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Biochemistry
Volume 57

Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

The present book, The Role of NRF2 Transcription Factor, represents the academic
effort to describe the role of the transcription factor NRF2 in its functioning as a
cytoprotector of the cell, tissue, organs, and the organism as a whole.

Its functions are varied as a regulator of endogenous antioxidant defenses, a detoxi-
fier, and an anti-inflammatory agent, as well as contradictory when regulating
anti-apoptotic and pro-apoptotic processes.

The book contains updated information on its regulation under normal conditions,
theoretical studies on the NRF2 ligand-protein interaction, and its participation in
cellular metabolism, neurological diseases, and immunological processes, as well as
in cancer.

The participation of NRF2 in the cancer process can be considered the bad side of this
transcription factor, which leads to different basic, translational, and clinical research
studies to search for NRF2 activators or inhibitors to obtain a therapeutic window for
these diseases. This can be considered of utmost importance. However finding a regu-
lator of NRF?2 is the priority in order to induce this factor to perform a specific func-
tion, for example, activating it with its pro-apoptotic function in cancer or activating
it with its anti-apoptotic function in neurodegenerative diseases.

We hope that this book, The Role of NRF2 Transcription Factor, meets your expectations.

Dr. José Antonio Morales-Gonzdilez, Dr. Marvin A. Soriano-Urstia,

Dr. Eduardo Osiris Madrigal-Santillin and Dr. Angel Morales-Gonzilez
Superior School of Medicine,

National Polytechnic Institute,

Mexico City, Mexico






Chapter1

Nrf2: The Guardian of Cellular
Harmony — Unveiling Its Role in
Cell Biology and Senescence

Mai A. Samak

Abstract

Nrf2, a key cellular regulator, plays a complex and multifaceted role in both protect-
ing healthy cells and potentially promoting disease progression. This chapter delves
into the intricate mechanisms by which Nrf2 exerts its protective effects, including
combating carcinogens, maintaining cellular integrity, and inducing controlled cell death
under severe stress. However, the chapter also explores the “dark side” of Nrf2, where
its activity in cancer cells can contribute to chemoresistance, adaptation, and growth,
hindering effective treatment. The chapter further investigates current research avenues
for harnessing Nrf2’s potential for therapeutic benefit. Strategies for both activation
and inhibition are explored, highlighting the importance of context-dependent effects,
balancing protection and potential harm, and minimizing off-target effects. Promising
new directions, such as developing tissue-specific modulators, identifying predictive
biomarkers, and combining Nrf2 modulators with other therapeutic approaches, are also
discussed. By understanding Nrf2’s complex and context-dependent roles, we can pave
the way for the development of safer and more effective therapeutic strategies that lever-
age its beneficial effects while mitigating its potential drawbacks in various diseases.

Keywords: Nrf2, cellular homeostasis, Nrf2 and mitochondria crosstalk, cellular redox
pathways, Nrf2 and cell senescence

1. Introduction

“In the intricate symphony of cellular biology, Nrf2 emerges as a central conductor
orchestrating the delicate balance between cellular protection and senescence. This
chapter delves into the multifaceted role of Nrf2, the guardian molecule, in maintaining
cellular harmony. From its pivotal function in combating oxidative stress to its intricate
involvement in regulating cellular senescence, the intricate dance of Nrf2 within the
cellular landscape is unveiled, offering insights into its profound significance in both
health and disease.”

1.1 Overview of Nrf2 and its significance in cell biology

The transcription factor Nuclear factor-E2-related factor 2 (Nrf2) stands at the
crossroads of cellular health, aging, and disease. Its role in maintaining redox balance,
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preventing senescence, and safeguarding against oxidative stress underscores its
significance in cell biology [1]. Further research into Nrf2’s regulatory mechanisms
will pave the way for innovative therapies aimed at promoting healthy aging. Aging is
an inevitable process that affects all living organisms.

1.1.1 Nrf2: a guardian of cellular redox balance

Under normal conditions, Nrf2 remains sequestered in the cytoplasm by its inhibi-
tor, Keapl. However, when cells encounter oxidative stress or electrophilic insults,
Nrf2 dissociates from Keapl and translocates to the nucleus [2]. There, it binds to
antioxidant response elements (AREs) in the promoter regions of target genes,
activating their transcription.

1. Target Genes: Nrf2 induces the expression of various genes, including those en-
coding antioxidant enzymes and phase II detoxification enzymes.

2. Cellular Senescence: Premature senescence is associated with decreased Nrf2
levels, emphasizing its importance in aging processes [3].

1.1.2 Nrf2 and age-related diseases
The significance of Nrf2 extends beyond cellular senescence:

1. Protection Against Oxidative Stress: Nrf2 activation enhances the cellular antioxi-
dant defense system implicated in various age-related diseases (e.g., neurodegen-
erative disorders, cardiovascular diseases, and cancer).

2. Inflammation and Immunity: Nrf2 also influences immune cell function, contrib-
uting to tissue repair and homeostasis [4, 5].

3. Metabolism and Autophagy: Dysregulation of Nrf2 can lead to metabolic imbal-
ances and impaired autophagic processes [2, 3].

1.2 The battle against oxidative stress: exploring cellular defense mechanisms

Oxidative stress can lead to cellular damage, DNA mutations, and the develop-
ment of various diseases, including cancer. However, living organisms have evolved
intricate defense mechanisms to counteract the detrimental effects of oxidative stress
[6]. Non-enzymatic antioxidants such as vitamins C and E, glutathione, Carotenoids,
and Flavonoids neutralize ROS directly, preventing oxidative damage to biomolecules
[5]. The synergistic action of these antioxidant systems helps to mitigate the harmful
effects of oxidative stress and protect cellular components from damage.

1.2.1 DNA repair pathways

Oxidative stress can induce DNA damage, leading to mutations and genomic
instability. To counteract this threat, cells employ a variety of DNA repair pathways
to maintain genomic integrity. Base excision repair (BER), nucleotide excision repair
(NER), and mismatch repair (MMR) pathways are activated in response to oxidative
DNA damage, repairing lesions and preventing the accumulation of mutations [3, 7].
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1.2.2 Cellular signaling pathways

Cellular signaling pathways play a crucial role in orchestrating the cellular response
to oxidative stress. Moreover, the activation of stress-responsive kinases such as
mitogen-activated protein kinases (MAPKs) and phosphoinositide 3-kinase (PI3K)/Akt
pathway regulates cellular processes ensuring cell survival under adverse conditions [8].

2. Nrf2 pathway activation

When Nrf2 is activated, it enters the nucleus and turns on several hundred genes,
known collectively as “survival genes.” NRF2 activation decreases overall inflamma-
tion and oxidation of the body with a hormetic effect. Nutrients known to activate
Nrf2 include sulforaphane from broccoli seed extract, curcumin from the turmeric
plant, and carotenoids such as zeaxanthin and lutein.

Basal Regulation: Under normal physiological conditions, Keapl targets Nrf2 for
ubiquitination and subsequent degradation by the proteasome, maintaining low basal
levels of Nrf2 activity [9].

Activation by Oxidative Stress: When cells encounter oxidative stress, this disrupts
the interaction between Nrf2 and Keapl, leading to the stabilization and accumula-
tion of Nrf2 in the cytoplasm.

Nuclear Translocation: It forms heterodimers with small Maf proteins and binds to
antioxidant response elements (AREs) present in the promoter regions of target genes.

Transcriptional Activation: Binding of Nrf2 to AREs induces the transcription of a
battery of cytoprotective genes encoding antioxidant enzymes and restores cellular
redox homeostasis [9].

Pharmacological Activation: Pharmacological activation of the Nrf2 pathway has
emerged as a potential therapeutic strategy for combating oxidative stress-related
diseases. Nrf2 activators, including natural compounds (e.g., sulforaphane, cur-
cumin) and synthetic compounds (e.g., bardoxolone methyl), enhance Nrf2 activity
and promote cytoprotection [10, 11].

2.1 Nrf2 activation mechanisms
2.1.1 Keapl-mediated regulation

Under normal conditions, Nrf2 is sequestered in the cytoplasm by its inhibitor,
Keapl, a substrate adaptor protein for a Cullin 3 (CUL3)-based E3 ubiquitin ligase
[12]. This interaction promotes the ubiquitination and subsequent proteasomal
degradation of NRF2, keeping its levels low under normal conditions. KEAP1
contains reactive cysteine residues that act as sensors for oxidative stress [13, 14].
When these cysteines are modified by reactive oxygen species (ROS) or electro-
philes, KEAP1 undergoes a conformational change that prevents it from promoting
the degradation of NRF2.

Post-Translational Modifications:

* Phosphorylation, acetylation, and ubiquitination modulate Nrf2 activity.

* These modifications affect Nrf2 stability, nuclear translocation, and DNA
binding.
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Coordinated Signaling Pathways [15, 16]:

* Nrf2 interacts with multiple signaling pathways, including PI3K/Akt, MAPK,
and mTOR.

* These interactions fine-tune Nrf2 activity and influence cellular fate.

3. Nrf2 and antioxidant response
3.1Role of Nrf2 in regulating antioxidant genes

Defective Nrf2 activation or downregulation of its target genes may compromise
cellular antioxidant capacity and render cells more susceptible to oxidative damage
and inflammatory insults [17].

Antioxidant genes regulated by Nrf2 [18, 19]

Antioxidant genes regulated by Nrf2 encompass a wide range of cytoprotective
enzymes and proteins, including but not limited:

* Phase II Detoxification Enzymes: These enzymes facilitate the conjugation and
elimination of electrophilic compounds and xenobiotics, thereby reducing cel-
lular exposure to potentially harmful agents.

* Antioxidant Enzymes & Redox Regulators: Notably, genes encoding thioredoxin
(TXN), thioredoxin reductase (TXNRD), and glutaredoxin (GLRX) are among
the targets of Nrf2-mediated transcriptional regulation. These proteins play
crucial roles in modulating cellular redox state and redox-sensitive signaling
cascades.

* Stress Response Proteins: In addition to classical antioxidant enzymes, Nrf2
regulates the expression of stress response proteins that confer cellular resilience
against diverse insults as heat shock proteins (HSPs).

3.2 Impact on cellular homeostasis

* Regulation of Iron Homeostasis: NRF2 is a potential modulator for orchestrating
iron homeostasis and redox balance in cancer cells [20].

* Dysfunction and Disease: Studies in genetically modified mice demonstrate that
increased oxidative stress due to NRF2 deficiency impairs endothelial function,
reducing functional hyperemia in the brain [21].

* Regulation of Stem Cell State and Function: While NRF2 activation by tert-butyl-
hydroquinone (t-BHQ) or sulforaphane (SFN) can suppress differentiation, it
displays cell type-specific and/or stage-dependent impact on stem cell biology in
response to various environmental cues [13, 21].

For adult stem cells (ASCs), NRF2 helps maintain their self-renewal, quiescence,
and regenerative capacity while protecting against ASC depletion in response to stress



Nrf2: The Guardian of Cellular Harmony — Unveiling Its Role in Cell Biology and Senescence
DOI: http://dx.doi.org/10.5772/intechopen.1005182

and aging. NRF2 controls the proliferation of self-renewing embryonic stem cells
(ESCs), three germ layer differentiation and cellular reprogramming NRF2-based
molecular programs may govern stem cell state and function with age, and implica-
tions of this for age-related pathologies [22].

o Stress Response: NRF2 serves as a key mediator of the cellular stress response,

coordinating adaptive responses to various stressors, including oxidative stress,
electrophilic stress, and proteotoxic stress [23, 24].

4. Nrf2 in detoxification processes
4.1 Nrf2: orchestrator of cellular defenses through phase Il enzyme induction

Nrf2 sits at the helm of the detoxification pathway, acting as a master transcrip-
tion factor for Antioxidant Response Elements (AREs) to initiate the transcription
and subsequent production of these detoxifying enzymes, mounting a coordinated
cellular response to the encountered stress [25].

Phase II engyme arsenal: neutralizing the threats [26]

Phase I enzymes comprise a diverse array of biochemical warriors, each special-
izing in neutralizing specific toxins and harmful molecules. Key players include:
4.1.1 Glutathione S-transferases (GST5)

Mechanism:

* The “tagging” process with GSH involves a nucleophilic attack by the thiol group
of GSH on the electrophilic center of the toxin. This forms a conjugate, making

the toxin less reactive and more water-soluble.

o GSTMI: Detoxifies polycyclic aromatic hydrocarbons (PAHs) found in ciga-
rette smoke and pollution.

o GSTT1: Protects against aflatoxins, carcinogens present in some food products.
o GSTP1: Plays a role in metabolizing various drugs and pesticides.
Diversity:

* Genetic variations like single nucleotide polymorphisms (SNPs) can influence
individual GST activity and detoxification capacity [27].

Induction:

* Nrf2 binding to AREs in GST gene promoters leads to increased mRNA and
protein expression.

* Dietary factors like cruciferous vegetables can also boost GST activity through
Nrf2 activation.
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4.1.2 NAD(P)H: quinone oxidoreductase 1 (NQO1)
Mechanism:
* NQOI1 catalyzes a two-step reduction process using NAD (P)H as a cofactor.
* First, it converts the quinone to a semiquinone radical.
* Second, it further reduces the semiquinone to a less harmful hydroquinone.
Induction [28]:

* Nrf2 is a potent activator of NQO1 expression, offering potential therapeutic
strategies in cancer prevention and treatment.

* Dietary compounds like curcumin and sulforaphane can activate NQO1 through
Nrf2 pathways.

4.1.3 UDP-glucuronosyltransferases (UGTs)
Mechanism:

* UGTs use UDP-glucuronic acid as a donor molecule to attach glucuronic acid to
various compounds through an O-glycosidic bond.

* This conjugation process increases the molecule’s size and polarity, rendering it
inactive and water-soluble, facilitating renal or biliary excretion.

Individual Variability:

* Several genetic polymorphisms exist in UGT genes, leading to individual differ-
ences in enzyme activity.

* For example, the UGT2B7*2 allele reduces enzyme activity, potentially impacting
drug response and contributing to adverse effects.

4.1.4 Heme oxygenase-1 (HO-1)
Mechanism:

* HO-1 catalyzes the degradation of heme, the iron-containing prosthetic group of
hemoglobin, into Biliverdin, Iron, and Carbon monoxide

* By reducing iron release and generating beneficial metabolites, HO-1 protects
against various inflammatory diseases like atherosclerosis, neurodegenerative
disorders, and autoimmune diseases [29, 30].
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4.2 NRF2: nature’s guardian against xenobiotic and electrophilic threats
4.2.1 Xenobiotics
Nature of the Threats [31]:

* Definition: Foreign chemicals not naturally produced by or intended for biologi-
cal organisms.

* Sources:
o Environmental pollutants (e.g., pesticides, air pollutants)
o Dietary toxins (e.g., mycotoxins, aflatoxins)
o Pharmaceuticals and medications

Mechanisms of Toxicity [32]:

* Direct Damage: Interfere with essential cellular processes or disrupt macromo-
lecular structures (e.g., DNA, proteins).

* Oxidative Stress: Generate free radicals, leading to cellular damage and
inflammation.

* Epigenetic Alterations: Can modify gene expression patterns, potentially contrib-
uting to disease development.

4.2.2 Electrophilic stressors
Definition: Molecules possessing an electron-deficient center, readily attracting
electrons from other molecules.

Mechanisms of Stress [33]:

* Covalent Binding: React with cellular proteins, DNA, and lipids, causing func-
tional disruptions and potential mutations.

* Oxidative Stress: Can trigger the generation of free radicals, leading to cellular
damage and inflammation.

* Disruption of Cellular Signaling: Interfere with essential cell communication
pathways.

Interplay of Xenobiotics and Electrophilic Stressors [34, 35]:

* Xenobiotics can be metabolized into electrophilic intermediates, amplifying
their toxic effects.
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* Electrophilic stressors can potentiate the toxicity of xenobiotics by increasing
their reactivity or promoting free radical formation.

5. Nrf2 and cellular metabolism

Understanding the intevactions between Nvf2 and cellular metabolism provides insights
into the pathophysiology of metabolic disorders and offers opportunities for thevapeutic
interventions aimed at restoring metabolic homeostasis and improving health outcomes.

5.1 Influence of Nrf2 on metabolic pathways

* Fatty Acid Metabolism: Nrf2 regulates fatty acid metabolism by modulating the
expression of genes involved in fatty acid oxidation (FAO) such as carnitine pal-
mitoyltransferase 1 (CPT1) and acyl-CoA oxidase (ACOX), leading to increased
utilization of fatty acids as an energy source [36, 37].

* Glucose Homeostasis: Activation of Nrf2 enhances glucose uptake and utilization
by upregulating the expression of glucose transporters (e.g., GLUT1, GLUT3)
and glycolytic enzymes (e.g., hexokinase, phosphofructokinase) [38].

* Redox Regulation of Metabolism: Nrf2 influences cellular metabolism through its
antioxidant and redox regulatory functions. By enhancing antioxidant defense
mechanisms, Nrf2 protects cells from oxidative damage and maintains redox
balance, which is essential for proper metabolic function [36, 39].

* Metabolic Diseases: Dysregulation of Nrf2 signaling has been implicated in the
pathogenesis of metabolic diseases, including obesity, type 2 diabetes, and
metabolic syndrome. Impaired Nrf2 activation disrupts metabolic homeostasis,
leading to metabolic dysfunction, insulin resistance, and inflammation [21, 36].

5.2 Influence of Nrf2 on mitochondrial function

Nrf2 plays a pivotal role in protecting mitochondria from oxidative stress and
promoting their optimal function through multiple mechanisms:

5.2.1 Antioxidant response

Nrf2 activation upregulates antioxidant genes like superoxide dismutase (SOD)
and catalase, neutralizing ROS and protecting mitochondrial membranes.

5.2.2 Mitochondrial biogenesis

Nrf2, the cellular defense chief, plays a crucial role in orchestrating this vital
process, ensuring proper mitochondrial function and overall health [40]:

* Transcriptional Activation: Nrf2 binds to specific DNA sequences called
Antioxidant Response Elements (AREs) in genes involved in mitochondrial
biogenesis, such as PGC-1a. This activation leads to increased mRNA production
for these crucial proteins.
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* Mitochondrial DNA Replication: Nrf2 indirectly promotes mitochondrial DNA
replication by upregulating genes involved in this process, ensuring new mito-
chondria have their own genetic machinery.

* Mitochondrial Import: Nrf2 regulates the import of proteins and other com-
ponents necessary for mitochondrial assembly from the cytoplasm, ensuring
proper construction [41].

Interplay with Other Pathways:
Nrf2 does not work in isolation. It interacts with other cellular signaling pathways
to fine-tune biogenesis:

* AMPK: This energy sensor can activate Nrf2, promoting biogenesis in response
to increased energy demands.

* Sirtuins: These longevity proteins can activate Nrf2, contributing to biogenesis
and overall mitochondrial health [42].

5.2.3 Mitophagy

Mitophagy is a vital cellular process involved in the removal and recycling of dam-
aged or dysfunctional mitochondria. Mitophagy plays a crucial role in maintaining
mitochondrial quality control by eliminating damaged or dysfunctional mitochon-
dria. Dysregulation of mitophagy has been implicated in various diseases, including
neurodegenerative disorders, metabolic diseases, and aging, highlighting its impor-
tance in maintaining cellular homeostasis [43].

Nrf2: The Maestro of Mitophagy:

Nrf2 plays a critical role in orchestrating mitophagy through several mechanisms [44]:

* Transcriptional Activation: Nrf2 binds to AREs in genes involved in mitophagy
pathways, such as Parkin, PINK1, and BNIP3, leading to increased production of
these key proteins.

* Regulation of Post-Translational Modifications: Nrf2 can influence the phosphory-
lation and ubiquitination of proteins involved in mitophagy, facilitating their
interaction and efficient targeting of damaged mitochondria.

* Mitochondrial Quality Control: Nrf2 promotes the expression of genes that moni-
tor mitochondrial health, allowing for early detection of damage and triggering
mitophagy when necessary.

5.2.4 Calcium homeostasis

Nrf2 emerges as a crucial player in maintaining calcium homeostasis, influencing
intracellular and extracellular calcium levels and impacting various physiological
processes [45]:

* Regulation of Calcium Channels: Nrf2 can modulate the expression and activity of
calcium channels in various cell types, influencing calcium influx and intracel-
lular levels [45].
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* Endoplasmic Reticulum (ER) Stress Response: Nrf2 activation contributes to the
unfolded protein response (UPR) in the ER, a stress response pathway that can
influence calcium signaling and homeostasis [46].

* Mitochondrial Calcium Handling: Nrf2 indirectly impacts mitochondrial calcium
uptake and release, potentially influencing energy production and cell function [43].

Impact on Health and Disease:

Understanding Nrf2’s role in calcium homeostasis sheds light on various health
aspects:

* Neurodegenerative Diseases: Dysregulation of calcium signaling and Nrf2 dysfunc-
tion are implicated in Alzheimer’s and Parkinson’s diseases.

* Cardiovascular Diseases: Nrf2 may influence calcium handling in heart muscle
cells, potentially impacting cardiac function and arrhythmia risk.

* Bone Health: Nrf2 might indirectly affect bone formation and resorption through
its influence on calcium homeostasis and oxidative stress response [47].
6. Nrf2 in cell proliferation and differentiation

Nrf2, the master regulator of cellular defense, plays a complex and multifaceted
role in both cell proliferation and differentiation.

6.1 Nrf2’s involvement in cell growth and development
Promoting Cell Growth [48]:

o Antioxidant and Anti-inflammatory Effects: By countering oxidative stress and
inflammation, Nrf2 creates a favorable environment for cell growth, especially in
tissues with high renewal rates like skin and intestine.

* Metabolic Regulation: Nrf2 can influence energy metabolism and nutrient avail-
ability, indirectly impacting cell growth under certain conditions.

* Interaction with Growth Factors: Nrf2 may interact with specific growth fac-
tor signaling pathways, potentially promoting cell proliferation in response to
growth signals.

Modulating Cell Differentiation:

* Transcriptional Regulation: Nrf2 can regulate genes involved in differentiation
pathways, either promoting or inhibiting it depending on the context.

* Cell-Type Specificity: The influence of Nrf2 on differentiation varies significantly

between different cell types. For example, it can promote differentiation in
embryonic stem cells but inhibit it in muscle cells.
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* Oxidative Stress Response: Under high oxidative stress, Nrf2 activation may
prioritize survival and stress response over differentiation, temporarily delaying
the process [41].

6.2 Crosstalk between Nrf2 and other signaling pathways
Mechanisms of Crosstalk:

* Direct Protein-Protein Interactions: Nrf2 can physically interact with proteins in
other pathways, influencing their activity and localization.

* Transcriptional Regulation: Nrf2 can modulate the expression of genes involved in
other pathways, and vice versa.

* Post-Translational Modifications: Phosphorylation, ubiquitination, and other
modifications can influence the interaction and activity of proteins in both
pathways.

Overview of key signaling pathways that interact with Nrf2:

PI3K/Akt Pathway: The phosphoinositide 3-kinase (PI3K)/Akt pathway plays a cru-
cial role in cell survival, proliferation, and metabolism. Activation of Akt can promote
Nrf2 activation by phosphorylating Nrf2 or its upstream regulators, leading to increased
Nrf2 stability and nuclear translocation. Conversely, Nrf2 activation can enhance Akt
signaling by suppressing phosphatase and tensin homolog (PTEN) expression, thereby
amplifying cell survival pathways in response to oxidative stress [49].

MAPK Pathway: The mitogen-activated protein kinase (MAPK) signaling
pathway, including extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase (JNK), and p38 MAPK, regulates various cellular processes such as prolif-
eration, differentiation, and stress responses. Crosstalk between MAPK and Nrf2
pathways occurs at multiple levels, with MAPKs influencing Nrf2 activity through
phosphorylation-mediated modulation of Nrf2 stability, subcellular localization, and
transcriptional activity. Conversely, Nrf2 activation can attenuate MAPK signaling by
inhibiting inflammatory gene expression and ROS production [46, 50].

NF-kB Pathway: Crosstalk between Nrf2 and NF-kB pathways occurs bidi-
rectionally, with Nrf2 activation inhibiting NF-kB signaling by suppressing pro-
inflammatory gene expression and NF-kB activation. Conversely, NF-kB activation
can repress Nrf2 activity by inducing the expression of Keapl or promoting Nrf2
degradation, thus modulating the balance between pro-inflammatory and antioxi-
dant responses [51].

HIF-1a Pathway: The hypoxia-inducible factor 1-alpha (HIF-1a) pathway regulates
cellular responses to hypoxia and oxygen availability. Coordination between Nrf2 and
HIF-1a pathways ensures cellular adaptation and survival under fluctuating oxygen
and nutrient levels [52].

AMPK Pathway: The adenosine monophosphate-activated protein kinase activa-
tion can stimulate Nrf2 signaling by phosphorylating Nrf2 or its regulators, lead-
ing to increased Nrf2 activity and antioxidant gene expression. Conversely, Nrf2
activation can enhance AMPK signaling by promoting mitochondrial biogenesis
and fatty acid oxidation, thus coordinating cellular responses to energy stress and
oxidative stress [53].

11
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7. Nrf2 and cell senescence
7.1 Unveiling the mysteries of Nrf2 and the aging cell

Nrf2, the master regulator of cellular defense, stands at the crossroads of aging
and cellular health. Its influence on the aging process is intricate and multifaceted,
offering both potential benefits and challenges.

The Double-Edged Sword:

* Cancer Risk: While Nrf2 protects healthy cells, its overactivation in cancer cells
can promote their survival and growth. This highlights the need for a nuanced
understanding of Nrf2’s role in different contexts [54].

* Hormonal Decline: Estrogen and other hormones can activate Nrf2, and their
decline with age might contribute to reduced Nrf2 activity and accelerated
aging [55].

* Cellular Senescence: Nrf2 can both promote and inhibit cellular senescence, a state
of cell cycle arrest associated with aging. Understanding the specific mechanisms
involved is crucial [1].

7.1.1 Unraveling the mechanisms: Nrf2’s fight against aging hallmarks

These mechanisms are interconnected, and Nrf2’s influence on these hallmarks of
aging is likely complex and context-dependent.

7.1.1.1 DNA damage

o Antioxidant Response: Nrf2 upregulates genes encoding antioxidant enzymes like
superoxide dismutase (SOD) and catalase, which neutralize free radicals that can
damage DNA [56].

* DNA Repair Pathways: Nrf2 activates genes involved in DNA repair mechanisms
like base excision repair and non-homologous end joining, facilitating the repair
of damaged DNA strands [57].

* Modulation of Inflammatory Signaling: Nrf2 suppresses chronic inflammation,
which can indirectly contribute to DNA damage through the generation of reac-
tive species [56].

7.1.1.2 Telomere shortening
* Telomerase Regulation: While the direct role of Nrf2 in telomerase activity
remains under investigation [58], some evidence suggests that it might indirectly
promote telomerase expression, protecting telomeres from shortening [59, 60].
* DNA Repair Mechanisms: As aforementioned, Nrf2’s activation of DNA repair

pathways can help maintain telomere integrity by repairing damage at the ends
of chromosomes [57].
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* Antioxidant Defense: By reducing oxidative stress, Nrf2 protects telomeres from
free radical-induced damage, potentially slowing down their shortening [59, 61].

7.1.1.3 Protein misfolding

* Chaperone Induction: Nrf2 upregulates genes encoding molecular chaperones,
proteins that help proteins fold correctly and prevent misfolding, a key contribu-
tor to protein aggregation and cellular dysfunction in aging [62].

* Proteasomal Activity: Nrf2 can enhance the activity of the proteasome, the cel-
lular machinery responsible for degrading misfolded proteins, ensuring efficient
protein turnover and preventing aggregation [63].

o Autophagy Activation: Nrf2 indirectly promotes autophagy, a cellular process
that removes damaged proteins and organelles, further contributing to protein
quality control [64].

7.1.2 The impact of aging on Nrf2 vole in different organ systems

Nrf2 plays a crucial role in combating various aging hallmarks across different
organ systems. However, its specific function and the impact of aging on its activity
vary depending on the tissue:

Brain [65, 66]:

Aging is associated with increased oxidative stress and impaired antioxidant
defense mechanisms in the brain, contributing to neurodegenerative diseases such
as Alzheimer’s disease and Parkinson’s disease. Nrf2 plays a crucial role in protecting
neurons from oxidative damage and promoting neuroprotection through the upregu-
lation of antioxidant enzymes and phase II detoxification enzymes.

Liver:

The liver is a major site of metabolic and detoxification processes, making it
susceptible to oxidative stress and age-related changes in Nrf2 signaling. Aging is
associated with decreased Nrf2 activity and reduced capacity for detoxification and
increased susceptibility to liver damage [67].

Kidneys:

Dysregulation of Nrf2 signaling in the kidneys has been implicated in the patho-
genesis of age-related kidney diseases, including chronic kidney disease (CKD) and
renal fibrosis [68].

Cardiovascular System:

Nrf2 plays a protective role in the cardiovascular system by upregulating
antioxidant genes and inhibiting inflammatory pathways. However, aging-
related decline in Nrf2 activity and expression may impair vascular function,
promote endothelial dysfunction, and increase susceptibility to cardiovascular
diseases [69].

Lungs:

The lungs are constantly exposed to environmental toxins and oxidative stress,
making them vulnerable to age-related changes in Nrf2 signaling [70]. Aging-related
decline in Nrf2 activity increases susceptibility to oxidative damage and respiratory
diseases, such as chronic obstructive pulmonary disease (COPD) and pulmonary
fibrosis [71].
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Muscle:

Nrf2 helps maintain muscle function by promoting mitochondrial health and
preventing protein misfolding. Aging can decrease Nrf2 activity in muscles, leading to
sarcopenia (muscle loss) and decreased physical function [72].

Skin:

Nrf2 shields the skin from UV radiation and promotes wound healing. Aging
reduces Nrf2 activity in the skin, contributing to wrinkles, age spots, and decreased
wound healing capacity [73].

Immune System:

Nrf2 balances immune responses and prevents excessive inflammation. Aging can
lead to dysregulation of Nrf2 in immune cells, contributing to autoimmune diseases
and decreased immune function [74].

Bone:

Nrf2 regulates bone remodeling and protects against bone loss. Aging can decrease
Nrf2 activity in bone cells, contributing to osteoporosis [75].

8. Nrf2 in Cancer biology
8.1 Dual role of Nrf2 in cancer as a protector and potential target

Nrf2, the cellular defense chief, plays a complex and paradoxical role in cancer.
While it acts as a protector in healthy cells by shielding them from harmful stress-
ors, it can emerge as a potential target in cancer cells, promoting their survival and
resistance to therapy.

8.1.1 Nrf25 protective shield in healthy cells: A multifaceted defense

Nrf2 plays a crucial role in safeguarding healthy cells from various stressors and
preventing cancer initiation.
Maintaining Cellular Integrity:

o Inflammation Modulation: Nrf2 suppresses chronic inflammation, which can con-
tribute to cancer development by creating a pro-tumorigenic environment. Nrf2
does this by regulating the expression of inflammatory genes and promoting the
resolution of inflammation [71].

* Protein Quality Control: Nrf2 activates genes encoding molecular chaperones,
proteins that help proteins fold correctly and prevent misfolding. Misfolded
proteins can accumulate and damage cells, potentially contributing to cancer
development. Nrf2 also promotes proteasomal activity, the cellular machinery
responsible for degrading damaged and misfolded proteins, ensuring efficient
protein turnover and preventing protein aggregation [74].

o Autophagy Activation: Nrf2 indirectly promotes autophagy, a cellular process that
removes damaged organelles and proteins. This helps maintain cellular health
and prevents the accumulation of harmful components that could contribute to
cancer development [60].
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Cell Death Induction:

* Under Severe Stress: When cellular damage is beyond repair, Nrf2 can switch
gears and trigger programmed cell death (apoptosis) in severely damaged cells.
This prevents them from accumulating mutations and potentially becoming
cancerous.

8.1.2 The dark side of Nrf2 in cancer cells

While Nrf2 acts as a guardian in healthy cells, its influence on cancer cells takes

a sinister turn. The mechanisms by which Nrf2 becomes a potential target in cancer,
promoting their survival and resistance to therapy [76, 77]:
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Fueling Cancer Cell Survival:

o Antioxidant Shield: Nrf2 activates genes encoding antioxidant enzymes, origi-
nally meant to neutralize harmful free radicals. However, in cancer cells, these
enzymes can also scavenge therapeutic drugs and reduce their effectiveness.
For example, Nrf2 can induce enzymes that detoxify chemotherapeutic agents,
rendering them less potent [78].

* Metabolic Adaptation: Nrf2 helps cancer cells adapt to stressful environments
like nutrient deprivation or hypoxia (low oxygen). This allows them to survive
and continue growing even under conditions that might otherwise kill them.
Nrf2 achieves this by regulating genes involved in alternative metabolic path-
ways, enabling cancer cells to scavenge energy and survive in harsh environ-
ments [79].

* DNA Repair Enhancement: While Nrf2-mediated DNA repair is beneficial in
healthy cells, it can become detrimental in cancer. Nrf2 can enhance DNA
repair mechanisms in cancer cells, allowing them to repair damage caused by
chemotherapy or radiation and continue proliferating. This contributes to tumor
recurrence and treatment resistance [80].

Adaptation and Growth [81, 82]:

* Proliferation Signals: Nrf2 can interact with certain growth factor pathways in
cancer cells, leading to increased proliferation and tumor growth. This highlights
the context-dependent nature of Nrf2’s role, where it can switch from protective
to pro-tumorigenic depending on the specific cellular context.

* Angiogenesis Promotion: Nrf2 can induce genes involved in angiogenesis (forma-
tion of new blood vessels), providing cancer cells with a vital supply of nutrients
and oxygen for their continued growth and expansion.

* Metastasis Support: Nrf2 might contribute to metastasis by promoting epithelial-
mesenchymal transition (EMT), a process where cancer cells acquire migratory
and invasive properties, enabling them to spread to other organs.
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Therapeutic Strategies: Balancing the Act [83, 84]:

* Harnessing Nrf2’s Protective Potential: In healthy tissues or early-stage cancers,
low-dose Nrf2 activators might offer benefits by promoting DNA repair and
preventing further carcinogenesis.

* Targeting Nrf2 in Established Cancers: Developing Nrf2 inhibitors or drugs
that disrupt its interaction with specific cancer-promoting pathways is being
explored to overcome chemoresistance and enhance treatment efficacy.

* Personalized Medicine: Understanding individual variations in Nrf2 activity
and genetic makeup is crucial for tailoring therapeutic strategies to maximize
benefits and minimize risks associated with targeting Nrf2 in cancer.

8.2 Overview of research on Nrf2 and chemoresistance

Research provided a rationale for targeting Nrf2 signaling as a therapeutic
strategy to overcome chemoresistance and improve treatment outcomes in cancer
patients [85].

8.2.1 Mechanisms of Nrf2-mediated chemoresistance

Nrf2-mediated metabolic reprogramming can also contribute to chemoresistance
by altering cellular metabolism, promoting glycolysis, and enhancing cellular antioxi-
dant capacity, thereby protecting cancer cells from chemotherapy-induced oxidative
stress and apoptosis [86].

8.2.2 Clinical velevance and prognostic significance

Clinical studies have shown that patients with high Nrf2 expression or Nrf2
activation have lower response rates to chemotherapy, shorter progression-free
survival, and reduced overall survival compared to patients with low Nrf2
expression [84].

8.2.3 Therapeutic targeting of Nrf2 signaling

Strategies to inhibit Nrf2 signaling have been explored as a means to overcome
chemoresistance and enhance the efficacy of chemotherapy in cancer treatment.

Small molecule inhibitors of Nrf2 or its upstream regulators, such as Keapl or
glycogen synthase kinase 38 (GSK-3p), have been developed and investigated for
their ability to sensitize cancer cells to chemotherapy and overcome drug
resistance [87].

9. Therapeutic potential of Nrf2 modulation

Deeper scientific research into the molecular mechanisms of Nrf2 signaling and
the development of Nrf2-targeted therapeutics may pave the way for novel treatments
for oxidative stress-related diseases and contribute to improved health outcomes and

quality of life.
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9.1 Potential strategies for targeting Nrf2 in disease treatment

Nrf2’s complex role in both protecting healthy cells and potentially promoting
disease progression presents a unique challenge for therapeutic development.

Activation Strategies: Unlocking Potential Benefits

Activating Nrf2 holds promise for treating various diseases by leveraging its
protective and reparative functions in cells.

Natural Compounds:

* Dietary Sources: Fruits and vegetables rich in phytochemicals like sulforaphane
(broccoli, Brussels sprouts), curcumin (turmeric), resveratrol (grapes, red
wine), and epigallocatechin gallate (green tea) can activate Nrf2 through various
mechanisms.

* Marine-Derived Compounds: Certain marine compounds like fucoidan (found in
brown algae) and astaxanthin (microalgae) show promise in activating Nrf2 and
offering potential benefits in neurodegenerative diseases and age-related decline.
Ongoing research is exploring their efficacy and safety profiles.

Nrf2 Activators:

* Drug Development: Some activators like bardoxolone methyl and dimethyl fuma-
rate are undergoing clinical trials for specific diseases like chronic kidney disease
and multiple sclerosis.

* Specificity Considerations: Designing Nrf2 activators with tissue-specific or
disease-specific activity is a major focus to minimize potential off-target effects.

Gene Therapy:

* Future Potential: In rare cases with severe Nrf2 dysfunction due to genetic muta-
tions, future gene therapy approaches might explore delivering functional Nrf2
genes directly into cells.

9.2 Discussion on current challenges and future directions
Challenges and considerations:
9.2.1 Context-dependent effects

* Disease Specificity: Nrf2’s role can be vastly different depending on the disease.
For instance, it might be protective in neurodegenerative diseases but contribute
to chemoresistance in cancer.

* Disease Stage: Nrf2’s role can even change within the same disease depending on
its stage. In early-stage cancer, it might offer some protection, while in advanced

stages, it might promote tumor growth.

* Individual Genetic Variations: Genetic variations in Nrf2 itself or its regulatory
pathways can significantly influence its activity and response to modulators.

17



The Role of NRF2 Transcription Factor

9.2.2 Balancing protection and harm

* Preserving Nrf2’s Protective Roles: Inhibiting Nrf2 completely can disrupt its essen-
tial functions in healthy tissues, potentially increasing susceptibility to oxidative
stress, inflammation, and other health problems.

* Understanding Off-Target Effects: Careful evaluation of potential off-target effects
and long-term safety is essential before clinical application.

* Developing Tissue-Specific Modulators: Designing Nrf2 modulators with activ-
ity restricted to specific tissues or disease-relevant pathways holds promise for
minimizing off-target effects and maximizing therapeutic benefits.

9.2.3 Off-target effects

* Direct Nrf2 Inhibition: Directly targeting Nrf2 protein can inadvertently affect its
interactions with other proteins involved in various cellular processes, poten-
tially leading to unforeseen side effects.

* Upstream and Downstream Effects: Targeting upstream regulators or downstream
pathways of Nrf2 can also have unintended consequences due to the complex
network of interactions within the cell.

* Preclinical Testing and Personalized Medicine: Rigorous preclinical testing and
personalized medicine approaches that consider individual genetic variations
and disease contexts can help mitigate off-target effects and identify patients
who might benefit most from specific Nrf2 modulation strategies.

9.2.4 Combining Nrf2 modulators with other therapies

* Synergistic Effects: Combining Nrf2 modulators with other established therapies,
such as chemotherapy or radiation for cancer, or immune checkpoint inhibitors,
could offer synergistic effects and improve treatment outcomes.

* Overcoming Resistance: Combining Nrf2 modulators with strategies that target
resistance mechanisms in diseases like cancer can help overcome current thera-
peutic challenges and improve patient survival.

* Tailored Combinations: Personalized combinations based on individual genetic
profiles, disease stage, and other factors can optimize treatment efficacy and
minimize potential side effects [1, 85].
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Abstract

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a protein transcrip-
tional factor considered as an emerging target for multiple biological processes. Its
study could be useful to develop new treatments. Theoretical approaches have led to
investigating the relevance of nuanced details in the structure of that protein. Also,
after the X-ray crystals reporting Nrf2-KEAP1 interactions and identification of
sites for potential interaction of other proteins and small compounds, the number
of reports regarding these interactions is increasing. In this chapter, the advance-
ments of theoretical approaches were collected and presented as useful to apply for
developing therapeutic tools. First, information regarding the structure of Nrf2, as
well as the observed interactions in crystal complexes is presented and commented.
Thereafter, the identified sites of interest for letting interactions of natural com-
pounds or small drugs which are proposed as potential drugs are presented. Finally,
the advances and limitations of the theoretical assays, as well as the relationship
with data reported experimental assays and the potential applications in medicine,
are stated. Updated advancements by application of theoretical approach for
understanding ligand interactions on Nrf2 are helpful to understand the biological
activity of Nrf2 and the origin of some fails involved in etiology and pathophysiol-
ogy of some human diseases.

Keywords: Nrf2, antioxidants, molecular modeling, proteins, Nrf2 activators

1. Introduction

However, if nuclear factors and their actions had been explored in the 1980s, the
nuclear factor erythroid 2-like 2 (Nrf2) was cloned in 1994, and the studies detailing
the molecular interactions that drive Nrf2 signaling were after its cloning [1]. Now,
30 years after that discovery, it is recognized as one of the major modulators of anti-
oxidant response elements (ARE) and a mediator of the resolution of inflammation.
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Both hyperactivation and hypoactivation of Nrf2 contribute to the onset of chronic
inflammatory processes, which are often linked to chronic diseases or cancer.

Whereas the detailed history of progress in the Nrf2 field is beyond the
content of this chapter, some key facts are highlighted in a timeline (Figure 1). In
brief, the domains of Nrf2 were described as it was cloned [2]; it was determined
that Nrf2 is negatively regulated at the protein level by Kelch-like ECH-associated
protein 1 (KEAP1) [3]. Also, the first Nrf2—/— mouse was born, and it was
observed with disrupted antioxidant systems, such as a significant reduction in
the levels of GST [4].

Then, the chemoprotective role of Nrf2 was suggested, and ways to activate the
Nrf2 emerged as the target. Later, it was discovered that KEAP1-independent degra-
dation of Nrf2 can occur because of glycogen synthase kinase p (GSK3-p) phosphory-
lation of key residues in Nrf2 [5, 6]. In 2006, the discovery that KEAP1 is mutated in
non-small lung cell carcinomas was the first evidence that Nrf2 could contribute to
cancer progression and chemoresistance [7]. Thus, it emerged approaches about the
role of inhibition of high Nrf2 expression to treat certain cancers. But additional data
supported a “dark side of Nrf2,” as examples are the description of autophagic dys-
function as a result of p62-dependent sequestration of KEAP1 [8, 9] and the activa-
tion of Nrf2 promoting recurrence of dormant tumor cells.

But the role of Nrf2 transcriptional factor is not limited to its activity as a modula-
tor of antioxidative mechanisms but also as a regulator of cell cycle and proliferation
in cancer (including pathways not modulated by oxidative stress). It is an emerging
target for multiple biological processes. It has been involved in processes that could
be related to understanding the origin of maladies with high global burdens, such
as neurodegeneration, inflammation, and cancer, and its study could be useful in
developing new treatments.

Besides, it is clear that there is increasing interest in this study. Evidence of this
can be observed in Figure 2, which shows the results of papers deposited in Pubmed
in the last 30 years about Nrf2-studies. Both, academic research groups and pharma
industry have increased efforts in understanding Nrf2 function and interactions.

Among the fields with the expansion of the knowledge of the Nrf2 details
and functions, some specifications are involved in the origin and progress of
some human maladies. But also, some research groups are focused on details of

Nrf2 was cloned GSK3-b is a negative
Regulator of Nrf2 Nrf2 is linked to
Keapilsa chemoresistance
negative Oncogenic
regulator of Nrf2 activation of Nrf2 > 2004

0

2010 2011

2014

| HDR1 is a negative |
regulator of Nrf2 durin
Nrf2 regulates Nrf2 is key in | = ER stress .
ARE-Containing chemoprevention Non-cananical way of Nrf2 activation promotes
genes Data of recognition Nrf2 regulation by recurrence of dormant tumour
A Nrf2 -/- mouse of Nrf2 by Keapi cells
was born Y P p62

Figure 1.
Timeline of Nrf2 key veports about its function and intevactions with proteins and ligands.
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Figure 2.

Articles in Pubmed database including the term ‘Nrf2’ (by search on February 29, 2024).

interactions of Nrf2 with ligands or other proteins. After the X-ray crystals report-
ing Nrf2-KEAP1 interactions and identification of sites for potential interaction
of other proteins and small compounds, the number of reports regarding these
interactions is also increasing [1].

In this chapter, we have collected information regarding the structure of
Nrf2 and the observed interactions in crystal complexes (of it, or those proteins
reported as interacting with it). But also, we present the identified sites of inter-
est for letting interactions of small drugs, which are proposed as potential drugs,
and the results for quantitative structure-activity relationship assays and docking
simulations, suggesting the properties of some compounds that could have those
interactions on Nrf2.

Hence, the details of some residue movements which are suggested as key for
ligand and protein interactions from molecular dynamics assays, are compiled.
But also, the advancement of the theoretical assays, as well as the relationship with
experimental assays and the potential applications in medicine commented.

2. More than anticancer drugs: Emerging applications of Nrf2 in biological
processes and diseases

As mentioned above, the deepest study of Nrf2 has explained its action as an anti-
oxidant regulator, mainly about the control of reactive oxygen species (ROS) actions
and oxidative stress. As ROS have key roles in a wide range of physiological and
pathophysiological processes, Nrf2 has been implicated in many human diseases with
high global impact. Maybe the first attractive actions were in the regulation of cellular
cycle and cancer [10]; however, involvement of the Keapl-Nrf2 pathway in tissue and
organism homeostasis goes far beyond protection from cellular stress. Thus, emerging
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applications were from neurodegenerative diseases and neuropsychiatric disorders to
cardiovascular disease and diabetes [11].

In fact, antioxidant defense systems have evolved as protective mechanisms
against oxidative stress related to several diseases; being the Nrf2 a key regulator,
involved in the detoxification and elimination of oxidative stress [12].

Accumulating evidence exists for oxidative stress and the Nrf2 pathway dysfunc-
tion during the origin and development of several neurological, metabolic, and
inflammatory disorders, including Alzheimer’s disease, Parkinson’s disease, epilepsy,
lateral amyotrophic sclerosis, diabetes, obesity, inflammatory bowel disease, and
autoimmune diseases [13, 14].

Thus, the beneficial role of current molecular Nrf2 agonists/antagonists is evident,
and their increasing use in ongoing clinical trials is expected. In fact, both activation
and inactivation of Nrf2 are related to potential treatment, making Nrf2 a promising
target for regulation of numerous diseases. In this sense, multiple natural or synthetic
small compounds (the most cyclic compounds or peptides) have shown activity as
agonists of Nrf2, acting directly on it, or by inhibition of the turning-off action of
Keapl. Conversely, several other compounds have induced inhibition of Nrf2 by
means of blocking dynamic key of Nrf2 or disrupting protein-protein interactions [15,
16]. However, further studies are required to explore the role of Nrf2 in the pathogen-
esis of diseases and suggest safe regulation before therapeutic use in clinical practice.

In spite of this, interest in clinical application is evident, as currently in clinical
trials, 124 registers were found (on clinicaltrials.gov, searched on August 26, 2024)
targeting neurodegenerative, vascular, inflammatory, and kidney diseases, most by
modulation of Nrf2 by sulforaphane, broccoli sprouts or resveratrol administration,
but also by specific Nrf inhibitors (such as pyrimethamine or telaglenastat) and
activators (such as omaveloxolone or ebselen). Details can be found at: https://classic.
clinicaltrials.gov/ct2/results?cond=&term=Nrf2.

In fact, today, Nrf2 is among the first targets studied by classic and systems
medicine approaches to facilitate drug development by focusing on a set of diseases
linked by a long protein complex (as that of Nrf2 and the protein’s interaction with
it). Those studies also have yielded the suggestion that some known drugs can be
repurposed on diseases. Different approaches have been applied to find the alterations
of Nrf2 expression and activity as a main mechanism in diseases. Thus, heterogeneous
diseases such as autoimmune, respiratory, digestive, cardiovascular, metabolic, and
neurodegenerative diseases, along with cancer, have been reported as potentially
modifiable by targeting the Nrf2.

As an example, Cuadrado et al. reported an approach that matches and confirms
in silico several applications for Nrf2-modulating drugs validated in vivo at differ-
ent phases of clinical development. The chemical structures of those compounds
suggested as ligands (the Nrf2-drugome), and their pharmacological profiles are as
diverse as electrophilic dimethyl fumarate, synthetic triterpenoids like bardoxolone,
sulforaphane, metformin, and statins as Nrf2 activators. The resulting selected drugs
may rapidly expand the clinical options for human diseases [17].

Probably due to the high global burden of chronic-degenerative diseases, research
on Nrf2 is biased to application in metabolic disorders, neurodegenerative maladies,
and cancer. However, the first attractive clinical applications related to understand-
ing of structural details of both, the ligand and target, were for bardoxolone and
BG-12. The results of clinical trials for chronic kidney disease in type II diabetics
were reported in 2011. After 52 weeks, the estimated glomerular filtration rate in the
bardoxolone, 75 mg/day treatment group increased by about 32% when compared to
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entry values. That suggested Nrf2 activation represents a viable therapeutic approach
for renal disease. On the other hand, patients with multiple sclerosis treated with
BG-12 for 24 weeks showed fewer (32%) new gadolinium-enhancing lesions, with a
significantly reduced probability of their evolution to T1-hypointense lesions than
patients treated with placebo. The beneficial effects of these two “Nrf2 activators”
triggered a new class of drugs to target many non-infectious diseases including
cancer, cardiovascular diseases, inflammatory and autoimmune disorders, as well as
neurodegenerative diseases [18].

The influence of Nrf2 on ROS and the way Nrf2 regulates antioxidant defense have
attracted attention for application in neurodegenerative and metabolic disorders.
For elucidating the mechanism(s) of action, multiple studies have been carried out,
yielding information about different proteins and domains (of Nrf2) for specific
interactions (Table 1).

At this point, it is adequate to keep in mind that the ability of the neuron to adapt
against oxidative stress and maintain a clearance mechanism for misfolded aggregat-
ing proteins determines its survival, and it has been related to neurodegenerative
processes. In this sense, increasing evidence supports the Nrf2-antioxidant response
element pathway for mitigating several pathologic mechanisms associated with
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, Huntington’s
disease, and multiple sclerosis [19].

Also, other proteins have been mentioned as modulating the action of Nrf2 by
direct interactions (Table 2), but some others have attracted attention as modulators
of Nrf2 interaction with key proteins, such as Keapl. Thus, p62, DPP3 WTX, and
PALB2/FANCN act as Keapl inhibitors disrupting direct Nrf2-Keapl interaction.

Domain Protein interacting Function
Nehl sMaf Dimerization let interaction with DNA
Nehl ARE DNA-binding
Neh2 Keapl Negative regulation
Neh3 CHD6 Transactivation
Neh4 CBP Transactivation
Neh5 CBP Transactivation
Neh6 pTrCP Negative regulation
Neh7 RXRa Suppressed transactivation
Table 1.

Some functional domains of Nrf2 and their vespective binding proteins.

Protein Nrf2-domain Regulation effect

p21 Neh2 Nrf2 stabilization

BRCA1 Neh2 Nrf2 stabilization

BTrCP Neh6 Inhibits Nrf2 degradation

RXRa Neh7 Inhibits transactivation
Table 2.

Examples of proteins acting as Nrf2 vegulators by direct interaction.
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3. Nrf2-ligands interactions: From modeling, crystals, and docking studies

Several approaches have been used to study the structure and interaction of Nrf2,
proteins and ligands interaction with this protein. Firstly, due to the inexistence of
Nrf2-structures, using homology models supported by the identity of Nrf2 peptide
sequence with other proteins. But interesting reports started in this century, before
the crystallization of some fragments of Nrf2, or most residues conforming the
KEAP1 or other Nrf2-related proteins coinciding with reports of involvement of Nrf2
in many cellular functions.

As an example, the initial exploration of Nrf2 structure and its specific interaction
is the first crystallization of the Kelch domain of Keapl and its clear linking to Nrf2
function in 2005 (available in PDB with ID: 1ZGK), thereafter, multiple structural
analyses were done [20]. Those were increased after the identification of mutations
disrupting interactions of ligands [21] and after the observation of complexes of
Keapl and fragments of Nrf2 due to the sites for protein-protein interactions and
potential sites to disrupt those interactions were proposed or identified [22].

Williamson et al. [23] used the quantum model to perform iz silico screening
onover 18 million commercially available chemicals to identify the structures
predicted to activate the Nrf2-antioxidant response element pathway based on the
quantum model. To identify novel small molecules that will disturb Nrf2-Keapl
binding and promote activation of the Nrf2-antioxidant response element path-
way, they generated a quantum model based on the structures of known Nrf2-
antioxidant response element activators. The resulting improved ability to identify
potent activators of Nrf2 through the combination of ix silico and in vitro screening
enhanced the speed and cost associated with screening Nrf2-antioxidant response
element, then, triggering innovative and wide screening compounds for drug
development [23].

Other relevant data, as it is key for advances in the Nrf2 function, were from crys-
tallographic assays yielding an X-ray crystal structure of KEAP1 co-crystallized with
(1S,2R)-2-[(1S)-1-[(1,3-dioxo-2,3-dihydro-1H-isoindol-2-yl) methyl]-1,2,3,4-tetrahy-
droisoquinolin-2-carbonyl] cyclohexane-1-carboxylic acid (compound (S,R,S)-1a).
That X-ray crystal structure provides breakthrough experimental evidence for the
true binding mode of a compound (S,R,S)-1a. But also, increased the interest in
exploring more Nrf2-related proteins, as the ligand orientation was found to differ
from that of the initial docking model, which was available at the initial phase of that
project. Crystallographic elucidation of this binding mode helped to focus and drive
the drug design process more effectively and efficiently [24].

Currently, more than 150 structures related to Nrf2 are deposited in the Protein
Data Bank. Interactions between Nrf2 and KEAP1 remain the most reported cases.
With those structures as templates, i silico drug development techniques have come a
long way throughout the years. Another area that has seen drastic increases in devel-
opment is high-throughput protein purification through crystallography and nuclear
magnetic resonance spectroscopy, which have contributed to a better understanding
of the interactions of protein-ligand complexes. I silico techniques help to better
understand and study drug discovery and in comparison with the traditional high-
throughput screening, these techniques are a more direct drug discovery approach
with the added advantages of being very low cost and having an effective screening.
Different programs use different algorithms to carry out molecular docking studies,
allowing the analysis of a small molecule and a protein at the atomic level, that is,
helping elucidate fundamental biochemical processes [25-27].
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There are different types of interactions sharing Nrf2 as a part of complexes;
as a classification, it can be said that there are protein-protein interactions (PPIs)
and ligand-protein interactions [28, 29]. In the first case relevant are those interac-
tions between the Nrf2 and KEAP1. The Nrf2 belongs to the Cap’n”Collar (CNC)
subfamily of basic leucine zipper (bZIP) transcription factors and possesses seven
conserved Nrf2—ECH homology (Neh) domains. However, many other proteins
are linked to key interactions (see summary in Table 1). The Nehl domain contains
a bZIP structure for dimerization with small musculoaponeurotic fibrosarcoma
proteins, Maf, K, G, F which help to recognize antioxidant response elements, ARE
for activation of gene transcription and to bind to DNA. The Neh2 domain contains
ETGE and DLG motifs that specifically bind to the Kelch domain of the KEAP1 pro-
tein for mediation of ubiquitination and degradation and is located at the N-terminal
region. For the Neh3-5 domains, they work as transcriptional activation domains
for binding of various components of the transcriptional machinery. Neh6 contains
two degrons DSGIS and DSAPGS which bind to E3 ubiquitin ligase beta-transducin
repeat-containing protein, fTrCP, which mediates Nrf2 degradation in oxidatively
stressed cells. Lastly, the neh7 mediates the interaction with retinoic X receptor
alpha, RXRa, which represses Nrf2 activity. Thus, is notable that it can be modulated
at multiple levels [30].

Thanks to the analysis of crystallized structures, it is now well-known that
KEAP1 belongs to the BTB (Broad Complex, Tramtrack, and Bric-a-Brac,-Kelch
family), which contains five domains, its amino-terminal region, a broad complex,
tramtrack, bric-a-brac domain, an intervening region, IVR, six Kelch domains, and
the C-terminal region. The Kelch domains contain six Kelch repeats that fold into six
bladed-p-propeller structure, with each blade having a four-stranded antiparallel p
sheet (A-D) in which shorter pA strands form the central core with the final fA strand
from the C-terminal closing the propeller by completing blade 1. Although diverse
in sequence, they do maintain conserved positions that maintain their fold. These
regions include a double-glycine repeat, DGR that terminates the B strand as well
as individual tyrosine and tryptophan residues that mediate hydrophobic packing
between blades. The substrate binding surface lies on one face of the Kelch Domain,
where an area is created between long loops connecting f strands D and A, DA loop,
and p-strands B and C, BC loop. The bound ETGE peptide of Nrf2 adopts a p-turn
conformation inserted into this pocket and, with specific electrostatic interactions,
is made by glutamate residues in the ETGE motif. Glu79 forms residues with Arg415,
Arg483, and Ser508, whereas Glu82 forms hydrogen bonds with Ser363, Asn 383, and
Arg380. The DLG motif of Neh2 of Nrf2 is an independent binding site but is 100-
fold weaker affinity for KEAP1 but did show a p-turn conformation similar to ETGE
with an N-terminal helix, Leu19-Arg25, and two short 3 10 helices, 11e28 to Leu30 and
Arg34 to Phe37, with residues Asp29-Leu30-Gly31 being located similar to ETGE’s
Glu79-Thr80-Gly81. The BTB domain homodimerizes and contributes to interacting
with IVR and the CRL3 class of Cullin-RING-Ligase E3 ligases that provide recruit-
ment for ubiquitination with special interest in the cysteine residues C151, C226,
C273, and C278 that sense ROS and electrophiles and modulate the interaction of
Keapl/Nrf2 interactions [31].

On the other hand, in the case of ligand-protein complexes, multiple studies have
been carried out. In this sense, phytochemicals have had a great impact in medicine,
showing a mitigation or prevention of chronic disease in humans and various stud-
ies have shown that they counteract oxidative stress. Thus, phenolic compounds act
as antioxidants which scavenge free radicals, thereby delaying or interrupting the
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propagation step of lipid oxidation. Vitamin E acts as a peroxyl radical-scavenging
antioxidant and as an inhibitor of lipid peroxidation iz vitro and in vivo, while
carotenoids act as chemical quenchers. Most of these compounds even exhibit their
effect through the Nrf2 pathway, and their interactions on Nrf2 and related proteins
are often suggested or probed.

As an example, in a recent study, 178 phytochemicals were used, with the previ-
ous search using Pubmed, Web of Science, and Google Scholar. Their 3D structure
was downloaded as SDF from the PubChem Chemical library, while the KEAP1
structure code 417b was used. They were prepared using the SYBYL X 2.0 software.
The Surflex-Dock module was used with protomol generation using a ligand-based
approach with 3D-quantitative structure-activity relationship (QSAR) studies, cell
culture, and cell viability assay. For the analysis, the C-Score was used, which shows
hydrogen bonding, metal and ligand interaction, lipophilic contact, and rotational
entropy while the Total_Score shows the binding affinity between the ligand protein,
with a Total_Score > 6 having ligand candidate for further study and C-Score > 4 the
candidate being more promising. Of all compounds, 24 showed a binding affinity
with KEAP1 > 4 and interacting with amino acids including Tyr334, Ser363, Lys365,
Asn383, Ser383, Pro384, Asp385, Asn414, Ile416, Val463, Ser508, Ser555, Leu557,
Tyr572, and Ser602. These amino acids have been reported at other times as relevant
in the Nrf2 activities (Figure 3).

With the prediction of the binding affinity values, both the presence of glycosides
and number of oxygen molecules are suggested as key in the ligands for interactions
on Nrf2. The compounds were divided into three groups depending on their affinity,
and 11 were chosen to evaluate their activation effect on Nrf2 including cyanidin
3-sambubioside, C3S, luteolin-5-O glucoside, L5G, rutin, RUT, apigenin, API,
kaempferol, KAEM, a-tocopherol, oT, coptisine, COP, magnoflorine, MAG, piperine,
PIP, ellagic acid, EA and echinacoside, ECH. With the cell viability assay, Western
blot, and gray density, the studies showed these compounds have no significant influ-
ence on VRF2 expression in the cytosol, while they showed expression of Nrf2 in the
nucleus, showing that even under oxidative stress, the compounds did show potential
binding affinity to the Nrf2 binding site in KEAP1 and thus activating Nrf2 [32].

Other similar molecules and methods have been employed. Thus, another study
was carried out with citrus-derived flavonoids that have shown bioactive functions
such as antioxidants against inflammation, allergy, cancer, and lowering blood

TYR85

Figure 3.
Depiction of Human BTB Domain of KEAP1 (A) Small potential inhibitor interacting with BTB Domain.
(B) Main Residues interacting with small inhibitor including Cys151.
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lipids and cholesterol. The compounds naringenin, hesperetin, narirutin, naringin,
hesperidin, neohesperidin, nobiletin, neohesperidin dyxdochalcone and tert-butyl-
hydroquinone were used and Density Functional Theory was chosen for theoretical
computations, with B3LYP hybrid functional with standard 6-311G basis set with a

++ diffuse function for geometry optimization using Gaussian 09 and Gaussview 06
to obtain their highest occupied molecular orbital (HOMO), and lowest occupied
molecular orbital (LUMO) providing details on the binding behavior with the recep-
tor. In the next step, the crystallized structure of the protein, the PDB ID 1X2R, was
selected and using Autodock Vina as well as a specific grid box spacing of 0.375 A

was generated, which encircled all critical residues of KEAP1, and the lowest binding
energy (kcal/mol); then, interactions was calculated based on the Lamarckian genetic
algorithm and the compounds were visualized on Pymol and Discovery Studio 2018.
For drug-likeness and toxicity, the canonical simplified molecular input line entry,
SMILE, was fed to the SwissADME server. The topology of the flavonoids showed that
most electrophilic attacks occurred in the C=0. With the data obtained on the docking
software, the compounds were divided as a weak agonist, naringin, neohesperidin,
dihydrochalcone, nobiletin; and strong agonist, narirutin, naringin, hesperetin, and
hesperidin. The results showed that the tested compounds bind to the binding pocket
of KEAP1, with nargiring interacting with hydrogen bonds with Val512 and Val465,
while hesperetin also formed hydroxyl groups with Gly367, Val606, and Arg415. The
weak agonists bound to Arg380, Ser431, Arg483, Asn414, Arg415, Leu365, and Tyr572
with multiple hydrogen bonds as well as Pi-Alkyl and Pi-Sigma helping stability and
closeness between ligand and KEAP1 [33].

A study with synthetic compounds as potential ligands, based on previous studies
supporting bis-acidic naphthalene derivatives as the core was done. Then, a series
of xylene-based bis-sulfonamides as direct inhibitors of the KEAP1-Nrf2 PPI with
improved metabolic stability and using Autodock 4.0 software with the protein ID:
4XMB. The study found that the positional modification of two substitutions on the
xylylene core with a 1,2-disubstitution, having a compound named 9A in the origi-
nal manuscript, was optimal for substitution and the introduction of the S-methyl
group on the alkyl side chain (in the compound 21a), showed a promising increase in
activity in fluorescence Polarization assays. With regard to the docking results, both
disubstituted compounds did interact with Arg415, Asn414, Arg483, and GLn530,
with mainly hydrogen bonds formed. These compounds also showed higher metabolic
stability in human liver microsomes; thus showing that xylylene compounds could be
used as leads for further optimization in search for potent direct inhibitors of KEAP1-
Nrf2 PPI [34].

Another advance in the search for disrupters of KEAP1-Nrf2 PPI was made. That
study found that for the interaction of non-covalent KEAP1 inhibitors, a macrocycle,
its ring size, the stereochemistry of the amino acid constituents, and dimethyl amide
are key. From a base compound, they optimized other compounds that showed kI
<100 nm. Those compounds that were located deeper in the binding site and formed
a salt bridge with Arg483 showed a 100-fold increase in potency. They also form polar
interactions with Arg483, highlighting the essential amino acid for high affinity. The
phenylene ring of the derivatives showed that it was wedged in between Ala556 and
Arg415, forming a pi-cation interaction, while the C-terminal dimethylamine stacked
against Tyr572 while the para-benzoic acid moiety of the nM inhibitors formed a
bidentate salt bridge with Arg483 and the carbonyl group of the lactam moiety inter-
acts with Ser602 of KEAP1. They also showed that a limited reorientation of Arg415
and Arg483 can significantly affect the affinity of KEAP1 for aligand (Figure 4) [35].
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Hydrophcbicity
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Figure 4.
Grade of Hydrophobicity of BTB Pocket and small inhibitor.

Thus, focusing on the protein-protein interaction is key in the study of Nrf2.
Cumulative information lets us take plenty of assays of ligands suggested as modi-
fiers of that interaction. The use of a PPI-oriented library comprising 12,593 small
to medium-sized newly synthesized molecules was run through a ligand-based
virtual screening. It was carried out to discover novel PPI inhibitory compounds
for the KEAP1/Nrf2 interface with five hit compounds with Tanimoto similarity
<0.26 and aqueous solubility, AlogP<5. The ligands were aligned 3D with the X-ray
crystal structure of KEAP1/Nrf2 (PDB ID: 2flu) with a fit into the binding pocket
of KEAP1, but also with Glu79, Glu82, Ser363, Arg380, Asn382, Arg415, Arg483 and
Ser508 of the Nrf2. It was shown that for four of the hit compounds, a contributing
aromatic ring was common for their substructure and interaction with Tyr572 of
KEAP1. Also, some studies have focused on exploring the natural compounds with
well-supported action explained by intervention in this KEAP1/Nrf2 interaction [29,
36, 37]. Other studies focus on protein-protein surface analysis by applying machine
learning [38].

Although most aforementioned compounds tend to be small molecule inhibi-
tors of KEAP1, there are also peptide inhibitors based on ETGE motif-containing
peptides. Accordingly, 12 different peptides have been reported and shown through
biological evaluation assay, including fluorescence polarization (FP) assay and
competitive surface plasmon resonance (SPR) assay with different ki (considered as
an affinity value) ranging from 389 nM to 6.1 nM. FP assay revealed the importance
of the phosphate groups making polar interactions with Arg415, Arg483, and Ser508,
increasing the contribution of the KEAP1 pocket [29].

Finally, it should be noted that some well-known drugs have been repurposed
by using theoretical assays. Among these is the case of chlorhexidine, which could
benefit patients with Parkinson’s disease [39], and other complex molecules,
such as some polymers; they have shown the ability to disrupt Nrf2 function and
putative application in maladies, presumably by action on Nrf2 structure and its
function [40].
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4. QSAR studies of ligands for Nrf2

Due to the wide exploration of active compounds in Nrf2, the analysis of the struc-
ture of active compounds is a necessity. It has been approached through quantitative
structure-activity relationship (QSAR) studies. Those let predictions of the activity of
multiple compounds, even before they have been synthesized. Once QSAR models are
generated, in addition to predicting activity, they can be used to better understand the
structural requirements of compounds for them to exert their activity [41].

To obtain a good QSAR model it is essential to have a large training set and com-
pounds that can be used to validate the model. The idea is to have a series of com-
pounds in which the base structure is constant, and the structural changes are present
in specific positions in order to relate the changes in activity with the changes in struc-
ture. An ideal QSAR model consists of at least one hundred compounds in the training
set and approximately ten percent in the validation set. However, there is not always
that number of compounds that, in addition to presenting structural similarity, have
been experimentally evaluated on some biological activity of interest. The Nrf2-QSAR
studies are no exception; they have been limited by the number of compounds, with
several QSAR studies including training sets of just a dozen of compounds [41].

Furthermore, in various publications in which the activity mediated by Nrf2 is
explored and in which QSAR studies are reported, a direct activity on this transcrip-
tional factor is not always explored. But, activities related to it are determined, such
as the antioxidant activity of the compounds of interest, which is validated through in
vitro studies [42—-45].

Despite the limited number of compounds in the training set, results have been
obtained that guide the structural composition of the compounds that must present
to exert better activity on Nrf2. Studies where theoretical QSAR results differ from
in vitro results are typically studies with a limited range of screening compounds
[44]. This is why, in the case of QSAR studies of Nrf2, as well as in other receptors,
SAR studies become relevant, which allows obtaining experimental results of new
compounds (often with 2 to 5 aromatic rings and oxygens atoms in their structure.
Some details of compounds identified by QSAR studies as potentially applicable to
specific diseases are in Table 3). These results can subsequently be used to expand the
training sets of QSAR studies that have already been carried out and improve them or
carry out new studies based on them [52].

On the other hand, there are also QSAR models to predict oxidative stress using
KIf2(K Kriippel-like factor 2, which substantially enhances the antioxidant activity
of Nrf2). They have been generated with a wide variety of chemical (> 4000) com-
pounds but with unsatisfactory coefficients of determination values [51].

Also, it should be mentioned that a combination of computational methods, such
as the use of 3D QSAR models, the search for chemical descriptors related to different
targets, as well as extensive training sets, have resulted in the obtaining of compounds
with a multitarget effect, with application in Alzheimer’ disease, targeting the
transcription factor Nrf2 [46].

Albeit if poorly explored QSAR studies for identifying peptides bioactive on Nrf2
are emerging. In fact, in the food industry, peptides of great importance have been
obtained that can activate the keapl-Nrf2-ARE pathway and protect cells from oxidative
stress accordingly with iz vitro results. These peptides have been identified and selected
by using computational tools to predict antioxidant activity and select the best can-
didates. Some of the chosen peptides have attracted attention as they can be obtained
from Feng-flavor Baijiu [38] and from the in vitro digestion of pork sausage [48].
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Medical application

QSAR characteristics

Alzheimer’s disease

The compounds austrobailignan 6, anolignan ¢, 7-epi-virolin, 6-[ (2R,3R,4R,5R)-
3,4-dimethyl-5-(3,4,5-trimethoxyphenyl) oxolan-2-yl]-4-methoxy-1,3-
benzodioxole, ococymosin, and mappiodoinin B have probabilities to confer
neuroprotection and antioxidant activity via multitarget, including the target
Nrf2 [46].

Parkinson’s disease

Vinylsulfone disubstituted with benzene and pyrimidine derivatives were
evaluated. It was found that in them, the H atoms at the ortho and meta positions
of the pyrimidine have a positive effect on molecular activity. Furthermore, QSAR
models demonstrated that the activity of the compounds can be improved by
increasing the volume of the substituents on their benzene ring [47].

Treatment of cerebral
ischemia-reperfusion

Novel monoenone monocarbonyl curcumin analogs with a potent protective effect
by effectively eliminating the generation of ROS in response to oxidative stress

injury (CIRI) injury through activation of the Nrf2/HO-1 antioxidant signaling pathway [45].
Effects of phthalate The introduction of large and hydrophobic groups may significantly affect the toxic
esters (PAEs) on cell effects of PAEs on cells [43].

viability and Nrf2 of

Human hepatocyte
HepG2

Antioxidant effect

Tyr or Trp residues at the N terminus of dipeptides, tripeptides containing more
Cys and Trp amino acid residues, and the presence of Tyr, Trp, Cys, and Met
residues increase antioxidant activity by activating the keapl-Nrf2-ARE pathway
[42, 48, 49]. The 3D-QSAR models suggest that a small and hydrophilic group in the
N-terminal of the tripeptide or a bulky and hydrophobic group in the C-terminal
were beneficial for bioactivity [50].

Oxidative stress

The parameters nBM (number of multiple bonds) and H% (percentage of H

induced by organic atom) played dominant roles in the prediction of the activity (inactive or active) of
chemicals chemicals [51].
SAR of peptides for the Inhibitors of the Nrf2/MAFG/DNA ternary complex. The introduction of the
treatment of cancer N-terminal loops Nrf2 and MAFG makes the peptides more potent due to a possible
key role in the pre-organizing of the helical DNA-binding region of Nrf2 and
MAFG [52].
Table 3.

Compendium of some QSAR studies of ligands of Nrf2.

Likewise, once the characteristics that favor antioxidant activity were established,
peptidomimetic compounds were designed. Agreeing results, dipeptides containing
Tyr, Trp, Cys, and Met residues play an important role in antioxidant activity. The
Tyr or Trp residue at the N terminus of the dipeptides showed stronger antioxidant
activities than when it is at the C terminus of the dipeptides. Furthermore, tripeptides
containing more Cys and Trp amino acid residues exhibit higher antioxidant activi-
ties, and the steric properties of the amino acid residues at the N or C terminus as well
as the electronic and hydrogen bonding properties of the amino acids are important
for the antioxidant effect [49].

5. Molecular dynamics studies of Nrf2

Movements and folding of Nrf2 are interesting as they could be key for its activity.
The movements in segments of the protein, as well as those movements after contact
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with other protein(s) or ligand(s), must be explored. In this context, molecular
dynamics (MD) simulations of Nrf2 have yielded information.

Some examples of applications are mentioned in this section. Thus, inhibition
of the Keapl/Nrf2 signaling pathway promotes the onset of type I diabetes (T1D)
in experimental models, suggesting that finding drugs that can activate Keapl/

Nrf2 signaling may be a promising therapeutic strategy for the origin and treat-
ment of T1D. Formononetin (FMNT) could significantly increase the expression of
Nrf2 and improve antioxidant response elements (AREs). Although FMNT could
improve T1D, the mediating role of Keapl/Nrf2 signaling by FMNT in improving
T1D is still unclear; experimental assays support modulation of folding in the target
protein, while the interaction pattern between FMNT and Keapl was assessed by MD
simulation [53].

Through these types of computational studies, molecules with identified anti-
inflammatory properties have been suggested as Nrf2 activators with potential
application in drug-induced liver injury (DILI). That is interesting since, under oxi-
dative stress, Nrf2 translocates to the interior of the nucleus after dissociating from
KEAP1 and initiates the transcription of cytoprotective genes [54]. In 2023, Mili
and co-workers presented a study in which they analyzed a database of more than
24,000 compounds with various computational techniques. Among the techniques
to study Nrf2 interactions with ligands, KEAP1 or additional proteins involved in
transcription, extra-precision molecular docking (molecular XP-docking) and MD
were used [55].

The authors reported three top compounds (23,013, 12,895, and 9866 in order
of predicted affinity) with anti-inflammatory activity, which act as Nrf2 activators
to which they performed MD and showed predicted higher stability than the co-
crystallized ligand (1VX, considered as reference-ligand on Nrf2 and found in the
complex with PDB ID: 4L7D, details of its interaction are in Table 4). The analysis of
predicted form of interaction for the selected compounds let them suggest that those
compounds could disrupt the Nrf2 binding to KEAP1 in the cytoplasm and degrada-
tion by the Cul3-E3 ubiquitin ligase [55].

Some other compounds are proposed as possible drugs that act on Nrf2, and
their action has been validated with iz vitro experiments. However, their possible
mechanisms have been explored in silico, and the results suggest action beyond Nrf2
as a unique receptor; that is, those compounds could also act in other nearby proteins
(such as KEAP1, NF-kp, or OH-1) [53, 56, 57]. Moreover, other compounds could
regulate Nrf2-related processes, such as fructosamine-3-kinase (FN3K), which par-
ticipates in the deglycation of Nrf2, which is important in the regulation of oxidative
stress in cancer cells. Gefitinib, sorafenib, neratinib, tamoxifen citrate, cyclosporin A,
and oxaliplatin modulated FN3K activity in breast cancer cell lines, with simultaneous
alteration in antioxidant signaling mediated by Nrf2 [58]. Also, through MD studies,

Nrf2is bound to these Compound 1VX, which acts as The best three compounds (23,013,
residues: an activator of Nrf2 by binding 12,895, and 9866) show that they
with: interacted with
SER363, ARG380, ASN382,  SER363, ARG380, ASN382, TYR 334, SER363, ASN 382, ASN414,
ARG415, ARG 483, in ASN414, ARG415, and TYR572 ARGA415, TYR572, and SER602 residue of
ubiquitin ligase Cul3 [54]. residue of KEAP1 protein [24]. the active pocket of KEAP1 protein [54]
Table 4.

Summary of key vesidues in the interaction to modulate DILI.
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it was observed that the binding of Nrf2 with SIRT6 (one of the few proteins that can
regulate both lifespan and aging) is mediated by the Neh1 and Neh3 domains, since
the elimination of these domains decreased binding stability and free energy; some
compounds and peptides could modulate Nrf2 action by binding in these protein
segments [59].

The interaction of some natural products has also been evaluated by using MD
simulations on Nrf2 and related proteins. Thus, the target proteins involved in
diabetic nephropathy, such as the diabetic nephroprotective activity of Maquian
essential oil (MQEO). a-Terpineol showed high binding affinity and formed a very
stable complex with Nrf2, interacting with key residues such as Val 418 and 606,
Gly 367, 511, 558, and 605, Ala 366 and 510, Leu 365 and 557, and Ile 416 and 559. In
addition, it showed promising pharmacokinetic properties [60]. Similarly, various
properties have been attributed to silymarin extract. Through MD simulations, it
was observed that two flavonolignans (silybin A and 2,3-dehydrosilybin) in that
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Figure 5.

Ng”z-l(eapl interactions and ligands disrupt them. a) Complex of the Neh2 domain (blue ribbon) of Nrf2

with Kelch (surface) of Keap1 (PDB:2FLU). b) The compound that is inserted into the Kelch domain is a ligand
derived from propanoic acid (SIU), which represents the ligands that compete for the Nvf2-keap1 binding site
(PDB: 8IVR). ¢) Merging the SIU and Neh2 interaction sites in Keap1 shows a common active site. d) Some
compounds that interact with Nyf2-Keap1 as they have been mentioned in the present chapter: (2R,3S)-2-methyl-
3-(4-methylphenyl)-3-[2-(5,6,7,8-tetrahydronaphthalen-2-yl) ethanoylaminopropanoic acid (SIU), (1S,2R)-2-
{[(1S)-5-methyl-1-[ (1-0x0-1,3-dihydro-2H-isoindol-2-yl )methyl]-3,4-dihydroisoquinolin-2 (1H) -yl ] carbonyl}
ciclo-hexanecarboxylic acid (IVX), 7-hydroxy-3- (4-ethoxyphenyl)chromen-4-one (Formononetin, FMINT),
Silybin A and 2,3-dehydrosilybin.
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extract bind to Keapl, having interactions with the same pockets observed for the
co-crystallized KEAP1-CPD16 complex, but with an increased number of interac-
tions and higher affinity values, positioning these compounds as potential activa-
tors of Nrf2 [61].

On the other hand, MD has been applied to explore interactions of peptides
modulating the binding of Keapl with Nrf2. It has allowed us to identify antioxidant
peptides, such as the GWY and QWY tripeptides, that could compete for the binding
site with Nrf2 in agreement with observed movements and modification of protein
motility and folding in the MD simulations. Hence, those peptides are attractive as
activators of antioxidant systems (Figure 5) [50].

Finally, it should be mentioned that aberrant activation of Nrf2 in some cancer
cells may confer cytoprotection of these cells. The key to this antioxidant pathway
is through interactions with other proteins, such as Keapl, CREB-binding protein
(CBP), and retinoid X receptor alpha (RXRa), which makes it an ideal target for the
design of anti-cancer drugs. The interaction between Nrf2 and CBP is mediated by
the Neh4 and Neh5 domains of Nrf2, and MD studies have shown that these domains
are partially disordered [62]. Nrf2 is also known to display transiently structured
elements in its Neh1, Neh2, and Neh7 domains. However, there is no complete struc-
tural information on these complexes, which limits the rational development of drugs
considering these protein domains as targets [62, 63].

6. Conclusions and perspectives

Nrf2, its structure, the interactions with other proteins, and the putative recogni-
tion of ligands that modify its activity are attractive topics for developing new drugs
to treat some diseases linked to Nrf2 dysfunction. Advances in the theoretical study of
Nrf2 and its interactions to modulate biological processes are emerging. However, in
just a decade of advances, multiple topics related to that are exciting.

In fact, the expansion of applications for modulating Nrf2 signaling triggered
multiple theoretical studies for understanding the possibilities of designing molecules
for enhancing or disrupting Nrf2 actions. Thus, numerous compounds have been
proposed as ligands for Nrf2 or proteins involved in its function; among them are
those isolated from natural sources, but also some compounds designed to disrupt
the interaction of Nrf2 and other proteins. The interactions have been observed from
some crystallized structures, but also theoretical approaches have yielded advances
to explain the action of compounds active in the Nrf2 signaling pathways, such as
bardoxolone, sulforaphane, and resveratrol. The QSAR studies let one identify the key
moieties for a specific action, while MD assays show the mechanism for modulating
the natural dynamics of Nrf2, or the related proteins in its function. Current trends
suggest prompt advances regarding expanding applications of Nrf2 regulation as tools
for treating high-impact maladies such as neurodegenerative diseases and metabolism
disruption, expanding the studies and applications beyond the treatment of neoplasia
in humans.
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Abstract

Metabolic syndrome includes several diseases that are associated with metabolic
abnormalities such as obesity, dyslipidemia, hypertension, type 2 diabetes, obesity,
cardiac diseases, and insulin resistance. In order to maintain cellular homeostasis, it is
necessary to regulate the signaling pathways involved in controlling oxidative stress.
Nuclear factor erythroid-2 factor 2 (NRF2) is a transcription factor largely expressed
in several tissues and cells and participates in the oxidative stress regulation signaling
pathways. NRF2 also mediates transcriptional regulation of a variety of target genes
to signalize and regulate acute and chronic stress pathways in metabolic syndrome.
Deregulation of NRF2 could contribute to a worst prognosis/profile of individuals
with metabolic syndrome. Therefore, NRF2 and its activators might play a role in its
treatment, highlighted as targets for modulation by pharmacological agents.

Keywords: oxidative stress, obesity, inflammation, cardiovascular diseases,
hypertension

1. Introduction

Metabolic syndrome (MetS) is associated with an increased risk of developing
cardiovascular diseases (CVDs) and type 2 diabetes (T2D) and is characterized
by several metabolic changes, among which the following stand out: obesity,
insulin resistance, hypertension, high levels of triglycerides and fasting glucose,
and decreased levels of high-density cholesterol (HDL-c) [1, 2]. The MetS global
prevalence can vary from 12.5 to 31.4% being higher in the Eastern Mediterranean
Region and Americas [3]. MetS was also associated with a higher risk of incidence
of cardiovascular mortality in prospective analyses, increasing for each additional
characteristic of MetS observed in the patient [4]. Cardiovascular diseases account
for most noncommunicable diseases (NCD) deaths, about 17.9 million people annu-
ally, followed by cancers (9.3 million), chronic respiratory diseases (4.1 million), and
diabetes (2.0 million including kidney disease deaths caused by diabetes) [5].
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Inflammation and oxidative stress are precursors to several complications associ-
ated with the findings of MetS, mainly due to increased adiposity, insulin resistance,
hypertension, and hyperlipidemia. Oxidative stress is an imbalance between oxidant
and antioxidant molecules, leading to changes in signaling pathways, control of
redox processes, and cellular damage [6]. The imbalance between prooxidant and
antioxidant factors in the body can lead to an increased production of reactive oxygen
species (ROS) and nitrogen species (RNS) [7]. ROS play important signaling roles
under physiological conditions, once cells deliberately generate ROS through the
respiratory chain and other metabolic processes, activating molecular signaling and
immune defense mechanisms [8]. Also, ROS regulate several cellular functions such
as cell growth, contraction, dilation, migration of vascular cells, and muscle tone
[9]. Due to their importance in various physiological functions, certain ROS levels
have beneficial effects such as in the process of glucose metabolism, adipogenesis,
and adipocyte differentiation [10]. However, increased ROS leads to mitochondrial
dysfunction, lipid peroxidation, protein, and DNA damage, compromising antioxida-
tion pathways in metabolic syndrome [11]. Nuclear factor erythroid 2-related factor
2 (NRF2) is known as a master regulator of transcriptional activation of components
of antioxidant systems. NRF2 transduces chemical signals to regulate a battery of
cytoprotective genes [12]. Target genes include superoxide dismutase (SOD), cata-
lase, glutathione S-transferase (GST), nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase, quinone oxidoreductase 1 (NQO1), y-glutamate cysteine ligase
(GCL), and heme oxygenase-1 (HO-1) [10].

Changes in metabolism and gene expression of redox homeostasis activate NRF2
and other stress response pathways. Furthermore, NRF2 has been identified asa
regulator of drug or xenobiotic detoxification, target genes involved in proteasomal
and autophagic function, iron, lipid, and carbohydrate metabolism, and DNA
repair [13]. In homeostatic conditions, NRF2 binds to its main inhibitor, Kelch-like
ECH-associated protein 1 (Keapl), with two specific coupling sites form, a cyclic
E3-ubiquitin ligase and Cullin-3/Rbx1 complex. So, NRF2 goes into the ubiquitin
proteasome to be degraded. In addition to being an NRF2 inhibitor, Keap 1 acts as
a cysteine thiol-rich redox sensor [12]. In the process of oxidative stress, oxidative
factors can act and alter the chemical conformation of Keapl cysteine, thus inhibit-
ing ubiquitination and leading to excessive activation of NRF2 [14]. NRF2 can be
phosphorylated by several enzymes, such as protein kinase C (PKC), which phos-
phorylates it at the Ser40 position, disrupting its interaction with Keapl. ROS can
also increase NRF2 translocation to the nucleus, through promotion of the oxidation
of cysteine residues in Keapl, allowing the release of NRF2, which will initiate the
antioxidant transcription process [15].

Several studies correlate NRF2 with various regulatory functions of genes involved
in cell proliferation and differentiation, inflammatory response, and lipid metabolism
[12]. It has already confirmed the association between the etiology of MetS, oxidative
stress, and chronic inflammation, which are under important control of NRF2 [11].
These data show the importance of investigating the role of NRF2 in this context,
which involves changes in metabolic pathways in different organs.

2. NRF2 and metabolic syndrome

The involvement of NRF2 in the development of MetS is based on the interaction
of NRF2 with other transcription factors or with the regulation of the expression
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of molecules that play a role in metabolism. Therefore, the impacts of Nrf2 on
MetsS require a systemic influence, rather than being controlled by a specific organ.
Alterations in NRF2 have been shown to impair adipogenesis through peroxisome
proliferator-activated receptor (PPAR), a master regulator of adipocyte differentia-
tion and adipogenesis involved in MetS-related diseases, such as obesity and dyslipid-
emia [16]. It is known that oxidative stress plays a significant role in inducing insulin
resistance, especially in association with the intake of high-fat diets (HFD) and
obesity. On the other hand, in pancreatic f cells, excessive oxidative stress suppresses
the transcription of insulin-related genes. Once NRF2 regulates redox homeostasis,
many studies have been focused on deletion of the NRF2 gene, as well as its overex-
pression and its pharmacological activators [10].

Liu et al. [17] investigated about the role of NRF2 in nonalcoholic fatty liver disease,
a hepatic manifestation of MetS, and suggested that deletion of NRF2 in mice may
lead to hepatic insulin resistance due to activation of nuclear factor kappa B (NF-kB), a
molecule involved in the phosphorylation of insulin receptor substrates. Consequently,
NRF2 activation mitigated the progression of the disease and proved to be a therapeu-
tic strategy. A significant decrease in mitochondrial fatty acid oxidation was observed
in the absence of NRF2 and accelerated when NRF2 was constitutively active. These
findings have implications for chronic disease conditions, including MetS [18].

2.1 Obesity and dyslipidemia

Commonly recognized for its energy storage function, adipose tissue is also
responsible for endocrine functions. Adipocytes can release active biological com-
pounds (adipokines), such as leptin, which act in the control of body weight and play
inflammatory functions. This tissue also has different types of cells, such as immune
and endothelial cells, which produce different types of hormones, with different
functions such as glucose control and lipid metabolism, thus acting as a regulator of
metabolic homeostasis [19].

Adipose tissue serves as a pivotal factor in the generation of systemic oxidative
stress. The oxidation of fatty acids, within mitochondria and peroxisomes, stands as
a significant contributor to oxidative stress, catalyzing the production of ROS. The
overconsumption of oxygen also triggers the generation of free radicals within the
mitochondrial respiratory chain, intrinsically linked with oxidative phosphoryla-
tion [20]. So, it is clear that deregulation in the adipose metabolism can lead to ROS
impairment and break down the homeostasis.

Obesity is correlated with low-grade chronic and systemic inflammatory pro-
cesses. Different studies associate these inflammation mechanisms with severe dam-
age to various organs and tissues and are directly linked to several metabolic diseases
[21]. Obese individuals or those with marked weight gain present a phenotypic change
in white adipose tissue (WAT) with the appearance of inflamed and dysfunctional
adipocytes that secrete pro-inflammatory cytokines [21-23]. These individuals may
also have dyslipidemia, which is characterized by a lipid disorder changes in plasma
lipoproteins. These alterations in the lipid profile include reduced levels of high-
density lipoprotein (HDL) cholesterol, elevated small dense low-density lipoprotein
(LDL), and hypertriglyceridemia [24].

Nonalcoholic fatty liver disease (NAFLD), associated with obesity and T2D, is
characterized by liver damage caused by a dysfunctional diet, associated with the
excess triglycerides in hepatocytes. So, in obese individuals, factors, such as NAFLD,
induce oxidative stress in hepatocytes, thus increasing cellular damage.
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In addition, hepatic oxidative stress was attenuated with an antioxidant diet in rats
with NAFLD, through modulation of the KEAP1/NRF2 pathway [14, 25]. Ma et al.
[26] noted that wine devoid of sulfur dioxide effectively alleviated dyslipidemia
induced by a HFD, influencing transcription factors, such as NRF2. Then, NRF2
activation enhances lipid metabolism and fatty acid p-oxidation by upregulating
crucial genes, such as carnitine palmitoyltransferase I and PARP alpha. Ginsenoside
Rgl (antioxidant molecule extracted from ginseng) significantly improved chronic
hepatic inflammatory injuries and fibrosis induced by lipopolysaccharides. This
process involves the dissociation of NRF2 from Keapl, subsequently activating NRF2
pathway, which further inhibits NLRP3, NLRP1, and AIM2 inflammasomes. It is
important to highlight that the activation of inflammasomes can be mediated by an
increase in ROS, contributing to the inflammatory process also present in CVDs [27].

2.2 Hypertension

Reactive oxygen species and changes in radical production can break down
redox-sensitive signaling and play an important role in the development of cardiovas-
cular diseases and hypertension, through alterations in the renin-angiotensin system
(RAS) and the increased RAS activation and Ang II production lead to an imbalance
of redox pathways and to the activation of ROS-producing sources [28].

The harmful effects of the oxidative stress manifest themselves in tissues, inducing
endothelial injuries and promoting the enlargement and thickening of the heart walls,
especially in the left ventricle. This phenomenon contributes to the development of
hypertension and other cardiovascular diseases (CVD) [29]. Increased peripheral
resistance, a hallmark of arterial hypertension, arises mainly from structural and
functional changes in small resistance arteries, manifested through vascular remodel-
ing and endothelial dysfunction. These changes can result in narrowing the lumen
due to a reduced outer diameter (eutrophic remodeling) or an invasion of the lumen
by a thicker layer (hypertrophic remodeling) [30].

The interconnection between endothelial function and vascular remodeling is
primarily attributed to the decreased availability of nitric oxide (NO), resulting in
the promotion of predominantly hypertrophic vascular remodeling [31]. NO is an
important vasodilator produced in the endothelium by the catalytic conversion of
L-arginine into L-citrulline, through the enzyme endothelial nitric oxide synthase
(eNOS). A series of cofactors are involved in this reaction, and their disruption
leads to a monomeric form of the enzyme, which is uncoupled, and, instead of NO,
superoxide is formed. In both hypertension and atherosclerosis, this uncoupled form
of eNOS has been found. Increasingly, evidence indicates that NRF2 activation can
trigger vasoprotective effects, reducing the bioavailability of ROS and increasing NO
levels by eNOS [15]. In a study using rat pheochromocytoma cells, it was observed
that NO can activate NRF2 by S-nitrosylation of Keapl and, alternatively, by PKC-
catalyzed phosphorylation of NRF2 [32]. Therefore, downregulation of NRF2 in
hypertension may contribute to decreased antioxidant capacity, resulting in increased
oxidative stress and consequent vascular dysfunction.

2.3 Diabetes

Oxidative stress is also causal in the development of f cell dysfunction, diabetes
and insulin resistance [33, 34]. Diabetic patients have been shown increased cellular
levels of ROS and ROS-induced DNA damage through a variety of mechanisms.
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An increased glycemic load in diabetes overwhelms the Krebs cycle, resulting in
the inhibition of electron transfer within the mitochondrial membrane. Then, the
accumulation of free radicals and ROS could lead to diabetic alterations such as the
depletion of natural antioxidant molecules and damage to vascular cells, as well as
alterations in gene and protein expression, blood flow, and endothelial cell perme-
ability 33, 35, 36].

The excess of glucose is related to ROS dependent and alterations in NRF2 con-
centration are involved in the diabetes physiopathology and its complications. In both
mouse placental tissue and human placenta cells, both increase and decrease of NRF2
were linked to gestational diabetes and implications for the health of the mother and
offspring [37]. Proteins involved in oxidative stress, NRF2-linked phase I enzyme
detoxification, and glutathione synthesis showed alterations in gestational diabetes,
leading to increased oxidative stress, mitochondrial superoxide generation, protein
carbonylation, and DNA damage [38]. In addition, alterations to NRF2 function have
been implicated in the onset and progression of type 1 diabetes, through inhibition of
the Keapl/NRF2 signaling pathway [39].

Regarding T2DM, the NRF2 has been shown to play a role in mediating diabetic
organ-related complications. An important organ-related complication is the pancre-
atic f cell dysfunction and death induced by ROS. In mice, the genetic NRF2 induc-
tion reduced p cell damage, whereas the genetic NRF2 depletion markedly enhanced
p cell damage [40, 41]. In addition to the pancreas, NRF2 has a role in diabetes in
adipose tissue, skeletal muscle, heart, liver, and kidneys, with the complication of
diabetic nephropathy [42].

The treatment of patients with T2DM is challenging since there is no cure
available, but glycemia can be controlled by pharmacological therapy [43]. The NRF2
activation results in the activation of other antioxidant enzymes and cytoprotective
genes, making it an attractive therapeutic target for treatment of diabetic compli-
cations [44]. Antioxidant therapies are comparatively more effective for treating
diabetes from which NRF2 and its related factors are one of the potential activators.
Moreover, antioxidant-based treatments serve as potential therapeutics for protection
against the enhanced oxidative stress, as well as inflammation in diabetes mellitus
[45-49]. The diabetic cardiomyopathy induced by T2DM has two main pathogen-
esis: the oxidative stress status in cardiomyocytes and lipid toxicity [50]. In the late
diabetic cardiomyopathy stage, the Nrf2 is significantly downregulated, and then
therapies focused on restoring the expression and activity of NRF2 could prevent
diabetes-associated injuries in cardiomyocytes [50-52].

2.4 Coronary artery disease

Coronary artery disease (CAD) presents several common complications such as
arrhythmias, acute coronary syndrome, congestive heart failure, mitral regurgitation,
pericarditis, aneurysm formation, and mural thrombi. Recent research has challenged
the protective effects of HDL due to difficulties in raising serum levels and is now
focusing on triglyceride-rich lipoproteins (TGRL), in addition to LDL, as causes of
atherosclerosis. Traditional risk factors for coronary artery disease have been well
combated over the years, such as smoking, LDL levels, and high blood pressure, for
example, due to population guidelines and low-cost therapies. However, TGRL are
examples of emerging targets as they have greater correlations with the inflamma-
tory state than LDL itself. TGRL cause inflammation, considering, for example, the
content of one of its components, apolipoprotein C-III [53, 54].
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The pathophysiology of CAD involves both the inflammatory response of the
vascular endothelium and oxidative stress. Activation of the NRF2 pathway is associ-
ated with a reduction in myocardial infarct size and a delay in the progression to
heart failure. The use of NRF2 activation also demonstrated protective effects against
ischemia/reperfusion injury. Oxidative stress and inflammation are closely intercon-
nected processes with oxidative stress-induced inflammation predominantly driven
by NF-kB activation. It plays a crucial role in regulating the inflammatory response
by controlling the gene expression of inflammatory cytokines, which are the main
contributors to cardiovascular diseases in humans [54, 55].

Several mechanisms lead to the complex connection between the NRF2 and
NF-kB pathways, which occur by inhibiting each other. IkB-a is an inhibitor of the
NF-«B transcription factor as it prevents, for example, the binding of NF-kB to DNA,
making its action impossible. NRF2 prevents proteasomal degradation of IkB-a and
inhibits nuclear translocation of NF-kB. This occurs due to the increase in HO-1 levels
stimulated by NRF2 and subsequent increase in the expression of phase II enzymes
that block IkB degradation. NRF2 acts to decrease the expression of pro-inflam-
matory cytokines such as vascular cell adhesion molecule-1 (VCAM-1), monocyte
chemoattractant protein-1 (MCP-1), and tumor necrosis factor-alpha (TNF-a),
interferon-gamma (IFN-y), and some interleukins, all involved in atherosclerosis.
Understanding this intricate interaction is essential to unravel the inflammatory
mechanisms involved in the pathogenesis of CAD and develop more specific thera-
peutic interventions [56-58].

3. NRF2 and therapy

Most pharmacological activators of NRF2 are electrophilic substances capable
of modifying cysteine residues present in Keapl, ultimately resulting in changes in
its conformation through oxidation or alkylation processes [15]. Some of these new
therapies and medications have been considered to control MetS through regulation
of Keapl protein and NRF2 (Figure1).

Cannabidiol (CBD) is a nontoxic compound derived from cannabis, known for
its anti-inflammatory, anti-apoptotic, and antioxidant properties. Interest in the use
of CBD has grown, including studies focusing on cardiovascular diseases. In mice, it
was observed increased translocation of NRF2 from the cytoplasm to the nucleus via
Keapl inhibition, recognized as a beneficial effect of CBD, preventing acute myocar-
dial infarction after exhaustive exercise [59].

In an environment of oxidative stress NRF2 is released from Keapl, allowing the
nuclear translocation of NRF2 and the increase of expression of antioxidant proteins.
The action of drugs on MetS components (obesity, diabetes, hypertension, and coro-
nary artery disease) may lead to the decrease of Keapl, thus increasing the activation
of NRF2 and HO-1, NRF2 nuclear translocation, and activation of antioxidant protein
expression. The drugs also act to reduce inflammatory cytokines and NF-Kb, which in
normal oxidative conditions act to inhibit NRF2, impairing translocation.

Resveratrol, administered to hypertensive rats, improved NRF2 activity by com-
bating oxidative stress in proximal tubular epithelial cells, improving inflammation,
and attenuating the development of hypertension [60]. Lopes et al. [30] observed
a vasoprotective function of NRF2 in hypertension when evaluating hypertensive
rats under conditions of vascular oxidative stress related to vascular dysfunction.
Bardoxolone and L-sulforaphane activate NRF2 when administered to animals,
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Figure 1.
Effect of oxidative stress and antioxidant drugs used in the treatment of metabolic syndrome.

reducing the formation of ROS that are induced by angiotensin II, and reestablish-
ing the endothelial function in the cells. The impact of oxidative stress, induced by
ANG II infusion, was also investigated by Wang et al. [61], in mice, analyzing the
effects of treatment with tert-butylhydroquinone (tBHQ ), that triggered the activa-
tion of NRF2, preventing increased oxidative stress, microvascular ROS, endothelial
dysfunction, enhanced microvascular remodeling, contractility, and hypertension.
In a study by Gao et al. [62], Qing brick tea (QBT), a traditional and popular Chinese
drink, was administered to mice with obesity induced by monosodium glutamate,
proving effective in protecting against metabolic syndrome. QBT treatment attenu-
ated oxidative stress and IR and markedly stimulated the NRF2/HO-1 and insulin
signaling pathways. A study based on the transcriptome network analysis after using
methylglyoxal, conducted on the visceral adipose tissue of hereditary hypertriglyceri-
demic rats, a nonobese model of metabolic syndrome, revealed that the downregula-
tion of NRF2 expression resulted in the over-representation of genes associated with
insulin signaling, lipid metabolism, and angiogenesis [63].

Some drugs already used to control glycemia act regulating the activity of NRF2.
Among these, Sitagliptin is a drug indicated for use combined with metformin or
sulfonylurea, for treating T2DM. Recent studies indicate that Sitagliptin can also
have a regulatory effect on autophagy and protect the cardiovascular system. In the
cell, it acts to reduce NF-kB, which, in turn, regulates inflammatory cytokines and
helps to inhibit the overexpression of NRF2 [64, 65]. Metformin is the first-line
pharmacotherapy for T2DM. Studies carried out with mice to understand the extent
of the drug’s use have shown that its long-term use not only helps in the treatment of
T2DM but also acts as a cardioprotector against heart diseases associated with MetS.
These studies indicate that Metformin increases the expression of Nrf2, inducing
an improvement in the nuclear translocation of Nrf2 [65, 66]. It reduces excessive
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ROS generation, limiting cell apoptosis, and increasing signaling through the ROS-
mediated PI3K/Akt and NRF2/HO-1 pathways and the levels of antioxidants [66].
Diabetic nephropathy is an important diabetes complication characterized
by inflammatory response and renal dysfunction [48]. Sulforaphane (SFN) is an
organosulfur compound that exhibits anticancer and antidiabetic properties and has
an indirect antioxidant effect inducing expression of several enzymes via the Keapl/
NRF?2 pathway [67, 68]. Then, SFN has particular interest in the role via induction of
NRF?2 of preventing diabetic nephropathy and renal damage [69]. The upregulation
of NRF2 of diabetic nephropathy mice model, by treatment with fenofibrate, led to
regulation of other antioxidant molecules and delayed the progression of diabetic
nephropathy [46]. Baicalin (BAI), a flavonoid component extracted from the tradi-
tional Chinese medicine S. baicalensis, showed to inhibit oxidative stress in hypergly-
cemic environments through regulation of NRF2 pathways. It also decreases blood
lipids and inflammation markers and suppresses the excessive production of ROS in
cardiovascular diseases [50, 70, 71].

4, Conclusion

Considering the role of NRF2 in activating genes involved in combating oxidative
stress and inflammation, it is clear that its inhibition, which often occurs due to
increased Keapl activity, can significantly increase the chances of developing meta-
bolic syndrome. This association is justified by the participation of these genes,
activated by this important transcription factor, in several metabolic pathways related
especially to endothelial function, insulin signaling, and lipid catabolism. So, it
impacts the set of clinical findings that constitute metabolic syndrome. Therefore,
several drugs that act on NRF2 activation are promising for improving or preventing
chronic metabolic diseases that are not only common but also increasing, assumed as
one of the diseases of the century.
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Abstract

Nuclear factor erythroid 2-related factor 2 (NRF2) is an essential transcription
factor that is involved in cellular defense against oxidative stress and is assumed to be
an important molecule in the transcription and regulation of cytoprotective genes.
NRF2 is not only responsible for protecting healthy cells but plays a role in neoplastic
cells once high expression of NRF2 has been observed in cancer cells. However,
the increase in NRF2 levels may be correlated with resistance to therapy, making it
interesting to understand the duality of the protective action of this molecule in the
scenario of the cancer hallmarks, NRF2-regulated target genes involved in redox
homeostasis, drug metabolism and excretion, amino acid metabolism, iron metabo-
lism, energetic metabolism, survival, autophagy, proliferation, DNA repair, protea-
somal degradation, and mitochondrial physiology. Therefore, NRF2 has emerged as
a promising target in cancer treatment, and many efforts have been made to identify
therapeutic strategies that inhibit its oncogenic role.

Keywords: oxidative stress, inflammation, cancer, chemoresistance, female cancer,
cancer therapy

1. Introduction

In aerobic organisms, the primary source of adenosine triphosphate (ATP) is
oxidative phosphorylation. During this process, reactive oxygen species (ROS) are
regularly produced in the cells as a result of oxygen’s role, the last electron acceptor in
oxidative phosphorylation. However, excessive ROS generation can damage macro-
molecules like proteins, lipids, and DNA. Then, the cells respond and adapt to stresses
through defined regulatory mechanisms, allowing them to survive and maintain
homeostasis in their environment [1].

Nuclear factor erythroid 2-related factor 2 (NRF2) is known as a key regula-
tor of the cellular xenobiotic and oxidative stress responses. It is a member of the
Cap’n’Collar (CNC) subfamily of basic leucine zipper (bZip) transcription factors,
which is encoded by the nuclear factor erythroid-derived 2-like 2 (NFE2L2) gene [2].
NREF2 contains 605 amino acids that are divided into seven conserved regions known
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Figure 1.
Structure of Nrf2.

as the Nrf2-ECH homology (Neh) domains with distinct functions (Figure 1). The
Nehl domain mediates the dimerization of NRF2 with small musculoaponeurotic
fibrosarcomas (MAFs) [3], while Neh2 domain mediates weak and strong interac-
tions with Kelch-like ECH-associated protein 1 (KEAP1) [4]. The C-terminal Neh3
domain acts as a transcriptional activation domain, while Neh4 and the Neh5 domains
mediate transactivation or transrepression by coactivators and corepressors [2]. Rich
in serine residues, the Neh6 domain has two p-transducin repeat-containing protein
(B-TrCP) degrons, DSGIS and DSAPGS, which are involved in the degradation of
NREF2 [5]. The Neh7 domain interacts with retinoic X receptor alpha (RXRa), which
suppresses NRF2/antioxidant response element (ARE) and inhibits the cytoprotective
activity of NRF2 [6].

Itoh et al. [7] found that the Nrf2 functions as an essential transcription factor that
interacts with the antioxidant response element (ARE), increasing the transcription
of several genes involved in cytoprotection and antioxidation [7]. Nrf2 activity is
negatively regulated by KEAP1 [4], so when NRF2 is upregulated due to oxidative or
electrophilic alteration of KEAP1 cysteines, it is referred to as canonical NRF2 activa-
tion. This modification leads to a conformational change of the Nrf2-Keapl complex,
preventing Nrf2 degradation [8]. The term non-canonical activation of the NRF2
signaling pathway describes the accumulation of NRF2 protein, increased by ubiqui-
tin-binding protein p62’s sequestration of KEAP1 during autophagic dysfunction. The
p62 can compete with NRF2 for KEAP1 binding, and the p62-KEAP1 complex is then
recruited to the autophagosome for degradation [9]. In non-stressed conditions, Nrf2
is constitutively degraded via the proteasome pathway. However, exposure to oxida-
tive stress stimulates Nrf2 activation through the loss of Keapl affinity. Then, NRF2
can enter the nucleus and attach to the ARE in the promoter region of target genes
[10]. Nrf2 activation has shown potential for organ protection against toxins, but
overactivation may drive mutations and has been associated with cancer progression
and drug resistance, revealing a dual behavior. Nevertheless, the negative regulation
of Nrf2 has been assumed as a promising avenue for new cancer therapies [11].

2. NFR2 involved in hallmarks of cancer

The findings on the regulation of NRF2 in the tumor microenvironment are still
contradictory. In the tumor microenvironment, NRF2 signaling is regulated by several
factors, including ROS, inflammation, and interactions with neighboring cells such as
cancer-associated fibroblasts and immune cells. Dysregulation of NRF2 activity can
lead to an imbalance in the functioning of cellular functions, thus promoting tumor
growth, metastasis, and resistance to chemotherapy and radiotherapy [12].
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The tumoral changes in normal cells show eight main characteristics: unrestrained
proliferation, avoided growth suppressor signaling, resistance to cell death, sustained
replication, induction of angiogenesis, activation of invasion and metastasis, and
altered cellular metabolism, including redox homeostasis and evading immune
destruction. All of these characteristics are part of what they called Hallmarks of
cancer (Figure 2) [13].

Although NRF?2 is considered one of the main molecules that are part of the acti-
vation of the cellular antioxidant response, its role in carcinogenesis remains contro-
versial. Nrf2 deficiency seems to arrest the cell cycle in G2/M phase, indicating that
Nrf2 is required for cell cycle regulation [14]. In fact, the effects of NRF2 in tumor
growth and progression have been established in multiple types of human cancers,
showing that proliferation rates of cell lines vary according to their NRF2 status [15].
NRF?2 can prevent carcinogenesis by facilitating the rapid enzymatic modification
and elimination of chemical carcinogens, as well as by neutralizing ROS or repairing
oxidative damage through the regulation of the expression of its target genes [16]. On
the other hand, NRF2 overactivation can be associated with the initiation and spread
of tumors, encouraging their growth, migration, and invasion as well as providing
therapeutic and stress resistance [17].

NRF2 governs the expression of major enzymes involved in the maintenance of
redox homeostasis, facilitating proliferative response [17]. NRF2 regulates several genes
related to the cell cycle such as neurogenic locus notch homolog protein 1 (NOTCH1),
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proliferative
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Evading MPOAI Enabling

growth replicative
SUpPPressors : immortality
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angiogenesis Gy cell death
Activating
invasion and
metastasis

Figure 2.
NRF2 and hallmarks of cancer.
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Nephronectin (NPNT), bone morphogenetic protein receptor, type IA (BMPR1A),
insulin-like growth factor 1 (IFG1), integrin beta 2 (ITGB2), platelet-derived growth
factor C (PDGFC), vascular endothelial growth factor C (VEGFC), and Jagged
Canonical Notch Ligand 1 (JAG1) [18], most of them involved in cancer maintenance.
So, activation of Nrf2 not only protects the cancer cells from antioxidants but also
influences their surrounding microenvironment. Although cells that do not express
NRF2 show slower proliferation [15], NRF2 activation in the tumor microenvironment
was found to slow the progression of previously activated malignant tumors instead of
promoting tumor growth directly. These findings challenge the conventional view of
this molecule exclusively promoting tumor growth, reinforcing its dual role [19].

Redox signaling pathways in immune cells are complex mechanisms. The expres-
sion and signaling of NRF2 may control the activity of redox-sensitive immunoregu-
latory molecules that affect immune cell subsets’ functional status [20]. NRF2 is an
important regulator of anti-inflammatory gene expression, and its effect on immune
responses can vary depending on the context. Activation of NRF2 has been demon-
strated to decrease inflammation through lowering ROS levels as well as proinflam-
matory cytokine production, including IL-1p, IL-6, and TNF-a [21].

The participation of Nrf2 in the tumor microenvironment is also linked to several
interactions between tumor-associated macrophages (TAMs) and tumor cells within
the microenvironment, culminating in an immunosuppressive environment that
promotes tumor growth and invasion [22]. The activation of NFR2 in cancer cells also
affects macrophage polarization toward M2-like populations, which are linked to the
development of tumors [23].

NRF?2 is necessary for normal endothelial angiogenic processes, as it maintains
a normal endothelium phenotype and vascular integrity [24]. NRF2 knockdown
decreases the amounts of HIF-1a protein, a transcription factor stimulated by the
tumor hypoxic microenvironment, which sets off a signaling cascade that stimulates
the transcription of extracellular matrix (ECM) remodelers, cytokines, and growth
factors to produce vasculature [25]. Therefore, Nrf2 acts to decrease the expression of
vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF),
angiopoietin, and angiogenin, important molecules in the angiogenesis process [26].
Under stressful circumstances, NRF2 also regulates Bcl-2 expression, an antiapoptotic
protein whose overexpression is usually associated with poor prognosis in many
human cancers [27]. Then Nrf2 could also inhibit cellular death, resulting in cell
survival, and influence drug resistance [28].

Numerous mechanisms affect the regulation of NRF2, and the way its activation
determines the signaling and contribution to either cancer progression or prevention.
These mechanisms include canonical activation, autophagy dysfunction, transcrip-
tional and translational modifications, epigenetics, post-translational modifications,
protein-protein interactions, and mutations [29]. The neoplastic cells modify the core
metabolism by upregulating important metabolic pathways such as glycolysis, the
pentose phosphate pathway (PPP), and glutaminolysis [30], reprogramming the cel-
lular events, one of the important hallmarks of cancer [31]. It is a remarkable contri-
bution to the rapid proliferation of cancer, at least by supporting biosynthetic needs.

All these mechanisms, including epigenetic modifications, have a significant
impact on cancer by upregulating NRF2 and enabling drug resistance [32]. However,
it is important to consider the role of the tumor microenvironment in cancer therapy
to better understand how cancer cells interact with their surroundings, which can
thus provide valuable insights for the development of more effective and precise
therapeutic strategies [19].

68



The Dual Role of NRF2 Transcription Factor in Female Cancer
DOI: http://dx.doi.org/10.5772/intechopen.1005041

3. NRF2 in female cancer
3.1 Breast cancer

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer
death in females worldwide, with an estimated 2.3 million new cancer cases in 2020. The
role of Nrf2 in different subtypes of breast cancer is still being investigated by various
researchers. To date, few data have been published regarding the level of Nrf2 expression
in different types of breast cancer. However, it is known that Nrf2 and Keap-1 pathways
are more activated in breast cancer cases positive for estrogen (ER), progesterone (PR),
and human epidermal growth factor receptor 2 (HER2) receptors compared to triple-
negative breast cancer (TNBC) [33]. Although in healthy cells, Nrf2 may prevent cancer
by suppressing DNA damage and carcinogenesis triggered by ROS, high NRF2 expres-
sion in breast cancer patients regulates cancer-related processes and is correlated with
lower survival rates [34].

NRF2 silencing was related to decreased expression of molecules like small
GTPase and RhoA protein, along with the reduction of breast cancer cell prolifera-
tion, chemotaxis, and cell migration. On the contrary, NRF2 activation affects the
RhoA/ROCK signaling pathway, probably through its binding to the estrogen-related
receptor alpha (ERR1) promoter, preventing RhoA degradation and promoting its
pro-oncogenic signaling [35]. In ER-negative breast cancer, Nrf2 overexpression
negatively regulates C-X-C Motif Chemokine Ligand 13 (CXCL13), thus suppress-
ing cancer proliferation, while the increased level of CXCL13/CXCRS5 in ER-positive
breast cancer cells helps advance tumor invasion and metastasis. In TNBC, not only
NRF2 mRNA levels but also Keapl have been demonstrated to be regulated by several
microRNAs, like miR-200, that lowers KEAP1 mRNA levels and increases the NRF2
expression [36].

Evidence indicates that NRF2 plays a crucial role in activating protective mecha-
nisms against oxidative stress or toxins, yet sustained NRF2 signaling in cancer cells
can promote oncogenic programs, leading to therapy resistance and poor outcomes
[37]. However, due to the dual role of Nrf2 in breast cancer patients, a better under-
standing of NRF2-related events is necessary [36].

3.2 Cervical cancer

Cancers of the female reproductive system are an important cause of cancer
morbidity and mortality worldwide. Cervical, endometrial, and ovarian cancers are
relatively common and cause significant cancer morbidity and mortality worldwide,
whereas vulvar, vaginal, fallopian tube cancers, and choriocarcinomas are very rare
[38]. Cervical cancer is the fourth most frequently diagnosed malignant disease
among women worldwide, with 604,000 new cases in 2020 [39], mainly caused by
human papillomavirus (HPV) infection [40]. The integration of the viral genome
with the human host is essential for cancer progress, and oxidative stress plays an
important role in viral integration and persistent virus infection [41].

The cervical tissue is exposed to oxidative stress, which can lead to the develop-
ment and increased neoplastic transformation of the tissue [42]. Perhaps NRF2 in cer-
vical cancer maintains the redox balance in the cell by controlling gene transcription
[43]. In fact, NRF2’s antioxidant response is crucial for redox balance during HPV
infection, preventing oxidative stress and DNA damage and maintaining genomic sta-
bility. Alterations in the Nrf2/Keap pathway during HPV-related cancer progression
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can lead to Nrf2 overexpression and activation, boosting antioxidant enzymes like
nicotinamide adenine dinucleotide phosphate (NADPH) quinone oxidoreductase 1
(NQO1), heme oxygenase-1 (HO-1), glutathione S-transferase (GST), catalase, and
superoxide dismutase (SODs). This reduces oxidative stress and chemotherapy toxic-
ity, aiding therapy resistance [41].

Nrf2 has a role in promoting cell metastasis in cervical cancer once its activation
influences various aspects involved in metastasis, such as cell mobility, invasion,
immune evasion, and colonization of distant sites. Nrf2 enhanced Epithelial-
mesenchymal transition (EMT) and anoikis resistance by promoting the expression
of Snaill and the metastasis of HeLa and SiHa cervical cancer cells [44]. NRF2 also
showed a strong nuclear expression associated with reduced cytoplasmic Keapl expres-
sion in cervical cancers, being related to a hypermethylation phenotype. The results
also demonstrate that cell migration abilities were enhanced following NRF2 overex-
pression compared to the control group. Additionally, SiHa cells with reduced NRF2
expression show inhibited migration, while overexpression increases the invasive
behavior. Then, inhibition of NRF2, in combination with antineoplastic agents, would
be a promising therapeutic strategy to inhibit metastasis in cervical cancer [43, 44].

3.3 Endometrial and ovarian cancer

Worldwide, endometrial cancer stands as the predominant gynecologic malig-
nancy in affluent nations, with more than 417,000 new cases of endometrial cancer
and 314,000 new ovarian cancer cases in 2020. Although factors such as aging demo-
graphic and decline in benign hysterectomies have played a role in endometrial cancer
rates, the primary driving force behind this is the increasing prevalence of obesity, a
factor that may also contribute to ovarian cancer rate [45].

There are two subtypes of endometrial cancer, according to histological findings.
Type I is classified as endometrioid, while type II consists of serous and clear cell
carcinomas. Endometrial cancer that shows serous and clear cell histologies shows
aggressive nature and high recurrence rates. In a study involving hysterectomy
specimens and cell culture, researchers discovered heightened Nrf2 levels in endome-
trial serous carcinoma (ESC), in contrast to minimal or absent expression in complex
hyperplasia and endometrial endometrioid carcinoma (EEC). Additionally, ESC-
derived cells exhibited increased Nrf2 expression and greater resistance to conven-
tional chemotherapeutic agents compared to EEC-derived cells. Further experiments
revealed that silencing Nrf2 expression sensitized ESC cells to chemotherapy [46].
High levels of Nrf2 were identified in a significant portion of endometrioid carcinoma
cases with phosphatase and tensin homolog (PTEN) loss [47], showing the intricate
relation of Nrf2 and the proliferative pathways. Given NRF2’s role as a transcription
factor with established target genes, Beinse et al. examined the mRNA levels of three
such targets (NQO1, GCLC, and AKR1C3), showing that serous endometrial cancer
exhibits low NQO1 expression, potentially linked to a collaboration between NRF2
and TP53, driving their aggressiveness [48].

Regarding ovarian cancers, the majority are epithelial ovarian cancers, but different
histological subtypes have been identified, including serous (the most common), endo-
metrioid, clear cell, and mucinous cancers [49]. Nrf2 was also related to ovarian cancer
once NQO1 and NRF2 were highly expressed compared to normal and precancerous
lesions, showing a positive correlation across different types of lesions. NRF2 expres-
sion was observed in both the nucleus and cytoplasm of ovarian cells, with a significant
increase observed as the ovarian carcinoma stage advances [50]. NRF2 is correlated to
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progesterone receptor (PR) expression across all histological subtypes, with a strong
correlation between cytoplasmic NRF2 and the expression of progesterone receptor A
(PRA) and progesterone receptor B (PRB), associated with longer overall survival [51].

4.NFR2 as target for cancer treatment

NRF?2 possesses the remarkable ability to regulate the expression of numerous
cytoprotective genes, effectively shielding cells and tissues from diverse threats,
spanning environmental insults to metabolic dysregulation. Yet, when the NRF2
pathway deviates from its regular course, aberrant activation emerges as a formidable
ally to cancer cells, bolstering their survival, proliferation, and resistance to treat-
ment modalities [12]. Consequently, this transcription factor has garnered significant
attention as a promising therapeutic target across various cancer types.

The NRF2 pathway in cancer cells can lead to therapy resistance through the
upregulation of drug-metabolizing enzymes and efflux transporters. Consequently,
targeting NRF2 has become a focus for therapeutic strategies. One approach involves
modulating KEAP1 to disrupt NRF2 activity positively [52]. Another approach is
inhibiting NRF2 directly. Screening has been valuable in identifying small molecule
inhibitors of NRF2 activity, such as AEM1 and ML385, which have shown efficacy in
preclinical models of non-small cell lung cancer (NSCLC) [53].

NRF2-induced anticancer resistance can be observed in many types of cancers
for a variety of drugs, like cisplatin, doxorubicin, 5-fluorouracil, paclitaxel, and
bleomycin [54]. Only few molecules were found to inhibit Nrf2, but pharmacologi-
cal compounds could indirectly drive down the Nrf2 overactivation effects and
sensitize the neoplastic cells to chemotherapy. Then, screening efforts have uncov-
ered potential molecular targets for NRF2 inhibition, including Twist Family basic
helix-loop-helix (BHLH) Transcription Factor 1 (TWIST1), E74 Like (E26 transfor-
mation-specific) ETS Transcription Factor 4 (ELF4), Serine/threonine-protein kinase
Nek8 (NEKS8), TGF-Beta Activated Kinase 1 (MAP3K7) Binding Protein 1 (TAB1),
and Dual Specificity Phosphatase 4 (DUSP4), expanding the possibilities for thera-
peutic intervention [53].

Pan-cancer therapies are innovative treatments designed to target shared
molecular pathways or vulnerabilities across different types of cancer. By focusing
on common genetic mutations or dysregulated pathways, these therapies offer a
promising approach to treating multiple cancers. Examples include immunotherapy,
which harnesses the immune system to fight cancer and targeted therapy, which
inhibits specific molecular targets. Advancements in precision medicine have
further enhanced the development of tailored therapies based on individual tumor
profiles. A pan-cancer analysis shows immunoevasive characteristics in NRF2
hyperactive squamous malignancies, unveiling an intriguing phenotype in squa-
mous malignancies of a variety of cancers, including cervical cancer, characterized
by high NRF2 activity associated with diminished interferon-gamma (IFNy), HLA-I
expression, and reduced TAMs. Moreover, the study identified upregulated immu-
nomodulatory genes such as Nicotinamide phosphoribosyltransferase (NAMPT),
Wnt Family Member 5A (WNT5A), Secreted Phosphoprotein 1 (SPP1), solute
carrier family 7 member 11 (SLC7A11), solute carrier family 2 member 1 (SLC2A1),
and Programmed death-ligand 1 (PD-L1) in these NRF2 hyperactive diseases,
suggesting novel potential targets for NRF2 modulation to alter the tumor immune
microenvironment [55].
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5. Conclusion

NRF2 has a dual role in carcinogenesis, acting as protective in normal cells, but
worsening the status of the neoplastic cells. NRF2 also plays a role in chemoresistance
by reducing drug deposits inside cancer cells and preventing the cells from dying.
Once one of the major issues for effective treatment of many tumors is chemotherapy
resistance, NRF2 inhibition may be a useful strategy to improve the health support for
cancer patients. However, it is important to highlight the need for understanding the
right Nrf2 level range to be regulated in order to avoid strong side effects caused by
any of the proposed targeted therapies.
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Chapter 5

Nrf2 as a Therapy Target for
Th17-Dependent Autoimmune
Disease

Hongmin Wu and Xiancai Zhong

Abstract

Th17 cells are a subset of IL-17-expressing CD4" T helper cells and play a
predominant role in the pathogenesis of autoimmune diseases such as multiple
sclerosis and psoriasis. Th17 cells sustain their activation and effector functions
primarily through a metabolic profile characterized by high glycolytic and oxidative
metabolism. Both glycolysis and OXPHOs can affect cellular redox status, and vice
versa. Nrf2, a master regulator of redox homeostasis, plays a pivotal role in oxidative
stress regulation and influences immune cell function. This chapter summarizes the
recent advances in the understanding of redox regulation in Th17 cells and explores
the therapeutic potential of targeting Nrf2 in Th17-dependent autoimmune diseases.
Overall, targeting Nrf2 holds considerable promise as a novel therapeutic paradigm
for Th17-dependent autoimmune diseases, offering new avenues for precision medi-
cine and improved disease outcomes.

Keywords: autoimmune disease, Th17, Nrf2, metabolic regulation, glycolysis, OXPHOs

1. Introduction

Autoimmune diseases, characterized by immune system dysfunction and
self-directed attacks on healthy tissues, represent a significant challenge in clinical
medicine. Among the various immune cell subsets implicated in autoimmunity, Th17
cells have emerged as key players due to their potent pro-inflammatory properties
[1]. Th17 cells represent a distinct subset of CD4" T lymphocytes characterized by
their production of interleukin-17 (IL-17) cytokines. Originally identified for their
role in host defense against extracellular pathogens, mounting evidence implicates
dysregulated Th17 cell responses in the pathogenesis of autoimmune disorders,
including multiple sclerosis (MS), rheumatoid arthritis (RA), and psoriasis [1]. Their
pro-inflammatory properties contribute to tissue inflammation, damage, and chro-
nicity, highlighting the importance of understanding the regulation and function of
Th17 cells in health and disease [2]. Thus, there is an imperative clinical demand for
therapies capable of efficiently managing Th17-mediated autoimmunity.

Studies have shown that Th17 cells utilize both glycolysis and oxidative phos-
phorylation (OXPHOs) as energy sources [3, 4]. During the glycolysis and OXPHOs,
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reactive oxygen species (ROS) are produced as by-products [5]. Given the high
metabolic activity of differentiated Th17 cells, there may be more production of ROS
during Th17 differentiation. This heightened ROS production can perturb cellular
redox balance and potentially lead to oxidative stress within the cellular milieu [6].
ROS-mediated oxidative damage to biomolecules such as lipids, proteins, and DNA
can exacerbate tissue inflammation and further contribute to Th17-mediated immu-
nity and the development of autoimmune diseases [7].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor
renowned for its pivotal role in cellular defense mechanisms. Nrf2 orchestrates the
expression of a multitude of genes involved in antioxidant response, detoxification,
and cellular metabolism, thereby safeguarding cells from oxidative damage and
maintaining redox homeostasis [8]. Emerging evidence suggests that Nrf2 exerts
profound effects on immune cell function [7]. Various immune cell subsets, includ-
ing macrophages, dendritic cells, T cells, and natural killer cells, have been shown to
express Nrf2 and exhibit altered phenotypes upon its modulation. This modulation
extends beyond traditional antioxidant and detoxification pathways, implicating
Nrf2 in the regulation of immune cell development, activation, differentiation, and
effector functions [9].

Unraveling the intricate interplay between Th17 cell differentiation, metabolic
pathways, and cellular redox status has revealed promising therapeutic avenues. By
modulating Nrf2 activity, either pharmacologically or through dietary interven-
tions, it becomes feasible to regulate Th17 cell differentiation and function, thereby
mitigating autoimmune pathology. This study will discuss evidence of Nrf2-mediated
modulation of Th17 cells and underscore recent studies supporting the efficacy of
Nrf2 activation as a therapeutic approach. Furthermore, it provides insights into
Nrf2 as a potential therapy target for Th17-dependent autoimmune disease, offering a
perspective on the development of novel treatment approaches in this context.

2. Metabolic regulation of Th17 cells

Th17 cells represent a distinct subset of CD4" T lymphocytes characterized by
their production of IL-17 cytokines. Th17 cells have both non-pathogenic and patho-
genic features. The non-pathogenic aspect helps to protect the host against external
bacterial and fungal pathogens [10], while the pathogenic facet is involved in driving
the progression of autoimmune diseases such as MS, RA, and psoriasis [1]. Compared
to the quiescent and metabolically inactive naive CD4" T cells, Th17 cells are meta-
bolically active [4]. Th17 cells exhibit distinct metabolic profiles, with metabolic
reprogramming essential for their differentiation, activation, and effector functions.
The metabolic demands of Th17 cells vary depending on the context of activation.
Homeostatic Th17 cells induced by commensal bacteria, such as segmented fila-
mentous bacteria, primarily rely on OXPHOs [11]. In contrast, pro-inflammatory
Th17 cells elicited in response to pathogens like Citrobacter rodentium exhibit high
glycolytic activity [11]. Metabolic intermediates and signaling pathways not only fuel
Th17 cell differentiation but also modulate cytokine production such as IL-17, IL-21,
IL-22, and GM-CSF, thereby influencing autoimmune disease pathogenesis. Targeting
metabolic pathways in Th17 cells offers promising therapeutic strategies to modulate
autoimmune inflammation and restore immune balance. Although other metabolic
processes such as lipid metabolism and amino acid metabolism are also involved in
Th17 differentiation and serve as therapeutic targets for Th17-mediated autoimmune
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diseases [4], the current study mainly focuses on glycolysis and OXPHOs metabolic
regulation in Th17 cells, summarizing their potential therapeutic strategies for Th17-
related autoimmune diseases.

2.1 Glycolysis in Th17 differentiation

Glycolysis serves as the primary energy source in differentiated Th17 cells.
During cell proliferation and differentiation, large amounts of glucose are trans-
ported into the Th17 cell to produce energy for various physiological processes.
High glucose levels have been demonstrated to promote Th17 differentiation,
exacerbating autoimmunity in mouse models [12]. The significance of glycolysis
in Th17 cells has been underscored by numerous studies revealing dysregulated
effector functions upon inhibition of glycolytic enzymes’ activities or intermedi-
ate products. Genetic deficiency or pharmacological inhibition of key glycolytic
molecules, such as hypoxia-inducible factor 1a (Hifla), glucose transporter
(GLUT), pyruvate kinase isoform 2 (PKM2), and pyruvate dehydrogenase kinase 1
(PDHK1), leads to significant impairments in Th17 cell differentiation and pro-
inflammatory function [13-17].

HIF1a plays a crucial role in directing the differentiation of Th17 cells by directly
activating the transcription of the Th17 master regulator RAR-related orphan receptor
gamma (RORyt). Mice with T cells deficient in HIF1la demonstrate resistance to the
induction of Th17-dependent experimental autoimmune encephalitis (EAE), a mouse
model of autoimmune disease characterized by decreased Th17 cells and increased
Treg cells [13]. In addition, the increased glycolytic rates in Th17 cells coincide with
elevated expression of GLUT1, and increased GLUT1 levels are associated with
elevated release of IL-17 and IFNy [14]. Another glucose transporter protein, GLUT3,
is also reported to be essential for both the differentiation and effector function of
Th17 cells, as evidenced by the protection of GLUT3 knockout mice against EAE [15].
Furthermore, inhibition of PKM2 by vitamin B5 disrupts PKM2 phosphorylation
and nuclear translocation, resulting in the inhibition of glycolysis and impaired Th17
cell differentiation. This inhibition leads to protection against EAE [16]. Moreover,
PDHK]1, a kinase that inhibits pyruvate dehydrogenase to suppress pyruvate oxidation
and instead promotes pyruvate conversion to lactate, is essential for Th17 effector
function. Blocking of PDHK1 with dichloroacetate suppresses glycolysis, Th17 dif-
ferentiation, and attenuates EAE development [17].

Together, these findings highlight the critical role of glycolysis in regulation of
Th17 cells and suggest that targeting glycolysis could offer therapeutic promise for
alleviating Th17-based immune disorders.

2.2 OXPHOs in Th17 cell differentiation

Glycolysis and OXPHOs are two primary metabolic pathways responsible for
generating energy within cells. Glycolysis fuels the tricarboxylic acid cycle (TCA)
cycle and supports OXHPOs by generating pyruvate. The pyruvate generated from
glycolysis is imported into the mitochondria and converted to acetyl-CoA. Acetyl-
CoA then enters the TCA cycle to produce NADH and FADH2, which are utilized for
generating ATP via OXPHOs. Conversely, OXPHOs can affect glycolysis by influenc-
ing metabolic intermediates (e.g., citrate) and cellular signaling pathways (e.g.,
AMPK signaling) [18, 19]. Thus, the two pathways are interconnected, working in
concert to maintain cellular energy balance.
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While glycolysis was thought to dominate Th17 cell metabolism, research has also
highlighted the importance of OXPHOs in sustaining Th17 cell responses [20]. Studies
have indicated that Th17 cells rely on OXPHOs for their effector responses [21].
Consistent with this observation, proliferating Th17 cells have been shown to rely on
both electron transport chain (ETC) complex I and complex II activation for IL-17
production [22]. Additionally, estrogen receptor alpha signaling has been implicated
in enhancing pathogenic Th17 cell differentiation by promoting ETC complex IV
assembly and preserving OXPHOs [23]. In support of these studies, inhibiting
OXPHOs has been found to effectively alleviate symptoms of colitis and psoriasis in
murine models [21]. Furthermore, treatment with oligomycin, an ETC complex V
inhibitor, impaired glycolytic functions and the TCA cycle in Th17 cells, resulting in
reduced expression of IL-17, IL-23, and Tgff3. Importantly, oligomycin-treated Th17
cells exhibited reduced EAE severity upon adoptive transfer in vivo [20]. Interestingly,
oligomycin treatment also promoted the generation of Treg cells via upregulating
expression of IL-10 receptor [20].

Taken together, mitochondrial functions and OXPHOs contribute to Th17 cell
generation. However, it is noteworthy that, compared to studies focusing on glycolysis,
there is a relatively limited amount of research investigating the role of OXPHOs in
Th17 cell differentiation and function. Thus, more studies are required to fully elucidate
the impact of OXPHOs on Th17 cells and their contribution to immune responses.

3. Interplay between ROS, metabolic flux, and Th17-mediated
autoimmunity

ROS are highly unstable, oxygen-containing molecules. ROS encompasses
superoxide anion radical, hydroxyl radical, and hydroperoxyl radical [7]. ROS are
produced from various sources, and one of the most significant sources is OXPHOs.
Upon TCR activation, calcium ions exit from endoplasmic reticulum and influx into
mitochondria to promote TCA cycle activity and increase mitochondrial function
[5]. Increased TCA cycle leads to increased production of redox coenzymes NADH
and FADH2. NADH and FADH2 are the main drivers of ETC by delivering electrons
to the ETC in mitochondria. As electrons move through mitochondrial complexes,
some may inadvertently leak, leading to the generation of superoxide radicals. In cells
with high metabolic states, such as proliferating T cells, more superoxide radicals can
be produced, culminating in uncontrolled oxidative stress [6]. Such uncontrolled
oxidative stress has been associated with the development of various human diseases,
including autoimmune disorders [7].

The association between a high glycolysis flux and increased ROS levels has been
established [24]. This association arises from the fact that an increase in glycolytic
flux typically leads to a rise in TCA cycle flux. Consequently, there is an accumula-
tion of substrates (e.g., NADH and FADH2) for OXPHOs, potentially stimulating
superoxide production [25]. Consistently, in T cells, ADP-dependent glucokinase has
been identified as a mediator connecting high glycolysis with production of ROS,
elucidating the critical role of glycolytic enzymes in modulating ROS levels [26].
Inhibition of mitochondrial pyruvate uptake restored mitochondrial ROS production
to normal levels, thereby blocking the hyperglycemic damage [27]. Moreover, under
hyperglycemic conditions, ROS production is induced through the process of mito-
chondrial fission [28]. These findings collectively demonstrate that increased glycoly-
sis indirectly contributes to ROS and mitochondrial dysfunction. Conversely, ROS
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can impact glycolysis, forming a feedback loop by stabilizing HIFla and promoting
cell proliferation [29]. Stabilized HIF1a further facilitates a metabolic shift favoring
anaerobic glycolysis and reducing mitochondrial respiration by upregulating GLUTs
and glycolytic enzymes [30]. Thus, there is an intricate interplay between glycolysis
and ROS regulation.

Studies have explored the role of ROS in the differentiation and pathogenicity of
Th17 cells. Specifically, deficiency in NADPH oxidase, which maintains low mito-
chondrial ROS levels, has been found to enhance Th17 differentiation and result in
increased susceptibility to EAE [31]. Additionally, knockout of IEX-1 gene, which
suppresses mitochondrial ROS production, leads to enhanced Th17 differentiation
and exacerbation of arthritis symptoms in a mouse model [32]. Moreover, high
glucose concentrations have been demonstrated to drive Th17 differentiation both
in vitro and in vivo through enhancing mitochondrial ROS production [12]. Notably,
N-acetylcysteine, a specific inhibitor of mitochondrial ROS production, has been
reported to significantly inhibit Th17 differentiation [33]. These findings collectively
highlight the significant impact of dysregulated redox balance on Th17 differentiation
and pathogenicity, underscoring the necessity of proper regulation of ROS to control
the development of Th17-related autoimmune diseases. Maintaining the balance
between ROS and antioxidant proteins within the cell is critical for preserving the
integrity of Th17 cell-mediated immunity. As Nrf2-mediated signaling is a vital anti-
oxidant system for maintaining intracellular redox balance, targeting Nrf2 emerges as
a promising therapeutic strategy for Th17-dependent autoimmune diseases.

4. Insights into Nrf2-targeted therapy for Th17-dependent autoimmune
diseases

Nrf2 is a stress-sensitive transcription factor that serves as a critical regulator in
maintaining cellular redox hemostasis. Upon oxidative stress, Nrf2 translocates from
the cytoplasm to the nucleus, where it becomes activated. Once activated, Nrf2 binds
to antioxidant response elements (ARE) located in the promoters of target genes, initi-
ating the transcription of ARE-containing cytoprotective antioxidant genes [8]. These
antioxidant response genes, downstream of Nrf2, play a pivotal role in maintaining
cellular redox balance within a physiological range. This delicate balance ensures
proper metabolic processes and is essential for cellular function and viability [7].

Reports have elucidated the impact of Nrf2 on Th17 differentiation and pathoge-
nicity. Deficiency in Nrf2 has been associated with augmented Th17 differentiation
and the production of relevant cytokines (e.g., IL-17 and IL-23) both in in vitro exper-
iments and in a murine model of lupus nephritis [34]. In addition, Nrf2-dependent
antioxidant gene expression is suppressed in i vitro differentiated Th17 cells, and
Nrf2 activation inhibits IL-17a production at both transcript and protein levels in
peripheral blood mononuclear cells derived from MS patients. Mechanistically, Nrf2
binds to ARE repressor of Rorc promoter and inhibits Rorc-dependent IL-17 trans-
activation [35]. Conversely, T cell-specific overexpression of Nrf2 has been shown
to promote the development of T regulatory cells [36]. These findings indicate the
pivotal role of Nrf2 in modulating immune responses, as it not only prevents the
differentiation of pro-inflammatory Th17 cells but also promotes the shift toward an
anti-inflammatory T regulatory cell phenotype. Given its regulatory effects on Th17
differentiation and pathogenicity, Nrf2 emerges as a promising therapeutic target for
Th17-mediated autoimmune disorders such as MS, psoriasis, and RA.
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EAE is a widely used mouse model for MS research. It is induced by the activation of
Th17 and Th1 cells, which penetrate the central nervous system, resulting in the degrada-
tion of myelin and death of oligodendrocytes [37]. Nrf2-deficient mice exhibit exacer-
bated EAE outcomes, marked by increased production of pro-inflammatory cytokines in
the brain and spinal cord, and enhanced T cell infiltration in the central nervous system
[38, 39]. Dimethyl fumarate (DMF) and its metabolite, monomethyl fumarate, demon-
strate therapeutic potential by stabilizing Nrf2 and enhancing its transcriptional activity,
effectively reducing the severity of EAE [40, 41]. Beyond DMEF, other Nrf2 activators,
like trifluoroethyl amide derivate of 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid
(CDDO-TFEA), exhibit promise in EAE management. CDDO-TFEA administration cor-
relates with diminished levels of circulating pro-inflammatory cytokines and increased
expression of Nrf2 and its target genes in various immune compartments, including
brain, spinal cord, splenocytes, and CNS-infiltrating immune cells [42]. Moreover,
compounds such as D3T [43] and TFM-735 [44], both of which activate Nrf2, have dem-
onstrated protective effects during EAE with notable immunomodulatory functions.

RA is characterized by dysregulated Th17-driven inflammation. Studies have
demonstrated the impact of Nrf2 on RA pathogenesis. Nrf2 deficiency increased
leukocyte infiltration and accelerated the incidence of arthritis in mice [45].
Moreover, Nrf2-deficient mice exhibit more inflammation and oxidative damage in
antibody-induced arthritis, a mouse model of RA [46]. Additionally, DMF treatment
has been shown to attenuate osteoclastogenesis and bone destruction via induction of
Nrf2-mediated transcription of antioxidant genes in a mouse model of LPS-induced
arthritis [47]. Furthermore, treatment with S-propargyl-cysteine has demonstrated
efficacy in reducing RA-associated inflammation by modulating the Nrf2-ARE signal-
ing pathway [48]. These findings collectively suggest that targeting Nrf2 may provide
therapeutic strategy for RA patients.

Th17 is believed to be the key contributor to the inflammatory processes underly-
ing psoriasis, a chronic inflammatory skin disorder. Studies using Nrf2-deficient mice

Disease Model Effect of Nrf2 Reference

increased Th17 differentiation, increased lupus

M 1 hriti Nrf2 defici 4
ouse lupus nephritis rf2 deficiency nephritis [34]
Mouse EAE Nrf2 deficiency ~ exacerbated EAE [38, 39]
more inflammation and oxidative damage,
Mouse RA Nrf2 deficiency  increased leukocyte infiltration, increased [45, 46]
arthritis in mice
M iatic ski
ouse pSOTlath skn Nrf2 deficiency  increased inflammation and psoriasis [49]
inflammation
Imiaui P
mlq}m,m)d induced Nrf2 siRNA reduced inflammation and psoriasis [50]
psoriasis mouse model
PBMC from MS patients ~ Nrf2 activator inhibited IL-17a production [35]
Mouse EAE Nrf2 activator reduced EAE [40-44]
LPS-induced arthritis i
ncucecdarthntis in Nrf2 activator attenuated osteoclasts [47]
mouse
Imiquimod-induced
riquimod-induce Nrf2 activator alleviated psoriasis severity [51]

psoriasis mouse model

Table 1.
Summary of Nrf2 study in autoimmune disease model.
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have shown that the mice exhibit increased inflammatory responses to imiquimod-
induced psoriasis, as evidenced by increases in ear thickness and elevated mRNA
expression of key pro-inflammatory cytokines, such as IL-6, TNFa, IL-17a, and
IL-23a, in the ear tissue [49]. Moreover, topical application of Nrf2 siRNA to the ear
skin resulted in reduced inflammation in mice with imiquimod-induced psoriasis
[50]. DMF has been observed to enhance epidermal barrier function and alleviate the
severity of psoriatic lesions [49]. Additionally, treatment with sulforaphane in mice
has demonstrated efficacy in ameliorating psoriatic symptoms and protecting against
cutaneous inflammation in an Nrf2-dependent manner [51]. The effect of Nrf2 modu-
lation on autoimmune disease is summarized in Table 1. These findings suggest that
targeting Nrf2 may serve as a potential therapeutic approach for managing psoriasis.

5. Conclusion

Overall, balancing cellular redox levels for proper metabolic processes is criti-
cal for managing Th17-dependent autoimmune diseases. Targeting Nrf2-mediated
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}
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v 20 L2
' GM-CSF
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<> ROS = |—— Nrf2 activator
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Figure1.

Reg;:lation of Thay and autoimmune disease by Nrf2. Thay cells are generated from naive CD4" T lymphocytes upon
exposure to a pathogenic environment (e.g., IL-6, TGFp and IL-23). The differentiated Th1y cells secrete pathogenic

cytokines including IL-17, IL-22, and GM-CSE, thereby facilitating the development of autoimmune disease through
elevated ROS production. Activation of Nrf2 inhibits ROS and protects against autoimmune disease development.
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signaling pathways offers a promising avenue for precision medicine and improving
outcomes in such conditions. By modulating Nrf2 activity, it becomes possible to
regulate Th17 cell differentiation and function, thereby mitigating autoimmune
pathology (Figure 1). This approach holds considerable potential for developing
novel therapeutic interventions that can effectively manage Th17-mediated autoim-

mune diseases.
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Chapter 6

NRF2 in Neurological Disorders: A
Molecular Beacon for Therapeutics

Neeraj Verma

Abstract

Neurological disorders represent a complex spectrum of conditions, ranging from
neurodegenerative diseases to acute injuries, each posing unique challenges to treatment.
This chapter delves into the emerging role of the NRF2 transcription factor as a molecu-
lar beacon with therapeutic implications in the realm of neurological disorders. NRF2, a
master regulator of cellular defense mechanisms, orchestrates antioxidant responses and
mitigates oxidative stress—processes intricately linked to neuroprotection. The chapter
explores the intricate interplay between NRF2 and neurological pathologies, emphasiz-
ing its influence on the progression of conditions such as Alzheimer’s, Parkinson’, and
ischemic stroke. By dissecting the molecular pathways through which NRF2 modulates
inflammation, oxidative damage, and apoptosis in the nervous system, we gain insights
into potential therapeutic strategies. Exciting research on NRF2 activators, both natural
and synthetic, offers promising avenues for drug development. Furthermore, the
chapter navigates through preclinical and clinical studies, highlighting the potential of
NRF2-targeted interventions in preserving neuronal function and promoting recovery.
As we unravel the molecular intricacies of NRF2 in neurological contexts, this chapter
serves as a guide to understanding its therapeutic potential, paving the way for innova-
tive strategies aimed at mitigating the burden of neurological disorders.

Keywords: NRF2 transcription factor, neurological disorders, oxidative stress,
therapeutic implications, molecular pathways

1. Introduction

The Nuclear factor erythroid 2-related factor 2 (NRF2) is a known transcription
factor encoded in humans by the NFE2L2 gene that plays an important role in cel-
lular protection against oxidative stress (OS) by activating genes that protect cells.
Oxidative stress (OS) is a condition of an imbalance of production of reactive oxygen
species (ROS) and nitrogen species (RNS) ratio and the ability of cells to protect them
with antioxidants. Excessive production of reactive oxygen species (ROS) leads to
changes in important cellular macromolecules, including proteins, DNA, and lipids.
Many studies have demonstrated an association between oxidative stress (OS) and
various neurodegenerative diseases [1, 2], including Alzheimer’ disease (AD) [3],
Huntington’s disease (HD) [4], Parkinson’s disease (PD) [5], multiple sclerosis (MS)
[6], and amyotrophic lateral sclerosis (ALS) [7]. ROS/RNS are generated from differ-
ent sources within cellular compartments, either from normal physiological processes
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or because of exposure to damage or disease in the environment [8]. Superoxide (O,7)
is the most severe form of reactive oxygen species (ROS) and is produced by the single
electron reduction of O, in mitochondria. Superoxide can also be produced by a group
of NADPH oxidases (NOX) using oxygen and NADPH as substrates, where super-
oxide is rapidly removed [9]. Hydroxyl radicals (*OH) are important by-products of
mitochondrial oxidative phosphorylation. These chemicals exhibit instability, high
reactivity, and produce more reactive aldehydes through the process of membrane
lipid peroxidation (LP), ultimately leading to cell death. Additionally, superoxide
dismutase 1 (SOD1) rapidly produces reactive oxygen species (ROS) hydrogen
peroxide (H,0,) in the cytoplasm, while extracellular H,0, is produced by extracellu-
lar superoxide dismutase 3 (SOD3). Consequently, H,0, may be a product of beta-
oxidation of fatty acids by cytochrome P450 enzymes. When H,0, is exposed to Fe**
or Cu’ (Fenton reaction), it can transform into hydroxyl radicals, although they are
stable and less active [10]. The main reactive nitrogen species (RNS) is ONOO"~, which
rapidly decomposes into HOe, nitrogen dioxide radicals (NO,*), and nitro cations
(NO;") [11]. This drug is neurotoxic. Targeted therapy for neurodegenerative diseases
involves addressing the various mechanisms involved in the formation of the operat-
ing system (OS) and imbalances in the endogenous cellular protection of neuronal
cells [12, 13].

NRF?2 plays an important role in the development and activation of blood cells, a
group of enzymes responsible for metabolizing drugs [14]. Proteins whose expression
increases as a result of NRF2 signaling include heme oxygenase-1 (HO-1), SOD1,
catalase, and enzymes involved in glutathione (GSH) metabolism, such as glutathione
S-transferase (GST), glutathione cysteine. Ligase modifier subunit and glutathione
cysteine ligase catalytic subunit (GCLC) [15, 16].

The ability of NRF2 to regulate central metabolism and mitochondrial function
suggests that NRF2 activation is a good and effective strategy for the treatment of
neurodegenerative diseases [17]. This review explores the importance of oxidative
stress in neurodegenerative diseases and the benefits of targeting the NRF2 path-
way as an antioxidant and cytoprotective response. It also proposes new therapies
designed to treat oxidative damage and neuroinflammation by activating the NRF2
signaling pathway.

2. Recent findings in specific disorders
2.1 Alzheimer’s disease

Forgetfulness and cognitive impairment are hallmarks of Alzheimer’, the most
common type of dementia. AD is an age related neurodegenerative disease. Without
changes in treatment, the number of AD patients in the United States is expected to
increase from currently more than 5 million to approximately 13.8 million by 2050 [18].
AD is characterized by a variety of diseases, including brain atrophy due to neuronal
and synaptic loss, senile plaques composed primarily of fibrillar amyloid (Ap) peptide,
and neuronal plaques composed of hyperphosphorylated tau, a cytoskeletal protein
fiber tangle (NFT). - and y-secretase cleave amyloid precursor protein (APP) to form
Ap. Small oligomers of self-assembled peptides are thought to contribute to brain
damage in AD [19]. Aging is an important risk factor for AD, and although most cases
of AD are unrelated, a small proportion have a familial basis. Early onset familial
disease is associated with mutations in APP, presenilin 1 (PS1) and presenilin 2 [20].
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In addition to plaques and NFTs, AD brains also feature reactive gliosis, mitochondrial
dysfunction, and oxidative damage to proteins and lipids [21, 36].

2.1.1 NRF2-velated genes in AD cells

Early studies have shown that the NAD (P) H:quinone oxidoreductase 1 (NQO1)
content in AD tissues is higher than in control tissue [22-24] A. The same is true
for both was also observed for oxygenase 1 (HO-1), glutathione reductase, and
glutathione peroxidase [25-27]. Additionally, AD brains have higher levels of p62,
HO-1, and glutamate cysteine ligase modifier subunit (GCLM). In addition, Tanji
and colleagues [28] found co-localization of Keapl with NFTs, evidence of interac-
tion between them, and the presence of both p62 and Keapl in both the soluble and
insoluble protein fractions in AD cells. According to a study examining NRF2 by
immunohistochemistry, NRF2 was detected in the cytoplasm and nucleus of healthy
hippocampal neurons, but only in the cytoplasm in AD [29]. This suggests that NRF2
activation is lower in AD cells than in previous studies. In fact, studies have shown
that some of the same NRF2-dependent genes described previously are downregu-
lated or unchanged in AD [30-32]. These conflicting results are not surprising and
may have much to do with the stage of disease at the time the tissues were collected.
Additionally, according to our unpublished findings, most NRF2-dependent genes
and proteins and glutathione (GSH) levels in the brain and spinal cord are NRF2-
dependent. It is not reduced in —/— mice (Figure 1) [33, 34].

2.2 Parkinson’s disease

Parkinson’s disease (PD) is the most common neurodegenerative disease. It is
characterized by a variety of non-motor neuropsychiatric problems including motor
symptoms such as tremor, bradykinesia, rigidity, and postural instability [35]. Loss
of dopaminergic neurons in the substantia nigra pars compacta (SN), which reduces
the number of dopamine nerve terminals projecting to the striatum, is one of the
symptoms of Parkinson’s disease (PD). Another notable feature is the formation of
intracellular inclusions or Lewy bodies (LB) [36-38] composed of ubiquitin-linked
a-synuclein (SYN). Similar to AD, PD is generally rare, with familial onset account-
ing for approximately 15% of cases [39]. a-SYN, parkin, leucine-rich repeat kinase 2
(LRRK?2), putative PTEN-induced kinase 1 (PINK1), and DJ1 are among many genes
associated with familial Parkinson’s disease (PD) [40]. Just as Alzheimer’s has both
sporadic and familial features, Parkinson’s disease tends to run in families. Therefore,
the majority of familial PD and AD are early-onset, progressive diseases.

Studies have shown that NQO1 expression is increased in astrocytes, endothelial
cells, and dopaminergic neurons in people with Parkinson’s disease [41]. HO-1 and
peroxidase in the substantia nigra of Parkinson’s disease patients show a similar pat-
tern [42]. Immunostaining demonstrated the presence of NRF2.

2.2.1 NRF2-yelated genes in PD cells

Nuclear localization of NRF2 was observed in dopaminergic neurons in the
Parkinson’s disease brain [29]. Oxidative stress, mitochondrial dysfunction, protein
carbonylation, and oxidative damage to substantia nigra DNA have been implicated
in Parkinson’s disease [43, 44]. Glutathione concentrations are reduced in the brain
of patients with Parkinson’s disease [45, 46]. In addition, Keapl colocalizes with
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The Keap1-NRF2 pathway is a signaling pathway involved in cellular responses to oxidative stress. The regulatory
protein Keap1 regulates the activity of the transcription factor NRF2. Under conditions of oxidative stress,

NRF2 is veleased from Keap1 and translocates to the nucleus, where it activates the expression of genes encoding
antioxidant enzymes. This pathway plays an important role in cell defense against oxidative damage and redox
maintenance of homeostasis.

SYN and p62 in Lewy bodies in the Parkinson’s disease brain [28]. New research on
induced pluripotent stem cells (iPSCs) from patients with Parkinson’s disease (PD)
and control subjects provides further evidence of the role of NRF2 in Parkinson’s
disease. Neurons derived from Parkinson’s disease-induced pluripotent stem cells
(PD iPSCs) show decreased glutathione (GSH), increased oxidative stress, increased
NRF2 activation, and increased NQO1 levels [47].
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2.3 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a serious motor disease in adults and
is characterized by the deterioration of slow motor neurons [48]. Motor neurons
have intracellular inclusions that are ubiquitin-positive, hyaline, and have a twisted
appearance [49]. These include SOD1, which colocalizes with p62 [50]. ALS has
also been shown to have TDP-43 (TAR DNA binding protein) and FUS-positive
inclusions [51, 52]. Like AD and PD, most ALS patients have a variant form (sALS);
Approximately 10-15% of cases are associated with a familial variant (fALS). The
first genetic mutation found in familial amyotrophic lateral sclerosis (FALS) was in
copper/zinc superoxide dismutase 1 (SOD1), which causes disease by increasing its
activity [53]. More than 150 mutations have been identified in the SOD1 gene. Mice
with an extreme hSOD1 mutant often have an ALS-like phenotype [54, 55]. The
specific molecular mechanism responsible for the increase in dysfunction is currently
unknown. However, toxicity to motor neurons requires expression of mutant SOD1
in both non-neuronal cells and motor neurons [56]. Over the last few years, research-
ers have discovered 24 additional genes associated with amyotrophic lateral sclerosis
(sALS) and familial amyotrophic lateral sclerosis (FALS) [57]. One of these genes is
p62, which directly affects Keapl/NRF2 and autophagy [58].

2.3.1 NRF2-related genes in ALS cells

The presence of NRF2 and Keapl in the primary motor cortex and spinal cord of
ALS patients was investigated [59]. NRF2 mRNA and protein levels were reduced
in ALS patient tissues compared with control tissues, but Keapl mRNA and protein
levels were unchanged. NRF2 dependent genes were not analyzed. Furthermore,
Keapl has been shown to co-localize with intracellular inclusions in post-mortem ALS
spinal motor neurons [28].

2.4 Huntington’s disease

Huntington’s disease (HD) is a neurological disease caused by the expansion of
CAG repeats in the gene responsible for producing the Htt protein [60]. This leads to
elongation of the N-terminal glutamine residue, and the intensity and duration of the
disease are related to the length of the polyglutamine repeat. In addition, structural
changes in mutant Htt lead to increased self-aggregation, which is associated with
the appearance of intracellular inclusions [61]. Huntington’s disease (HD) is defined
by pathological degeneration of the neostriatal regions (caudate and putamen) and
cerebral cortex. This degeneration is thought to be the main cause of mobility, cogni-
tive impairment, and psychiatric symptoms that worsen as the disease progresses.
Oxidative stress due to mitochondrial dysfunction has been shown to be responsible
in human patients [62]. According to data obtained from postmortem brain exami-
nation, dysfunction of mitochondrial complex II, III, and IV was detected in the
striatum of deceased Huntington’s disease patients [63, 64].

2.4.1 NRF2-velated genes in HD cells

Surprisingly, very little work has been done on HD tissues and NRF2. Only one study
investigated the presence of NRF2 or NRF2-dependent genes in post-mortem HD cells
[65]. This study demonstrated HO-1 immunohistochemical staining in HD cells.
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2.5 Multiple sclerosis

Approximately 400,000 people in the United States and more than 2.3 million
people worldwide are thought to be affected by multiple sclerosis (MS). Multiple scle-
rosis (MS) is a chronic disease characterized by inflammation of the nervous system.
It begins with the activation of CD4+ T lymphocytes in the peripheral zone, which
then cross the blood-brain barrier and initiate an autoimmune attack on myelin and
oligodendrocytes in the central nervous system (CNS) [66]. Neurological disorders
occur in a variety of conditions, including vision loss, coordination problems, fatigue,
hearing loss, cognitive impairment, and bladder and bowel problems. Multiple
sclerosis (MS) disease occurs as a result of the destruction of the immune system,
and autoreactive CD4+ Th1 and Th17 cells (myelin sheath), which are the protective
covering of the brain, emerge and myelin-producing cells (oligodendrocytes) emerge.
This attack is also accomplished by infiltrating macrophages and resident microglia.
As aresult, nerve cells decrease and the number of stellate cells (a type of glial cell)
increases in response to the damage. Activated microglia and stellate cells secrete
inflammatory substances such as cytokines and chemokines, as well as reactive
oxygen species and nitrogen. These drugs exacerbate oxidative stress and further
exacerbate the deleterious tissue damage associated with neuroinflammation, leading
to disease progression [67, 68]. Currently, the FDA has approved eight drugs to treat
relapsing-remitting MS, the most common form of MS, affecting 87 percent of people
with MS. The main purpose of this medication is to prevent the immune system from
crossing the blood-brain barrier. However, due to the complexity and diversity of
diseases, the evolution of treatment over time, and the general belief that oxidative
stress plays a role in disease, further research is required to improve and/or supple-
ment existing treatments [69].

2.5.1 NRF2-velated genes in MS cells

Damage to brain tissue in multiple sclerosis causes extensive oxidative damage
resulting from the production of reactive oxygen species and nitrogen species result-
ing from inflammation. Antioxidants and enzymes, as well as NRF2 protein levels,
have been shown to serve as markers of cellular stress in active disease compared to
normal white matter (NAWM) and normal tissue in the brain that are not neuronally
controlled [70-72]. Therefore, initiation of NRF2-mediated antioxidant response
may indicate the existence of cellular defense mechanisms that prevent damage from
oxidative stress caused by long-term inflammation. Previous studies have shown that
NQO1, an enzyme putatively regulated by NRF2, is increased in multiple sclerosis
(MS). This stimulation was particularly evident in hypertrophic stellate cells and
myelin-laden macrophages. Oligodendrocytes sometimes show NQO1 immunoreac-
tivity, but neuronal NQO1 labeling is rare [70]. Additional studies have shown that
the disease in multiple sclerosis (MS) exhibits strong resistance to markers of oxida-
tive stress, including 4-HNE, 8-hydroxydeoxyguanosine, and nitrotyrosine. It has
also been found that these active bacteria contain antioxidant enzymes such as HO-1,
SOD1, SOD2, and catalase. Like NQO1 manifestations, this staining is seen in hyper-
trophic stellate cells and myelin-rich macrophages. Rare staining was observed in
NAWM. Upregulation of NRF2 in MS lesions can be seen in the nuclei and cytoplasm
of invasive macrophages and reactive stellate cells, with little expression in oligoden-
drocytes around active lesions [72].
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3. Therapeutic scope of the activation or inhibition of the transcriptional
factor NRF2 in neurological disorders

NRF2 activation mitigates multiple pathogenic processes involved in these neu-
rodegenerative disorders through upregulation of antioxidant defenses, inhibition of
inflammation, improvement of mitochondrial function, and maintenance of protein
homeostasis.

3.1 Oxidative stress and Nrf2

NRF2 controls the production of many antioxidant enzymes and proteins that
provide protection to cells. Studies show that enhancing NRF2-dependent antioxidant
activities may enhance brain functions in illness models. The synaptic degeneration
and neuronal death in Alzheimer’s disease are a result of various disrupted processes
such as heightened oxidative stress, persistent inflammation, impaired mitochondrial
function, buildup of amyloid-p (Ap) 1-42 peptides from the amyloid precursor pro-
tein (APP), proteasome inhibition, mutations in APP, presenilin-1, and presenilin-2
genes, and accumulation of hyper-phosphorylated tau protein [73]. Oxidative stress is
partly caused by oligomeric Af peptides and occurs before other metabolic changes,
leading to persistent inflammation due to oxidative damage.

3.2 Neuroinflammation and Nrf2

It is a feature of neurodegenerative diseases and is caused primarily by activated
microglia (inhabitants of the immune system). When activated, microglia release
cytotoxic reactive oxygen species and nitrogen, which can affect neurons, especially
in cases of excessive microglial activation and dysregulation. Additionally, the
presence of dead or injured neurons leads to activation of microglia (known as
reactive microgliosis) through recognition receptors such as Toll-like receptors. This
causes a continuous cycle of neuronal cell death. The density of microglia in the adult
brain varies by region and can range between 0.5 and 16.6%. They are usually found
in a dormant state with branching-like patterns in the gray matter. Regions with the
most cells include the hippocampus, olfactory telencephalon, basal ganglia, and
substantia nigra [74, 75]. Therefore, it is not surprising that certain regions of the
brain can be affected by microgliosis, as seen in many neurodegenerative diseases,
including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease
(HD), and amyotrophic lateral multiple sclerosis (ALS) [76]. The main source of
reactive chemicals produced by microglia is the activation of the NADPH oxidase
(NOX) system, which produces more superoxide anions (*O,"). The NOX enzyme
complex in the cell membrane normally enhances the elimination of pathogens when
triggered by different stimuli such as pathogen-associated molecular patterns
(PAMPs), inflammatory cytokines, and neurotoxins. It also causes changes in cell
shape and movement and regulates gene activity. Sustained activation of NOX leads
to oxidation of lipids and other macromolecules and causes apoptosis, ultimately
leading to neuronal cell death and degeneration. Similarly, enzyme-inducible nitric
oxide synthase (iNOS) is stimulated, and its activation produces nitric oxide (NOe),
similar to *O,” which can produce neurotoxic effects when consistently present at high
concentrations. An increase in the level of NO¢ can disrupt the balance of redox
homeostasis, and NOe can also react with *O,", leading to the formation of more
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harmful compounds called peroxynitrite (ONNO~) [50]. At rest, microglia constantly
monitor its environment for bacteria, abnormal cells, or cellular debris. They also help
reorganize and maintain synapses. When activated by risk, microglia become acti-
vated and subsequently release anti-inflammatory substances such as TNF, interleu-
kin (IL)-1, IL-6, IL-12, and IL-23. This phase of microglial activation is often referred
to as the classical proinflammatory phase and is referred to as M1. M2 is the stage after
the M1 stage and is characterized by a long period and immunity or change. During
this time, microglia are activated in response to inflammatory cytokines, including
IL-4, IL-10, and IL-13. The body then produces the same cytokines while stimulating
genes involved in wound healing, including arginase 1 (ARG1), mannose receptor
(MMC), and chitinase-like 3 in domain 1 (FIZZ1)-1 (Ym1 in mice). In fact, the
antioxidant properties of microglia maintain cellular homeostasis and keep microglia
constantly alert. NF-kappaB (NF-kf8) is a master regulator of the brain’s response to
infection, the environment, and cellular damage. The redox state of microglia plays an
important role in regulating the nuclear level of NF-kf as well as the flux of NF-kf3
kinases [74]. Microglia function well when the body’s antioxidant defense system
maintains oxidative stress (OS) at normal levels. However, when OS or neuroinflam-
mation (NS) persists, the NF-kf3 signaling pathway remains active. This causes more
inflammation in microglia, making them more active and affecting the nervous
system. Transcription of NRF2 is responsible for the activation of antioxidant genes
and maintenance of redox homeostasis. It is a master regulator of microglia fate,
protecting microglia from oxidative stress and preventing hyperactivation of the M1
phenotype. Activation of NRF?2 specifically leads to increased expression of genes
involved in various processes, including elimination of oxidative stress (SOD3, GPx,
and Prx), production of reducing agents (GCLM/C or NADPH), and regeneration of
cofactors. Proteins (GR, Trx-TrxR, Prx/thioredoxin), transport of redox molecules
(xCT), metal chelation (MT1/2 or ferritin), and antioxidant production enzymes
(HO-1, NQO1 and Trx). In addition, NRF2 activation also inhibits the expression of
the Trx inhibitor TXNIP. Many studies have identified NRF2 as a useful target for the
treatment of neurological diseases associated with neuronal protection secondary to
neurodegenerative pathologies. In one study, mice lacking the NRF2 gene (NRF2—-/-)
were injected with lipopolysaccharide (LPS), a substance known to cause inflamma-
tion. These animals show sensitivity to lipopolysaccharide-induced neuroinflamma-
tion, especially in the hippocampal region. NRF2—/— mice have protein and mRNA
levels of the microglial marker F4/80 in the hippocampal gyrus compared to WT
animals. In addition, the inflammatory markers iNOS, IL-6, and TNF-a were also
improved. Additionally, SFN-treated mice showed a two- to threefold increase in
HO-1levels, decreased microglia numbers, and decreased production of specific
markers in response to LPS [77]. Mice treated with SFN after spinal cord injury
showed an increase in NRF2 and GCL levels as well as a decrease in the cytokines
IL-18 and TNF-a. As a result, these mice had decreased volume and improved
coordination [78]. In a mouse model of Parkinson’s disease (PD), MPTP injection into
animals lacking the NRF2 gene (NRF2—/-) showed strong oxidative stress (OS).
These mice had significantly more impaired dopaminergic activity in the basal ganglia
than control mice with normal NRF2 genes (WT littermate controls). Although there
was no significant difference in the number of Cd11b-positive/CD45 advanced cells
between WT and NRF2—/— mice (indicating peripheral macrophage infiltration),
NRF2—/- mice showed more astrocyte hyperplasia and microgliosis. This is deter-
mined by higher expression and protein expression of GFAP and F4/80 [79]. This
study confirmed previous studies showing that NRF2—/— mice exposed to MPTP
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showed increased neuroinflammation caused by activation of astrocytes (GFAP) and
microglia (Iba-1) [80]. In addition, levels of inflammatory markers associated with
microglial activation (such as COX2, iNOS, IL-6, and TNF-a) were also increased in
the M1 state. In contrast, markers associated with M2 status microglia, such as
FIZZ-1, YM-1, arginase-1, and IL-4, were found to be decreased. Findings indicate
that NRF2 plays an important role in regulating neuroinflammation after neurotoxic
injury [78]. A mouse model of tauopathy was induced in the mouse hippocampus by
stereotaxic injection of an adeno-disrupting vector expressing TAUP301L. In this
model, NRF2—/— animals showed high levels of microgliosis and astrocytosis.
Validation included measuring TNF and IL-6 mRNA levels in the hippocampus and
immunohistochemical staining for Iba-1 and GFAP. In contrast to WT mice,
NRF2—/— animals did not show an increase in hippocampal HO-1 and GCLC mRNA
levels and did not show cellular staining for HO-1. These findings suggest that
TAUP301L-induced disease activates the NRF2 signaling pathway as a regulatory
response. In line with these observations and previous studies showing that neuronal
production of the chemokine fractalkine (CX3CL1) affects TAU-mediated neuroin-
flammation, the authors of this study showed that CX3CL1 secreted by injured
neurons was exclusively associated with an increase in microglia. Receptors are found
in cells. This interaction activates the NRF2-ARE signaling pathway and reduces the
incidence of TAUP301L-induced microglial proliferation. Subsequent studies were
supported by the finding that mice lacking CX3CR1 had increased hippocampal
microgliosis in response to TAUP301L compared with normal controls. Additionally,
NRF2-dependent HO-1 immunohistochemical staining was absent in these animals.
So, when neurons are injured, they produce a substance called CX3CL1, which then
interacts with microglia through the CX3CR1 receptor. This interaction activates the
NRF2-ARE pathway, which reduces the neuroinflammatory response to injury [81].

In a study with co-culture experiments using microglial conditioned media and
mouse primary neurons, degenerating neurons exposed to neurotoxic oligomeric
amyloid 8 (0Af8) were found to induce microglia to release milk fat globule-EGF fac-
tor 8. It was found to emit signal (MFG-E8). Release of MFG-E8 increases the phago-
cytic activity of microglia. Additionally, microglia treated with MFG-E8 was found to
activate the NRF2 signaling pathway and HO-1. However, when examining neuronal-
microglia co-cultures, retention of MFG-E8 was counteracted by application of the
HO-1 inhibitor tin (IV)-mesoporphyrin IX dichloride (SnMP). This suggests that
increased HO-1 in microglia is important for protecting neurons from toxicity [82].
These studies suggest that message exchange between neurons and microglia and
stimulation of the NRF2 signaling pathway may be a new and effective way to protect
neurons, especially in the context of neurodegenerative diseases.

3.3 Mitochondrial function and Nrf2

NRF?2 controls cellular defense by adjusting mitochondrial function. NRF2 activation
offsets the generation of reactive oxygen species by mitochondria and protects against
toxins generated by mitochondria. NRF2 function is reduced in mitochondrial illnesses
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Friedreich’s ataxia
(FRDA). Research conducted with isolated mitochondria and cultured cells has shown
that a lack of NRF?2 results in reduced mitochondrial fatty acid oxidation, respiration,
and ATP generation. Chemical substances that activate NRF2 help maintain mitochon-
drial health by either stimulating mitophagy or providing protection against oxidative
stress-induced damage to the mitochondrial permeability transition pore [83].
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4. Association between NFE2L2 and KEAP1 haplotypes and
neurodegenerative disorders

Genomic studies were performed to determine whether there were genetic dif-
ferences in the genes encoding NRF2 and its repressor protein Keapl (called NFE2L2
and KEAP1, respectively). As discussed in this review, this is based on significant
evidence that the neurodegenerative effects of OS/NS in diseases such as PD, AD,
and ALS can be inhibited or prevented by increasing NRF2 activity. The aim is to
investigate whether genetics plays a role in the development or susceptibility to
these diseases. Based on analysis of published SNPs and other genetic variants, the
mutation frequency of human NFE2L2 was estimated to be 1 in every 72 base pairs.
This suggests that genes may have many variations, called polymorphisms [84]. Von
Otter et al. Initial data analysis in patients with Parkinson’s disease (PD) identified a
protective NFE2L2 haplotype, GAGCAAAA. This haplotype contains a variant in the
NRF2 promoter that is active in Swedish and Polish samples and is associated with
high activity [85]. In a Swedish study, the presence of GAAAA haplotype alleles was
associated with a higher estimated age of onset (AAO) of Parkinson’s disease (PD)
by approximately 5 years per allele (p = 0.001). In the Polish study, individuals with
the protective entire haplotype GAGCAAAA had a lower risk of developing PD;
There was a difference of 0.4 and 0.2 for heterozygous and homozygous carriers,
respectively (p = 2 x 107°). Additionally, studies in Sweden found that GAGGG and
GAAAG haplotypes were associated with an increased risk of Parkinson’s disease,
with odds of 2.4 and 3.7 for each allele, respectively. Importantly, the promoter hap-
lotype AGA tended to increase the risk of PD, whereas the entire promoter haplotype
GAGAAGGG showed an overall risk (difference between each haplotype allele was
2.8). However, studies have shown that the entire haplotype allele GAGCAAAAA
causes a delay in the age of onset of Parkinson’s disease for all haplotype alleles.
Neither the Swedish nor the Polish samples found a significant effect on Parkinson’s
disease risk for specific SNPs alone. Genetic polymorphisms of KEAP1 were also
examined. However, there was no association with age at onset (AAO) or likelihood of
Parkinson’s disease [85]. A recent meta-analysis investigated the genetic association of
NFE2L2 variants encoding NRF2 with Parkinson’s disease (PD). The review included
the literature mentioned above, as well as four new independent European patient-
controlled studies from Malta, Germany and Italy, and a second Swedish study. The
results of this analysis showed an association between the GAGCAAAAA haplotype,
including the high-activity promoter haplotype AGC, and reduced risk of PD (odds
ratio (OR) of none per allele 0.8, p = 0.012). Additionally, this haplotype is associ-
ated with delayed onset of PD (+1.1 years per allele, p = 0.048) [84]. The results of
this study confirm the first haplotype study linking genetic variation in the NFE2L2
gene to the development of Parkinson’s disease. This latest study also reported four
single nucleic acid polymorphisms (SNPs) found in haplotypes associated with age
of onset (AAO) in Parkinson’s disease (PD). Three of the SNPs (rs7557529 G > A,
rs35652124 A > G, rs2886161 A > G) were found to accelerate the onset of PD and each
allele was associated with a reduction in AAO at 1.0, 1.1, and 1.2 years, respectively.
The P values of these relationships were 0.042, 0.045, and 0.021, respectively. On
the other hand, the fourth SNP (rs1806649 G > A) was shown to delay the onset of
PD, with each allele being associated with an increase in AAO at 1.2 years. It is worth
noting that the single nucleotide polymorphism (SNP) rs35652124 is functional and
is located in the promoter region of the NFE2L2 gene [86]. Unlike the Parkinson’s
disease (PD) studies mentioned above, analysis of the NFE2L2 promoter in a control
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group of Taiwanese patients did not reveal any genetic changes. Three single nucleo-
tide polymorphisms (SNPs) in the NFE2L2 promoter were examined: rs35652124,
rs6706649, and rs6721961. These SNPs can be detected alone or in combination with a
genetic haplotype associated with susceptibility to Parkinson’s disease (PD). However,
there was no association between these SNPs or haplotype variants and susceptibility
to PD. Researchers have suggested that differences between studies in Taiwan and
Europe may be due to differences in ethnic and environmental variables in different
regions [87]. Previous studies using AD Swedish case-control data found no evidence
supporting single SNPs or haplotypes in NFE2L2 or KEAP1 as genes that increase AD
risk. However, genetic analysis in the NFE2L2 gene shows a significant association
between the GAAAA haplotype and the onset of Alzheimer’ disease 2 years earlier
than average (p = 0.013). This means that some common mutations in the NFE2L2
gene may affect Alzheimer’s disease and therefore the onset of the disease. In studies,
the presence of NFE2L2 or KEAP1 gene mutations was not associated with Mini-
Mental State Examination (MMSE) results or total tau and amyloid 3 1-42 (Af342)
levels in cerebrospinal fluid (CSF) [88]. A Swedish case study of NFE2L2 and KEAP1
in ALS disease showed that a specific NFE2L2 haplotype (GGGAC) was associated
with a reduced risk of ALS (or one allele = 0.62, p = 0.015). Additionally, haplotypes
in KEAP1 (CGC) were found to be associated with delayed onset of ALS (+3.4 years
per allele, p = 0.015). Furthermore, the distribution of ALS revealed the existence of a
specific group characterized by the NFE2L2-related haplotype GAGCAGA. This sub-
group reveals three function-promoting SNPs associated with increased NRF2 protein
expression. Each additional allele of this haplotype was associated with a 4.0-year
delay in the onset of ALS (p = 0.008). Each additional allele of this haplotype was
associated with a 4.0-year delay in the onset of ALS (p = 0.008) [89]. In a separate
case-control study in Italian ALS patients, three NFE2L2 promoter polymorphisms
(i.e., SNPs —653 A/G, —651 G/A, and —617 C/A) were tested. However, there was no
significant difference between ALS cases and controls. The frequency of the —653
A/G promoter polymorphism was slightly higher in patients than in controls but did
not reach significance. Additionally, there was no association between the NFE2L2
promoter polymorphisms tested and the oxidative stress biomarkers tested [84].
Similar studies have not been conducted in patients with Huntington’s disease (HD)

or multiple sclerosis (MS).

5. Conclusion

The NRF2-ARE pathway is an important target for therapeutic intervention in
neurodegenerative diseases, as demonstrated by the facts presented. Current data
provide the highest level of evidence for Parkinson’s disease (PD), amyotrophic lateral
sclerosis (ALS), and multiple sclerosis (MS). However, future trials in Alzheimer’s
disease (AD) and Huntington’s disease (HD) are needed to better understand the
importance of NRF2 in these diseases. Cell and in silico high-throughput screens have
identified new drugs that activate NRF2 [90]. Effective strategies may include the
identification of non-covalently linked compounds with interactions between DLG or
ETGE motifs and Keapl [91, 92]. Now the US Food and Drug Administration (FDA)
has approved Biogen Idec’s DMF (BG-12) for the treatment of multiple sclerosis (MS).
As described previously, DIF has been evaluated in previous HD models. However,
it is important to note that in previous models of the above diseases, only CDDO
drugs were analyzed. Reata Pharmaceuticals developed the first CDDO molecule,
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bardoxolone methyl (also known as CDDO methyl ester), and initiated a Phase III
study for the treatment of kidney disease. Unfortunately, this study was discontinued
in 2012 due to a higher incidence of cardiovascular disease in the bardoxolone methyl
group compared to the placebo group [93]. A new CDDO derivative called RTA 408
has been developed and is currently being tested in several non-neurodegenerative
diseases [94-97]. A clinical trial investigating the use of RTA 408 to treat Friedreich’s
ataxia, a neurodegenerative disease that causes cerebellar ataxia, has recently begun.
This condition is characterized by a decrease in the protein frataxin, resulting in a
defect in mitochondrial respiration (ClinicalTrials.gov identifier NCT02255435).

The inclusion of these future CDDO drugs in the major neurodegenerative diseases
mentioned in this review may be an important first step, supported by the findings of
previous CDDO history.

A new aspect of treatment strategies for this system is that some cells are more
effective in protecting neurons from degeneration. Compared to the protection
obtained by overexpression of NRF2 in stellate cells in models of ALS and PD, the lack
of protection in vivo by overexpression of NRF2 in neurons or muscle cells suggests
that not only the pharmacological target but also the cell specificity is still affected.
Targetability may be important when considering NRF2-dependent therapeutic
approaches.
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