for therapeutic interventions. Several Nrf2 activators with different
mechanisms and diverse structures have been reported in the literature, but those applied
to neurodegenerative diseases are still limited [5]. However, in the very last few years,
interesting progress has been made in this field, particularly in enhancing the blood-
brain barrier (BBB) permeability of Nrf2 activators, to make them effective drugs, and in
designing Nrf2-based multitarget-directed ligands to affect multiple pathways involved
in the pathology of neurodegenerative diseases. In the present review, the implications of
oxidative stress and Nrf2 activation in the therapy of neurodegeneration are revised, with a
particular focus on Alzheimer’s disease (AD) and Parkinson’s disease (PD), which are the
two most prevalent age-related neurodegenerative diseases [1]. Moreover, progress in the
development of new Nrf2 activators able to counteract neuroinflammation is discussed.
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2. Implication of Oxidative Stress and Nrf2 Activation in Neurodegenerative Diseases

ROS are a byproduct of several cellular metabolic pathways and enzymatic reactions,
and they are classified as radicals, including superoxide anion (O2*~) and hydroxyl (HO®*™),
as well as nonradical species such as hydrogen peroxide (H,O;) [6]. ROS are reactive
molecules with a very short half-life. H,O,, the most stable ROS, has a cellular half-life of
103 s, 1000 times higher than other ROS [7,8]. Although ROS production might be due to
environmental factors, it mainly derives from metabolic activities. During mitochondrial
respiration, in the electron transport chain (ETC), approximately 1-2% of O, is not reduced
to water, leading to the generation of O,*~ and H,O,. Moreover, cytosolic oxidoreductases
such as NADPH oxidases (NOX), cytochrome P450 (CYP) oxidases, cyclooxygenases (COX),
and monoamine oxidases (MAQO) may contribute to ROS production [8]. Physiological ROS
levels are maintained by a plethora of exogenous and endogenous antioxidant defenses.
Among the exogenous antioxidants, ascorbic acid (vitamin C), a-tocopherol (vitamin E), and
carotenoids play a pivotal role. Endogenous antioxidants include enzymatic antioxidants,
e.g., superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase (CAT), as
well as nonenzymatic scavengers, e.g., glutathione (GSH) (Figure 1) [9].

ETC MAO |

| v Fe?* Fe’*
02 > Oz._ > H202 A_A_. HO*-

ETC SOD

NOX GPX j CAT
CYP

CoX H,0

Figure 1. Schematic representation of ROS generation and scavenging. Molecular oxygen (O;) can
be partially reduced to superoxide anion (O,°*~) by the ETC, NADPH oxidases (NOX), cytochrome
P450 (CYP) oxidases, and cyclooxygenases (COX), or to hydrogen peroxide (H,O;) by the ETC and
monoamine oxidases (MAO). HyO, can be converted into hydroxyl radical (HO®™) through the
Fenton rection. Enzymatic antioxidants scavenge ROS to produce less reactive molecules. Superoxide
dismutase (SOD) and glutathione peroxidase (GPX) convert O,°*~ to HyO,, which is converted into
H,O by catalase (CAT).

Redox homeostasis should be strictly controlled since ROS play fundamental biological
roles in guaranteeing redox signaling, a transduction system in which reversible electron
transfer reactions involving ROS to effector target proteins culminate in the regulation of
numerous physiological functions, including neuronal development and function, cellular
proliferation and differentiation, and aging prevention [10]. For example, due to its ability
to cross the phospholipidic bilayer of the cellular membrane, H,O; can act in both an
autocrine and a paracrine manner [7]. When the production of ROS exceeds cellular
detoxification capacity, redox balance gets compromised, and oxidative stress insurges.
In these conditions, high ROS levels can oxidize nucleic acids, proteins, and lipids, thus
leading to cell dysfunction and eventually cell death [9,11].

The master regulator of redox homeostasis is erythroid-derived 2-like 2 (Nrf2) [4]. Nrf2
isa cap ‘n’ collar (CNC) basic leucine zipper (bZIP) transcription factor responsible for the
expression of genes containing the antioxidant responsive element (ARE) sequence in their
promoter region, including genes linked to the synthesis or use of GSH [12]. Under basal
conditions, Nrf2 has a rapid turnover, with a half-life of approximately 20 min. In fact, Nrf2
activity is controlled by a cytoplasmic repressor protein Keap1, which sequesters Nrf2 in the
cytosol and, by recruiting CUL3-dependent E3-ubiquitin ligase, leads to its ubiquitination
and proteasomal degradation [13,14]. Under oxidative stress conditions, two of the 27 Cys
residues in Keapl become oxidized, causing a conformational change that, according to the
“hinge and latch” model [15,16], impedes the correct orientation of Nrf2 and inhibits its
ubiquitination and degradation [13]. The newly synthesized Nrf2 can in turn translocate to
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the nucleus to exert its functions [12]. Outside of Keap-1, Nrf2 activity is also controlled by
other regulators. For example, glycogen synthase kinase-33 (GSK-33) phosphorylates Nrf2,
aiding its ubiquitination by p-transducin repeat-containing protein (3 -TrCP)/Cullin-1
E3 ubiquitin ligase in a Keap-1-independent manner [17]. GSK-33 also phosphorylates
the protein kinase Fyn, which translocates into the nucleus where it phosphorylates Nrf2,
leading to its nuclear export and ubiquitin-dependent proteasomal degradation [18]. To add
a further layer of complexity, the BTB and CNC homology transcription factors (BACH1
and BACH2) repress Nrf2 activity by competing for ARE binding [19]. On the other hand,
p62/sequestosome 1 (p62/SQSTM1), a ubiquitin-binding protein, competing with Nrf2 for
Keap-1 binding, leads to Nrf2 stabilization and, hence, activation (Figure 2) [20].
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Figure 2. Schematic representation of Nrf2 activation. (A) Under basal conditions, Nrf2 activity is
controlled by the cytoplasmic repressor protein Keapl, which sequesters Nrf2 in the cytosol, leading
to its ubiquitination and proteasomal degradation. (B) Under oxidative stress conditions, two of the
Cys residues in Keap1 become oxidized, impeding the correct orientation of Nrf2 and inhibiting its
ubiquitination and degradation. The newly synthesized Nrf2 translocates to the nucleus to induce
the expression of antioxidant response genes. (C) P62/sequestosome 1 (p62/SQSTM1) competes
with Nrf2 for Keap-1 binding and leads to Nrf2 activation and nuclear translocation. (D) Glycogen
synthase kinase-3(3 (GSK-3f3) phosphorylates Nrf2, which is in turn ubiquitinated by -transducin
repeat-containing protein/Cullin-1 E3 ubiquitin ligase (3—TrCP/Cull). (E) GSK-33 phosphorylates
the protein kinase Fyn, which phosphorylates Nrf2, leading to its nuclear export and culminating
in inhibition of gene expression (red cross). (F) The BTB and CNC homology transcription factors
(BACH1 and BACH2) repress Nrf2 activity (red cross) by competing for ARE binding.

Due to the high oxygen consumption, the presence of polyunsaturated fatty acids, and
auto-oxidation of neurotransmitters (e.g., dopamine), the brain is highly vulnerable to ROS-
mediated damage [21]. Thus, any imbalance of redox homeostasis could affect brain cells.
For example, aging and age-related diseases such as neurodegenerative disorders have been
linked to the progressive dysfunction of redox control mechanisms [22]. The disruption
of redox balance during healthy aging correlates with the finding that Nrf2 activity in
brain decreases with age [23]. Brain expression of Nrf2 is higher in glial cells (astrocytes
and microglia) than in neurons, suggesting that glial cells can be causally involved in
neurodegenerative diseases despite not being the cells primarily affected by the disease.
This concept, known as a non-cell-autonomous mechanism, is recognized to essentially
contribute to neurodegeneration. It has been proposed that microglia and astrocytes
causally participate in the pathogenesis and progression of several neurodegenerative
diseases [24,25].
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Microglial cells behave as the innate immune cells of the CNS [26]. Resting microglial
cells have a ramified morphology; however, when activated by a danger signal, they
undergo a morphological change, becoming amoeboid. While resting microglial cells
continuously monitor brain activities to maintain homeostasis, activated microglial cells
release cytokines and proinflammatory mediators to eliminate the threat. This acute
response of microglial cells is protective, but overactivation of microglia, by inducing severe
oxidative stress and neuroinflammation, leads to many neurodegenerative diseases [26].
In aged microglial cells, migration ability and phagocytosis are compromised, and the
release of proinflammatory cytokines lasts for prolonged periods, strongly contributing to
neurodegeneration [27]. Disturbance of Nrf2 activity and, hence, increased oxidative stress
have been linked to several neurodegenerative diseases such as Parkinson’s disease and
Alzheimer’s disease.

2.1. Nrf2 and Parkinson’s Disease

PD is a progressive neurological movement disorder characterized by tremor, bradyki-
nesia, rigid muscles, and loss of postural balance [28]. The clinical feature of PD is the deple-
tion of dopaminergic (DArgic) neurons in the substantia nigra pars compacta (SNpc), which
results in dopamine (DA) deficiency [29]. PD is prevalently an idiopathic disease, with only
10-15% of cases having a family history. However, Lewy bodies found in both sporadic and
familial cases of PD contain aggregated forms of «-synuclein («-syn). The «-syn oligomers
are cytotoxic to DArgic neurons [30]. The toxic effects of o-syn oligomers can be ascribed
to a-syn enzymatic ferrireductase activity. Aggregation indeed inhibits x-syn enzymatic
activity, leading to an accumulation of oxidized Fe, which can participate in the Fenton
reaction, culminating in oxidative stress induction [31]. Moreover, mitochondrial a-syn
accumulation can suppress mitochondrial respiratory complex I, leading to ROS produc-
tion and, thus, to oxidative stress [32]. The crucial role of mitochondria-generated ROS
in PD pathogenesis was determined from the finding that the 1-methyl-4-phenyl 1,2,3,6-
tetrahydropyridine (MPTP) metabolite 1-methyl-4-phenylpyridinium (MPP*) hampers
mitochondrial complex I, causing electron leakage and ROS production [33]. PD-like symp-
toms indeed arose in individuals using illegal drugs contaminated by MPTP, and brain
postmortem examinations revealed damage to the DArgic neurons in the SNpc.

Other PD genetic risk factors comprise genes involved in the control of mitochondrial
redox balance including Parkin, PTEN-induced kinase 1 (PINK1), parkinsonism-associated
deglycase (PARK?), and leucine-rich repeat serine/threonine protein kinase 2 (LRRK2) [34].
Parkin, an E3 ubiquitin ligase, and PINK]1, a serine/threonine kinase, form a signal trans-
duction pathway exerting a pivotal role in the removal of damaged mitochondria by the
mitophagic process [35]; PARK? encodes for DJ-1, a protein that, by binding the mitochon-
drial complex I, improves its activity [36]. Mutations in PINK1, DJ-1, and LRRK2 result
in mitochondprial dysfunction with impaired bioenergetics and lead to uncontrolled ROS
generation [36,37]. It should be emphasized that DA metabolism itself is a source of oxida-
tive stress. In fact, excess DA can be catabolized by monoamine oxidase (MAQO), producing
H,0; or undergoing auto-oxidation to produce highly reactive dopamine quinones (DAQs)
and semiquinones [38].

The crucial role played by ROS in PD indicates Nrf2 implication in this disease. In vivo
studies showed that both treatment with MPTP and overexpression of x-syn increased
DArgic cell death in Nrf2 KO mice [39,40]. Moreover, the Nrf2-induced cytoprotective gene
NQO1 (NADPH-quinone oxidoreductase) is partially sequestered in Lewy bodies, together
with p62/SQSTM1, a known activator of Nrf2 [41]. Moreover, Bachl knockout protects
mice against MPTP-induced dopaminergic cell death [42]. Moreover, the brain of LRRK2-
transgenic mice and the LRRK2-overexpressing neuronal cell line show reduced expression
of Nrf2 and its target genes via GSK3p activation [43]. Studies in Drosophila showed that
Nrf2 activation induces mitophagy and counteracts neuronal degeneration in Parkin/Pink1
knockdown flies [44]. In addition to direct neuronal toxicity, x-syn oligomers can activate
microglial cells promoting neuroinflammation, which, by further increasing ROS produc-
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tion via NADPH oxydase 2 (NOX2) activation, augments oxidative stress [34,41]. In this
context, DJ-1, by interacting with the p47phox subunit of NOX2, inhibits its action, reducing
ROS production [45]. From all the above, PD genetic risk factors are connected to aberrant
Nrf2 signaling which might contribute to oxidative stress (Figure 3).
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Figure 3. Mitochondrial ROS generation by PD and AD risk factors, and protective effects of Nrf2
activating compounds. ROS generation in AD: deposition of A plaques induces mitochondrial
stress; aggregates of the hyperphosphorylated tau protein impair mitochondria distribution and
function. ROS generation in PD: aggregated o-syn accumulation suppresses mitochondrial respiratory
complex I; mutations in Parkin, PTEN-induced kinase 1 (PINK1), parkinsonism-associated deglycase
(PARKY), and leucine-rich repeat serine/threonine protein kinase 2 (LRRK2) result in mitochondrial
dysfunction with impaired bioenergetics. The Nrf2-mediated increase in antioxidant response genes
can reduce ROS burst. In this light, Nrf2 activators might counteract the ROS-induced damage that
leads to neurodegeneration.

2.2. Nrf2 and Alzheimer’s Disease

Alzheimer’s disease (AD) is the prevalent type of dementia in the elderly population.
AD is characterized by memory loss and deterioration of other cognitive functions includ-
ing comprehension, judgment, and orientation due to synaptic loss and selective neuronal
death [46]. AD brains are characterized by the accumulation of extracellular senile plaques
composed of deposits of 3-amyloid peptides AR (1-40) and A (1-42), as well as intracellu-
lar neurofibrillary tangles (NFIs) composed of aggregates of the hyperphosphorylated tau
protein [40]. Most AD cases are classified as sporadic late-onset AD (onset after 65 years of
age), whereas only 5% are autosomal-dominant early-onset AD [47,48]. Early-onset AD
is caused by a mutation in three proteins involved in the amyloidogenic pathway: APP
(amyloid precursor protein), y-secretase presenilin 1 (PSEN1), and presenilin 2 (PSEN2).
The key role played by ROS in aging and the fact that idiopathic AD is an age-related
disease strongly suggest that ROS are involved in AD pathogenesis. This hypothesis is
corroborated by the finding that A binds to mitochondrial membranes, thus affecting
mitochondrial function and accelerating ROS production [49]. The pivotal role of ROS in
AD is based on the findings that A3 (1-42) induces mitochondprial stress accompanied by
ROS generation in AD patients [50,51], and that A} plaque deposition leads to oxidative
stress, which, propagating spatially over time, leads to neuronal cell death [52,53]. Not only
A, but also tau protein is connected to mitochondrial ROS generation in AD. For example,
compared to wildtype mice, tau knockout presented reduced oxidative damage, improved
memory skills, and improved mitochondrial bioenergetics [54]. Furthermore, ROS induce
tau polymerization [55], and tau overexpression induces oxidative stress in vitro and in
mice [56,57]. Moreover, Nrf2 activation prevents tau protein aggregation in transgenic mice
expressing mutant tau protein [58]. Nrf2-KO transgenic mice carrying both mutated APP
and tau died prematurely (approximately 12 months of age) and were characterized by
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motor deficits, neuroinflammation [59], increased oxidative stress, and high levels of A3
and tau aggregates [60].

A decrease in expression or inactivation of the p62/SQTRSM1 gene in mice causes
neurodegeneration with AD-related symptoms and induces the formation of neurofibrillary
tangles [61]. GSK3p is also involved in AD pathology since its hyperactivation has been
demonstrated in AD brains [62], and GSK3{3-mediated phosphorylation of PSN1 reduces
neuronal viability and synaptic plasticity [63]. All these data indicate that AD-critical
features, i.e., A} and tau protein aggregation, and oxidative stress are deeply related and
cooperate in the development of pathology (Figure 3).

3. Small Molecules Inducing Nrf2

So far, the preclinical and clinical studies involving Nrf2 activators have mostly focused
on cancer and inflammatory diseases therapies [5]. To date, the use of Nrf2 activators in
neurological diseases is quite limited due to the unfavorable pharmacokinetic properties
and toxicity issues of these compounds [5]. In the very last few years, advancements
have been made in the research of new small-molecular Nrf2 activators endowed with
CNS activity, which can be broadly classified into two distinct groups: (1) electrophilic
activators that can covalently modify Keap1; (2) activators interfering with the Keap1-Nrf2
protein—protein interactions (PPIs) (Table 1).

3.1. Electrophilic Activators

As previously described, Keapl ensures that Nrf2 concentration is kept very low thanks
to oxidative stress sensors; however, if the oxidative stress increases, the ubiquitination and
subsequent degradation of Nrf2 are blocked as a result of the reaction of electrophilic species
with the cysteine residue in Keap1 protein [64]. According to this mechanism of induction of
Nrf2, the use of electrophiles as drugs able to activate Nrf2 has gained increasing scientific
interest, and, in the last few years, many electrophiles able to trigger the N1f2 pathway have
been reported. For example, molecules containing «,3-unsaturated ketones and esters have
been shown to react with one or more cysteine residues in Keapl [65,66], activating Nrf2.
Indeed, these compounds are Michael acceptors, and they can undergo the nucleophilic
addition of an alkyl thiol to their o, 3-unsaturated system.

Chalcone contains an electrophilic «,-unsaturated ketone that can react with the
sulfhydryl groups of thioredoxin and cysteine residues in proteins [67]. Therefore, the «,3-
unsaturated ketone electrophilic activity is responsible for the various biological activities
of chalcones. One of the very first structure-activity relationship (SAR) studies on chalcone-
based structures able to activate Nrf2 was reported in 2011 by Kumar et al. [68]. A series of
59 chalcone derivatives was synthesized, and compound 1 emerged as the most interesting
molecule (Figure 4).

Optimal distance.
m-CF3 or p-CF3 are less active.
NO5 group lessen activity

7T
’

"~ ' m-OMe and p-OMe
CF3 O O/ retain activity as well

GCLM f.c.= 4,5
NQO1f.c.=4,6

Figure 4. Compound 1’s chemical structure and activity. The electrophilic «,3-unsaturated moiety of 1
is in red. This compound enhanced the expression of the antioxidant genes GCLM and NADPH-NQO1.
The increase is reported as the relative fold change (f.c.) [68].
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On the basis of this promising finding, the chalcone leading scaffold, i.e., the
1,3-diphenylprop-2-en-1-one core structure, was recently further investigated including het-
erocyclic amines such as morpholine, pyrrolidine, and N-methylpiperazine (Figure 5) [69].
In particular, the introduction of a propylmorphline group into the 2-, 3-, and 4-OH of
ring A gave interesting results, especially for the 4-position substituted derivatives [69].
An additional enhancement in the Nrf2 activation was observed by replacing the 4-hydroxyl-
propylmorpholine moiety with a 4-hydroxyl-propylpyrrolidine one. In addition, it was found
that 2'-position substituted derivatives exhibited better activities than the corresponding
3'- and 4'-position substituted ones. The introduction of a N-methylpiperazine group into
the 4-OH of ring A led to compound 2 (Figure 5), which showed the best Nrf2-activating
potency in this series of compounds, resulting in an amelioration with respect to sulforaphane
(SEN), a well-known strong Nrf2 activator (2 EC5p = 0.63 uM vs. SFN ECs = 0.87 uM) [69].
Compound 2 was evaluated in BV-2 microglial cells in both normal and proinflammatory
conditions, where it stimulated the expression of Nrf2-dependent antioxidant enzymes and
the reduction of ROS, inhibiting inflammatory responses induced by the LPS. Moreover,
compound 2 was in vivo studied in the scopolamine-induced amnesia model, demonstrating
the ability to restore SOD activity and memory performance in mice.

f\N /\ f\ N/\
2-OMe 0 o] O R o NS
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Figure 5. Novel chalcone derivatives as Nrf2 activators. The electrophilic «,f3-unsaturated ketone
moiety of the chalcone leading scaffold is in red. The introduction of a N-methylpiperazine group into
the 4-OH of ring A led to compound 2, a potent Nrf2 activator (ECsy = 0.63 uM) [69].

In another study, the structure of compound 1 was modified by introducing a vinyl-
sulfoxide or vinyl-sulfone group to the «,[3- unsaturated carbonyl entity of chalcone
(Figure 6) [70].

Essential for
potent activity

Electron-withdrawing 0 !
group

L O/\/' Cl 9 O/
Il N ’
S P A/S
N 1 N I X
R+ B > o
3

Nrf2 ECsg = 0.53 uM

Figure 6. First generation of vinyl-sulfone-based Nrf2 activators. The vinyl-sulfone moiety is in
blue. From the structure-activity relationships (SAR) study, it emerged that the presence of an
electron-withdrawing group on the B ring favored the Nrf2 activation, while the presence of a
2-methoxyl group on the A ring was essential for the activity. Compound 3 emerged as the most
active compound [70].
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The introduction of the vinyl sulfone group led to the most potent activities in terms of
HO-1 activation compared to the corresponding carbonyl and sulfoxide derivatives. On the
basis of its potency of action, compound 3 was selected for further evaluations in DAergic
neuronal cells, where it activated Nrf2 as expected, as well as stimulated the expression
of the Nrf2-dependent antioxidant enzymes NQO1, GCLC, GLCM, and HO-1. Moreover,
compound 3 was evaluated both in vitro and in MPTP-induced in vivo models of PD,
demonstrating the attenuation of PD-associated behavioral deficits in the mouse model [70].
However, this molecule was not further investigated due to its poor pharmacokinetic
properties; indeed, it showed low solubility, metabolic instability, and toxicity issues, such
as cytochrome P (CYP) inhibition and human ether-a-go-go-related gene (hERG) activation.
Recently, the molecular structural determinants responsible for vinyl-sulfone derivatives as
Nrf2 activators endowed with neuroprotective activity on PC12 cells were investigated via
the synthesis of a library of 47 small compounds (Figure 7) [71].

; PP
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Figure 7. Optimization of vinyl-sulfone-based Nrf2 activators. The vinyl-sulfone moiety is in blue.
Tuning the electrophilicity and steric hindrance of the aromatic substituents led to new Nrf2 activators.
Compounds 4 and 5 were the most promising molecules of this series [71].

This study found that best results in terms of neuroprotection were obtained by
molecules bearing aromatic o-substituents, and that, by tuning their electrophilicity and
steric hindrance, potent Nrf2 activators can be obtained. In particular, the most interesting
compounds of the considered series were 4 and 5 (Figure 7), which protected PC12 cells
from H,;O;-mediated insults, promoting the translocation of Nrf2 and the consequent
activation of ARE, with the final transcriptional activation of antioxidant genes and the
consequent upregulation of a diverse range of antioxidant species (TrxR, NQO1, GSH,
and HO-1). Some years later, in order to improve the druglike properties of compound 3,
the B phenyl-ring was replaced by a pyridyl-moiety, while a morpholinyl group was linked
to ring A to improve microsomal stability and increase solubility through the HCI salt form
(6, Figure 8) [72].

9 o]
I
N S
> HCl N\ A § (\ N -
| O | o N
L_o 0
6 7
Nrf2 activation EC50= 0.346 uM Nrf2 activation ECsg= 0.327 uM

Figure 8. Chemical structure of vinyl-sulfone-based Nrf2 activators with improved activity and
drug-like properties. The vinyl-sulfone moiety is in blue. The introduction of both a pyridyl group in
the B ring and a morpholinyl or piperazinyl group in the A ring improved the microsomal stability
and solubility of these compounds [72].

Moreover, considering the potency of morpholine compounds with 3'-F or 3’-Cl on o-
pyridine, a 4-piperazine group was introduced instead of the morpholino one (7, Figure 8).
Compound 6 demonstrated excellent Nrf2 activation potency, safety, and stability, as well
as elicited neuroprotective effects against DAergic neuronal cell death in PD, suppressing
microglial activation related to neuroinflammation [72]. In a subsequent study, a series
of pyridyl-vinyl-sulfones bearing a halogenated A-ring was synthesized in an attempt
to maximize the potency of action of this class of Nrf2 activators [73]. Compound 8
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(Figure 9) emerged as the most promising derivative, being able to activate Nrf2 at nanomo-
lar concentrations, with an ameliorated potency of action with respect to the previous
developed compounds. Moreover, compound 8 retained positive drug-like properties and
an interesting biological profile in both in vitro and in vivo models of PD [73].

9 Cl
‘ N\\/\/(‘S)‘ ‘ X
= =

Nrf2 ECsq = 26 nM

Figure 9. Chemical structure of a potent halogenated vinyl-sulfone-based Nrf2 activator. The vinyl-
sulfone moiety is in blue. Compound 8 showed potent Nrf2 activation (ECsy = 26 nM) and drug-like
properties [73].

3.2. PPI Interfering Compounds: Azole-Based Compounds

Interference with the protein—protein interaction between the KEAP1 Kelch domain and
Nrf2 by means of non-electrophilic noncovalent inhibitors is increasingly being explored as an
innovative approach to generate compounds activating Nrf2. These molecules are predicted
to be safer with respect to electrophilic compounds, whose action is often associated with
side-effects due to off-target actions, derived from their simultaneous reaction with different
types of nucleophiles commonly present in many biological molecules. Several promising PPI
inhibitors have been disclosed to date that are able to enhance Nrf2 signaling with different
potential therapeutic applications [74], and diaryl-azole-based compounds in particular have
been demonstrated as useful agents in neurological diseases. Starting from oxadiazole deriva-
tives 9-12 (Figure 10) which were able to increase Nrf2 nuclear translocation up to 3.46-fold
at 100 nM [75,76], similar triazole derivatives were designed, and compound 13 (Figure 10)
was the most interesting one, showing promising results as neuroprotective agents [77,78].
In this compound, the chemical reactivity of the S-group with cysteine nucleophiles is es-
sential for Nrf2 activation, as well as the presence of an electron-withdrawing group and
an electron-deficient aromatic system. Very recently, diaryl-triazole derivatives were further
investigated as Nrf2 activators able to counteract neuroinflammation. In particular, based on
the leading scaffold of compound 11, i.e., the diaryl-oxadiazole core structure (Figure 10), a
library of 26 triazole-based compounds was synthesized (Figure 11), and the in vitro evalua-
tion revealed that these molecules exerted better neuroprotective effects than 11 [79]. From the
SAR analysis it emerged that alkyl groups were important to augment the protective effect;
in particular, compound 14 (Figure 11) gave the best results. From the in-depth biological
evaluation of this molecule, it emerged as a potential neuroprotectant for the treatment of
ischemic stroke [79].

Further modifications of compound’s 11 azole core led to a series of 1,3,4-oxadiazole
or 1,3,4-thiadiazole derivatives (Figure 12), displaying a potency of action as Nrf2 activators
similar to the 1,2,4-oxadiazole derivatives (Figure 10) [80]. On the contrary, physicochemical
properties were improved, since the presence of the 1,3,4-oxadiazole moiety led to lower
lipophilicity, and it improved the aqueous solubility of these molecules. Compound 15
(Figure 12), displaying 1.8-fold induction of Nrf2 in a luciferase reporter assay at 100 nM,
was selected for further evaluation. It was able to increase Nrf2 levels and its downstream
genes in HyO,-treated PC-12 cells, protecting them from oxidative damage.
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Figure 10. Oxadiazole- and triazole-based Nrf2 activators. The oxadiazole moiety is reported in
pink, while the triazole moiety is in blue. These compounds were able to activate Nrf2 nuclear
translocation [75-78].
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Figure 11. Development of 1,2,4-triazole derivatives as Nrf2 activators. The triazole moiety is in
blue. The presence of alkyl groups on the diaryl-triazole scaffold was important for the activity,
and 14 emerged as a potential neuroprotectant for the treatment of cerebral ischemic injury [79].
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Figure 12. Nrf2 activators with a 1,3,4-oxa/thiadiazole core. The 1,3,4-oxadiazole moiety of
compound 15 is in green. This molecule increased the Nrf2 levels and protected PC-12 cells from
oxidative damage [80].

Very recently, pyrazole hit compounds as Keapl/Nrf2 complex disruptors were re-
ported by means of a fragment-guided discovery approach [81]. Three “hotspots” for
binding were identified in the Nrf2 binding site, i.e., for acidic groups, aromatic systems
with a hydrogen bond acceptor (“planar acceptors”), and sulfonamides. From the screening
of a collection of carboxylic acid derivatives, compound 16 (Figure 13) was selected for
further optimization. The triazole-cyclopropyl derivative 17 then emerged as an interesting
derivative, showing an ICsy of 41 nM in the displacement of the Nrf2 peptide from the
KEAP1 Kelch protein fluorescence polarization assay. However, due to its high polarity,
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it failed the subsequent cell-based assay. Therefore, its structure was further optimized
by introducing a larger amide moiety able to interact with lipophilic areas of the pro-
tein, and compound 18 was finally disclosed as the most promising agent (IC5y < 15 nM).
Its high-affinity binding to the Kelch domain of KEAP1 was also confirmed by surface
plasmon resonance (SPR) evaluation, with Kd = 2.5 nM [81]. The docking analysis of
compound 18 in complex with KEAP1 showed that all the three hotspots identified from
the initial fragment screen were occupied by the inhibitor.

o) O

17

Figure 13. Development of pyrazole carboxylic acid inhibitors of the Keap1/Nrf2 complex protein—
protein interactions. The pyrazole-carboxylic acid moiety is in red. Starting from the leading scaffold
of 16, i.e., the pyridyl-pyrazole carboxylic acid core structure, the triazole-cyclopropyl-derivative 17
was developed, showing a potent Nrf2 activation. This compound was further optimized by intro-
ducing a larger amide group, and the Nrf2 activator 18 was obtained, which was able to bind the
Keap1 Kelch domain with increased affinity [81].

Table 1. Main activity of the Nrf2 inducers discussed in Section 3. ECs is the half maximal effective
concentration.

Compound Activity Cell Line Ref.

2 Activation of Nrf2 nuclear translocation (ECsg = 0.63 uM) BV-2 microglial cells [68]

3 Activation of Nrf2 nuclear translocation (ECsg = 0.53 uM) CATH.a, mouse DAergic neuronal cell line [70]
Activation of Nrf2 nuclear translocation; transcriptional .

15 activation of NRF2-responsive ARE genes PCI2 cell line (711

6 Activation of Nrf2 nuclear translocation (ECsy = 0.346 uM) BV-2 microglial cells [72]

7 Activation of Nrf2 nuclear translocation (ECsy = 0.327 uM) BV-2 microglial cells [72]
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Table 1. Cont.

Compound Activity Cell Line Ref.
8 Activation of Nrf2 nuclear translocation (ECsg = 0.327 uM) U20S cells and BV-2 microglial cells [73]
13 Induction of NQO1 and GCLM proteins; transcriptional Primary mouse neurons; primary corticostriatal [77,78]

activation of NRF2-responsive ARE genes neuronal cocultures !
Activation of Nrf2 nuclear translocation; induction of HO-1,
14 NQOT1, and GCLM proteins; Nrf2 displacement from the PC12 cell line [79]
Keap1 Kealch domain (Kp =22.70 uM)
15 ARE inducing activity fold increase (f.i. = 1.8 @100 nM) PC12 cell line [80]
Stimulation of NQO1 activity (ECsp= 43 nM); Nrf2 2 . . s s

18 displacement from the Keap1 Kealch domain (ICsy < 15 nM); BEAS-2B cells; normal human bronchial epithelial [81]

transcriptional activation of NRF2-responsive ARE genes cells

4. Natural Nrf2 Activators

Thymoquinone (TQ, 2-isopropyl-5-methyl-1, 4-benzoquinone, Figure 14) is a monoter-
penoid hydrocarbon, and it is the major bioactive compound of the volatile black oil from
Nigella sativa. This molecule is endowed with antioxidant and anti-inflammatory proper-
ties [82], in addition to counteracting apoptosis in primary dopaminergic cells after their
treatment with 1-methyl-4-phenylpyridinium (MPP+) and rotenone [83,84]. Recently, it was
found that TQ prevents dopaminergic neurodegeneration in a PD mouse model, activating
the nuclear translocation of Nrf2 for binding to ARE. As a consequence, the induction of
HO-1, NQO1, and GST expression, as well as of anti-oxidative enzymes, including SOD
and GSH-Px, was observed [85]. From a mechanistic viewpoint, TQ is an electrophilic
activator that covalently binds the thiol group of the KEAP1 protein, which is the main
target of TQ when its biological effects are mediated by Nrf2 [86].

@)

@)

Thymoquinone Rhynchophylline

Figure 14. Chemical structure of natural Nrf2 activators with neuroprotectant activity. Thymoquinone
prevents dopaminergic neurodegeneration in a PD mouse model, activating the nuclear translocation
of Nrf2 for binding to ARE [85]. Rhynchophylline has shown neuroprotective effects in animal
models of AD, as well as antioxidant properties [87-89].

Uncaria rhynchophylla (UR) is a component of the traditional Japanese kampo medicines
chotosan and yokukansan, and rhynchophylline (Rhy, Figure 14) is a primary oxindole
alkaloid obtained from UR. This natural compound has shown neuroprotective effects in
animal models of AD, as well as antioxidant properties [87-89]. In an in vivo model of A 31-42-
induced AD, Rhy was able to attenuate the disease symptoms and the in vitro investigations
in SH-SY5Y cells revealed that this compound activates Nrf2 nuclear translocation, triggering
the expression of its downstream antioxidant enzymes. However, how Rhy activates the
Nrf2-ARE pathway to exert neuroprotection remains to be clarified [90].

5. Multitargeting Nrf2 Activators

Because of the multifactorial etiology of neurodegenerative diseases, in the last few
years, the design of multifunctional ligands has emerged as an attractive therapeutic strat-
egy. This multifactorial approach, involving the use of multitarget-directed ligands (MTDL),
certainly reflects the enormous and crucial advances in understanding the mechanisms and
implications in neurodegenerative diseases [91]. In this context, multitarget ligands have
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been developed very recently, exhibiting significant Nrf2 inducibility and an additional
activity on other targets related to neurodegeneration.

Considering the significance of both BACH1 and Nrf2 in the modulation of heme
oxygenase 1 (HMOX1) expression, which protects cells from neurotoxicity [92], the combi-
nation of Nrf2 activation with BACH1 inhibition could potentially result in an antioxidant
response and a neuroprotective outcome. Recently, the O-methyl-p-cannabidiolquinone
(19, Figure 15), a derivative of cannabidiol, was found at the same time as a potent inhibitor
of BACH1 and an Nrf2 activator.

HO

Cannabidiol 19

Figure 15. BACHI inhibitor and Nrf2 inducer compounds. Chemical structure of the cannabidiol
derivative 19 [92].

These activities were validated in HaCaT and Hepalclc? cell lines through luciferase
assays, Western blot, and RT-qPCR [93]. Compound 19 was also tested in macrophage-
like THP1 and neuroblastoma SH-SY-5Y cell lines, confirming a decrease in BACH1, an
induction of HMOX1, and a stabilization of Nrf2, as well as a decrease in ROS levels and
neuroprotection in a model for Huntington disease. In terms of molecular structure, it is
likely that compound 19 contributed to the regulation of redox homeostasis of cells through
its quinone moieties with antioxidant properties [94].

Melatonin is a hormone that binds the G protein-coupled receptors MT1 and MT2, as
well as the cytosolic receptor MT3/quinone reductase 2 (QR2). QR2 catalyzes the reduction
of electrophilic quinones to hydroquinones, which can trigger an overproduction of free
radicals. For this reason, this enzyme can be considered a molecular target involved in neu-
rotoxic cascades [95]. Within the framework of a study of oxadiazolone-based bioisosteres
of melatonin, two compounds (20 and 21, Figure 16) were developed, showing an induction
of signaling mediated by Nrf2 (induction capability of 15.1 and 1.76, respectively) and an
inhibition of QR2 (Ki 6.6 nM and 3.2 nM, respectively) in a neuronal phenotype [96].

MeO Z /\/NT(

o
MeO MeO — i \ \N/N\E :
N J

H

20 21

Figure 16. QR?2 inhibitor and Nrf2 inducer dual agents. Chemical structures of the melatonin
derivatives 20 and 21 [96].
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Interestingly, the absorption, distribution, metabolism, excretion, and toxicity (ADMET)
and antioxidant properties of these compounds, also evaluated with the oxygen radical
absorbance capacity (ORAC) assay, were satisfactory [96]. Quantum mechanics studies
revealed that the ring systems contained in the indole-NH-oxadiazolone 20 are coplanar.
This molecular arrangement is involved in the stacking interaction with the flavin adenine
dinucleotide (FAD) in QR2, allowing the indole nitrogen to establish an interaction with the
carbonyl oxygen of Gly174, reminiscent of that observed for polyphenol hydroxyls. Moreover,
molecular docking studies and molecular dynamics simulations showed that compounds 20
and 21 bind to the KEAP1 Kelch domain, and their indole core and double bond establish
important interactions with essential residues involved in the binding with Nrf2.

Beta-site amyloid precursor protein (APP)-cleaving enzyme 1 (BACE1) is an as-
partyl protease widely expressed in the brain, essential for the synthesis of monomeric
amyloid-p (AB), which spontaneously self-aggregates to form the insoluble fibers known
as senile plaques, initiating toxicity in AD [97]. BACEL1 is considered a well-validated thera-
peutic target for AD, and this approach was used for obtaining potent BACEI1 inhibitors,
such as verubecestat (MK8931, Figure 17) [98]. Within a series of selenium-containing
compounds, including the key pharmacophores of verubecestat and ebselen (a potent
antioxidant activating the Nrf2 pathway, Figure 17), the derivative 22 (Figure 17) was
selected as a promising multifunctional candidate for pharmacological therapy of AD [99].
Biological evaluation showed that compound 22 exhibited good BACE-1 inhibition and
Keap1-Nrf2-ARE pathway activation. Furthermore, it alleviates oxidative cell damage
induced by HyO; or 6-OHDA, reduced A31-40 in HEK APPswe 293T cells, and was able to
cross the BBB.

oo | | I‘\JHZ |
| | F 1 1
| S?N@ TN W N7 N7
| | ~ NOfvsoz
1 Ol | |
| | ! |
77777777777 © | F ;

Ebselen @ Smmmmmmmomeooeoooo )

Verubecestat
NH,

F Se NJ\N/
\%N S0,

22

Figure 17. BACE-1 inhibitor and Keap1-Nrf2-ARE pathway activator. Hybridization of ebselen and
verubecestat led to 22, a candidate for the treatment of AD [99].

In the context of AD, another multitarget approach was achieved through the prepa-
ration of merged ligands with dual pharmacological activity and subsequent structural
optimization [100].

The cholinergic hypothesis of AD suggests that the cognitive decline observed in the
disease can be attributed to a selective loss of cholinergic neurons of the basal forebrain.
Acetylcholinesterase (AChE) hydrolyzes acetylcholine (ACh), terminating the cholinergic
transmission. AChE inhibitors, considered in the therapeutic armamentarium of AD, prevent
the degradation of the neurotransmitter, allowing to prolong the action of the deficient neuro-
transmitter in the brain [101]. Three scaffolds were combined to form a series of molecules
containing a flexible carbon chain: (i) dimethyl fumarate, containing an «,-unsaturated
ketone, a representative structure for Nrf2 activation, (ii) tranilast, an old antiallergic drug
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with anti-inflammatory properties patented for treating AD [102], and (iii) dithiocarbamate,
able to interact with the catalytic active site of AChE. Among the tested derivatives, the most
potent inhibitor of human AChE was compound 23 (Figure 18, IC59 53 nM) which also showed
activation of the Keap1-Nrf2-ARE pathway, antioxidant and anti-inflammatory effects, and
permeation of the BBB [103]. From in vivo studies, it emerged that it ameliorated cognitive
deficits in the scopolamine-induced mouse model of AD [103].

e | o Ri
 MeO~ S ome R/Sj(N\R2
L O, S
Dimethyl fumarate Tranilast Dithiocarbamate
~~~~~~~ e i |
MeO. i~y oS N

,,,,,,,,,,,,,,,,,,,,,,,,,,

23

Figure 18. AChE inhibitor and Keap1-Nrf2-ARE pathway activator. Chemical structure of the candi-
date for the treatment of AD 23, which resulted from the combination of different pharmacophoric
elements [103].

A further combination of Nrf2 activator and AChE inhibitor was recently proposed,
characterized by the presence of a 1,2,4-oxadiazole core and benzylpiperidine [103]. Among
the various derivatives synthesized, compound 24 was selected as the representative
molecule (Figure 19).

,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 19. AChE inhibitor and Nrf2 activator dual agent. Chemical structure of the hybrid
donepezil/1,2,4-oxadiazole compound 24, a candidate for the treatment of AD [75].

It exhibited excellent human AChE inhibition (hAChE ICsy = 0.38 uM) in an ARE
luciferase reporter test and it was not cytotoxic against PC12 cells. The inhibitory AchE
was ascribed to the benzylpiperidine motif from the AChE inhibitor donepezil, which fits
into in the catalytic anionic site of enzyme. Compound 24 also presented Nrf2-inducing
activity, determined with an ARE-luciferase reporter assay, as well as an upregulation effect
on downstream proteins HO-1, NQO1, and GCLM, with significant antioxidative and anti-
inflammatory potency. The 1,2,4-oxadiazole core was identified to have inductivity of Nrf2 [75].
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The administration of this bifunctional agent led to a more marked improvement in cognition
and inflammation than the combination of an AChE inhibitor and an Nrf2 activator.

6. Conclusions

The potential clinical application of Nrf2 activators has been widely reported for the
treatment of different diseases, basically having in common oxidative stress and chronic
inflammation as hallmarks. However, in very recent years, the interest in the potential ther-
apeutic role of Nrf2 activators for the treatment of neurodegenerative diseases has grown,
and several small molecules have been disclosed, also aiming toward a polypharmacologic
approach, based on the multifactorial etiology of these pathological conditions. In this
review, we reported the latest and most important findings in the research on compounds
able to upregulate the Keap1-Nrf2-ARE pathway, considering activators, Nrf2 /Keapl
protein—protein degraders, and multitargeting compounds, all showing a usefulness in
counteracting neurodegeneration. The drug design of the reported molecules and their
activity have been discussed, with a focus on the amelioration of their pharmacokinetic
parameters. In fact, despite the many promising results shown by Nrf2 activators, their
clinical use has been limited by issues regarding the interaction with off-targets and their
lack of selectivity, as well as by poor BBB penetration [5]. All in all, although the future of
Nrf2 activators seems promising, more research is necessary in this field to translate these
compounds into the clinical use.

Author Contributions: Conceptualization, C.M. and I.B.; methodology, R.A.; formal analysis, R.A.,
C.M. and LB.; investigation, R.A., C.M. and I.B.; resources, R.A., C.M. and 1.B.; data curation, C.M.;
writing—original draft preparation, R.A., C. M. and L.B.; writing—review and editing, R.A., C.M. and
L.B.; visualization, I.B.; supervision, C.M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

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

References

1.

GBD 2015 Neurological Disorders Collaborator Group. Global, regional, and national burden of neurological disorders during
1990-2015: A systematic analysis for the Global Burden of Disease Study 2015. Lancet Neurol. 2017, 16, 877-897. [CrossRef]
[PubMed]

Barnham, K.; Masters, C.; Bush, A. Neurodegenerative diseases and oxidative stress. Nat. Rev. Drug Discov. 2004, 3, 205-214.
[CrossRef] [PubMed]

Maccallini, C.; Amoroso, R. Targeting neuronal nitric oxide synthase as a valuable strategy for the therapy of neurological
disorders. Neural Regen. Res. 2016, 11, 1731-1734. [CrossRef]

Boas, S.M.; Joyce, K.L.; Cowell, R.M. The Nrf2-Dependent Transcriptional Regulation of Antioxidant Defense Pathways: Relevance
for Cell Type-Specific Vulnerability to Neurodegeneration and Therapeutic Intervention. Antioxidants 2021, 11, 8. [CrossRef]
[PubMed]

Cuadrado, A.; Rojo, A.L; Wells, G.; Hayes, ].D.; Cousin, S.P,; Rumsey, W.L.; Attucks, O.C.; Franklin, S.; Levonen, A.L.; Kensler,
T.W,; et al. Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic diseases. Nat. Rev. Drug Discov. 2019, 18, 295-317.
[CrossRef]

Trachootham, D.; Lu, W.; Ogasawara, M.A.; Nilsa, R.D.; Huang, P. Redox regulation of cell survival. Antioxid. Redox Signal 2008,
10, 1343-1374. [CrossRef] [PubMed]

Bienert, G.P,; Schjoerring, ] K.; Jahn, T.P. Membrane transport of hydrogen peroxide. Biochim. Biophys. Acta 2006, 1758, 994-1003.
[CrossRef]

Heurtaux, T.; Bouvier, D.S.; Benani, A.; Helgueta Romero, S.; Frauenknecht, K.B.M.; Mittelbronn, M.; Sinkkonen, L. Normal and
Pathological Nrf2 Signalling in the Central Nervous System. Antioxidants 2022, 11, 1426. [CrossRef]


http://doi.org/10.1016/S1474-4422(17)30299-5
http://www.ncbi.nlm.nih.gov/pubmed/28931491
http://doi.org/10.1038/nrd1330
http://www.ncbi.nlm.nih.gov/pubmed/15031734
http://doi.org/10.4103/1673-5374.194707
http://doi.org/10.3390/antiox11010008
http://www.ncbi.nlm.nih.gov/pubmed/35052512
http://doi.org/10.1038/s41573-018-0008-x
http://doi.org/10.1089/ars.2007.1957
http://www.ncbi.nlm.nih.gov/pubmed/18522489
http://doi.org/10.1016/j.bbamem.2006.02.015
http://doi.org/10.3390/antiox11081426

Antioxidants 2023, 12,778 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

Snezhkina, A.V.,; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.; Dmitriev, A.A. ROS
Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxid. Med. Cell. Longev. 2019, 2019, 6175804.
[CrossRef]

Sinenko, S.A.; Starkova, T.Y.; Kuzmin, A.A.; Tomilin, A.N. Physiological Signaling Functions of Reactive Oxygen Species in Stem
Cells: From Flies to Man. Front. Cell Dev. Biol. 2021, A9, 714370. [CrossRef]

Stadtman, E.R.; Levine, R.L. Free radical-mediated oxidation of free amino acids and amino acid residues in proteins. Amino
Acids 2003, 250, 207-218. [CrossRef] [PubMed]

Suzuki, T.; Yamamoto, M. Stress-sensing mechanisms and the physiological roles of the Keap1-Nrf2 system during cellular stress.
J. Biol. Chem. 2017, 292, 16817-16824. [CrossRef] [PubMed]

Itoh, K.; Ishii, T.; Wakabayashi, N.; Yamamoto, M. Regulatory mechanisms of cellular response to oxidative stress. Free Radic. Res.
1999, 31, 319-324. [CrossRef]

Cullinan, S.B.; Gordan, ].D.; Jin, J.; Harper, ].W.; Diehl, J.A. The Keap1-BTB protein is an adaptor that bridges Nrf2 to a Cul3-based
E3 ligase: Oxidative stress sensing by a Cul3-Keap1 ligase. Mol. Cell. Biol. 2004, 24, 8477-8486. [CrossRef] [PubMed]

Tong, K.I.; Kobayashi, A.; Katsuoka, F.; Yamamoto, M. Two-site substrate recognition model for the Keap1-Nrf2 system: A hinge
and latch mechanism. Biol. Chem. 2006, 387, 1311-1320. [CrossRef]

Horie, Y.; Suzuki, T.; Inoue, J.; Iso, T.; Wells, G.; Moore, T.W.; Mizushima, T.; Dinkova-Kostova, A.T.; Kasai, T.; Kamei, T.; et al.
Molecular basis for the disruption of Keap1-Nrf2 interaction via Hinge & Latch mechanism. Commun. Biol. 2021, 4, 576.

Rada, P; Rojo, A.L; Chowdhry, S.; McMahon, M.; Hayes, ].D.; Cuadrado, A. SCF/-TrCP promotes glycogen synthase kinase
3-dependent degradation of the Nrf2 transcription factor in a Keapl-independent manner. Mol. Cell. Biol. 2011, 31, 1121-1133.
[CrossRef]

Kanninen, K.; White, A.R.; Koistinaho, J.; Malm, T. Targeting Glycogen Synthase Kinase-3f3 for Therapeutic Benefit against
Oxidative Stress in Alzheimer’s Disease: Involvement of the Nrf2-ARE Pathway. Int. ]. Alzheimer’s Dis. 2011, 2011, 985085.
Tonelli, C.; Chio, L.L.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727-1745. [CrossRef]
Komatsu, M.; Kurokawa, H.; Waguri, S.; Taguchi, K.; Kobayashi, A.; Ichimura, Y.; Sou, Y.S.; Ueno, I.; Sakamoto, A.; Tong, K.I.; et al.
The selective autophagy substrate p62 activates the stress responsive transcription factor Nrf2 through inactivation of Keap1.
Nat. Cell Biol. 2010, 12, 213-223. [CrossRef]

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.
[CrossRef]

Tan, B.L.; Norhaizan, M.E.; Liew, W.P.; Sulaiman Rahman, H. Antioxidant and Oxidative Stress: A Mutual Interplay in Age-Related
Diseases. Front. Pharmacol. 2018, 9, 1162. [CrossRef]

Matsumaru, D.; Motohashi, H. The KEAP1-Nrf2 System in Healthy Aging and Longevity. Antioxidants 2021, 10, 1929. [CrossRef]
Hickman, S.; Izzy, S.; Sen, P.; Morsett, L.; El Khoury, J. Microglia in neurodegeneration. Nat. Neurosci. 2018, 21, 1359-1369.
[CrossRef] [PubMed]

Acioglu, C; Li, L.; Elkabes, S. Contribution of astrocytes to neuropathology of neurodegenerative diseases. Brain Res. 2021, 1758, 147291.
[CrossRef]

Lazdon, E.; Stolero, N.; Frenkel, D. Microglia and Parkinson’s disease: Footprints to pathology. J. Neural Transm. 2020, 127, 149-158.
[CrossRef] [PubMed]

Angelova, D.M.; Brown, D.R. Microglia and the aging brain: Are senescent microglia the key to neurodegeneration? J. Neurochem.
2019, 151, 676—688. [CrossRef]

Todorovic, M.; Wood, S.A.; Mellick, G.D. Nrf2: A modulator of Parkinson’s disease? ]. Neural Transm. 2016, 123, 611-619.
[CrossRef] [PubMed]

Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P; Volkmann, J.; Schrag, A.E.; Lang, A.E. Parkinson disease.
Nat. Rev. Dis. Prim. 2017, 3, 17013. [CrossRef]

Mehra, S.; Sahay, S.; Maji, S.K. «-Synuclein misfolding and aggregation: Implications in Parkinson’s disease pathogenesis. Biochim.
Biophys. Acta Proteins Proteom. 2019, 1867, 890-908. [CrossRef]

Brown, D.R. «-Synuclein as a ferrireductase. Biochem. Soc. Trans. 2013, 41, 1513-1517. [CrossRef] [PubMed]

Chinta, S.J.; Mallajosyula, ].K.; Rane, A.; Andersen, ].K. Mitochondrial x-synuclein accumulation impairs complex I function in
dopaminergic neurons and results in increased mitophagy in vivo. Neurosci. Lett. 2010, 486, 235-239. [CrossRef] [PubMed]
Richardson, J.R.; Caudle, W.M.; Guillot, T.S.; Watson, J.L.; Nakamaru-Ogiso, E.; Seo, B.B.; Sherer, T.B.; Greenamyre, ].T.; Yagi, T.;
Matsuno-Yagi, A.; et al. Obligatory role for complex I inhibition in the dopaminergic neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). Toxicol. Sci. 2007, 95, 196-204. [CrossRef] [PubMed]

Chakkittukandiyil, A.; Sajini, D.V.; Karuppaiah, A.; Selvaraj, D. The principal molecular mechanisms behind the activation of
Keap1/Nrf2/ARE pathway leading to neuroprotective action in Parkinson’s disease. Neurochem. Int. 2022, 156, 105325. [CrossRef]
[PubMed]

Harper, ].W.; Ordureau, A.; Heo, ]. M. Building and decoding ubiquitin chains for mitophagy. Nat. Rev. Mol. Cell Biol. 2018, 19, 93-108.
[CrossRef] [PubMed]

Sai, Y.; Zou, Z.; Peng, K.; Dong, Z. The Parkinson’s disease-related genes act in mitochondrial homeostasis. Neurosci. Biobehav. Rev.
2012, 36, 2034-2043. [CrossRef] [PubMed]


http://doi.org/10.1155/2019/6175804
http://doi.org/10.3389/fcell.2021.714370
http://doi.org/10.1007/s00726-003-0011-2
http://www.ncbi.nlm.nih.gov/pubmed/14661084
http://doi.org/10.1074/jbc.R117.800169
http://www.ncbi.nlm.nih.gov/pubmed/28842501
http://doi.org/10.1080/10715769900300881
http://doi.org/10.1128/MCB.24.19.8477-8486.2004
http://www.ncbi.nlm.nih.gov/pubmed/15367669
http://doi.org/10.1515/BC.2006.164
http://doi.org/10.1128/MCB.01204-10
http://doi.org/10.1089/ars.2017.7342
http://doi.org/10.1038/ncb2021
http://doi.org/10.1016/j.redox.2018.01.008
http://doi.org/10.3389/fphar.2018.01162
http://doi.org/10.3390/antiox10121929
http://doi.org/10.1038/s41593-018-0242-x
http://www.ncbi.nlm.nih.gov/pubmed/30258234
http://doi.org/10.1016/j.brainres.2021.147291
http://doi.org/10.1007/s00702-020-02154-6
http://www.ncbi.nlm.nih.gov/pubmed/32016606
http://doi.org/10.1111/jnc.14860
http://doi.org/10.1007/s00702-016-1563-0
http://www.ncbi.nlm.nih.gov/pubmed/27145762
http://doi.org/10.1038/nrdp.2017.13
http://doi.org/10.1016/j.bbapap.2019.03.001
http://doi.org/10.1042/BST20130130
http://www.ncbi.nlm.nih.gov/pubmed/24256246
http://doi.org/10.1016/j.neulet.2010.09.061
http://www.ncbi.nlm.nih.gov/pubmed/20887775
http://doi.org/10.1093/toxsci/kfl133
http://www.ncbi.nlm.nih.gov/pubmed/17038483
http://doi.org/10.1016/j.neuint.2022.105325
http://www.ncbi.nlm.nih.gov/pubmed/35278519
http://doi.org/10.1038/nrm.2017.129
http://www.ncbi.nlm.nih.gov/pubmed/29358684
http://doi.org/10.1016/j.neubiorev.2012.06.007
http://www.ncbi.nlm.nih.gov/pubmed/22771336

Antioxidants 2023, 12,778 18 of 20

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Dorszewska, J.; Kowalska, M.; Prendecki, M.; Piekut, T.; Koztowska, J.; Kozubski, W. Oxidative stress factors in Parkinson’s
disease. Neural Regen. Res. 2021, 16, 1383-1391. [CrossRef]

Hermida-Ameijeiras, A.; Méndez-Alvarez, E.; Sanchez-Iglesias, S.; Sanmartin-Sudrez, C.; Soto-Otero, R. Autoxidation and
MAO-mediated metabolism of dopamine as a potential cause of oxidative stress: Role of ferrous and ferric ions. Neurochem. Int.
2004, 45, 103-116. [CrossRef]

Innamorato, N.G.; Jazwa, A.; Rojo, A.L; Garcia, C.; Fernandez-Ruiz, J.; Grochot-Przeczek, A.; Stachurska, A.; Jozkowicz, A.;
Dulak, J.; Cuadrado, A. Different susceptibility to the Parkinson’s toxin MPTP in mice lacking the redox master regulator Nrf2 or
its target gene heme oxygenase-1. PLoS ONE 2010, 5, e11838. [CrossRef]

Lastres-Becker, I.; Ulusoy, A.; Innamorato, N.G.; Sahin, G.; Rabano, A ; Kirik, D.; Cuadrado, A. x-Synuclein expression and Nrf2
deficiency cooperate to aggravate protein aggregation, neuronal death and inflammation in early-stage Parkinson’s disease.
Hum. Mol. Genet. 2012, J21, 3173-3192. [CrossRef]

Lastres-Becker, I.; Garcia-Yagtie, A.].; Scannevin, R.H.; Casarejos, M.].; Ktigler, S.; Rdbano, A.; Cuadrado, A. Repurposing the Nrf2
Activator Dimethyl Fumarate as Therapy Against Synucleinopathy in Parkinson’s Disease. Antioxid. Redox Signal 2016, 25, 61-77.
[CrossRef]

Ahuja, M.; Ammal Kaidery, N.; Attucks, O.C.; McDade, E.; Hushpulian, D.M.; Gaisin, A.; Gaisina, I.; Ahn, Y.H.; Nikulin, S.;
Poloznikov, A.; et al. Bachl derepression is neuroprotective in a mouse model of Parkinson’s disease. Proc. Natl. Acad. Sci. USA
2021, 118, €2111643118. [CrossRef] [PubMed]

Kawakami, F; Imai, M.; Tamaki, S.; Ohta, E.; Kawashima, R.; Maekawa, T.; Kurosaki, Y.; Ohba, K.; Ichikawa, T. Nrf2 Expression Is
Decreased in LRRK2 Transgenic Mouse Brain and LRRK2 Overexpressing SH-SY5Y Cells. Biol. Pharm. Bull. 2023, 46, 123-127.
[CrossRef] [PubMed]

Gumeni, S.; Papanagnou, E.D.; Manola, M.S.; Trougakos, LP. Nrf2 activation induces mitophagy and reverses Parkin/Pink1
knock down-mediated neuronal and muscle degeneration phenotypes. Cell Death Dis. 2021, 12, 671. [CrossRef] [PubMed]
Belarbi, K.; Cuvelier, E.; Destée, A.; Gressier, B.; Chartier-Harlin, M.C. NADPH oxidases in Parkinson’s disease: A systematic
review. Mol. Neurodegener. 2017, 12, 84. [CrossRef]

Fu, W.Y,; Ip, N.Y. The role of genetic risk factors of Alzheimer’s disease in synaptic dysfunction. Semin. Cell Dev. Biol. 2023, 139, 3-12.
[CrossRef]

Qiu, C.; Kivipelto, M.; von Strauss, E. Epidemiology of Alzheimer’s disease: Occurrence, determinants, and strategies toward
intervention. Dialogues Clin. Neurosci. 2009, 11, 111-128. [CrossRef]

Blennow, K.; de Leon, M.].; Zetterberg, H. Alzheimer’s disease. Lancet 2006, 368, 387-403. [CrossRef]

Wang, X.; Su, B.; Zheng, L.; Perry, G.; Smith, M.A.; Zhu, X. The role of abnormal mitochondrial dynamics in the pathogenesis of
Alzheimer’s disease. ]. Neurochem. 2009, 109 (Suppl. 1), 153-159. [CrossRef]

Hensley, K.; Hall, N.; Subramaniam, R.; Cole, P.; Harris, M.; Aksenov, M.; Aksenova, M.; Gabbita, S.P.; Wu, J.E; Carney, ].M.; et al.
Brain regional correspondence between Alzheimer’s disease histopathology and biomarkers of protein oxidation. J. Neurochem.
1995, 65, 2146-2156. [CrossRef]

Chen, Z.; Zhong, C. Oxidative stress in Alzheimer’s disease. Neurosci. Bull. 2014, 30, 271-281. [CrossRef] [PubMed]

Xie, H.; Hou, S,; Jiang, J.; Sekutowicz, M.; Kelly, J.; Bacskai, B.]. Rapid cell death is preceded by amyloid plaque-mediated
oxidative stress. Proc. Natl. Acad. Sci. USA 2013, 110, 7904-7909. [CrossRef]

Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F. Oxidative stress and the amyloid beta peptide
in Alzheimer’s disease. Redox Biol. 2018, 14, 450-464. [CrossRef] [PubMed]

Jara, C.; Aranguiz, A.; Cerpa, W.; Tapia-Rojas, C.; Quintanilla, R.A. Genetic ablation of tau improves mitochondrial function and
cognitive abilities in the hippocampus. Redox Biol. 2018, 18, 279-294. [CrossRef] [PubMed]

Gamblin, T.-C.; King, M.-E.; Kuret, J.; Berry, R.W,; Binder, L.I. Oxidative regulation of fatty acid-induced tau polymerization.
Biochemistry 2000, 39, 14203-14210. [CrossRef]

Stamer, K.; Vogel, R.; Thies, E.; Mandelkow, E.; Mandelkow, E.M. Tau blocks traffic of organelles, neurofilaments, and APP
vesicles in neurons and enhances oxidative stress. J. Cell Biol. 2002, 156, 1051-1063. [CrossRef] [PubMed]

Cente, M; Filipcik, P; Pevalova, M.; Novak, M. Expression of a truncated tau protein induces oxidative stress in a rodent model
of tauopathy. Eur. J. Neurosci. 2006, 24, 1085-1090. [CrossRef] [PubMed]

Stack, C.; Jainuddin, S.; Elipenahli, C.; Gerges, M.; Starkova, N.; Starkov, A.A.; Jové, M.; Portero-Otin, M.; Launay, N.; Pujol, A.; et al.
Methylene blue upregulates Nrf2/ARE genes and prevents tau-related neurotoxicity. Hum. Mol. Genet. 2014, J23, 3716-3732.
[CrossRef] [PubMed]

Rojo, A.L; Pajares, M.; Garcia-Yagtie, A.].; Buendia, I.; Van Leuven, F,; Yamamoto, M.; Lépez, M.G.; Cuadrado, A. Deficiency in
the transcription factor Nrf2 worsens inflammatory parameters in a mouse model with combined tauopathy and amyloidopathy.
Redox Biol. 2018, 18, 173-180. [CrossRef] [PubMed]

Rojo, A.L; Pajares, M.; Rada, P; Nuiiez, A.; Nevado-Holgado, A.J.; Killik, R.; Van Leuven, E; Ribe, E.; Lovestone, S.; Yamamoto,
M.; et al. Nrf2 deficiency replicates transcriptomic changes in Alzheimer’s patients and worsens APP and TAU pathology. Redox
Biol. 2017, 13, 444-451. [CrossRef]

Ramesh Babu, J.; Lamar Seibenhener, M.; Peng, J.; Strom, A.-L.; Kemppainen, R.; Cox, N.; Zhu, H.; Wooten, M.-C;
Diaz-Meco, M.-T.; Moscat, J.; et al. Genetic inactivation of p62 leads to accumulation of hyperphosphorylated tau and
neurodegeneration. J. Neurochem. 2008, 106, 107-120. [CrossRef] [PubMed]


http://doi.org/10.4103/1673-5374.300980
http://doi.org/10.1016/j.neuint.2003.11.018
http://doi.org/10.1371/journal.pone.0011838
http://doi.org/10.1093/hmg/dds143
http://doi.org/10.1089/ars.2015.6549
http://doi.org/10.1073/pnas.2111643118
http://www.ncbi.nlm.nih.gov/pubmed/34737234
http://doi.org/10.1248/bpb.b22-00356
http://www.ncbi.nlm.nih.gov/pubmed/36596520
http://doi.org/10.1038/s41419-021-03952-w
http://www.ncbi.nlm.nih.gov/pubmed/34218254
http://doi.org/10.1186/s13024-017-0225-5
http://doi.org/10.1016/j.semcdb.2022.07.011
http://doi.org/10.31887/DCNS.2009.11.2/cqiu
http://doi.org/10.1016/S0140-6736(06)69113-7
http://doi.org/10.1111/j.1471-4159.2009.05867.x
http://doi.org/10.1046/j.1471-4159.1995.65052146.x
http://doi.org/10.1007/s12264-013-1423-y
http://www.ncbi.nlm.nih.gov/pubmed/24664866
http://doi.org/10.1073/pnas.1217938110
http://doi.org/10.1016/j.redox.2017.10.014
http://www.ncbi.nlm.nih.gov/pubmed/29080524
http://doi.org/10.1016/j.redox.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30077079
http://doi.org/10.1021/bi001876l
http://doi.org/10.1083/jcb.200108057
http://www.ncbi.nlm.nih.gov/pubmed/11901170
http://doi.org/10.1111/j.1460-9568.2006.04986.x
http://www.ncbi.nlm.nih.gov/pubmed/16930434
http://doi.org/10.1093/hmg/ddu080
http://www.ncbi.nlm.nih.gov/pubmed/24556215
http://doi.org/10.1016/j.redox.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30029164
http://doi.org/10.1016/j.redox.2017.07.006
http://doi.org/10.1111/j.1471-4159.2008.05340.x
http://www.ncbi.nlm.nih.gov/pubmed/18346206

Antioxidants 2023, 12,778 19 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Leroy, K.; Yilmaz, Z.; Brion, J.P. Increased level of active GSK-3beta in Alzheimer’s disease and accumulation in argyrophilic
grains and in neurones at different stages of neurofibrillary degeneration. Neuropathol. Appl. Neurobiol. 2007, 33, 43-55. [CrossRef]
Uemura, K.; Kuzuya, A.; Shimozono, Y.; Aoyagi, N.; Ando, K.; Shimohama, S.; Kinoshita, A. GSK3beta activity modifies the
localization and function of presenilin 1. J. Biol. Chem. 2007, 282, 15823-15832. [CrossRef]

Wilson, A.J.; Kerns, ].K.; Callahan, J.F.; Moody, C.J. Keap calm, and carry on covalently. J. Med. Chem. 2013, 56, 7463-7476.
[CrossRef] [PubMed]

Ma, Q.; He, X. Molecular basis of electrophilic and oxidative defense: Promises and perils of Nrf2. Pharmacol. Rev. 2012, 64, 1055-1081.
[CrossRef] [PubMed]

Lee, S.; Hu, L. Nrf2 activation through the inhibition of Keap1-Nrf2 protein—protein interaction. Med. Chem. Res. 2020, 29, 846-867.
[CrossRef] [PubMed]

Liu, Y.C.; Hsieh, C.W.; Wu, C.C.; Wung, B.S. Chalcone inhibits the activation of NF-kappa B and STAT3 in endothelial cells via
endogenous electrophile. Life Sci. 2007, 80, 1420-1430. [CrossRef]

Kumar, V.; Kumar, S.; Hassan, M.; Wu, H.; Thimmulappa, R K.; Kumar, A.; Sharma, S.K.; Parmar, V.S.; Biswal, S.; Malhotra, S.V.
Novel chalcone derivatives as potent Nrf2 activators in mice and human lung epithelial cells. J. Med. Chem. 2011, 54, 4147-4159.
[CrossRef]

Kim, H.J.; Jang, B.K,; Park, ].H.; Choi, ] W.; Park, S.J.; Byeon, S.R.; Pae, A.N,; Lee, Y.S.; Cheong, E.; Park, K.D. A novel chalcone
derivative as Nrf2 activator attenuates learning and memory impairment in a scopolamine-induced mouse model. Eur. ]. Med.
Chem. 2022, 185, 111777. [CrossRef]

Woo, S.Y; Kim, ].H.; Moon, M.K.; Han, S.H.; Yeon, S.K.; Choi, ] W,; Jang, BK,; Song, H.].; Kang, Y.G.; Kim, ].W.; et al. Discovery of
Vinyl Sulfones as a Novel Class of Neuroprotective Agents toward Parkinson’s Disease Therapy. J. Med. Chem. 2014, 57, 1473-1487.
[CrossRef]

Song, Z.L.; Hou, Y,; Bai, F; Fang, J. Generation of potent Nrf2 activators via tuning the electrophilicity and steric hindrance of
vinyl sulfones for neuroprotection. Bioorg. Chem. 2021, 107, 104520. [CrossRef]

Choi, ].W,; Kim, S.; Park, J.H.; Kim, H.J.; Shin, S.J.; Kim, JJW.; Woo, S.Y.; Lee, C.; Han, S.M,; Lee, ].; et al. Optimization of Vinyl
Sulfone Derivatives as Potent Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2) Activators for Parkinson’s Disease Therapy.
J. Med. Chem. 2019, 62, 811-830. [CrossRef]

Choi, JJW,; Kim, S.; Yoo, ].S.; Kim, HJ.; Kim, H].; Kim, B.E.; Lee, E.H.; Lee, Y.S.; Park, ].H.; Park, K.D. Development and optimization
of halogenated vinyl sulfones as Nrf2 activators for the treatment of Parkinson’s disease. Eur. . Med. Chem. 2021, 212, 113103.
[CrossRef]

Crisman, E.; Duarte, P.; Dauden, E.; Cuadrado, A.; Rodriguez-Franco, M.L; Lépez, M.G.; Leén, R. KEAP1-Nrf2 protein—protein
interaction inhibitors: Design, pharmacological properties and therapeutic potential. Med. Res. Rev. 2023, 43, 237-287. [CrossRef]
Xu, L.L,; Zhu, J.F; Xu, X.L.; Zhu, J; Li, L.; Xi, M.Y,; Jiang, Z.Y.; Zhang, M.Y; Liu, F,; Lu, M.C; et al. Discovery and modification
of in vivo active Nrf2 activators with 1,2,4-oxadiazole core: Hits identification and structure-activity relationship study. J. Med.
Chem. 2015, 58, 5419-5436. [CrossRef] [PubMed]

Ayoup, M.S.; Abu-Serie, M.M.; Abdel-Hamid, H.; Teleb, M. Beyond direct Nrf2 activation; reinvestigating 1,2,4-oxadiazole
scaffold as a master key unlocking the antioxidant cellular machinery for cancer therapy. Eur. J. Med. Chem. 2021, 220, 113475.
[CrossRef] [PubMed]

Quinti, L.; Casale, M.; Moniot, S.; Pais, T.E; Van Kanegan, M.].; Kaltenbach, L.S.; Pallos, J.; Lim, R.G.; Naidu, S.D.; Runne, H.; et al.
SIRT2- and NRF2-Targeting Thiazole-Containing Compound with Therapeutic Activity in Huntington’s Disease Models. Cell
Chem. Biol. 2016, 23, 849-861. [CrossRef] [PubMed]

Quinti, L.; Dayalan, N.S.; Trdger, U.; Chen, X.; Kegel-Gleason, K.; Lleres, 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. [CrossRef] [PubMed]

Lao, Y.; Wang, Y,; Chen, J.; Huang, P.; Su, R,; Shi, J.; Jiang, C.; Zhang, J. Synthesis and biological evaluation of 1,2,4-triazole
derivatives as potential Nrf2 activators for the treatment of cerebral ischemic injury. Eur. J. Med. Chem. 2022, 236, 114315.
[CrossRef]

Lin, H.; Qiao, Y.;; Yang, H.; Li, Q.; Chen, Y.; Qu, W.; Liu, W,; Feng, F; Sun, H. Design and evaluation of Nrf2 activators with
1,34-oxa/thiadiazole core as neuro-protective agents against oxidative stress in PC-12 cells. Bioorg. Med. Chem. Lett. 2020, 30, 126853.
[CrossRef]

Norton, D.; Bonnette, W.G.; Callahan, J.E,; Carr, M.G.; Griffiths-Jones, C.M.; Heightman, T.D.; Kerns, ] K.; Nie, H.; Rich, S.J.; Richardson,
C.; et al. Fragment-Guided Discovery of Pyrazole Carboxylic Acid Inhibitors of the Kelch-like ECH-Associated Protein 1: Nuclear
Factor Erythroid 2 Related Factor 2 (KEAP1:NRF2) Protein-Protein Interaction. J. Med. Chem. 2021, 64, 15949-15972. [CrossRef]
Darakhshan, S.; Bidmeshki, P.A.; Hosseinzadeh, C.A.; Sisakhtnezhad, S. Thymoquinone and its therapeutic potentials. Pharmacol.
Res. 2015, 95-96, 138-158. [CrossRef] [PubMed]

Radad, K.; Moldzio, R.; Taha, M.; Rausch, W.D. Thymoquinone protects dopaminergic neurons against MPP+ and rotenone.
Phytother. Res. 2009, 23, 696-700. [CrossRef] [PubMed]

Radad, K.S.; Al-Shraim, M.M.; Moustafa, M.E; Rausch, W.D. Neuroprotective role of thymoquinone against 1-methyl-4-
phenylpyridiniuminduced dopaminergic cell death in primary mesencephalic cell culture. Neurosciences 2015, 20, 10-16. [PubMed]


http://doi.org/10.1111/j.1365-2990.2006.00795.x
http://doi.org/10.1074/jbc.M610708200
http://doi.org/10.1021/jm400224q
http://www.ncbi.nlm.nih.gov/pubmed/23837912
http://doi.org/10.1124/pr.110.004333
http://www.ncbi.nlm.nih.gov/pubmed/22966037
http://doi.org/10.1007/s00044-020-02539-y
http://www.ncbi.nlm.nih.gov/pubmed/32390710
http://doi.org/10.1016/j.lfs.2006.12.040
http://doi.org/10.1021/jm2002348
http://doi.org/10.1016/j.ejmech.2019.111777
http://doi.org/10.1021/jm401788m
http://doi.org/10.1016/j.bioorg.2020.104520
http://doi.org/10.1021/acs.jmedchem.8b01527
http://doi.org/10.1016/j.ejmech.2020.113103
http://doi.org/10.1002/med.21925
http://doi.org/10.1021/acs.jmedchem.5b00170
http://www.ncbi.nlm.nih.gov/pubmed/26111355
http://doi.org/10.1016/j.ejmech.2021.113475
http://www.ncbi.nlm.nih.gov/pubmed/33901898
http://doi.org/10.1016/j.chembiol.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27427231
http://doi.org/10.1073/pnas.1614943114
http://www.ncbi.nlm.nih.gov/pubmed/28533375
http://doi.org/10.1016/j.ejmech.2022.114315
http://doi.org/10.1016/j.bmcl.2019.126853
http://doi.org/10.1021/acs.jmedchem.1c01351
http://doi.org/10.1016/j.phrs.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25829334
http://doi.org/10.1002/ptr.2708
http://www.ncbi.nlm.nih.gov/pubmed/19089849
http://www.ncbi.nlm.nih.gov/pubmed/25630775

Antioxidants 2023, 12,778 20 of 20

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Ardah, M.T.; Merghani, M.M.; Haque, M.E. Thymoquinone prevents neurodegeneration against MPTP in vivo and modulates
a-synuclein aggregation in vitro. Neurochem. Int. 2019, 128, 115-126. [CrossRef] [PubMed]

Talebi, M.; Talebi, M.; Farkhondeh, T.; Samarghandian, S. Biological and therapeutic activities of thymoquinone: Focus on the
Nrf2 signaling pathway. Phytother. Res. 2021, 35, 1739-1753. [CrossRef]

Fujiwara, H.; Iwasaki, K.; Furukawa, K.; Seki, T.; He, M.; Maruyama, M.; Tomita, N.; Kudo, Y.; Higuchi, M.; Saido, T.C.; et al.
Uncaria thynchophylla, a Chinese medicinal herb, has potent antiaggregation effects on Alzheimer’s -amyloid proteins.
J. Neurosci. Res. 2006, 84, 427-433. [CrossRef] [PubMed]

Xu, R.; Wang, J.; Xu, J.; Song, X.; Huang, H.; Feng, Y.; Fu, C. Rhynchophylline loaded-mPEG-PLGA nanoparticles coated with
Tween-80 for preliminary study in Alzheimer’s disease. Int. ]. Nanomed. 2020, 15, 1149-1160. [CrossRef]

Qin, Q.J.; Cui, L.Q.; Li, P; Wang, Y.B.; Zhang, X.Z.; Guo, M.L. Rhynchophylline ameliorates myocardial ischemia/reperfusion
injury through the modulation of mitochondrial mechanisms to mediate myocardial apoptosis. Mol. Med. Rep. 2019, 19, 2581-2590.
[CrossRef]

Jiang, P; Chen, L.; Xu, J.; Liu, W.; Feng, F.; Qu, W. Neuroprotective Effects of Rhynchophylline Against A31-42-Induced Oxidative
Stress, Neurodegeneration, and Memory Impairment Via Nrf2-ARE Activation. Neurochem. Res. 2021, 46, 2439-2450. [CrossRef]
Cavalli, A.; Bolognesi, M.L.; Minarini, A.; Rosini, M.; Tumiatti, V.; Recanatini, M.; Carlo Melchiorre, C. Multi-target-directed
ligands to combat neurodegenerative diseases. J. Med. Chem. 2008, 51, 347-372. [CrossRef] [PubMed]

Zhang, X.; Guo, J.; Wei, X.; Niu, C.; Jia, M.; Qinhan Li, Q.; Meng, D. Bach1: Function, regulation, and involvement in disease.
Oxid. Med. Cell. Longev. 2018, 2018, 1347969. [CrossRef]

Casares, L.; Unciti-Broceta, ].D.; Prados, M.E.; Caprioglio, D.; Mattoteia, D.; Higgins, M.; Apendino, G.; Dinkova-Kostova, A.T.;
Munoz, E.; de la Vega, L. Isomeric O-methyl cannabidiolquinones with dual BACH1/Nrf2 activity. Redox Biol. 2020, 37, 101689.
[CrossRef] [PubMed]

Satoh, T.; McKercher, S.R.; Lipton, S.A. Nrf2/ ARE-mediated antioxidant actions of pro-electrophilic drugs. Free Radic. Biol. Med.
2013, 65, 645-657. [CrossRef]

Nosjean, O.; Ferro, M.; Cogé, F.; Beauverger, P.; Henlin, J.-M.; Lefoulon, E; Fauchere, ] .-L.; Delagrange, P.; Canet, E.; Boutin, J.A.
Identification of the melatonin-binding site MT 3 as the quinone reductase 2. J. Biol. Chem. 2000, 275, 31311-31317. [CrossRef]
[PubMed]

Herrera-Arozamena, C.; Estrada-Valencia, M.; Pérez, C.; Lagartera, L.; Morales-Garcia, J.A.; Pérez-Castillo, A.; Franco-Gonzalez, J.F;
Michalska, P; Duarte, P; Leon, R; et al. Tuning melatonin receptor subtype selectivity in oxadiazolone-based analogues: Discovery of
QR?2 ligands and Nrf2 activators with neurogenic properties. Eur. |. Med. Chem. 2020, 190, 112090. [CrossRef] [PubMed]

Harald Hampel, H.; Robert Vassar, R.; Bart De Strooper, B.; John Hardy, J.; Michael Willem, M.; Neeraj Singh, N.; Zhou, |.; Yan, R ;
Vanmechelen, E.; De Vos, A.; et al. The 3-secretase BACE1 in Alzheimer’s Disease. Biol. Psychiatry 2021, 89, 745-756. [CrossRef]
Kennedy, M.E.; Stamford, A.W.; Chen, X.; Cox, K.; Cumming, ].N.; Dockendorf, M.E,; Egan, M.; Ereshefsky, L.; Hodgson, R.A;
Hyde, L.A.; et al. The BACE1 inhibitor verubecestat (MK-8931) reduces CNS (3-amyloid in animal models and in Alzheimer’s
disease patients. Sci. Transl. Med. 2016, 8, 363ra150. [CrossRef]

Qu, L.;Ji, L; Wang, C; Luo, H,; Li, S.; Peng, W.; Yin, F;; Lu, D.; Liu, X.; Kong, L.; et al. Synthesis and evaluation of multi-target-
directed ligands with BACE-1 inhibitory and Nrf2 agonist activities as potential agents against Alzheimer’s disease. Eur. ]. Med.
Chem. 2021, 219, 113441. [CrossRef]

Guo, J.; Cheng, M.; Liu, P; Cao, D.; Luo, J.; Wan, Y; Fang, Y; Jin, Y,; Xie, S.-S,; Liu, J. A multi-target directed ligands strategy
for the treatment of Alzheimer’s disease: Dimethyl fumarate plus Tranilast modified Dithiocarbate as AchE inhibitor and Nrf2
activator. Eur. . Med. Chem. 2022, 242, 114630. [CrossRef]

Stanciu, G.D.; Luca, A.; Rusu, R.N.; Bild, V.; Beschea Chiriac, S.I.; Solcan, C.; Bild, W.; Ababei, D.C. Alzheimer’s Disease
Pharmacotherapy in relation to cholinergic system involvement. Biomolecules 2020, 10, 40. [CrossRef] [PubMed]

Thapak, P.; Bishnoi, M.; Sharma, S.S. Tranilast, a Transient Receptor Potential Vanilloid 2 Channel (TRPV2) inhibitor attenuates
amyloid B-induced cognitive impairment: Possible mechanisms. Neuromol. Med. 2022, 24, 183-194. [CrossRef] [PubMed]
Wang, Y; Xiong, B.; Lin, H.; Li, Q.; Yang, H.; Qiao, Y.; Li, Q.; Xu, Z.; Lyu, W.; Qu, W.; et al. Design, synthesis and evaluation of fused
hybrids with acetylcholinesterase inhibiting and Nrf2 activating functions for Alzheimer’s disease. Eur. J. Med. Chem. 2022, 244, 114806.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.neuint.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31028778
http://doi.org/10.1002/ptr.6905
http://doi.org/10.1002/jnr.20891
http://www.ncbi.nlm.nih.gov/pubmed/16676329
http://doi.org/10.2147/IJN.S236922
http://doi.org/10.3892/mmr.2019.9908
http://doi.org/10.1007/s11064-021-03343-9
http://doi.org/10.1021/jm7009364
http://www.ncbi.nlm.nih.gov/pubmed/18181565
http://doi.org/10.1155/2018/1347969
http://doi.org/10.1016/j.redox.2020.101689
http://www.ncbi.nlm.nih.gov/pubmed/32863231
http://doi.org/10.1016/j.freeradbiomed.2013.07.022
http://doi.org/10.1074/jbc.M005141200
http://www.ncbi.nlm.nih.gov/pubmed/10913150
http://doi.org/10.1016/j.ejmech.2020.112090
http://www.ncbi.nlm.nih.gov/pubmed/32018096
http://doi.org/10.1016/j.biopsych.2020.02.001
http://doi.org/10.1126/scitranslmed.aad9704
http://doi.org/10.1016/j.ejmech.2021.113441
http://doi.org/10.1016/j.ejmech.2022.114630
http://doi.org/10.3390/biom10010040
http://www.ncbi.nlm.nih.gov/pubmed/31888102
http://doi.org/10.1007/s12017-021-08675-x
http://www.ncbi.nlm.nih.gov/pubmed/34231190
http://doi.org/10.1016/j.ejmech.2022.114806
http://www.ncbi.nlm.nih.gov/pubmed/36223681

	Introduction 
	Implication of Oxidative Stress and Nrf2 Activation in Neurodegenerative Diseases 
	Nrf2 and Parkinson’s Disease 
	Nrf2 and Alzheimer’s Disease 

	Small Molecules Inducing Nrf2 
	Electrophilic Activators 
	PPI Interfering Compounds: Azole-Based Compounds 

	Natural Nrf2 Activators 
	Multitargeting Nrf2 Activators 
	Conclusions 
	References

