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Due to that at present, the majority of diseases are associated with alterations in 
oxidative stress and inflammatory processes, and in that Nrf-2 is a modulator of these 
processes; knowing how this transcriptional factor functions and is regulated opens 
a therapeutic window to diverse diseases. Therefore, the efforts of various investiga-

tion groups are centered on finding activators and/or inhibitors of Nrf-2 to prevent or 
control diverse diseases, for example, cancer, where it would be important to regulate 
Nrf-2 in order for it to activate apoptosis pathways in cancerogenous cells, or in neuro-
degenerative diseases where cell death is predominant, it would be important for Nrf-2 

to activate antiapoptotic pathways.
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Preface

In recent times, attention has been drawn to the participation of transcriptional factor Nrf-2
as a modulator of diverse cellular functions, especially cytoprotection.

Among the functions reported for factor Nrf-2, we find that it regulates the antioxidant de‐
fenses, participates in cellular proliferation, modulates antiapoptotic as well as proapoptotic
processes, and helps in cellular detoxification, among others. The first part of this book is
focused on discovering the participation of Nrf-2 in cytoprotection. It begins with the review
of the endogenous antioxidants and their role as protectors of the cellular functions. In addi‐
tion, in this section, diverse chapters delve deeply into the role that Nrf-2 plays in the regu‐
lation of the metabolism, of oxidative stress, and of the inflammatory process and the
participation of phytochemical agents in oxidative stress and in the activation of Nrf-2. Like‐
wise, it approaches the regulation existing between Nrf-2 circuits with AP-1 and, on the oth‐
er hand, also the role of KEAP1.

It has been found that Nrf-2 participates in the prevention of diverse diseases. Similarly,
once the Nrf-2 disease is established, it continues to possess a certain participation. While
there is a good side of Nrf-2 as a cytoprotector agent, Nrf-2 also has a “bad” side: for exam‐
ple, it has been reported that it participates in the resistance that certain cancerogenous cells
have to chemotherapy. In the second section of the book, the authors approach themes with
respect to the participation of Nrf-2 in diverse diseases, such as diabetes, neurodegenerative
diseases, and Parkinson disease, and, in general, on the participation of oxidative stress in
diverse diseases.

Due to that at present, the majority of diseases are associated with alterations in oxidative
stress and inflammatory processes, and in that Nrf-2 is a modulator of these processes;
knowing how this transcriptional factor functions and is regulated opens a therapeutic win‐
dow to diverse diseases. Therefore, the efforts of various investigation groups are centered
on finding activators and/or inhibitors of Nrf-2 to prevent or control diverse diseases, for
example, cancer, where it would be important to regulate Nrf-2 in order for it to activate
apoptosis pathways in cancerogenous cells, or in neurodegenerative diseases where cell
death is predominant, it would be important for Nrf-2 to activate antiapoptotic pathways.

Ever-increasing investigation is being published on the role that Nrf-2 plays in cellular func‐
tioning and in diverse diseases, with surprising results in terms of how complex the modu‐
lation of Nrf-2 is. As Michalopoulos notes in reference to Nrf-2 and liver regeneration:
“Unexpected and contradictory signaling functions are often discovered, which in retrospect
are better understood as providing a fine balance for optimization of processes which the
cell understands better than we do. Nrf-2, as an umbrella protector for the hepatocytes, exer‐
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Tomás Alejandro Fregoso Aguilar,
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Jorge Alberto Mendoza Pérez

Additional information is available at the end of the chapter

Abstract

Oxidative stress (OxS) constitutes a disturbance caused by an imbalance between the
generation of free radicals and antioxidant system, which causes damage to biomole‐
cules. This, in turn, may lead the body to the occurrence of many chronic degenerative
diseases. Therefore, it is very important to know the functioning of those endogenous
(and exogenous) antioxidants systems to prevent such diseases. Due to evolutionary
conditions in living beings, among other functions have been developed and selected
defense systems against the deleterious action of free radicals. Such systems are intrinsic
in  cells  (at  level  intracellular  and  extracellular)  and  act  together  with  the  dietary
exogenous antioxidants.  All  these antioxidant systems have very important role in
preserving the oxide/reduction equilibrium in the cell. To understand the role of the
transcription factor Nrf2 in regulating the processes of antioxidant defense, it must also
know the  role  of  many  of  the  endogenous  antioxidants  that  occur  because  of  its
activation. Therefore, this chapter makes a literature review of the most important
general aspects of endogenous antioxidant systems, which will provide another point
of view from which to approach the study and treatment of many chronic degenerative
diseases, such as diabetes, hypertension, and Parkinson.

Keywords: oxidative stress, endogenous antioxidants, free radicals, catalase, gluta‐
thione
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1. Introduction

The aerobic organisms use mitochondria as the main generator of energy for the realization
of its vital functions. To do this, these organelles produce ATP through reactions of oxidation
and reduction and attach to the tricarboxylic acid cycle with the electron transport chain. This
happen due to to the oxidation of the food and of the NADH and FADH2, produced in different
metabolic pathways, such as glycolysis, β‐oxidation, and the same Krebs cycle. However, these
reactions invariably result in the generation of reactive oxygen species (ROS) compounds that
are unstable by having final layer of electrons unpaired and that, in trying to stabilize itself
sequester electrons from other biomolecules, making them also destabilizes and, therefore, is
no longer able to perform their duties properly, thus altering the homeostasis and, ultimately,
causing cell death. Due to the current oxidant characteristics of the atmosphere on our planet,
organisms are affected by imbalances in the oxidation‐reduction reactions, not only on many
of their metabolic reactions but also on external factors, such as microbial infections, xenobi‐
otics, toxins from the diet, radiation, environmental pollution, and so on. All this in conjunction
can contribute to the generation or aggravation of many diseases, such as cancer, diabetes,
Parkinson and so on [1]. Other authors theorize that this imbalance in redox reactions has
worked as an evolving pressure in order to develop effective mechanisms to eliminate the
oxygen toxicity; this allowed the evolution of higher forms of living organisms, which are
much more specialized and protected against negative actions of ROS (Figure 1) [2, 3].

Figure 1. Evolving pressure of ROS in evolution of life in oxygen‐rich atmosphere [2].
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The reactive oxygen species can be either endogenous or exogenous [4, 5]. The transport chain
of mitochondrial electron is the main source of endogenous ROS; the reduction in O2 to H2O2

is carried out in four steps during which occur ROS and are as follows:

1. O2 + e→O2° Superoxide radical

2. O2° + H2O→H2O° Hydroperoxyl radical

3. H2O° + e + H→H2O2 Hydrogen peroxide

4. H2O2 + e→OH˙ + OH° Hydroxyl radical

Thus, these ROS being unstable, seek its stabilization capturing electrons from other biomo‐
lecules, altering its function, and therefore, strategies have been developed to maintain low
concentrations of these ROS, thanks to the activity of endogenous antioxidant agents that may
be of a protein or nonprotein nature. In Figure 2, it is described in a general way, the way in
which they can generate ROS from the mitochondrial respiratory chain and it’s debugging by
some endogenous antioxidants [6–9].

Figure 2. Formation of free radicals from the mitochondrial respiratory chain (modified from Ref. [10]).

Biomolecules in living organisms are highly exposed to oxidative stress, which is the main
cause of damage to nucleic acids, proteins, carbohydrates, and polyunsaturated lipids, which
finally develops cells mortality [11]. Reactive species derived from molecular oxygen (ROS)
and nitrogen (RNS) have been deeply studied and new radical species such as chlorine (RCS),
bromine (RBS), and sulfur‐derived species have also been identified.

The “Free radicals” are molecular compounds with one‐electron deficiency also denominated
impaired electron in their outer orbital, examples of ROS are superoxide anion, hydroxyl
radical, and hydrogen peroxide; nitric oxide and peroxynitrite are included in RNS.

Curiously, free radicals while having important chemical differences share similar mechanisms
for damage at the level of biomolecules [11]. The oxidation of amino acid residues, the
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subsequent formation of protein aggregates by cross‐linking and the production of protein
fragments may result in the loss of activity and inactivation of enzymes and metabolic
pathways, finally ending up with cell death [12].

Some authors have reported that at a physiological level there is a relation between the
inactivation mechanisms by antioxidant system and the generation of ROS. This is related with
a higher production of ROS when an organism presents harmful conditions, resulting in high
oxidative stress conditions. In addition, if ROS are accumulated, the endogenous antioxidant
defenses will not be enough. And immediately, oxidative modification in cellular membrane
or intracellular molecules is performed in order to equilibrate the ROS antioxidant defense
mechanisms [13].

In this chapter, a brief updated description is made of the main endogenous antioxidants, such
as glutathione, lipoic acid, bilirubin, ferritin, superoxide dismutase, catalase, glutathione
peroxidase, among others, as well as their participation in various pathological processes.

2. Endogenous nonprotein antioxidants

Four well‐known main antioxidant mechanisms against oxidative damage have been largely
studied (1) sequestration of transition metal ions, (2) scavenging and quenching of ROS and
RNS, (3) ending of chain reactions by free radicals, and (4) molecular repairing of radical’s
damages.

2.1. Glutathione

GSH (L‐γ‐glutamyl‐L‐cysteinyl‐glycine) is a non‐protein thiol that reaches millimolar concen‐
trations in most cell types. Its reduced form (GSH) is biologically active. It functions as an
antioxidant defense against reactive oxygen/nitrogen species (ROS/RNS) as also with detoxi‐
cation enzymes like GSH peroxidases and GSH‐S‐transferases [14, 15]. The GSH/glutathione
disulfide is the major redox couple in animal cells [16].

Mitochondrial protection is exerted by GSH versus radicals and oxidant species by the
contribution of a group of nutrients that can directly or indirectly protect mitochondria
from oxidative damage and improve mitochondrial function [17]. The protection mecha‐
nism of these molecules prevents the generation of oxidants, scavenging free radicals, or
inhibiting oxidant reactivity. Other mechanism includes increasing cofactors of mitochon‐
drial enzymes that increase the kinetic constant of enzyme activity, which represents a pro‐
tecting mechanism from further oxidation. The activation of enzymes such as
hemeoxygenase 1 and NAD(P)H:quinone oxidoreductase 1, neutralize ROS and increase
mitochondrial biogenesis [18].

2.2. Alpha-lipoic acid (LA)

Alpha‐lipoic acid (LA) can deliver antioxidant activity in nonpolar and polar mediums and
present antioxidant effect in its oxidized (LA) and reduced (DHLA [dihydrolipoic acid])

A Master Regulator of Oxidative Stress - The Transcription Factor Nrf26
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forms [19]. LA can actuate its antioxidant effect in any subcellular compartment of the body
[20], and it is effective in recharging enzymes in the mitochondria [21]. Diabetes mellitus and
neurodegenerative diseases can be controlled with LA due to the antioxidant properties of
lipoate/dihydrolipoate system, influencing the tissue concentration of the reduced forms of
other antioxidants. However, some evidences indicate that lipoic acid might also counteract
NF‐kB (Nuclear factor kappa‐light‐chain‐enhancer of activated B cells) activation trigged by
oxygen shock [22].

2.3. Coenzyme Q

Coenzyme Q (CoQ) is a benzoquinone derivate localized in the mitochondrial respiratory
chain as well as in other internal membranes. CoQ is directly involved in energy transduction
and aerobic adenosine triphosphate (ATP) production because it transports electrons in the
respiratory chain and couples the respiratory chain to oxidative phosphorylation [23]. This
compound is considered as an endogenously synthesized lipid soluble antioxidant, present in
all membranes. The protective effect is extended to lipids, proteins, and DNA mainly because
of its close localization to the oxidative cellular events [24]. In the inner mitochondrial
membrane, CoQ has at least four different functions such as a redox carrier, antioxidant,
activator of uncoupling proteins, and being a factor influencing the permeability transition
pore (PTP). Also, it is proposed that lysosome contains a NADH‐dependent CoQ reductase
involved in translocation of protons into the lysosomal lumen [24].

2.4. Ferritin

Ferritin is an iron‐binding protein. Which consists of its cytosolic form of two subunits, termed
H and L. Twenty‐four ferritin subunits assemble to form the apoferritin shell. Each apoferritin
molecule is sequestrating iron atoms [25]. The main function of ferritin is to limit Fe (II)
available to participate in the generation of oxygen‐free radicals (ROS). It is not surprising
that oxidant stress activates multiple pathways of ferritin regulation. In addition, it is
proposed that ferritin provocates gene and protein alterations that coordinately limit oxidant
toxicity. Some studies had demonstrated that exposure to heme group causes ferritin synthesis
in endothelial cells and concordantly reduced their cytotoxic response to hydrogen peroxide
[26, 27].

2.5. Uric acid

Uric acid is an intermediate product of the purine degradation pathway in the cell. Uric acid
is degraded further by the enzyme uricase but there is evidence that in humans and great apes,
the uricase gene was inactivated during hominoid evolution [28]. According to different
demonstrations, uric acid and albumin are the two major antioxidants in human plasma,
contributing 24% and 33%, respectively, of the total antioxidant activity [28]. It is well estab‐
lished that high blood levels of uric acid in humans protects cardiac, vascular, and neural cells
from oxidative injury [29, 30]. The ability of urate to scavenge oxygen radicals and protect the
erythrocyte membrane from lipid oxidation was first described by Kellogg and Fridovich [31],
and was characterized further by Ames et al. [32].
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The antioxidant effects of uric acid have been proposed particularly in conditions such as
multiple sclerosis, Parkinson’s disease, and acute stroke [13, 33–35]. While chronic elevations
in uric acid are associated with increased stroke risk [36, 37], acute elevations in uric acid may
provide some antioxidant protection. As a demonstration of this, cultured rat hippocampal
neuronal cells were protected from oxidative stress with uric acid [38], and administration of
uric acid 24 hours prior to middle artery occlusion also attenuated brain injury induced by
acute ischemia in rats [38]. Uric acid is an antioxidant mainly in a hydrophilic environment,
which is probably a major limitation of the antioxidant function of uric acid.

2.6. Bilirubin

Heme oxygenase‐1 (HO‐1) is the enzyme that generates carbon monoxide, iron, and biliverdin
using the heme fraction as a substrate [39], and biliverdin reductase that reduces biliverdin to
bilirubin being this molecule the ending product of the heme degradation. Bile pigments are
potent in vitro scavengers of free radicals [39] reinforcing the concept that HO‐1 is a crucial
inducible antioxidant system engaged to assist against oxidative injury and other forms of
cellular stress. Bilirubin has a role in the prevention of ischemic injury in isolated hearts [40],
attenuation of oxidative damage in cultured cells [41], and modulation of airway smooth
muscle contractility [42]. Also, bilirubin defends neurons against hydrogen peroxide‐mediated
damage [43], where a redox cycle between biliverdin and bilirubin appears to amplify this
protective effect [44]. Recently, administration of biliverdin in vivo demonstrates to protect rat
kidney, liver, and gut from ischemia‐reperfusion injury [45–47]. In vitro experiments gave
evidence that bile pigments scavenge NO and NO‐related species [48]. Epidemiological studies
sustain a beneficial action of bilirubin against the development of cardiovascular disease and
cancer [49, 50].

The protection of bilirubin against classic coronary heart disease risk factor was demonstrated
by Troughton et al. [51] and an increase of serum total bilirubin level is associated with the
decrease of peripheral arterial disease [52]. Elevated serum bilirubin concentration protects
from different coronary and microvascular dysfunctions and possibly against coronary
atherosclerosis [53].

3. Endogenous protein antioxidants

This chapter provides an overview of the three protein antioxidants (with enzymatic activity),
which are the first line of defense against oxidative stress on the body: superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase.

3.1. Superoxide dismutase (SOD)

Superoxide dismutases (SODs) are a group of key enzymes functioning as the first line of
antioxidant defense by virtue of the ability to convert highly reactive superoxide radicals
(dismutation) into hydrogen peroxide and molecular oxygen [54]. They have identified
four isozymes of superoxide dismutase: (i) SOD1 is a metalloprotein binding copper and
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zinc ions that are localized in the cytosol of the cell [55, 56], (ii) SOD2, localized in the
mitochondria and it is associated with the manganese or iron ions [56, 57], (iii) SOD3, lo‐
calization is extracellular and is also associated with the copper and zinc, although it has a
high molecular weight [56, 58] and it has high affinity for heparin and heparin sulfates
[59], and (iv) SOD4 associated with nickel and found in various aerobic bacteria found in
soil of class of Streptomyces [60, 61].

SOD1 (associated Cu/Zn) is present in a lot of Gram‐negative bacteria pathogens and eukar‐
yotes [62], although protists appear to lack SOD1 [63]. Plants contain SOD1 in the cytosol and
in the chloroplast [64] and also been found in plant peroxisomes [65]. Animal cells possess
dimeric SOD1 in the cytoplasm and in the nucleus, the intermembrane space of mitochondria
[66] and peroxisomes [67]. However, the precise intracellular location of SOD1 is responsive
to the metabolic state of cells and tissues [68]. SOD2 may be associated to Mn, Fe, or two ions
(Mn/Fe).

SOD1 (associated with Cu/Zn) requires Cu and Zn for its biological activity; the loss of Cu
results in its complete inactivation and is the cause of multiple diseases in human and animals
[69]. It has a molecular weight of about 32 kDa. This group of enzymes works together with
glutathione peroxidase and catalase to convert the superoxide radical into hydrogen peroxide.
This enzyme has also been identified as a cause of familiar forms of amyotrophic lateral
sclerosis (ALS) due to copper homeostasis is altered. Indeed, the total amount of copper ions
in the mouse spinal cord, a region the most affected by ALS, is significantly elevated by
expressing SOD1 [70, 71].

SOD2 has a molecular weight of about 96 kDa [59]. The SOD4 associated with Ni was discov‐
ered in Streptomyces [72] but has also been found in some genera of actinobacteria and
cyanobacteria [73]. There is evidence that SOD2’s levels to be regulated by MAPK activity in
vitro [74, 75], also substances such as anthocyanins, polyphenols, alkaloids, and phytoalexins,
are responsible for the induction of SOD2 mRNA expression; SOD2 can be induced by some
inflammatory cytokines [76, 77], including tumor necrosis factor (TNF)‐α, which may com‐
pensate for the inflammatory effect. The valine‐to‐alanine substitution in SOD2 Ala‐16Val
single nucleotide polymorphism (SNP) decreases the transport efficiency of the enzyme into
the mitochondria and modifies the antioxidant defense against ROS. This process is an
important pathophysiological mechanism in development and progression of diabetes and its
complications [78, 79].

The SOD3 enzyme has many physiological effects; there are studies that reported reduced
cardiovascular damage by recombinant administration of SOD3 [80, 81]. In the lung, mice with
decreased levels of SOD3 had a significantly shortened life span and experienced death
associated with lung edema under conditions of hyperoxia [82].

3.2. Catalase (CAT)

Catalase is a tetrameric porphyrin‐containing enzyme that is located mainly in peroxi‐
somes. It catalyzes the conversion of H2O2 to water and molecular oxygen in two steps [59,
83, 84]:

Endogenous Antioxidants: A Review of their Role in Oxidative Stress
http://dx.doi.org/10.5772/65715

9



Catalase‐Fe (III) + H2O2→compound I

Compound I + H2O2→catalase‐Fe (III) + 2H2O + O2

The presence of bound NADPH in each subunit may help protect the enzyme from being
inactivated by H2O2 [83]; the highest activity of this enzyme appears to be in the liver and
erythrocytes [85]. Some reports indicate that factors such as stress and brain‐derived neuro‐
trophic factor (BDNF) are involved in the antioxidant capacity of many antioxidants endoge‐
nous; to this respect, Hacioglu et al. [86] studied a murine model where mice with BNDF
deficiency under stress conditions showed an increment in CAT enzyme activity with respect
to stressed wild‐type mice, indicating that the ability to scavenge free radicals was diminished;
and this suggest that normal wild‐type mice have a better stress tolerance than BNDF hetero‐
zygous mice [86]. Catalase along with other antioxidant enzymes have been considered as
biomarkers of oxidative stress in various organs; for example, in streptozotocin‐induced
diabetic rats, hepatic levels of these enzymes are dramatically reduced, although treatment
with various plants can ameliorate this effect [87, 88]. For several decades, it was established
that the levels of many antioxidant enzymes, including catalase, decline with age [89]. To this
respect, Casado et al. [90] reported that in elderly patients with ischemic disease, COPD, and
other diseases typical of old age, SOD levels are increased, but CAT levels are decreased; a
phenomenon which they interpreted as a compensatory effect to balance the antioxidant
system.

3.3. Glutathione peroxidase (GPx)

This enzyme can exist in two forms: selenium‐dependent and selenium‐independent, each
with different subunits and different active sites [84, 91]. GPx catalyzes the reduction of H2O2

or organic peroxide (ROOH) to water or alcohol [59, 92]; this process occurs in the presence of
GSH, which is converted into GSSG (oxidized glutathione) during this reaction. The reaction
has special significance in the protection of the polyunsaturated fatty acids located within the
cell membranes where the enzyme functions as a part of a multicomponent antioxidant defense
system within the cell [93]. There are four isoforms in humans, cytosolic and mitochondrial
(GPx1), cytosolic (GPx2), extracellular (GPx3), and the phospholipid peroxide (GPx4) [91, 94,
95]. The kidney and liver are the organs with the highest amount of GPx [85]. It is known that
there is a competition between GPx and Cat for H2O2 as a substrate [59]. It has been found that
in many other organs and tissues, such as the dorsal root ganglion (GDR), the GPx is the first
enzyme that is activated under high levels of EROS, indicating the importance of this enzyme
as a first line of defense against stress oxidative [96, 97]. Furthermore, have been found
associations in the levels of this enzyme with skin diseases such as vitiligo; Asian vitiligo
patients showed lower levels of GPx than the controls, but no difference was shown between
populations of Caucasian vitiligo patients and Asian vitiligo patients [98].

Recent studies have involved GPx4 in carcinogenic processes, including the ferroptosis
(nonapoptotic form of cell death that can be triggered by small molecules, which inhibit the
biosynthesis of glutathione or GPx4); it was found that inactivation of GPx4 is crucial for the
ferroptosis development and that overexpression of this enzyme blocks the action of the RSL‐3,
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small GTPases called RAS, which is attacked by oncogenic RAS selective lethal (RSL) mole‐
cules; however, how RSL3 bind GPx4 to inhibit its activity is not known [99, 100].

4. Conclusions

As the reader will notice, endogenous antioxidants work as one big system that complements
its main constituents to maintain redox balance in the body. When ROS levels rise and threaten
the homeostatic processes of the human body, endogenous antioxidants are activated. The
majority of them are expressed when some factors, such as factor Nrf2, are activated. However,
endogenous antioxidants also work together with exogenous antioxidants from diet to
decrease levels of ROS.

Reactive oxygen species could have or have not harmful effects, but they can also play a role
in signaling different growth factors. This conclusion is supported by the hypothesis that
decreased levels of ROS may lead to degenerative diseases, generating an interesting concept
that ROS must be regulated but not eradicated.

In this chapter, some functional generalities of endogenous antioxidants were reviewed, and
some aspects of their activity were discussed under conditions of high ROS levels; from this it
follows that, although all of them work together, perhaps protein antioxidants, which have
enzymatic activity, such as superoxide dismutase, catalase, and glutathione peroxidase,
constitute the first line of defense against the oxidative stress.
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Abstract

The transcription factor (nuclear factor-erythroid 2 p45-related factor 2, NRF2) is a
master  regulator  of  the  cellular  response  to  oxidative  insults.  While  antioxidant
response enzymes are well-characterized transcriptional targets of NRF2, it is recently
becoming  clear  that  NRF2  also  supports  cellular  detoxification  through  metabolic
rewiring to support the antioxidant systems. In this chapter, we discuss the regulation
of NRF2 and how NRF2 activation promotes the antioxidant defense of cells. Further-
more, we discuss how reactive oxygen species influence cellular metabolism and how
this  affects  antioxidant  function.  We  also  discuss  how  NRF2  reprograms  cellular
metabolism to support  the antioxidant  response and how this  functions to  funnel
metabolic  intermediates  into  antioxidant  pathways.  This  chapter  concludes  by
exploring how these factors may contribute to both normal physiology and disease.

Keywords: NRF2, KEAP1, antioxidant response, metabolism, glucose, glutamine,
ROS

1. Introduction

The transcription factor (nuclear factor-erythroid 2 p45-related factor 2, NRF2) is a master
regulator of the cellular response to oxidative insults. While antioxidant response enzymes
are well-characterized transcriptional targets of NRF2, it is recently becoming clear that NRF2
also supports cellular detoxification through metabolic rewiring to support the antioxidant
systems. Reactive oxygen species (ROS) are highly reactive oxygen-containing molecules,
including hydrogen peroxide (H2O2), superoxide, and hydroxyl-free radical. The production
of ROS comes from a variety of organelles within the cell, including the mitochondria, the
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endoplasmic reticulum (ER), and peroxisomes. Mitochondria are believed to be the major
source of intracellular ROS, as this is where active respiration takes place, which steadily
converts oxygen to superoxide [1]. The control of ROS levels in cells is crucial for cellular
homeostasis, as Moderate ROS levels in cells can serve as signaling molecules, but excessive
ROS production can lead to  damage to  DNA, proteins,  and lipids  [2].  Therefore,  redox
homeostasis is important for cell survival and is achieved by the balance of ROS production
and elimination. Several factors have been suggested to affect ROS levels in cells, including
hypoxia, ER stress, metabolic alteration, and oncogenes [3].

It has been shown that hypoxia can stimulate ROS production in mitochondria, which activates
hypoxia-inducible transcription factor 1 alpha (HIF1α) [4]. Similarly, misfolded proteins that
cause ER stress can elicit the unfolded protein response (UPR) and promote ROS accumula-
tion [5]. In addition, metabolic alterations were thought to be a source of oxidative stress, as
metabolic reactions are often accompanied by ROS production. Metabolic alterations have
often been found in cancer cells, as cancer cells have a higher demand for ATP and other
metabolites to sustain their unlimited proliferation and growth, and the higher metabolic
activity in cells would lead to more ROS generation due to more mitochondria respiration.
Furthermore, oncogenes are originally believed to elevate the ROS levels in cells, supported
by the facts that ectopic expression of different oncogenes (e.g., Myc and KRAS) increase ROS
levels in cells [6, 7]. However, a more recent study observed that physiological levels of
oncogene (KRASG12D and MYC) expression could trigger a NRF2-dependent antioxidant
response to downregulate ROS levels in cells [8]. These different results could be accounted
for by both the expression of NADPH oxidase induced by KRASG12D overexpression, which
leads to ROS generation, and an increase in NRF2-dependent ROS scavenging in cells ex-
pressing physiological levels of KRASG12D. In this chapter, we will be discussing the antioxidant
programs regulated by NRF2 and how NRF2 supports ROS detoxification through metabolic
rewiring. Finally, we will be discussing how these pathways contribute to the physiological
function and diseases.

1.1. NRF2 and KEAP1

Nuclear factor-erythroid 2 p45-related factor 2 (NRF2 or NFE2L2) is a stress-responsive
cap‘n’collar (CNC) basic region leucine zipper (bZIP) transcription factor that directs various
transcriptional programs in response to oxidative stress. Kelch-like ECH-associated protein 1
(Keap1) is believed to be the major repressor of NRF2, supported by the evidence that
disruption of Keap1 in the mouse increased the abundance and activity of NRF2 [9]. Under
basal conditions, NRF2 is kept inactive through binding to its negative regulator KEAP1, which
is a redox-regulated substrate adaptor for the Cullin (Cul)3-RING-box protein (Rbx)1 ubiquitin
ligase complex that directs NRF2 for degradation [10]. Keap1 is a cysteine-rich protein that can
be oxidized by ROS and results in conformational change, which in turn liberates NRF2. The
free NRF2 translocates into the nucleus and heterodimerizes with Maf proteins to bind to a
specific DNA sequence called an antioxidant response element (ARE, 5′-TGACNNNGC-3′) to
activate the expression of a group of detoxifying and antioxidant genes, such as glutathione S-
transferase (GST) and NAD(P)H:quinone oxidoreductase-1 (NQO1) [11].
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It has been shown that hypoxia can stimulate ROS production in mitochondria, which activates
hypoxia-inducible transcription factor 1 alpha (HIF1α) [4]. Similarly, misfolded proteins that
cause ER stress can elicit the unfolded protein response (UPR) and promote ROS accumula-
tion [5]. In addition, metabolic alterations were thought to be a source of oxidative stress, as
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activity in cells would lead to more ROS generation due to more mitochondria respiration.
Furthermore, oncogenes are originally believed to elevate the ROS levels in cells, supported
by the facts that ectopic expression of different oncogenes (e.g., Myc and KRAS) increase ROS
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pressing physiological levels of KRASG12D. In this chapter, we will be discussing the antioxidant
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1.1. NRF2 and KEAP1

Nuclear factor-erythroid 2 p45-related factor 2 (NRF2 or NFE2L2) is a stress-responsive
cap‘n’collar (CNC) basic region leucine zipper (bZIP) transcription factor that directs various
transcriptional programs in response to oxidative stress. Kelch-like ECH-associated protein 1
(Keap1) is believed to be the major repressor of NRF2, supported by the evidence that
disruption of Keap1 in the mouse increased the abundance and activity of NRF2 [9]. Under
basal conditions, NRF2 is kept inactive through binding to its negative regulator KEAP1, which
is a redox-regulated substrate adaptor for the Cullin (Cul)3-RING-box protein (Rbx)1 ubiquitin
ligase complex that directs NRF2 for degradation [10]. Keap1 is a cysteine-rich protein that can
be oxidized by ROS and results in conformational change, which in turn liberates NRF2. The
free NRF2 translocates into the nucleus and heterodimerizes with Maf proteins to bind to a
specific DNA sequence called an antioxidant response element (ARE, 5′-TGACNNNGC-3′) to
activate the expression of a group of detoxifying and antioxidant genes, such as glutathione S-
transferase (GST) and NAD(P)H:quinone oxidoreductase-1 (NQO1) [11].
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It is generally accepted that NRF2 is sequestered by KEAP1 in the cytoplasm under normal
conditions and is released from KEAP1 before translocating into the nucleus under oxidative
stress (Figure 1). Additionally, it has been demonstrated that both modification on KEAP1 at
cysteine 151 and PKC-delta-mediated NRF2 phosphorylation are required for the release of
NRF2 from KEAP1 [12]. In addition, there are several other stress kinases that were found to
regulate NRF2 nuclear localization by phosphorylation, including the ER stress kinase PERK
and the energy sensor AMPK [13, 14]. However, there is also evidence that KEAP1 is not only
restricted to the cytoplasm but can undergo nuclear-cytoplasmic shuttling. A study found that
the NRF2-KEAP1 complex keeps shuttling constantly between the cytoplasm and the nucleus,
and in the nucleus, the nuclear protein prothymosin α competes for NRF2 binding to KEAP1
and enables the liberated NRF2 to activate NRF2 target genes [15]. Additionally, the nuclear
export signal (NES) in KEAP1 has been shown to be important for NRF2 regulation, as it was
found to facilitate the transport of the NRF2-KEAP1 complex out of the nucleus, which
terminates NRF2-mediated antioxidant signaling after stress [16]. Thus, KEAP1 may regulate
NRF2 localization through multiple mechanisms, and the model is being constantly refined.

Figure 1. KEAP1-mediated NRF2 regulation. Under normal condition, NRF2 binds to KEAP1 dimers through the DLG
and ETGE motifs within the Neh2 domain in NRF2, which leads to the constitutive ubiquitination and proteasomal
degradation of NRF2. ROS, which induces oxidative stress, can oxidize the Cys residues on KEAP1, leading to the con-
formational change of KEAP1 and thus releasing NRF2. NRF2 can translocate into the nucleus, heterodimerize with
MAF proteins, and bind to the specific DNA sequence termed antioxidant response element (ARE) to activate the
downstream antioxidant genes, including the enzymes required for GSH production, ROS elimination, phase II metab-
olism, and the export of xenobiotics.
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Recently, there is a theory explaining how NRF2 is stabilized under stress conditions, called
the “two-site substrate hinge and latch model.” It is known that each of the two dimeric
KEAP1 molecules will bind NRF2 separately through their respective Kelch repeat domain
to either the ETGE or DLG motifs in NRF2. It is proposed that the dimeric KEAP1 captures
NRF2 first through the ETGE motif, which has 100-fold more affinity to KEAP1, followed by
DLG motif docking onto the other Kelch repeat domain. The stress-induced KEAP1 confor-
mational change leads to the release of the DLG motif from KEAP1, preventing NRF2 from
ubiquitination by Cul3. It is proposed that the non-ubiquitinated NRF2 would remain
bound to the KEAP1-Cul3 complex and therefore prevent the newly translated NRF2 from
inhibition by the E3-ubiquitin complex, thereby promoting NRF2 accumulation in the nu-
cleus [17]. In addition, the other mechanisms have been reported to stabilize NRF2 through
interfering with the formation of the NRF2-KEAP1 complex. Those KEAP1-binding compet-
itors, such as p21Cip1/WAF1 and BRCA1, were found interacting with NRF2 and thus block the
association of KEAP1 with NRF2 [18, 19]. Interestingly, another mechanism was proposed as
an alternative way to stabilize NRF2 through the interaction between the autophagy adaptor
protein p62/sequestosome-1 (p62/SQSTM1) and KEAP1, which leads to the sequestration of
KEAP1 in the autophagy-deficient cells and enables NRF2 accumulation [20].

2. The antioxidant response program regulated by NRF2

The elimination of xenobiotics from cells is an important process for preventing cell toxicity
and can be divided into three stages: phases I, II, and III. Phase I involves a transfer of a
hydroxyl, a carboxyl, or an amino group to the toxic compound, which is often mediated by
the cytochrome P450 enzymes. The modified metabolites generated by phase I enzymes will
further be modified by phase II conjugation enzymes, which are mostly transferase enzymes
that can transfer the endogenous hydrophilic molecules to the metabolite to increase the
solubility and promote excretion. The small hydrophilic molecules include glucuronic acid,
glutathione, sulfate, amino acids, and a methyl group, which are catalyzed by glucuronyl
transferases, glutathione transferases, sulfotransferases, amino acid transferases, and N- and
O-methyltransferases, respectively [21]. NRF2 is known to participate in the regulation of
several phase II enzymes, such as heme oxygenase-1 (HO-1) and UDP-glucuronosyltransferase
(UGT). While phase I and phase II enzymes are majorly responsible for chemically modifying
the hydrophobic toxin to make it more hydrophilic, phase III is mostly related to the function
of drug efflux performed by those drug transporters, such as the multidrug resistance (MDR)
pump.

NRF2 coordinates with several antioxidant pathways in response to oxidative stress (Fig‐
ure 2). The best-known example is the regulation of the synthesis and regeneration of gluta-
thione (GSH), which is the most abundant antioxidant molecule in cells. GSH production is
supported by NRF2 through controlling several enzymes responsible for GSH synthesis, such
as the glutamate-cysteine ligase (GCL) complex composed of two subunits, the modifier
(GCLM) subunit and the catalytic (GCLC) subunit, which catalyze the rate-limiting step of
GSH synthesis that converts cysteine and glutamate into GSH [22]. NRF2 also controls the
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expression of glutathione S-transferases (GST) and glutathione peroxidases 2 (GPX2), which
are enzymes known for detoxifying epoxide and H2O2, respectively. Additionally, NRF2 also
regulates the expression of the solute carrier family 7 member 11 (SLC7A11), which encodes
the cystine/glutamate transporter XCT [23]. XCT can import cystine (CySS) into the cell, which
can be reduced to cysteine (Cys) using GSH or thioredoxin reductase 1 (TXNRD1). Cys can
then be used to support GSH production. GSH is utilized to convert H2O2 to H2O, accompanied
by the production of oxidized glutathione (GSSG), which can be reduced back to GSH through
glutathione reductase 1 (GSR1). This step is particularly important as cells need to replenish
the pool of reduced GSH to keep carrying on the next reduction cycle [24].

Figure 2. The antioxidant response program regulated by NRF2. NRF2 is responsible for initiating several different an-
tioxidant pathways to eliminate ROS, including promoting the synthesis of glutathione (GSH) and thioredoxin (TXN).
GSH, the most abundant antioxidant molecule in cells, derived from cysteine and glutamate, can eliminate ROS
through the reaction mediated by glutathione peroxidase (GPX) and glutathione S-transferase (GST), and the oxidized
GSH is regenerated by NADPH through glutathione reductase (GSR). Similarly, TXN is regenerated by thioredoxin
reductase (TXNRD), which also requires NADPH. Glutamate and cystine are the two components required for GSH
synthesis, which can be converted to GSH through the action of the glutamate-cysteine ligase modifier (GCLM) subu-
nit and the GCL catalytic (GCLC) subunit. The cystine/glutamate transporter XCT transports cystine into the cell which
is reduced to cysteine via TXNRD, and glutamate is generated by glutaminase 1 (GLS1) and GLS2 using glutamine as a
substrate. Furthermore, xenobiotics undergo oxidation, reduction, or hydrolysis by cytochrome P450 enzymes and are
subsequently conjugated with glucuronic acid, catalyzed by UDP-glucuronosyltransferase (UGT), and exported out of
the cells by multidrug resistance-associated proteins (MRP). Some of the xenobiotics such as quinones can undergo
redox cycling which results in ROS production, which is counteracted by the NADPH-required reduction reactions
catalyzed by aldo-keto reductase (AKR) and NAD(P)H: quinone oxidoreductase 1 (NQO1). The role of NRF2 in media-
ting the antioxidant response is through (1) regulation of NADPH-generating enzymes (G6PD, PGD, IDH1, and ME1);
(2) upregulation of the enzymes required for GSH production, regeneration, and utilization, such as GLS1/GLS2 and
GCLM/GCLC; (3) regulation of XCT to increase the intracellular cysteine pool in support of GSH synthesis; and (4)
upregulation of UDP-glucuronosyltransferase (UGT) to promote glucuronidation pathway.
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Furthermore, NRF2 was also found to regulate the expression of thioredoxin 1 (TXN1) and
thioredoxin reductase 1 (TXNRD1), which can reduce oxidized protein thiols [25, 26]. TXN
contains two redox-active cysteine residues and can be oxidized when reducing the disulfides
within the oxidized proteins. The oxidized TXN can be reduced by NADPH-dependent
TXNRD1. The TXN system is crucial for normal cellular function as TXN knockout mice were
reported to be embryonic lethal [27]. TXN helps modulate the activity of many transcription
factors through oxidoreductive modification of the protein. For example, a DNA repair protein,
redox factor Ref-1, was reported to promote the DNA-binding activities of several transcription
factors, including HIF-1α and p53, which confers cytoprotective function under hypoxia. The
reducing environment promotes the DNA binding of HIF-1 in the nucleus, which is achieved
by TXN-mediated Ref-1 reduction [28, 29].

Another important function of NRF2 in mediating antioxidant response is through promoting
NADPH production. NRF2 promotes the expression of NADPH-generating enzymes,
including the rate-limiting enzyme glucose-6-phosphate dehydrogenase (G6PD) in the
pentose phosphate pathway (PPP); the isocitrate dehydrogenase (IDH), which converts
isocitrate to α-ketoglutarate; and the malic enzyme 1 (ME1) that converts pyruvate to malate
[30]. NADPH is a major source of reducing power in cells, which can be used to regenerate
glutathione and thioredoxin. Additionally, other NRF2-regulated enzymatic processes, such
as quinone detoxification by NQO1 and aldo-keto reductase (AKR), also require NADPH.

Glucuronidation is another process involved in xenobiotic metabolism, which involves
conjugation of glucuronic acid, derived from UDP-glucuronic acid to a substrate, which is
mediated by UDP-glucuronosyltransferase (UGT) enzymes. It is considered to be the major
way to eliminate most of the xenobiotics. For example, the end product of heme metabolism,
bilirubin, is eliminated through this pathway, which is catalyzed by the enzyme UDP-
glucuronosyltransferase 1A1 (UGT1A1). In addition, various types of amino acids, such as
taurine and glycine, can also be attached to the molecules to assist excretion. Furthermore, it
has been found that S-adenosyl-l-methionine (SAM) can provide a methyl group for the
conjugation reaction. For example, arsenic, which is known to generate oxygen-based radicals,
can be detoxified through the reaction mediated by As(III) S-adenosylmethionine methyl-
transferases [31]. Another kind of detoxification pathway, called sulfation or sulfonation, is
catalyzed by a group of enzymes, termed sulfotransferases (SULTs), which are responsible for
transferring sulfuryl group donated by 3′-phosphoadenosine-5′-phosphosulfate (PAPS) to the
hydroxyl or amine groups [32]. The major function of sulfonation was known to modulate the
receptor activity of estrogen and androgen and steroid biosynthesis [33, 34]. The inorganic
sulfate used for the phase II sulfation pathway is derived from a process called sulfoxidation,
which converts those sulfur amino acids (e.g., cysteine and methionine) into the sulfate.

Quinones are chemicals that contain quinoid ring, which can be converted to semiquinones
by NADPH: cytochrome P450 reductase. Semiquinones react with oxygen and generate ROS,
which leads to oxidative damage to cells. To prevent ROS production from semiquinones, the
cytosolic, NRF2-regulated flavoproteins NAD(P)H: quinone oxidoreductases (NQOs) and
aldo-keto reductase (AKR) can compete with P450 reductases and convert quinones to a
relatively stable hydroquinones (quinols) [35]. In addition, NRF2 also regulates the expression

A Master Regulator of Oxidative Stress - The Transcription Factor Nrf226



Furthermore, NRF2 was also found to regulate the expression of thioredoxin 1 (TXN1) and
thioredoxin reductase 1 (TXNRD1), which can reduce oxidized protein thiols [25, 26]. TXN
contains two redox-active cysteine residues and can be oxidized when reducing the disulfides
within the oxidized proteins. The oxidized TXN can be reduced by NADPH-dependent
TXNRD1. The TXN system is crucial for normal cellular function as TXN knockout mice were
reported to be embryonic lethal [27]. TXN helps modulate the activity of many transcription
factors through oxidoreductive modification of the protein. For example, a DNA repair protein,
redox factor Ref-1, was reported to promote the DNA-binding activities of several transcription
factors, including HIF-1α and p53, which confers cytoprotective function under hypoxia. The
reducing environment promotes the DNA binding of HIF-1 in the nucleus, which is achieved
by TXN-mediated Ref-1 reduction [28, 29].

Another important function of NRF2 in mediating antioxidant response is through promoting
NADPH production. NRF2 promotes the expression of NADPH-generating enzymes,
including the rate-limiting enzyme glucose-6-phosphate dehydrogenase (G6PD) in the
pentose phosphate pathway (PPP); the isocitrate dehydrogenase (IDH), which converts
isocitrate to α-ketoglutarate; and the malic enzyme 1 (ME1) that converts pyruvate to malate
[30]. NADPH is a major source of reducing power in cells, which can be used to regenerate
glutathione and thioredoxin. Additionally, other NRF2-regulated enzymatic processes, such
as quinone detoxification by NQO1 and aldo-keto reductase (AKR), also require NADPH.

Glucuronidation is another process involved in xenobiotic metabolism, which involves
conjugation of glucuronic acid, derived from UDP-glucuronic acid to a substrate, which is
mediated by UDP-glucuronosyltransferase (UGT) enzymes. It is considered to be the major
way to eliminate most of the xenobiotics. For example, the end product of heme metabolism,
bilirubin, is eliminated through this pathway, which is catalyzed by the enzyme UDP-
glucuronosyltransferase 1A1 (UGT1A1). In addition, various types of amino acids, such as
taurine and glycine, can also be attached to the molecules to assist excretion. Furthermore, it
has been found that S-adenosyl-l-methionine (SAM) can provide a methyl group for the
conjugation reaction. For example, arsenic, which is known to generate oxygen-based radicals,
can be detoxified through the reaction mediated by As(III) S-adenosylmethionine methyl-
transferases [31]. Another kind of detoxification pathway, called sulfation or sulfonation, is
catalyzed by a group of enzymes, termed sulfotransferases (SULTs), which are responsible for
transferring sulfuryl group donated by 3′-phosphoadenosine-5′-phosphosulfate (PAPS) to the
hydroxyl or amine groups [32]. The major function of sulfonation was known to modulate the
receptor activity of estrogen and androgen and steroid biosynthesis [33, 34]. The inorganic
sulfate used for the phase II sulfation pathway is derived from a process called sulfoxidation,
which converts those sulfur amino acids (e.g., cysteine and methionine) into the sulfate.

Quinones are chemicals that contain quinoid ring, which can be converted to semiquinones
by NADPH: cytochrome P450 reductase. Semiquinones react with oxygen and generate ROS,
which leads to oxidative damage to cells. To prevent ROS production from semiquinones, the
cytosolic, NRF2-regulated flavoproteins NAD(P)H: quinone oxidoreductases (NQOs) and
aldo-keto reductase (AKR) can compete with P450 reductases and convert quinones to a
relatively stable hydroquinones (quinols) [35]. In addition, NRF2 also regulates the expression

A Master Regulator of Oxidative Stress - The Transcription Factor Nrf226

of ferritin subunits to promote free Fe2+ sequestration, which can inhibit Fe2+-dependent free
radical generation, and thus reducing the Fe2+-mediated toxicity [36].

3. The regulation of cellular metabolism by reactive oxygen species

Reactive oxygen species have pleiotropic effects on cellular processes, including the modula-
tion of cellular signaling and metabolism (Figure 3). Following oxidative insult, cellular
metabolism is reprogrammed to increase the production of cellular building blocks to replace
damaged cellular components. Changes in the cellular redox state can alter the oxidation state
of metabolic enzymes, resulting in changes in their activity and altered flux through upstream
and downstream pathways. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is one of
the most oxidized proteins in response to hydrogen peroxide [37]. It has been proposed that
this serves to reroute metabolic intermediates into the pentose phosphate pathway to facilitate
NADPH generation and adaptation to oxidative stress [38]. Indeed, GAPDH mutants that
cannot be oxidized impair the cell’s ability to generate NADPH following oxidative insult [39].
Curiously, oxidized GAPDH interacts with RNA- and DNA-binding proteins, suggesting that
these adaptation mechanisms may not be limited to alterations in enzyme activity [40].
Glycolytic intermediates also build up further downstream in response to oxidative insults.
Pyruvate kinase M2 (PKM2) is also inhibited by oxidation [41], which enhances flux through
the pentose phosphate pathway and oxidative stress resistance. PKM2 also controls flux into
the serine biosynthesis pathway [42], which supports glutathione production [43, 44]. The
glycolysis modulator TIGAR, a fructose-2,6-bisphosphatase (Fru-2,6-BP), also plays a key role
in the modulation of metabolism in response to oxidative stress. TIGAR is induced in response
to ROS [45] and protects cells from ROS-induced cell death [46]. TIGAR modulates the
intracellular levels of fructose-2,6-bisphosphate (Fru-2,6-BP), thereby regulating the activity
of PFK1 and flux through glycolysis. PFK1 inhibition diverts upstream metabolites into the
PPP, thereby increasing production of NADPH to support the antioxidant response [46–49].
TIGAR also inhibits ROS by binding to hexokinase 2 (HK2) and promoting its activity at the
mitochondria during hypoxia [50]. This binding is independent of the bisphosphatase activity
of TIGAR, suggesting that the regulation of the PPP by TIGAR is both phosphatase dependent
and independent. Thus, modulation of glycolytic enzyme activity by ROS supports the
antioxidant response.

Oxidation of enzymes in the TCA cycle, electron transport chain (ETC), and β-oxidation
pathway also occurs following oxidative stress. Oxidation can either be reversible or irrever-
sible, depending on the degree of oxidative stress. Reversible oxidation is temporary and oc-
curs through disulfide bond formation, S-glutathionylation, or oxidation of cysteine residues
to sulfenic acid. Irreversible oxidation occurs through oxidation of cysteine residues to sul-
finic or sulfonic acid. Temporary S-glutathionylation of enzymes in the TCA cycle, ETC, or
β-oxidation pathway protects them from irreversible oxidation when ROS is high but may
also hypothetically serve as a mechanism to diminish mitochondrial ROS production by re-
ducing their activity [51].
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Figure 3. Modulation of cellular metabolism by ROS. ROS have pleiotropic effects on cellular metabolism, including
the inhibition of the glycolytic enzymes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and pyruvate kinase
M2 (PKM2), which results in accumulation of upper glycolytic intermediates and increased flux through the pentose
phosphate pathway (PPP). ROS also promote PPP flux through the activation of TIGAR and by lowering cellular
NADPH levels, thereby increasing the activity of glucose-6-phosphate dehydrogenase (G6PD). ROS inhibit reactions in
the mitochondria, including the TCA and β-oxidation, which may serve to lower the production of ROS in already
stressed cells. Furthermore, ROS induce transcriptional changes that lead to metabolic alterations through the activa-
tion of the transcription factors HIF and NRF2.

Reactive oxygen species also affect the activity of transcription factors that control metabolic
enzyme expression. Two of the best-known examples of ROS-regulated transcription factors
are NRF2 and hypoxia-inducible factors HIF1α and HIF2α. There are many parallels between
these transcription factors. First, their regulation is very similar. Under basal, unstressed
conditions, their levels are kept low due to targeted degradation by the proteasome. For HIF
transcription factors, this occurs by hydroxylation at conserved proline residues by prolyl
hydroxylases under normoxia, allowing their recognition and ubiquitination by the VHL E3
ubiquitin ligase, which targets HIFs for proteasomal degradation. Under hypoxia, the activity
of the prolyl hydroxylases is inhibited, due to both lower oxygen availability and ROS
generation by the mitochondria. ROS induce oxidative dimerization of the HIF prolyl hydrox-
ylase, leading to its inactivation and HIF stabilization [52]. HIF activation reprograms cellular
metabolism by upregulating glycolytic gene expression in inhibiting pyruvate entry into the
TCA cycle [53], thereby mediating a shift from oxidative phosphorylation to glycolysis. This
metabolic reprogramming has been shown to suppress ROS production in cells [54].
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4. NRF2 reprograms cellular metabolism to funnel metabolic
intermediates into antioxidant pathways

While NRF2 regulates the expression of antioxidant and NADPH-generating enzymes,
metabolic intermediates are required to support these pathways. Recent studies have demon-
strated that NRF2 also regulates the expression of metabolic enzymes that funnel intermediates
into pathways that support antioxidant function (Figure 4). In this section, we will discuss how
NRF2 reprograms cellular metabolism to support cellular detoxification and repair.

Figure 4. NRF2 reprograms cellular metabolism to support the antioxidant response. NRF2 induces many enzymes
(denoted in purple) to increase the flux through metabolic pathways that support the antioxidant response, including
the PPP (G6PD, PGD), nucleotide biosynthesis pathway (PHGDH, MTHFD2, PPAT), glucuronidation pathway
(UGDH), enzymes that metabolize TCA cycle intermediates (ME1, IDH1), and enzymes in the glutathione biosynthesis
pathway (GLS, SLC7A11, GCLM, GCLC). NRF2 also concomitantly represses lipid biosynthesis (ACLY, ACC, FASN,
SCD1) to spare NADPH for detoxification reactions. The alterations in cellular metabolism serve to enhance the NRF2-
induced transcriptional upregulation of metabolic enzymes by providing substrates for the enzymatic reactions.

4.1. Glucose metabolism

Many NRF2-regulated detoxification pathways rely on a supply of glucose for their activity.
Thus, it is logical that NRF2 would not only regulate the enzymes in those pathways but the
supply of metabolites that feed into them. Indeed, NRF2 activation leads to increased glucose
uptake and glucose addition in fibroblasts [55]. Furthermore, interference with the supply of
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glucose was found to inhibit NRF2-mediated detoxification of reactive species. In this section,
we will discuss NRF2-regulated pathways that utilize glucose.

4.1.1. The pentose phosphate pathway

Following phosphorylation by hexokinase, glucose enters glycolysis as glucose-6-phosphate
(G6P). At this step, G6P can either continue through glycolysis or be diverted into pentose
phosphate pathway, which consists of the oxidative and non-oxidative branches [56]. The
oxidative branch produces both ribose-5-phosphate (R5P), which is precursor for nucleotide
synthesis, and NADPH, which is not only required for biosynthesis reactions but also for
antioxidant response function. The oxidative branch of the PPP consists of three irreversible
steps and is regulated by cellular NADPH levels. Importantly, the first committed step of the
pathway, catalyzed by glucose-6-phosphate dehydrogenase (G6PD), is inhibited by NADPH
[57]. The steps of the non-oxidative branch of the PPP are reversible and serve to funnel
intermediates, such as F6P and G3P, between glycolysis and the PPP. The reversible nature of
the non-oxidative PPP branch enables the PPP to adapt to the metabolic demands of cells.
Following oxidative insult, the activity of the oxidative branch increases to direct the non-
oxidative branch toward resynthesizing F6P, which is then converted back to G6P to replenish
the oxidative branch, allowing enhances for NADPH generation. However, in proliferating
cells with a high demand for nucleotides, both the oxidative and non-oxidative branches serve
to generate R5P.

NRF2 regulates the expression of enzymes in both the oxidative (G6PD and PGD) and non-
oxidative (TKT and TALDO1) arms of the PPP [58]. Thus, NRF2 supports both NADPH and
nucleotide production. Indeed, it was recently demonstrated that the pentose phosphate
pathway (PPP), a major contributor of NADPH for the maintenance of glutathione in its
reduced state, is critical for NRF2-induced proliferation [58, 59].

4.1.2. Nucleotide biosynthesis

The de novo synthesis of purine nucleotides proceeds from R5P in a 10-step pathway to
produce inosine monophosphate (IMP), which is subsequently metabolized to AMP and GMP.
The first step is the synthesis of phosphoribosyl pyrophosphate (PRPP), in which the enzyme
PRPS1 transfers a pyrophosphate group onto R5P. Next, PPAT, a NRF2-regulated enzyme [59],
catalyzes the displacement of the pyrophosphate with an amide nitrogen from glutamine. The
subsequent steps involve the incorporation of glycine, 2 N10-formyl-THF units, aspartate, and
glutamine-derived amide groups. In contrast, the synthesis of pyrimidines starts from
ammonia and bicarbonate and proceeds in a six-step pathway that involves in the incorpora-
tion of aspartate and PRPP. By regulating the activity of the PPP and the levels of R5P, NRF2
may influence the production of both purines and pyrimidines. NRF2 also influences cellular
levels of glycine, N10-formyl-THF, and glutamine, which will be discussed in the following
sections. Thus, NRF2 supports nucleotide biosynthesis through direct transcriptional mecha-
nisms and by rewiring cellular metabolism to funnel metabolic intermediates into the path-
ways.
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4.1.3. The serine biosynthesis pathway

The amino acids, serine and glycine, are required for many biological processes. Beyond
protein synthesis, serine is essential for the synthesis of sphingolipids and most phosphati-
dylserine head groups, an important component of cellular membranes [60, 61]. Glycine
contributes one nitrogen and two carbon atoms to the purine ring for nucleotide biosynthesis.
Serine and glycine also charge the folate pool with one-carbon units, including N10-formyl-
THF, that are ultimately used to produce nucleotides, methionine, and S-adenosylmethionine,
the latter of which is the major methyl donor for methyltransferase reactions including those
of DNA and histones [62, 63]. Serine is also required for the transsulfuration pathway that
generates cysteine. Furthermore, both cysteine and glycine are incorporated into the tripeptide
glutathione, and thus serine is critical for both cellular redox homeostasis and xenobiotic
metabolism processes [64, 65]. Consequently, intermediary metabolism is organized so that
serine and glycine are positioned to play essential roles in biomass accumulation, DNA
replication, epigenetics, and redox homeostasis.

Cells obtain serine and glycine through import from the extracellular space or de novo
synthesis. Amino acids are transported by systems which are broadly defined based on their
physiochemical properties and substrate specificity [66]. Multiple systems import serine,
including the commonly expressed ASC system that mediates the symport of alanine, serine,
or cysteine with sodium [67]. De novo synthesis of serine from the glycolytic intermediate 3-
phosphoglycerate (3-PG) occurs through a pathway consisting of three sequential steps:
phosphoglycerate dehydrogenase (PHGDH) oxidizes 3-PG to 3-phosphohydroxypyruvate
(pPYR) using an NAD+ cofactor, phosphoserine aminotransferase (PSAT) transaminates pPYR
to phosphoserine (pSER) using glutamate as the nitrogen donor, and finally phosphoserine
phosphatase (PSPH) dephosphorylates pSER to produce serine [68]. Importantly, the serine
thus produced can be converted to glycine via serine hydroxymethyltransferases concomi-
tantly charging the folate pool with one-carbon units.

Recently, we found that NRF2 regulates the serine biosynthesis pathway through ATF4 and
PHGDH, which led to an independence from exogenous serine sources [43]. We observed that
serine-derived glycine was found to support glutathione metabolism. While most of the
cysteine for glutathione was derived from exogenous source in nutrient replete culture, serine-
derived cysteine may become more important under nutrient-limiting conditions. Addition-
ally, glycine and intermediates of the folate cycle were found to support the biosynthesis of
both purines and pyrimidines, which synergized with the regulation of the pentose phosphate
pathway to supply ribose for nucleotides. By regulating both the production of serine and
glycine, as well as the enzymes that utilize these amino acids, NRF2 may better influence their
fate by funneling them into antioxidant response pathways.

The serine biosynthesis pathway may support the NRF2-regulated antioxidant program in
multiple ways. First, the ability to supply glutathione through the availability of the metabolite
substrates for de novo GSH synthesis supports ROS detoxification. Furthermore, the produc-
tion of nucleotides supports the replenishment of the oxidized nucleotide pool and facilitates
DNA repair. Additionally, serine-derived metabolites such as glutathione, glycine, cysteine,
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and SAM support phase II metabolism because they are utilized for conjugation with toxins
for toxin metabolism and excretion.

4.1.4. Glucuronidation pathway

In the process of glucuronidation, UDP-glucuronosyltransferases, such as the NRF2-regulated
enzyme UGT1A1 [69], transfer the glucuronic acid component of UDP-glucuronic acid onto
substrates, including drugs, bilirubin, hormones, and other molecules. This serves to increase
the solubility of these molecules for their excretion. UDP-glucuronic acid is generated from
G6P in a multistep process. First, phosphoglucomutase converts G6P to glucose-1-phosphate
(G1P). Next, the UDP molecule is attached by UDP-glucose pyrophosphorylase to generate
UDP-glucose. Finally, UDP-glucuronate is generated from UDP-glucose by UDP-glucose
dehydrogenase, a NRF2-regulated enzyme [70, 71]. Thus, NRF2 promotes the expression of
enzymes that synthesize UDP-glucuronate, as well as glucose uptake to promote entry of G6P
into this pathway.

4.1.5. The TCA cycle

Following pyruvate entry into the mitochondria, pyruvate is metabolized in the TCA cycle to
generate NADH and FADH2 to fuel the electron transport chain but also metabolic intermedi-
ates for biosynthesis and NADPH production. Following the generation of acetyl-CoA by
pyruvate dehydrogenase (PDH), acetyl-CoA condenses with oxaloacetate to form citrate.
Citrate can be exported to the cytoplasm, where it is used as precursor for lipid biosynthesis
or metabolized in the mitochondria to isocitrate by aconitase. In the next step, isocitrate
dehydrogenase (IDH) metabolizes isocitrate to α-ketoglutarate (α-KG), which is further
metabolized to succinyl-CoA by α-KG dehydrogenase complex. Succinyl-CoA is then trans-
formed to succinate by the succinyl-CoA synthetase. Succinyl-CoA is oxidized to fumarate by
the succinate dehydrogenase (SDH) complex and then hydrated to malate by fumarate
hydratase (FH). Oxidation of malate, catalyzed by malate dehydrogenase, finally regenerates
oxaloacetate, and the cycle continues.

There are several points of the TCA cycle that are critical for NRF2-regulated processes. First,
NRF2 promotes PDH flux to increase substrate entry into the TCA cycle and also promotes
cellular glucose oxidation [58]. This results in increased TCA cycle activity and sufficient
substrate availability for NRF2-regulated enzymes that require TCA cycle intermediates. These
enzymes include malic enzyme 1 (ME1) and IDH1, which generate NADPH, and thus the levels
and subcellular compartmentalization of malate and isocitrate dictate the activity of these
enzymes. ME1 is a mitochondrial enzyme that metabolizes malate to pyruvate to generate
NADPH. IDH1 is a cytosolic enzyme that metabolizes isocitrate to α-KG to generate cytosolic
NADPH. Furthermore, pyruvate carboxylase was identified as a potential NRF2-MafG target
gene [72]. Pyruvate carboxylase catalyzes the carboxylation of pyruvate to oxaloacetate. In cells
that have significant malic enzyme activity, this enzyme could play a critical anaplerotic role
by replenishing oxaloacetate so the TCA cycle can progress.
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4.2. Glutamine metabolism

Glutamine is the most abundant free amino acid in human serum, with average concentrations
of around 500 μM. Proliferating cells in culture are highly dependent on glutamine, as it is
both a key nitrogen donor and carbon supply for the TCA cycle. NRF2 controls the uptake,
metabolism, and fate of glutamine in cells in addition to its role in regulating glucose metab-
olism. As mentioned previously, NRF2 regulates the expression of ATF4, which controls the
expression of the glutamine transporter SLC1A5 [73], and asparagine synthetase (ASNS),
which generates both asparagine and glutamate from aspartate and glutamine. Indeed, we
found that NRF2 controls the binding of ATF4 to the ASNS promoter [43]. Additionally,
glutaminase (GLS), which metabolizes glutamine to glutamate, is a NRF2 target gene [74].
Here, we will discuss NRF2-regulated pathways that utilize glutamine and their role in
supporting the antioxidant response.

4.2.1. Glutathione biosynthesis

As glutamate is one of the three amino acid constituents of glutathione and can also supply
the TCA cycle through the production of α-KG, NRF2 may support both the antioxidant
response and NADPH production through the control of glutamine metabolism. Indeed, when
Nrf2 is inhibited, the carbon flux from glutamine into GSH biosynthesis is severely diminish-
ed [59]. Furthermore, glutamate is an obligate exchange molecule for the NRF2-regulated
cysteine transporter SLC7A11, an obligate antiporter. Cysteine is also an amino acid constitu-
ent of glutathione, and glutamate production may support glutathione metabolism by
increasing the intracellular availability of cysteine. Glutamine and glutamate are also the
nitrogen donors for many key metabolic pathways. Glutamate donates the nitrogen for the
transamination step in serine biosynthesis, which can supply both glycine and cysteine for
glutathione production.

4.2.2. Other biosynthesis

As described earlier, glutamine is required for two steps in purine biosynthesis, whereas
aspartate, which acquires its nitrogen from glutamate, is required for a step in purine biosyn-
thesis and a step in pyrimidine biosynthesis. Additionally, glutamine is a major source of TCA
cycle carbon. Glutamine-derived α-KG enters the TCA cycle and in many cell lines contributes
more carbon to TCA cycle intermediates than glucose. Thus, glutamine entry into the TCA
cycle can provide metabolic intermediates for NRF2-regulated NADPH-producing enzymes,
such as IDH1 and ME1.

4.3. Lipid metabolism

The effects of NRF2 on lipid metabolism are less well characterized. Studies have found that
increased NRF2 signaling in the mouse liver is associated with repression of lipogenesis [75].
Suppression of lipogenesis plays an important role in the NRF2-regulated antioxidant
response. While NRF2 activates NADPH production through the upregulation of the pentose
phosphate pathway, malic enzyme, and isocitrate dehydrogenase, NRF2 also supports cellular
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NADPH levels by suppressing NADPH-consuming processes. Lipid biosynthesis is one of the
most NADPH-consuming processes in the cell. Wu et al. found that NRF2 suppresses both
lipid biosynthesis and desaturation genes in the mouse liver, including NADPH-utilizing
enzymes fatty acid synthase (FASN) and stearoyl-CoA desaturase 1 (SCD1) [30]. Additionally,
high-fat diet-induced lipid biosynthesis enzyme induction, including Acly, Acaca, and Fasn, is
more pronounced in the livers of Nrf2−/− mice [76]. Suppression of lipogenesis thereby increases
the availability of NADPH for use by the antioxidant response.

Activation of NRF2 also promotes fatty acid oxidation. NRF2 knockdown was found to
suppress the expression of fatty acid oxidation genes ACOX1, ACOX2, CPT1, and CPT2 [77],
and NRF2 activation in the mouse lung induces the expression of fatty acid oxidation genes
and lipases. Activation of fatty acid oxidation may serve several functions. First, it may induce
the degradation of damaged lipid molecules so they are not utilized for membrane synthesis.
Second, fatty acid oxidation has been shown to provide NADPH for ROS detoxification [78].

4.4. Heme and iron metabolism

Another critical function of the NRF2 antioxidant program is the regulation of iron metabolism.
NRF2 regulates heme degradation, thus removing excess amounts of the prooxidant molecule
heme from the cellular pool. Heme oxygenase metabolizes heme to iron and biliverdin. Free
iron is reactive and dangerous to cells, and NRF2 regulates the expression of ferritin heavy
and light chains (FTL and FTH1), which immediately bind free iron, as well as ferroportin,
which exports it [79]. The NRF2 target biliverdin reductase metabolizes biliverdin to bilirubin
[30]. In the body, bilirubin is excreted as waste, but bilirubin can serve as an antioxidant
molecule, and the bilirubin-biliverdin redox couple has direct antioxidant function [80].
Furthermore, bilirubin inhibits NADPH oxidase, which serves to keep ROS levels low.

Although it may seem counterintuitive, NRF2 also regulates enzymes involved in heme
biosynthesis. Ferrochelatase (FECH) is a direct NRF2 target gene [36] that is responsible for
the final step in heme biosynthesis. Importantly, the first step in heme biosynthesis requires
the amino acid glycine, the production of which is NRF2 regulated. While the heme may have
prooxidant functions in large quantities, heme is constantly turned over and excreted from
cells as bilirubin [81]. The synthesis of biliverdin and bilirubin actually protects cells from
oxidative stress, possibly due to the antioxidant functions described above.

4.5. Autophagy and the proteasome

Large intracellular particles, including damaged mitochondria and protein aggregates, are
degraded by a process known as autophagy. Intracellular components are first engulfed in
double membrane vesicles called autophagosomes, which subsequently fuse with lysosomes
for digestion of their contents and recycling of their building blocks. The autophagy adapter
molecule p62 is a direct target of NRF2 [82]. While p62 may play a role in the stress-responsive
degradation of damaged intracellular components, it remains to be determined whether
autophagy is critical for the NRF2-regulated antioxidant response. Rather, the relationship
between p62 and NRF2 is much more complex. Studies have identified that autophagy
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deficiency leads to NRF2 activation due to p62 accumulation [83]. p62 was found to bind to
the NRF2-binding site on KEAP1, thereby competing with NRF2 for KEAP1 binding [84].
However, not only does p62 prevent NRF2 binding to KEAP1, it induces autophagic degra-
dation of KEAP1, resulting in a positive feedback loop of NRF2 activation [82]. This process is
regulated, as mTORC1-dependent phosphorylation of p62 increases its affinity for KEAP1,
thereby activating NRF2 [85]. Furthermore, there may be other components of this process.
Sestrins, which have long been linked to protection from oxidative stress, were found to
interact with p62 and KEAP1 to promote KEAP1 autophagic degradation [86]. Sestrin 2 is a
leucine sensor that inhibits mTORC1 signaling [87], providing an interesting link between
amino acid sensing, mTOR, and NRF2-KEAP1 pathway.

NRF2 also regulates the removal of damaged and misfolded proteins through the regulation
of the proteasome. Unwanted proteins are degraded by the 26S proteasome, which consists of
a 20S core and a 19S regulatory subunit. NRF2 regulates the 20S proteasome subunits PSMA1,
PSMA7, PSMB3, PSMB5, and PSMB6 [88–90], as well as the proteasome activator PA28αβ [73].
Importantly, induction of the proteasome is required for adaptation to oxidative stress [91] and
can extend the life span of human fibroblasts [92].

5. Consequences for tissue homeostasis and disease

In the previous section, we have discussed how NRF2-regulated cellular metabolism supports
the antioxidant program. In this section, we will focus on how these programs contribute to
both normal physiology and disease.

5.1. NRF2 and tissue homeostasis

In normal cells exposed to oxidative insults, these pathways work in concert to produce
building blocks for the replacement and repair of damaged components. Recently, several
studies demonstrated that the NRF2-regulated antioxidant response is crucial for tissue
homeostasis. The recent work by Telorack et al. unraveled the function of GSH in keratinocytes
and showed that GSH deficiency affects keratinocyte survival and wound repair. By using mice
deficient in glutamate-cysteine ligase (GCL) in keratinocytes, the authors found that GSH
deficiency results in more DNA damage and cell death, suggesting a crucial role for the
antioxidant capacity in skin integrity maintenance [93]. In addition, NRF2 was reported to
confer radioprotection to human lung fibroblasts through upregulating miR-140 expression,
which is involved in the regulation of lung fibroblast self-renewal [94]. In the following
sections, we will discuss how the regulation of metabolism and ROS levels by NRF2 contributes
to tumor development, aging, and stem cell function.

5.2. NRF2 and cancer

NRF2 is frequently mutated in many types of cancers, with the mutations clustered around
the DLG (43 %) and ETGE (57 %) motifs, which are the two critical KEAP1 interaction domains
[95]. Furthermore, mutations in KEAP1 that abolish KEAP1 function were also found to activate
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NRF2 and promote the growth of lung cancer cells [96]. A recent study characterizing the
genomic alterations in squamous cell lung cancers has found the NRF2-KEAP1 pathway that
altered in 34% of the 178 tumor samples examined [97]. Constitutive activation of NRF2 has
been considered as a resistance mechanism to chemo or radiation therapy because the NRF2-
mediated antioxidant response eliminates therapy-induced ROS, thereby promoting cell
survival. For example, NRF2 activation was found to protect cells against ionizing radiation
toxicity and confer radioresistance [98].

In addition, aberrant activation of NRF2 also serves to increase the production of building
blocks to sustain uncontrolled proliferation in cancer. The activation of the serine biosynthetic
pathway may represent a significant contribution to the pro-tumorigenic activity of NRF2. We
and others have observed that enhanced de novo synthesis of serine and glycine from glucose
reduces the reliance of cells on extracellular sources [43, 99]. Additionally, many NRF2-
regulated metabolic pathways were found to confer growth advantages to cancer cells, such
as the upregulation of the PPP, nucleotide synthesis, and NADPH production. Mitsuishi et al.
have shown that NRF2 promotes nucleotide production via upregulation of PPP and gluta-
mine utilization in response to proliferating signals, which in turn accelerates tumor growth
[59]. Interestingly, another study showed that NRF2 overexpression increased human telo-
merase reverse transcriptase (hTERT) levels and upregulated the expression of two PPP
enzymes, G6PD and TKT, which could promote the progression of glioblastoma [100].
Moreover, NRF2-regulated TKT expression has also been found to promote cancer develop-
ment via counteracting oxidative stress [101].

Furthermore, the NADPH-producing metabolic enzyme ME1 which links glycolysis with the
TCA cycle was reported to promote the metastatic potential of HCC and correlated with poor
prognosis [102]. Another study has observed that ME1 could promote tumor growth, poten-
tially through increasing NADPH production, which is required for GSH regeneration [103].
Additionally, another NADPH-generating enzyme IDH1 was found to be crucial for the
anchorage-independent growth, a property shared by many malignant cells. It was shown that
cell detachment promotes ROS production in the mitochondria. The oxidative stress in
mitochondria could be counteracted by IDH1-driven reductive carboxylation in the cytosol,
followed by the transfer of citrate into the mitochondria, which was to be oxidized by IDH2 to
generate NADPH [104]. Moreover, research published by Saito et al. has found that p62-
mediated NRF2 activation in HCC could promote tumor malignancy via redirecting glucose
into the glucuronate pathway and glutamine toward GSH synthesis [105]. These studies
demonstrate that multiple NRF2-regulated metabolic enzymes play important roles in cancer.

5.3. NRF2 and aging

Oxidative stress has been suggested to cause several pathologies, and many of which are age
related. The oxidative stress theory of aging came early in 1956 from Denham Harman, who
proposed that aging is attributed to the side effects of free radicals on cell constituents and that
mitochondria are the key organelles associated with aging [106]. This is supported by the
finding that aging leads to more oxidation of the GSH and more damaged mtDNA in the
mitochondria, which can be prevented by oral antioxidant administration. In fact, the levels
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merase reverse transcriptase (hTERT) levels and upregulated the expression of two PPP
enzymes, G6PD and TKT, which could promote the progression of glioblastoma [100].
Moreover, NRF2-regulated TKT expression has also been found to promote cancer develop-
ment via counteracting oxidative stress [101].

Furthermore, the NADPH-producing metabolic enzyme ME1 which links glycolysis with the
TCA cycle was reported to promote the metastatic potential of HCC and correlated with poor
prognosis [102]. Another study has observed that ME1 could promote tumor growth, poten-
tially through increasing NADPH production, which is required for GSH regeneration [103].
Additionally, another NADPH-generating enzyme IDH1 was found to be crucial for the
anchorage-independent growth, a property shared by many malignant cells. It was shown that
cell detachment promotes ROS production in the mitochondria. The oxidative stress in
mitochondria could be counteracted by IDH1-driven reductive carboxylation in the cytosol,
followed by the transfer of citrate into the mitochondria, which was to be oxidized by IDH2 to
generate NADPH [104]. Moreover, research published by Saito et al. has found that p62-
mediated NRF2 activation in HCC could promote tumor malignancy via redirecting glucose
into the glucuronate pathway and glutamine toward GSH synthesis [105]. These studies
demonstrate that multiple NRF2-regulated metabolic enzymes play important roles in cancer.

5.3. NRF2 and aging

Oxidative stress has been suggested to cause several pathologies, and many of which are age
related. The oxidative stress theory of aging came early in 1956 from Denham Harman, who
proposed that aging is attributed to the side effects of free radicals on cell constituents and that
mitochondria are the key organelles associated with aging [106]. This is supported by the
finding that aging leads to more oxidation of the GSH and more damaged mtDNA in the
mitochondria, which can be prevented by oral antioxidant administration. In fact, the levels
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of oxo-8-deoxyguanosine, which is considered to be the major oxidative damage to DNA, have
been found correlated linearly with oxidation of glutathione [107]. Moreover, aging was
associated with the decline of antioxidant response, as some of the antioxidant genes induced
by oxidative stress declined with age, such as GSH levels [108]. However, some of the changes
of the antioxidant genes in the aged mice are inconsistent, and the phenotype might be tissue
specific. Overall, the age-dependent changes of the antioxidant genes suggest that ROS levels
might contribute in part for the aging processes. As mentioned in the previous section, NADPH
production is one of the important antioxidant responses to protect the cell from ROS-induced
damage. Interestingly, the key enzyme G6PD, which catalyzes the rate-limiting step of the PPP
has been found to extend the life span of transgenic Drosophila melanogaster [109]. A similar
finding was observed in mice, in which G6PD overexpression could protect the transgenic mice
from oxidative damage and improve their life span through the elevation of NADPH levels,
thereby lowering the level of ROS-induced damage (8-OHdG) [110].

Because increased oxidative stress is thought to be a major characteristic feature of aging and
NRF2 has long been considered as the major regulator of the cellular antioxidant response, the
potential role of NRF2 in aging is intriguing. Indeed, there have been several studies connecting
NRF2 with aging. The study from Hirota et al. showed that Nrf2−/− mice accelerated UVB-
induced photoaging, including the phenotypes of loss of skin flexibility and wrinkle formation
[111]. Additionally, another group observed that the hearing ability of NRF2-deficient mice
was more impaired and the number of hair cells was significantly reduced compared to the
wild-type mice [112]. Furthermore, progressive loss of NRF2 activity was seen with aging,
which may be explained by studies showing that the expression of NRF2 positive regulators
P62 and BRCA1 decreased with age, while NRF2 negative regulators, KEAP1 and BACH1,
increased with age [113].

Another potential mechanism for age-dependent loss of antioxidant genes was provided by
one of the studies showing that the presence of transcription repressor BACH1 along with the
absence of coactivator CREB-binding protein (CBP) in the aged mice may convert NRF2
binding from an active ARE to an alternative ARE [114]. Interestingly, a recent paper published
by Kubben et al. found that repression of NRF2 antioxidant pathways served as a driver
mechanism for the genetic premature aging disease Hutchinson-Gilford progeria syndrome
(HGPS) [115], which is caused by constitutive progerin production, a mutant version of the
nuclear protein lamin A. Progerin was known responsible for many cellular defects, one of
which is the attrition of mesenchymal stem cells (MSCs) that leads to tissue defect [116]. This
study demonstrated that sequestration of NRF2 by progerin, which results in protein misloc-
alization and the impairment of NRF2-mediated antioxidant response, contributes to progerin-
associated nuclear aging defects [115]. Additional studies are still required to further support
the role of NRF2 in the aging processes.

5.4. NRF2 and stem cells

Regulation of ROS levels in cells is important, as excessive ROS can lead to cellular damage.
In contrast, a modest level of ROS is crucial for maintaining proper biological functions. The
redox status has been suggested to regulate stem cell self-renewal and differentiation, and
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accumulating evidence indicates that stem cells undergo self-renewal in the environment with
low ROS levels, while ROS levels increase in differentiated stem cells [117, 118]. Because
embryonic stem (ES) cells give rise to all the tissues in an organism, mechanisms are in place
to avoid the accumulation of DNA to prevent mutations that would transmit to tissues and
subsequent generations. To achieve this, ES cells have higher antioxidant defense mechanisms,
resulting in a lower mutational frequency than differentiated cells [119, 120]. Furthermore,
downregulation of ROS generation in stem cells is achieved through a reduced dependence
on oxidative phosphorylation [121, 122]. This leads to a greater reliance on glycolysis, which
serves to not only generate ATP but also metabolic intermediates to feed the pentose phosphate
pathway. Thus, the metabolic reprogramming of stem cells to support antioxidant responses
supports ROS detoxification and stem cell health.

As a redox sensor, NRF2 might also contribute to the regulation of stem cell function. Indeed,
NRF2 was found constitutively active in intestinal stem cell (ISC) in Drosophila, and KEAP1-
mediated NRF2 repression was required for ISC proliferation. The redox balance controlled
by NRF2-KEAP1 is critical for intestinal homeostasis, as evidenced by NRF2 loss leads to age-
related degeneration of the intestinal epithelium [123]. Moreover, NRF2 is required for the
survival of hematopoietic stem progenitor cells (HSPCs) and the development of myeloid cells
in mice, as NRF2 KO bone marrow had defect in stem cell function and showed reduction of
chimerism after transplantation [124]. A recent study has found that the deacetylase SIRT6
maintained the homeostasis of human mesenchymal stem cells (hMSCs) via regulation of
redox metabolism through coactivating NRF2. SIRT6-null hMSCs showed a premature cellular
attrition and could be rescued by overexpressing HO-1, suggesting that an imbalance of ROS
levels could result in stem cell decay [125]. Another recent published work demonstrated that
reduced NRF2 expression is responsible for the decline of neural stem/progenitor cell (NSPC)
function, as it is found that NRF2 expression was suppressed in the aged NSPC, and overex-
pression of NRF2 in those old cells could render them to a similar state as the young NSPCs,
by showing increasing cell survival and regeneration [126].

In addition, NRF2 activation was found crucial for the reprogramming of induced pluripotent
stem cell (iPSC), which was known to be an inefficient process and required the metabolic shift
from the oxidative phosphorylation to glycolysis as a major way to generate ATP. It is shown
that at the early phase of iPSC reprogramming, ROS levels increase, which activate NRF2, and
it is important for navigating the transition [127]. Additionally, high glutathione and gluta-
thione peroxidase 2 levels were found critical for maintaining genomic integrity of human
pluripotent stem cells, which were known highly sensitive to ROS-induced cell death [128].

Besides modulating the function of normal stem cell, it is reported that redox balance could
also affect cancer stem cell (CSC) function. CSCs or tumor-initiating cells are small populations
of cells with stem-like properties, which were considered responsible for drug resistance and
tumor relapse. A study has found that NRF2 is responsible for maintaining the self-renewal
function of glioma stem cells (GSCs), supported by the evidence that NRF2 deficiency
attenuated the tumorigenicity of GSCs in the xenograft model [129]. Interestingly, another
study using the lung cancer model observed a downregulated expression of 26S proteasome
in lung cancer stem cells. As 26S was known to target NRF2 for degradation, it is postulated
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function of glioma stem cells (GSCs), supported by the evidence that NRF2 deficiency
attenuated the tumorigenicity of GSCs in the xenograft model [129]. Interestingly, another
study using the lung cancer model observed a downregulated expression of 26S proteasome
in lung cancer stem cells. As 26S was known to target NRF2 for degradation, it is postulated

A Master Regulator of Oxidative Stress - The Transcription Factor Nrf238

that reducing NRF2 degradation might result in high levels of NRF2 expression which confers
the growth advantage to CSCs [130].

6. Conclusions

In this chapter, we have discussed how NRF2 controls the antioxidant response and repro-
grams cellular metabolism to support antioxidant function, as well as the role of these
pathways in tumorigenesis, stem cell function, and aging. Taken together, these studies
demonstrate that cellular modulation of ROS levels is highly important for maintaining the
proper function of many cellular processes. Understanding how NRF2 coordinates different
metabolic pathways to support cellular detoxification opens new avenues for therapeutic
intervention. Proper tissue homeostasis occurs when the right amount of NRF2 activity is
achieved. Too much NRF2 activity is associated with uncontrolled proliferation and neoplasia.
Too little NRF2 activity results in a decline in stem cell function and aging. Restoring the
balance could help treat these diseases. Because cancer cells hijack the protective capability of
NRF2 to promote drug resistance and proliferation, specific NRF2 inhibitors would be
desirable for the treatment of cancers that have constitutively active NRF2. In contrast, for those
diseases caused by NRF2 loss of function or a defect in one of the NRF2-regulated pathways,
reactivating an alternative pathway that could also contribute to ROS detoxification might be
a way to resolve the problem. Intensive studies are still required to unravel the crosstalk
between different NRF2-regulated metabolic pathways and diseases and enable the develop-
ment of a better strategy for combating human diseases.
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Abstract

Cells have defense systems to deal with chemical insults from the environment. Some
examples are chemical scavengers like glutathione and enzymes such as superoxide
dismutase that inactivate radicals and other reactive chemicals in the cytoplasm. It is
perhaps surprising that these protective systems are not maximally expressed in an
unstressed cell. Rather, the ability to inactivate toxic chemicals is tightly regulated and
only  induced  when  needed.  As  a  consequence,  unstressed  cells  are  usually  very
sensitive to radicals, but become more resistant as the cellular defense system has been
appropriately upregulated after a few hours. The transcription factor Nrf2 is known to
be a master regulator of many cytoprotective enzymes and proteins. Chemical inducers
of Nrf2 inactivate its repressor, Keap1, when they react with critical cysteine residues
in Keap1. The release of Nrf2 from Keap1 results in enhanced expression of genes
involved in detoxification. This generates a feedback loop where Nrf2 induces protective
enzymes capable of inactivating the chemical that reacted with Keap1. An unproven,
but likely, scenario is that Nrf2 transcriptional response can vary depending on the
nature of the chemical insult. The aim of this chapter is to examine the mechanisms by
which the cell can sense different reactive chemicals and modulate protective responses.
It is likely that this knowledge is of vital importance in the development of clinical Nrf2
activators in preventive medicine.

Keywords: Keap1, Nrf2, cysteine residues, transcriptional response, Nrf2 activator

1. Introduction

Cells in our bodies are constantly challenged by reactive substances such as radicals, in part
due to the high oxygen content in the surrounding. To prevent unwanted chemical reactions,
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cells have evolved sophisticated defense mechanisms. These systems allow cellular adaptation
to toxins in our environment by regulating the expression of an elaborate network of cyto‐
protective proteins and chemical scavengers.

To a large extent, this cytoprotective system is regulated by the transcription factor nuclear E2‐
factor‐related factor 2 (Nrf2) and its primary suppressor kelch‐like ECH‐associated protein 1
(Keap1). Under basal conditions, Keap1 decreases the Nrf2 protein levels through ubiquitina‐
tion and proteasomal degradation [1, 2]. Upon activation, Nrf2 escapes Keap1 repression and
Nrf2 protein levels get stabilized and translocate to the nucleus. In the nucleus, Nrf2‐Maf
heterodimer binds to the antioxidant response element (ARE) in the regulatory region of target
genes and promotes transcription [3]. A wide array of genes including antioxidant proteins
and detoxifying enzymes, transporter and metabolic enzymes, enzymes for glutathione
biosynthesis, proteases, and chaperone are transcriptionally activated by Nrf2 [4]. It is likely
that the cellular response to a chemical challenge will be different if the toxic substance is an
oxidative or a reductive toxin.

An example of this diversification in response can be found in the bacteria Escherichia coli where
the redox system is mainly regulated by transcription factors OxyR and SoxRS. The cysteine
residues of OxyR sense elevated levels of hydrogen peroxide [5], whereas SoxRS iron‐sulfur
(2Fe‐2S) clusters act as sensors of superoxide. When activated in this way, OxyR and SoxRS
become active transcription factors that induce distinct but partially overlapping set of
cytoprotective genes adapting the cell to deal with hydrogen peroxide or superoxide.

In a similar way, it is thought that our cells diversify the redox response depending on the
nature of the chemical insult. As mentioned above, electrophiles and oxidants react with
cysteine residues in Keap1 which blocks Nrf2 proteasomal degradation and thus mediates
transcriptional activation of many genes [6]. However, little is known about how the Nrf2
system can differentiate the transcriptional response. Here, we review the most recent
literature on how Nrf2 cross talks with multiple signaling pathways and evokes different
signaling response including inflammation, metabolism, apoptosis, proliferation, and
differentiation. This knowledge is likely of great importance when Nrf2‐activating drugs are
developed to boost our radical defense systems.

2. Redox regulation in bacteria

The bacterial redox system in E. coli is coordinately regulated by two transcription factors—
SoxRS and OxyR. SoxRS is activated in response to stress induced by superoxide anion and
OxyR responds to stress caused by hydrogen peroxide.

2.1. OxyR‐hydrogen peroxide sensor

The transcription factor OxyR belongs to LysR family of transcriptional activators. In response
to hydrogen peroxide stress, two cysteine residues, Cys‐199 and Cys‐208 oxidize leading to
the formation of intramolecular disulfide bond [7]. Oxidized OxyR promotes transcription of
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genes including katG (a hydrogen peroxidase I), ahpCF (an alkylhydroperoxide reductase),
oxyS (a regulatory RNA involved in DNA repair), gorA (a glutathione reductase), and gluta‐
redoxin 1 (grxA). Enzymatic reduction of the disulfide bond switches off the OxyR function
and the OxyR transcription factor therefore functions as an “on/off switch” with disulfide bond
formation in response to oxidative stress [8–10]. Studies suggest that Cys‐199 thiol activates
OxyR through several redox‐related modifications including S‐OH, S‐nitrosylation, and S‐
glutathione and the resulting OxyR differs in structure, properties, and genes activated [5].

2.2. SoxRS‐superoxide sensor

The superoxide response system in E. coli regulates transcription of targets involved in
detoxification (superoxide dismutase), DNA repair (endonuclease IV), and glucose‐6‐phos‐
phate dehydrogenase. The iron‐sulfur (2Fe‐2S) clusters of the SoxR act as sensors of superoxide
and undergo one‐electron oxidation/reduction and induce the transcriptional activity of SoxR
[11]. SoxR protein binds DNA to activate the expression of SoxS which in turn activates cell
protection genes in response to superoxide and nitric oxide [12]. Site‐specific mutation studies
have shown that four conserved cysteine residues at the C‐terminal domain of the SoxR
polypeptide act as the ligands for the [2Fe‐2S] clusters which has crucial role in transcriptional
activity of SoxR [13].

2.3. OxyR‐SoxR interaction

Both OxyR and SoxR proteins exist in oxidized and reduced forms but only the oxidized form
of these proteins induces the expression of antioxidant defense system. Although the SoxR and
SoxS proteins are mainly involved in response to superoxide, several studies have reported
that SoxRS regulon may be activated by hydrogen peroxide indicating the overlapping
between the specific response systems. SoxR protein senses the increased levels of hydrogen
peroxide and activates the SoxRS system [14–16].

3. Keap1‐mediated Nrf2 regulation

The critical importance of Keap1 as a negative regulator of Nrf2 is supported by the observation
that the deletion of Keap1 gene in mice causes constitutive activation of Nrf2. Keap1‐/‐ knockout
mice died shortly after birth due to hyperkeratosis in the upper digestive tract but the
phenotype conditions were reversed when both Nrf2 and Keap1 were disrupted [17, 18]. The
cysteine‐rich protein Keap1 regulates active degradation of Nrf2 under basal conditions by
functioning as an adaptor to cullin3 (Cul3)‐ringbox1 (Rbx1) containing E3 ubiquitin ligase
complex (Figure 1) [19]. The Neh2 domain of Nrf2 binds to Kelch domain of Keap1 through
the “hinge‐and‐latch” mechanism [20]. Under basal conditions, Nrf2 ETGE motif acts as a
hinge and forms an “open” conformation by binding to Kelch subunit of Keap1 and the DLG
motif which acts as the latch binds to Keap1 subunit to form the “closed” conformation and
targets Nrf2 for proteasomal degradation. Cysteine residues of Keap1 sense reactive oxygen
species (ROS) or electrophiles in the cellular environment causing conformation changes in
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Keap1. The modified Keap1 can disrupt its interaction with the low‐affinity DLG motif,
whereas the high‐affinity ETGE motif remains associated with Keap1. As the DLG motif fails
to bind to Keap1, it affects the orientation of lysine residues within the Neh2 domain of Nrf2
preventing its ubiquitination and degradation [21]. After redox homeostasis is restored, Keap1
moves into the nucleus and controls nuclear export of Nrf2 for subsequent proteasomal
degradation in the cytoplasm (Figure 1) [22].

Figure 1. Keap1‐mediated Nrf2 regulatory pathway. Under basal conditions, Nrf2 is bound to Keap1 and undergoes
rapid degradation. Upon induction, cysteine residues in Keap1 are modified, the E3 ubiquitin ligase activity is sup‐
pressed, and Nrf2 levels increase. Activated Nrf2 enters the nucleus and dimerizes with Maf to promote transcription
of ARE‐dependent genes. Finally, Nrf2 is transported out of the nucleus by Keap1 for subsequent proteasomal degra‐
dation.

3.1. Distinct Keap1 cysteine modifications

Various synthetic and plant‐derived phytochemicals including isothiocyanates, Michael
acceptors, and coumarins are shown to activate Nrf2 system [23]. Many of these substances
protect human cells and animals from a diverse array of toxins and radiation [24]. These
structurally diverse Nrf2‐inducing agents share a common property of reacting with sulf‐
hydryl groups and cysteine residues in Keap1 [6, 25]. ROS or electrophilic reaction with specific
cysteine residues causes conformational changes in Keap1 and prevents proteasomal degra‐
dation of Nrf2 [26]. Site‐directed mutagenic studies have identified critical cysteine residues
as important factors involved in Nrf2 regulation. Mutation in Cys273 or Cys288, located at
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intervening region of Keap1, blocked the Keap1‐dependent ubiquitination and degradation of
Nrf2 under basal conditions. Mutation in Cys151 at the BTB domain of Keap1 blocked Nrf2
release from Keap1 in response to sulforaphane and maintained Keap1 repression of Nrf2.
Cys273 or Cys288 is required for Keap1 repression of Nrf2 under basal conditions and Cys151
is important for Nrf2 activation in response to electrophilic stress [27–29].

A “cysteine code” has been proposed for the Keap1‐dependent Nrf2 regulation as cysteine
modifications play crucial role in mediating Nrf2 activation [30]. Studies suggest that Nrf2‐
inducing agents such as diethylmaleate (DEM), dimethylfumarate (DMF), and sulforaphane
prefer Cys151 residue for Nrf2 induction, whereas 2‐cyano‐3, 12 dioxooleana‐1, 9d iene‐28‐
imidazolide (CDDO‐Im) and heavy metals such as cadmium chloride (CdCl2) and arsenic
activate Nrf2 in a Cys151‐independent manner. Another well‐known Nrf2 inducer, tert‐butyl
hydroquinone (tBHQ), gets oxidized to the electrophilic metabolite tert‐butyl benzoquinone
and modifies the Cys151 cysteine residues [31, 32]. The differential reactivity of cysteines in
Keap1, “the cysteine code,” does not, however, explain how this translates into differential
toxin‐dependent activation of genes by Nrf2.

4. Nrf2 network

Recent advances have revealed that Nrf2 cross talks with different signaling pathways and
influences the transcriptional response. Beyond cellular response against oxidative stress, Nrf2
is reported to be involved in inflammation, metabolism, apoptosis, proliferation, and differ‐
entiation.

4.1. Cross talk between Nrf2 and NF‐κB pathway

Nuclear factor‐κB (NF‐κB) was first identified in David Baltimore's laboratory around 30 years
ago as a transcription factor that activated the kB immunoglobulin promoter in B‐cells [33].
Since then, NF‐κB has been implemented in a diverse array of conditions mostly linked to acute
and chronic inflammation.

NF‐κB is normally sequestered in the cytoplasm by its negative regulator IkB‐alpha;. Upon T‐
cell or B‐cell receptor activation in response to infection or tumor necrosis factor (TNF)α
receptor stimulation IkBα is phosphorylated by the IkB kinase (IKK) complex. Phosphoryla‐
tion of IkBα is followed by ubiquitination and proteasomal degradation of IkBα and releases
NF‐κB. NF‐κB translocates to the nucleus and activates target genes having the kB elements
in their promoters [34]. It has been proposed that after simultaneous activation, NF‐κB
antagonizes Nrf2‐mediated gene transcription. Conversely, some Nrf2 inducers suppress NF‐
κB signaling. Therefore, it seems that the inflammatory induction of NF‐κB can be suppressed
by Nrf2 activation and vice versa. It is possible that the inflammatory response that generates
radicals to defeat bacteria must downregulate the radical scavenger function of the Nrf2 to
function optimally [35] (Figure 2). Similarly, the radicals produced by the inflammatory
response could activate the Nrf2 system in neighboring normal cells.
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Therefore, the anti‐inflammatory effects of Nrf2 can be due, in part, to its ability to act as a
feedback regulator of NF‐κB and the absence of Nrf2 can create a situation where NF‐κB lacks
a controller to turn off the inflammatory signal, resulting in chronic inflammatory conditions
such as observed in arteries damaged by ionizing radiation [36]. For example, Nrf2 knockout
mice are more susceptible to lipopolysaccharide (LPS)‐induced neuroinflammation. Activa‐
tion of the Nrf2 pathway in normal cells with sulforaphane decreased the production of
inflammatory markers [37]. The Nrf2 target gene hemeoxygenase‐1 (HO‐1) inhibits NF‐κB‐
mediated transcription of cellular adhesion molecules and could thereby block accumulation
of inflammatory cells [38]. In addition, Keap1 downregulates NF‐κB by promoting proteaso‐
mal degradation of its activator IKKβ [39].

Similarly, there are several examples of how NF‐κB downregulates the Nrf2 response. Keap1
interacts with NF‐κB, and thereby represses the Nrf2 transcriptional activity [40]. NF‐κB blocks
Nrf2 transcriptional activation of target genes [41]. This may result in increased oxidative stress
which in turn further activates NF‐κB [42]. In addition, NF‐κB can also promote HDAC3
association with MafK and thus compete with Nrf2 heterodimer formation and transcription
of Nrf2‐dependent genes [43].

There are also examples where NF‐κB promoting activation of Nrf2 and Nrf2‐regulated genes.
Functional NF‐κB‐binding sites have been found in the promoter of the NRF2 gene resulting
in overexpression of Nrf2 in acute myeloid leukemia cells [44]. In another study, the activation
of small GTPase protein RAC1 (Ras‐related C3 botulinum toxin substrate 1) induced the
expression of Nrf2 target gene HO‐1 and caused the inhibition of NF‐κB function [45].

Figure 2. Different factors involved in the functional network between Nrf2 and NF‐κB network.
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Several other proteins are known to interact with both pathways during the signaling process.
One example is p62 protein which accumulates due to autophagy deficiency, and activates
Nrf2 through direct interaction with Keap1. P62 sequesters Keap1 into aggregates and inhibits
Keap1‐mediated ubiquitylation and degradation of Nrf2. This resulted in increased Nrf2
stabilization and activation of target genes [46, 47]. Similarly, p62 protein oligomerizes and
promotes nerve growth factor (NGF)‐mediated NF‐κB signaling [48].

Another protein that interacts with both Nrf2 and NF‐κB pathway is glycogen synthase kinase‐
3β (GSK‐3β), a Ser/Thr kinase involved in glycogen metabolism and apoptosis. GSK‐3β
phosphorylates the Neh6 domain of Nrf2 and targets subsequent proteasomal degradation by
β‐TrCP (β‐transducing repeat‐containing protein)‐Skp1(S‐phase kinase‐associated protein1)‐
Cul1‐Rbx1 E3 ubiquitin ligase complex [49]. In NF‐κB system, GSK‐3β phosphorylates p65
subunit and increases its DNA‐binding affinity and subsequent transcriptional response [50].
Moreover, β‐TrCP mediates proteasomal degradation of the inhibitory protein, IkBα, and
allows NF‐κB release. Thus, β‐TrCP functions as positive regulator of NF‐κB activity and
negative regulator of Nrf2‐ARE activity (Figure 2).

4.2. Nrf2 and other signaling pathways

Phosphorylation of Nrf2 by several protein kinases can lead to stabilization and activation of
Nrf2. For example, several studies have demonstrated the involvement of P13 kinase/AKT
pathway in regulating Nrf2 nuclear translocation and ARE‐dependent gene expression [51,
52]. P13K phosphorylation of PKB/Akt suppresses proteasomal degradation of Nrf2 by GSK‐
3β [53]. In another study, the biotinylated derivative of the triterpenoid CDDO (2‐cyano‐3,12‐
dioxooleana‐1,9‐dien‐28‐oic acid) activated PI3K‐PKB/Akt signaling through modification of
Cys‐124 in the active site of PTEN, causing inhibition of the lipid phosphatase function of
PTEN [54]. Similarly, increased Nrf2 activity was observed in PTEN‐mutant cells with
increased activation of the PI3K‐Akt signaling which in turn suppressed the GSK‐3β‐mediated
Nrf2 repression [55]. But in Keap1‐deficient cells, the deletion of PTEN increased Nrf2
accumulation to a greater extent and this supports the regulatory role of PTEN‐GSK‐3‐β‐TrCP
signaling [56]. Under conditions of autophagy dysregulation, Nrf2 is activated by p62. In a
recent study, Nrf2 inducer sulforaphane activated p62 through SPBP (stromelysin‐1 platelet‐
derived growth factor‐responsive element‐binding protein), which acts as a coactivator of
Nrf2 [57]. Another Nrf2 activator, arsenic, activates Nrf2 through p62‐mediated Keap1
sequestration and this persistent activation of Nrf2 can be the reason for arsenic‐induced
toxicity [58]. The mitogen‐activated protein kinase (MAPK)‐signaling pathway is activated by
Nrf2 inducers like tBHQ and sulforaphane [59, 60]. P38, a member of MAPK family, has been
shown to influence Nrf2 activation both in positive and negative manner and this suggests the
complex nature of Nrf2 regulation by MAPK [60]. During endoplasmic reticulum stress,
protein kinase PERK activates Nrf2 and provides cell survival benefits. PERK‐induced
phosphorylation of Nrf2 allows its release from Keap1 and translocation into the nucleus for
subsequent gene transcription [61].

Another signaling pathway involving protein kinase C has been shown to increase Nrf2‐target
gene expression while its inhibition caused significant decrease in tBHQ‐induced Nrf2 nuclear
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translocation [62]. PKC phosphorylates serine 40 of Nrf2 resulting in the Nrf2 release from
Keap1 for subsequent gene expressions and mutation of specific residue reduced the gene
expression level by 50% indicating that PKC functions along with Keap1 [63, 64].

5. Differential Nrf2 response

Based on the evidences, different inducers target specific or combination of different cysteine
residues to activate Nrf2, suggesting the function of “cysteine codes” which converts the
preferential target cysteine modifications into distinct biological effects. Understanding the
cysteine code for each Nrf2‐activating compound will help to increase the biological effects of
different inducers. However, Nrf2 activation could not be solely responsible for the diverse
biological effects caused by Nrf2 inducers. Most of the Nrf2‐inducing agents have the inherent
ability to react with cysteine residues and there is a possibility of interaction with other cellular
proteins and thereby generating distinct cellular response. For example, a proteomics study
of sulforaphane‐derived sulfoxythiocarbamate analogs has identified different protein targets
other than Keap1 [65]. Many Nrf2 inducers are well known for the prevention and treatment
of several human disorders and some of them have been clinically investigated. For example,
the methyl ester derivative of CDDO triterpenoid is a potent Nrf2 inducer and as low nano‐
molar concentrations of CDDO‐Me (bardoxolone methyl) stimulate Nrf2‐dependent gene
expressions. The phase II clinical trials for the treatment of chronic kidney disease (BEAM
study) in patient with Type 2 diabetes indicated that CDDO‐Me could improve kidney
function. However, the phase III trial (BEACON study) was terminated due to serious side
effects and mortality observed in treated group [66]. However, the exact mechanism behind
the adverse effects are not clear, the long‐term drug exposure as well as administration of fixed
dose of drug not adjusted for kidney function might have influenced the response. Nrf2 is
overexpressed in many types of cancers and several oncogenes are reported to evoke Nrf2
expression in cancer cells [67]. As Nrf2 plays a key role in cytoprotection, cancer cells benefit
the protective effect of Nrf2 to create a favorable microenvironment for tumor growth and
drug resistance. Studies found that two different antioxidants, N‐acetylcysteine (NAC) or
vitamin E supplementation in mice with lung tumors substantially increased the number, size,
and stage of the tumors. NAC and vitamin E reduced the ROS levels, DNA damage, and
expression of p53 tumor‐suppressor gene [68]. Similarly, NAC and vitamin E supplementation
increased metastasis in mice with malignant melanoma [69]. Consistent results were observed
in another independent study where NAC administration increased metastasis of melanoma
in mice [70]. It is notable that ROS plays both negative and positive roles in cellular signaling.
In normal conditions, low levels of ROS may function as messengers in cell signaling, while
excess ROS levels have adverse effect on cellular macromolecules and lead to cell death.
Antioxidant agents protect cells against ROS by increasing the antioxidant potential through
Nrf2 activation. However, suppressing normal physiological ROS may affect the cell commu‐
nication and signal transduction. For example, exercise generates ROS but promotes health
benefits, especially in increasing insulin sensitivity. Transient production of ROS during
exercise induced signaling systems that activated molecular targets for insulin sensitivity;
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however, antioxidant supplementation blocked the molecular signaling for cellular defense
and insulin sensitivity mediated by exercise‐induced ROS formation and thereby abrogates
the health‐promoting effects of exercise [71].

Several complex transcriptional and posttranslational networks are involved in mediating Nrf2
activation and thereby enabling diverse functional response. Moreover, networking with other
signaling pathways expands the function of Nrf2 as a potent regulator of differential biological
processes such as cell proliferation, apoptosis, angiogenesis, and metastasis. The cross‐talks
between different transcription factors may influence the outcome of therapeutic interventions.
Understanding the molecular mechanisms involved in regulating Nrf2 can therefore provide
insights that may benefit novel therapeutic manipulation of this pathway.
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Abstract

Being the central regulator of oxidative status of the cell, NRF2 must be regulated so
that  its  activity  can  be  rapidly  and  strongly  induced  when  needed  and  quickly
suppressed  when  not.  Moreover,  for  the  cell,  NRF2  means  much  more  than  just
antioxidant defense. Numerous general functions rely on NRF2 and related factors. All
this implies that the NRF2 pathway has peculiar and powerful mechanisms of control
of its activity. To a great extent, these mechanisms are based on feed-forward and feed-
back circuits. These circuits, more than a dozen, are in the focus of this chapter.

Keywords: feed-back regulation, feed-forward regulation, SQSTM1, SESN2, thiore-
doxin, NF-kappaB, GSTP1, NAPDH oxidase, NRF1, NFE2L1, NRF3, NFE2L3, BACH1,
26S proteasome, MIR-144, mitochondrial biogenesis, truncated NRF2, NRF2, NFE2L2,
AP-1

1. Introduction

According to the study by Malhotra et al. [1], Nrf2 controls 1055 protein-coding genes in mice.
Although no similar study has ever been performed in humans and given that most routinely
studied Nrf2 targets are the same in humans and mice, it is a reasonable assumption that
roughly the same number of  protein-coding genes is  regulated by NRF2 in our species,
accounting for astonishing ~5% of all our protein-coding genes. This raises a question: how
does NRF2, being a well-known stand-by inducible transcription factor curbed in cytoplasm
by KEAP1, fit into cellular context with so many target genes? Among those numerous genes,
only a portion codes for immediate antioxidants and detoxifying enzymes. It is the more
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intriguing since central proteasomal [2], autophagic [3], general signaling [4, 5], and, moreover,
cell proliferation, cell cycle and survival regulation factors [1] are in fact NRF2 targets.

Although 645 of the 1055 Nrf2 target genes were found to have basal type of expression
regulation by this factor [1], Nrf2 is still required to be present in the nucleus in significant
amounts to drive their expression. Notably, most of these genes are not at all related to
antioxidant and xenobiotic defense systems, i.e., they are essential for proliferation and basic
functioning of the cell. Thus, basal expression driven by NRF2 is important for the cell, but to
what extent? One should bear in mind that NRF2 knockouts are nonlethal and generally
appear normal in stable laboratory conditions [6], yet they are susceptible to numerous
diseases [7–9], especially when the housing conditions are suboptimal [6, 10–12]. This confirms
that basal NRF2 functioning, although not vital, is critical for the cell and organism even when
no pro-oxidant or xenobiotic exposure is present.

It implies that some cellular mechanisms serve to provide the cell with at least minimal
necessary NRF2 activity. On the other hand, it is inherently important for an inducible
antioxidant and xenobiotic defense pathway to act as quickly as possible, thus signal amplifi-
cation is required whenever the initial stimulus is applied. These two distinct prerequisites for
normal cell functioning in ever-changing environment appear to be resolved in principle
similarly: there are feed-forward circuits that maintain steady-state level of the NRF2 activity
and make signal amplification possible when fast cellular reactions are required.

Conversely, too much NRF2 activity is no better than its absence: Keap1-null mice demonstrate
postnatal lethality [13, 14], an effect coinciding with nuclear Nrf2 localization [14] and reversed
by Nrf2 downregulation [13]. In this case, several feed-back circuits protect the cell and
organism from obsessive NRF2 activation.

Most of the feed-forward and feed-back circuits of the NRF2 pathway also involve the closely
related transcription factor activator protein 1 (AP-1) represented by homodimers of Jun
proteins (JUN, JUNB, JUND) or heterodimers of Fos (FOS, FOSB, FOSL1, FOSL2) and Jun
proteins. There are also other dimers of Jun/Fos proteins—e.g. with Atf-proteins [15–17]—still
referred to as AP-1 complexes (although either Jun or Fos proteins are absent), and oligomers
of Jun/Fos proteins with other proteins. NRF2, in line with NRF1, NRF3 and AP-1 proteins
(including Atf proteins) are all basic leucine zipper (bZip) transcription factors of similar
structure [18–20]. Functional roles and regulation of Nrf- and AP-1-proteins also significantly
overlap [21–24], and, what is even more, these two groups of proteins regulate each other at
several levels, including transcription control. It should be especially noted that NRF2 binding
site ARE and AP-1 binding site TRE often overlap with AP-1 being embedded into ARE [25,
26]. Having such tight relations, NRF2 and AP-1 obviously form a composite NRF2/AP-1 (or
NFE2L2/AP-1) pathway, with both factors contributing much to their own functioning via
shared feed-forward and feed-back circuits.

All feed-forward and feed-back circuits are represented, but not outlined or highlighted, in
oxidative status interactome map (OSIM) created in our laboratory [26]. This chapter, in
contrast, emphasizes on functioning of these circuits and their peculiarities.
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2. Feed-forward circuits

2.1. The SESN2/SQSTM1 circuit

In 2010, Copple et al., and in 2011, Bui and Shin independently demonstrated that the auto-
phagosomal adaptor protein SQSTM1 (also known as p62) is capable of activating the NRF2
pathway without oxidative modification of KEAP1 protein [27, 28]. This route of the NRF2
pathway activation is one of many known for today. And by the time of this important
discovery, it had already been known that SQSTM1 itself is a target gene of NRF2 [29]. Thus,
SQSTM1 was found to form a feed-forward circuit capable of noncanonical activation of NRF2.
The mode of action of this factor is in line with its primary function—it merely targets KEAP1
for autophagosomal degradation, and this process takes place in the cytoplasmic complex of
KEAP1 and NRF2 [27, 28]. Copple et al., of immediate relevance to this chapter, also showed
that Sqstm1-dependent activation of Nrf2 is responsible for ~50% of basal expression of
classical Nrf2/Ap-1 targets Nqo1, Gclc and classical Nrf2 target Hmox1 [27].

Later on, Bae et al. [30] revealed that, in mice, Sqstm1 actually promotes Keap1 degradation
when Sesn2 is available. A year before, Shin et al. found that Sesn2/SESN2 is also an Nrf2/NRF2
target (Figure 1) [31].

Figure 1. The SESN2/SQSTM1 circuit. Dashed line marks putative interaction.

To our knowledge, to date, there are no direct evidences that the same SESN2/SQSTM1 sys-
tem is required for KEAP1 degradation. However, considering evolutionary significance of
autophagy and, consequently, SQSTM1, it is highly possible that this holds true for humans
as it does for mice. It is also known that SESN2 works together with SQSTM1 in mitophagy,
an instance of autophagy [32]. As such, we ourselves have recently tested this hypothesis in
our laboratory using the RNA interference approach. We found that in basal conditions
SESN2 knockdown caused significant changes in expression of GCLC, HMOX1 and
SQSTM1 (all NRF2 targets tested in the study) [33]. Indirect observations emanating from
this study also suggest that actually BACH1 expression is also affected, and BACH1 forms a
peculiar feed-back circuit which will be discussed below. In the same study, in pro-oxidant
exposure conditions (modeled by culturing HeLa cells in medium containing 400 μM hy-
drogen peroxide for 24 h after the substance injection; 400 μM hydrogen peroxide was
found to be sublethal for HeLa cells in our previous study [34]), on the contrary, SESN2
knockdown caused less pronounced effect on expression of the same set of genes—only
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HMOX1 and SQSTM1 had significant changes in expression [33]. To the moment of prepa-
ration of this chapter, these data are in publication progress.

All together, the existing data clearly show that SESN2/SQSTM1 feed-forward circuit supports
basal expression of NRF2/AP-1 targets and to some extent fortifies inducible reaction of this
pathway.

2.2. The TXN feed-forward circuit

Thioredoxin 1, TXN, has long been known as a critical factor of activation of AP-1 transcription
factor [35–37]. This TXN role has an intermediate factor—a DNA repair enzyme and a
transcription factor DNA-binding promoter APEX1 [35, 36]. Interestingly, this protein is itself
activated by some stimuli that are within primary focus of the NRF2/AP-1 pathway, including
pro-oxidants and ionizing radiation [38], but excluding UV radiation [38], as is TXN nuclear
import [39, 40].

Figure 2. The TXN feed-forward circuit. Dashed line marks putative interaction.

Years later, Iwasaki et al. found that APEX1 actually facilitates DNA binding to expression of
target genes of NRF2 [23] in addition to those of AP-1, NF-kappaB and HIF1A [41]. The same
was also confirmed by Shan et al. [42]. As APEX1 reduction by TXN is obligate to its function
[37], TXN is a player in NRF2-driven expression, at least in some instances. In this sense, it
should be mentioned that the fact that TXN forces NRF2 binding to DNA may be due to direct
heterodimerization of Juns (e.g., JUND) with NRF2 [23, 43, 44], as it exactly is in case of
FTH1, which was the gene of interest in the study by Iwasaki et al. This raises the possibility
that at least in some cases TXN stimulates NRF2 binding to DNA when AP-1 partners are
present. Nevertheless, TXN stimulates the NRF2/AP-1 pathway activation.

At the same time, it has already been known for a long time that TXN expression is driven by
antioxidant responsive element [45, 46], and Kim et al. directly showed that thioredoxin forces
its own expression [22].

A Master Regulator of Oxidative Stress - The Transcription Factor Nrf268



HMOX1 and SQSTM1 had significant changes in expression [33]. To the moment of prepa-
ration of this chapter, these data are in publication progress.

All together, the existing data clearly show that SESN2/SQSTM1 feed-forward circuit supports
basal expression of NRF2/AP-1 targets and to some extent fortifies inducible reaction of this
pathway.

2.2. The TXN feed-forward circuit

Thioredoxin 1, TXN, has long been known as a critical factor of activation of AP-1 transcription
factor [35–37]. This TXN role has an intermediate factor—a DNA repair enzyme and a
transcription factor DNA-binding promoter APEX1 [35, 36]. Interestingly, this protein is itself
activated by some stimuli that are within primary focus of the NRF2/AP-1 pathway, including
pro-oxidants and ionizing radiation [38], but excluding UV radiation [38], as is TXN nuclear
import [39, 40].

Figure 2. The TXN feed-forward circuit. Dashed line marks putative interaction.

Years later, Iwasaki et al. found that APEX1 actually facilitates DNA binding to expression of
target genes of NRF2 [23] in addition to those of AP-1, NF-kappaB and HIF1A [41]. The same
was also confirmed by Shan et al. [42]. As APEX1 reduction by TXN is obligate to its function
[37], TXN is a player in NRF2-driven expression, at least in some instances. In this sense, it
should be mentioned that the fact that TXN forces NRF2 binding to DNA may be due to direct
heterodimerization of Juns (e.g., JUND) with NRF2 [23, 43, 44], as it exactly is in case of
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TXN functioning as a transcription factor DNA-binding stimulator is conferred by its partici-
pation in disulfide-dithiol exchange reactions with APEX1. Once APEX1 has reduced itself in
expense of reduced TXN, TXN has to be reduced. There are two major reductases of TXN:
TXNRD1 [47] and TXNRD3 [48]. TXNRD1 is in fact an NRF2 target itself [49]. This makes the
TXN feed-forward circuit self-sufficient (Figure 2). We found no evidences that TXNRD3 is an
NRF2 target in human, although this is still plausible since this gene/protein is merely poorly
studied.

Thioredoxin feed-forward circuit is notable in one more sense: as TRE is often embedded in
ARE, one should always consider that an ARE-containing gene may in fact be regulated by
AP-1 binding to embedded TRE. This is exactly the case of thioredoxin 1: in their work, Kim
et al. found that Jun and Fos overexpression decreased TXN expression in K562 cells [22]. In
our work, we have also observed negative interactions between AP-1 and NRF2 working on
the same ARE (with embedded TRE) [34], and this mechanism appears to be cell-context
dependent, since NRF2 and AP-1 can have both positive and negative effects on the same genes
in different cells. This will be discussed in detail in the next section.

Interestingly, TXN feed-forward circuit appears to involve a mechanism of adjustment, which
is based on differential control of TXN transcripts. Among NRF2 targets, BACH1 was the first
to be described as having individual control of transcripts [50]. Later, we tested whether TXN
transcript variants are differentially expressed when the NRF2 pathway gets activated, and so
it was [51, 52]. This renders the TXN feed-forward circuit easily adjustable by the cell since
only one of the transcripts is NRF2/AP-1 dependent.

The existence of this feed-forward circuit was proven experimentally. However, there are at
least two more circuits in the NRF2/AP-1 pathway involving TXN, NRF2 and AP-1. One of
them is a mixed feed-forward/feed-back circuit depending on cellular context (discussed in
next section), whereas another is a feed-back circuit (discussed below with other feed-back
circuits).

2.3. The AP-1/TXN/NRF2 bidirectional circuit

As TXN is an NRF2 target, and TXN is required for AP-1 activation, it forms one more complex
circuit. This circuit cannot be considered as either purely feed forward or feed-back. In a set
of studies, it was shown that JUN, being a part of AP-1, controls expression of NRF2 [34, 53,
54]. The complexity is that JUN can both activate and suppress the NRF2 expression depending
on the cells analyzed: DeNicola et al. [53] demonstrated that, in murine MEF K-RasG12D cells,
Jun transactivates Nrf2, whereas Cho et al. [54] and our laboratory [34] showed that JUN has
negative influence on NRF2 expression.

Thus, in the cells that are featured by JUN activating NRF2, JUN stimulates expression of
NRF2, the latter activates expression of TXN, which, in turn, induces JUN DNA binding. In
this case, this circuit acts as feed-forward for both NRF2 and AP-1 (Figure 3A).

In contrast, in cells whose JUN suppresses NRF2, less TXN is expressed and that is less
favorable for AP-1 DNA binding, thus releasing suppression from NRF2 expression. Conse-
quently, in this case, the circuit acts as feed-back for AP-1, whereas feed-forward, to some
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extent, for NRF2 (Figure 3B). It appears that this system favors NRF2 functioning in basal
conditions, but acts to suppress it once NRF2 is activated. We ourselves observed the latter
situation [34] but have not yet tested the former.

Figure 3. The AP-1/TXN/NRF2 bidirectional circuit. Dashed line marks putative interaction. (A) depicts the situation
when cell signaling background determines the system of interaction between NRF2 and AP-1 to act as a feed-forward
circuit. On the other hand, (B) illustrates how these interactions form a feed-back circuit in other cell types or cellular
conditions.

How is this possible that this circuit differs this much in various cells? The simplest explanation
we would suggest is, different cell lines express different amounts of Fos proteins—FOS, FOSB,
FOSL1, FOSL2, as well as other Jun proteins—JUNB, JUND [22, 35, 55]. All these proteins
significantly differ in their effects on JUN. Moreover, how all Juns perform depends on the
presence of JUN dimerizing protein JDP2 capable of deactivating Juns by dimerizing them and
by epigenetically silencing the JUN gene [56]. Thus, immediate protein partners of JUN and
its powerful regulator JDP2 seem to determine whether JUN will activate or suppress the NRF2
expression in a given cell line. However, this is to be tested in upcoming studies.

2.4. The GSTP1 feed-forward circuit

One of the well-known NRF2 targets, GSTP1 [57, 58], has recently been found to form a novel
feed-forward circuit of the NRF2/AP-1 pathway. Carvalho et al. have just recently revealed
that, in mice, Gstp1 is capable of S-glutathionylation of Keap1 disrupting the interactions
between Keap1 and Nrf2 (Figure 4) [59].

Although this has not been observed in humans to date, it is plausible that the same circuit is
also characteristic of the human cell. It is also tempting to suggest that other glutathione-S-
transferases may have the same function. At least GSTA1 [60] and GSTA4 [61] expression is,
meanwhile, subject to NRF2 regulation.
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Figure 4. The GSTP1 feed-forward circuit. GS-S-Keap1—S-glutathionylated Keap1.

Of importance, GSTP1 is activated by both AP-1 and NRF2. Thus, whenever AP-1 is activated,
NRF2 is released of KEAP1. This may be a mechanism of protective coupling of cellular events
because AP-1 has much more profound effects on the cellular physiology than NRF2 does.

2.5. The NOX4 feed-forward circuit

Among peculiar NRF2 targets is NOX4 [62, 63]. This protein is a part of one of NADPH oxidase
multiprotein complexes. The inherent NOX4 function is production of superoxide anion,
similarly to other Noxes. Two features of this enzyme with respect to other enzymes of the
family are that (1) NOX4 is strongly expressed in kidney where it is suggested to serve as an
oxygen sensor for controlling the erythropoietin production [64, 65], and (2) NOX4 is localized
to endoplasmic reticulum [66] and nucleus [65] in addition to cell membrane.

Barring NOX5 [67], Noxes require partners for functioning. In case of NOX4, the obligate
partner is only one—the CYBA protein (widely known as p22phox) [68]. Thus, the NOX4 feed-
forward circuit would require CYBA for functioning, and CYBA is not an NRF2 target.

However, CYBA is in fact an NF-kappaB and AP-1 target [69]. Thus, the composite NRF2/AP-1
pathway controls both enzymes necessary for the NOX4 feed-forward circuit (Figure 5).

Figure 5. The NOX4 feed-forward circuit.

Additionally, NF-kappaB is activated by pro-oxidants [40, 70–72], and DNA binding of both
AP-1 and NF-kappaB is stimulated by TXN [40, 70–73].
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3. Feed-back circuits

As seen from data above, the cellular feed-forward circuits of the NRF2/AP-1 pathway are
numerous and versatile providing the cell with required steady-state levels of the proteins,
and signal amplification upon induction of the pathway. However, as already mentioned,
hyperactive NRF2 and AP-1 are a death threat to the organism. If NRF2 causes disturbances
of tissues functioning, AP-1 is a pro-oncogenic transcription factor (JUN and FOS proteins are
also, and in some areas—ordinarily, known as c-jun and c-fos proto-oncogenes) [74, 75]. In
addition to that, NRF2 controls autophagy through SQSTM1, and also transactivates several
ABC-transporters, including ABCB1 (MDR1), ABCG2 (BCRP), ABCC2 (MRP2) and ABCC3
(MRP3) [76]—these are all major factors of carcinogenesis and cancer progression. Please note
that although autophagy suppresses malignization, once tumor turns malignant, autophagy
becomes a cancer-promoting metabolic and drug resistance-conferring trait [77].

Thus, NRF2 and AP-1 activity should be tightly controlled once activated. Several feed-back
circuits allow for that. Two of them involve factors participating in feed-forward circuits. These
circuits are the first to be discussed.

3.1. The TXN feed-back circuit

TXN localizes to cytoplasm and migrates to nucleus upon stimulation. However, the cyto-
plasmic pool of thioredoxin 1 provides the cell with antioxidant capacity. Thus, cytoplasmic
TXN inhibits pro-oxidants-induced NF-kappaB and NRF2 nuclear import [72].

Consequently, as soon as the NRF2/AP-1 pathway activation produces substantial amounts of
thioredoxin 1, TXN stabilizes KEAP1 and promotes NRF2 sequestration and degradation
(Figure 6). This works wherever KEAP1 and TXN appear, as will be discussed later.

Figure 6. The TXN feed-back circuit. Dotted line marks an indirect effect.

3.2. The NRF3/NOX4 feed-back circuit

One of the least studied, if not the worst studied, bZip proteins is the third homolog of NRF2
—NRF3. Very little is known about this transcription factor except the fact that it usually
antagonizes NRF1 and NRF2 [22, 78, 79]. Even less is known on stimuli that activate NRF3.
NRF3 knockout is known not to change the phenotype to any notable extent [80].
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One of the least studied, if not the worst studied, bZip proteins is the third homolog of NRF2
—NRF3. Very little is known about this transcription factor except the fact that it usually
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However, Zhang et al. and Pepe et al. revealed that NRF3 is activated by ER stress inducers [81,
82]. Once activated, NRF3, predictably, suppresses ordinary NRF2 target genes [82]. Surpris-
ingly, in contrast to these genes, NOX4 was activated by NRF3 [82]. As NOX4 is an enzyme
localized to endoplasmic reticulum and producing superoxide anion, it is capable of oxidative
modification of inositol 1,4,5-trisphosphate receptors [83]. Once oxidized, these receptors cause
calcium efflux from endoplasmic reticulum to cytosol. This event leads to endoplasmic
reticulum stress [83].

As mentioned above, NOX4, for its functioning, requires an AP-1 target—CYBA. ER stress is
not a leading, if at all, stimulus for AP-1 activation, yet ER stress causes ROS production (during
the protein refolding period), and ROS activation is an acknowledged property of AP-1 [35].
Additionally, NRF3 heterodimerizes with AP-1 proteins FOS and FOSL1 (it was suggested by
Zhang et al. that NRF3 thus suppresses TRE-containing NRF2 targets only [81]) and is
suggested to heterodimerize with Jun proteins (Figure 7) [79, 84].

Figure 7. The NRF3/NOX4 feed-back circuit. Dashed line marks putative interaction.

The fact that NRF3 activates NOX4 also suggests that the NOX4 feed-forward circuit may
equally work for both NRF2 and AP-1.

3.3. The KEAP1 feed-back circuit

KEAP1 is the immediate antagonist of NFR2 as it sequesters it and targets it for proteasomal
degradation. In a complex experiment, Lee et al. demonstrated that murine Keap1 is another
Nrf2 target [85]. Unfortunately, no direct evidences that the same is true for humans are known
to the authors to date of preparation of this chapter. This is an extremely important issue to be
addressed in future studies. Nevertheless, at least in mice, this circuit is active and facilitates
fast Nrf2 pathway shutdown as soon as the oxidative status of the cell is normalized (Figure 8).

Interestingly, KEAP1 can be imported into the nucleus by KPNA6 [46, 60, 86]. In the nucleus,
KEAP1 acts exactly as in the cytoplasm—it binds NFE2L2 and induces its polyubiquitination
thus targeting it for degradation [46, 85].
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It means that GSK3B activity providing NRF2 nuclear export [87–89] is not even required for
KEAP1 to force NRF2 degradation. However, KEAP1 nuclear import is a tightly controlled
process. An example of the chain of events causing KEAP1 nuclear import is presented in the
next section.

Figure 8. The KEAP1 feed-back circuit.

3.4. The NF-kappaB/KEAP1 feed-back circuit

KEAP1 nuclear import stimulation is well described for the case of NF-kappaB activation.
Generally, the NF-kappaB and NRF2 pathways antagonize in several ways: NF-kappaB protein
RELA (p65) promotes HDAC3 interaction with CREBBP or MAFK thus causing local hypoa-
cetylation surrounding ARE [90]; KEAP1 promotes IKK degradation thus suppressing NF-
kappaB release from IKBs [91]; and, in turn, RELA promotes KEAP1 nuclear import [46].

Thus, whenever NF-kappaB is activated, it suppresses NFE2L2 by two mechanisms: by
inducing its nuclear sequestration by KEAP1 and by causing transcription-suppressing
epigenomic modification of the NRF2-dependent loci. In this sense, the NF-kappaB/KEAP1
circuit presented here is feed-back for the NRF2/AP-1 pathway yet feed-forward for the NF-
kappaB pathway, because less KEAP1 causes less IKK degradation consequently promoting
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(CNC) sub-family. Thus, BACH1 and NRF2 act in a very similar manner—by heterodimerizing
with small Maf proteins [86, 92–94]. There is, however, one striking difference between the two
transcription factors: BACH1 acts only on clustered-ARE genes [49, 93], like HMOX1 [93, 95]
and NQO1 [96].

As it was discussed earlier, different NRF2 targets may response distinctly to the pathway
stimulation or release of pathway suppression. This actually may be caused by BACH1. For
example, TXNRD1 is proven to be BACH1-independent [49], while HMOX1 has quadruple
ARE [93] being subject to BACH1-induced suppression, and NQO1 has a double ARE still
being somewhat suppressed by BACH1 [96]. It appears that BACH1 functioning allows the
cell to discriminate between the NRF2 targets. It is achieved by a relatively simple mechanism:
if NRF2 activity is induced by whatever mechanism or stimulus except for pro-oxidant
exposure, BACH1 does not allow NRF2 to act on the clustered-ARE genes. In contrast, when
the cell is exposed to pro-oxidants of whatever nature, BACH1 is fast oxidized [19, 49, 86, 93,
96, 97], rapidly detaches from DNA [93, 94, 98] and readily degrades [93, 97].

At the same time, BACH1 is itself an NRF2 target and an extremely interesting one. The BACH1
locus codes for three transcript variants produced as the result of alternative transcription
initiation. Only BACH1 transcript variant 2 is NRF2-dependent: BACH1 intronic +1411 nt ARE
is functional and promotes transcription of the second intron of the gene [50]. The authors of
this discovery, Jyrkkänen et al., proposed the existence of the BACH1 feed-back circuit along
with their discovery of the functional intronic ARE [50].

The existence of the BACH1 feed-back circuit predisposes different expression dynamics of
NRF2 targets depending on their ARE structure: once the NRF2 pathway normalizes oxidative
status of the cell, newly synthesized BACH1 protein successfully outcompetes NRF2 on the
clustered-ARE loci, while allowing it to act further on non-clustered ARE genes (Figure 10).

Figure 10. The BACH1 feed-back circuit.

In one of our studies, we appeared to observe these events after we released the JUN-imposed
suppression of NRF2 in cells treated with hydrogen peroxide: in contrast non-clustered ARE
genes (FTH1, CBR3, SQSTM1), HMOX1 expression did not rise—probably because BACH1,
being a non-clustered ARE gene, had increased expression in these those settings [34].
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3.6. The 26S proteasome/NRF2 feed-back circuit

Once polyubiquitinated, NRF2 is degraded by 26S proteasome [86]. Proteasome inhibitors
suppress the degradation of NRF2 and stimulate its nuclear import [99].

At the same time, as shown in mice, Nrf2 controls at least eight genes of proteasomal proteins:
Psma1, Psma4, Psmb3, Psmb5, Psmb6, Psmc1, Psmc3 and Psmd14 (Figure 11) [2].

Figure 11. The 26S proteasome/NRF2 feed-back circuit.

To date of preparation of the chapter, no similar results obtained from studies on human cells
have been published. Nevertheless, considering the biological significance of the 26S protea-
some, it is not an unfair assumption that the same genes are probably controlled by NRF2 in
humans.

Notably, even in human cells, AP-1 controls expression of interferon gamma [100], which, in
turn, transactivates PSME1 [101] and PSME2 [102] subunit genes of the 26S proteasome.

Thus, NRF2 pathway activation facilitates NRF2 proteasomal degradation once KEAP1 is re-
enabled to sequester NRF2. At least, this system works in mice, and probably in humans, too,
especially since two Psme genes are under the NRF2/AP-1 pathway control.

3.7. The MIR-144 feed-back circuit

One of numerous NRF2-antagonizing miRNAs, MIR-144, is expressed under control of AP-1
[103]. This miRNA not merely blocks translation of NRF2, but rather degrades the NRF2
mRNA [104, 105].

3.8. The mitochondrial bidirectional circuit

Being regulated by reactive oxygen species and signaling background of the cell, the NRF2/
AP-1 pathway depends on mitochondrial function, including their vast signaling activity [106].
Surprisingly, the NRF2/AP-1 pathway has been found to modulate mitochondrial biogenesis
by two mechanisms. The first one has direct experimental evidences: NRF2 is a transcriptional
regulator of NRF1—nuclear respiratory factor (which is not to be confused with NFE2L1, an
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NRF2 homolog, also known and referred to as NRF1 in this chapter) [107]. NRF1, in turn,
controls a battery of nuclear genes required for mitochondrial biogenesis and function [107].
The second mechanism has not been observed in direct experiments and is related to the fact
that the NRF1 protein is also controlled by estrogen receptors—a distinct family of transcrip-
tion factors [108]. However, it is well-known that estrogen receptors act in an intimate
collaboration with AP-1 proteins [109, 110]. For example, FOS alone is required for expression
of 37% of estrogen receptors target genes [111]. Even though the mitochondrial biogenesis-
related targets of the estrogen receptors may not fall into the AP-1-dependent category, which
is to be addressed in the future, there is another doubtless interaction between the estrogen
receptors and the NRF2/AP-1 pathway. The already discussed NRF2/AP-1 target, TXNRD1 is
a strong promoter of transactivatory function of the estrogen receptors [111], thus the NRF2/
AP-1 pathway positively regulates estrogen receptors function, while estrogen receptors
facilitate mitochondria biogenesis.

Although mitochondrial biogenesis eventually leads to increased ROS generation, this circuit
is unlikely to be purely or even mostly feed-forward. Rather, this circuit is bidirectional with
strong feed-back action because the outer mitochondrial membrane carries the PGAM5
protein. PGAM5, in turn, tethers the NRF2-KEAP1 complexes to mitochondria and acts as a
powerful suppressor of the NRF2-dependent expression (Figure 12) [106, 112].

Figure 12. The mitochondrial bi-directional circuit. NRF1 here is nuclear respiratory factor 1.

Thus, the more mitochondria, the more KEAP1-NRF2 complexes are likely to be bound to
them, leading to decreased availability of NRF2 to nucleus. Unfortunately, it is not known to
date how PGAM5 expression is controlled with relation to mitochondria biogenesis—the
protein is poorly studied.

It is worth noting that the PGAM5/KEAP1-NRF2 system is suggested to represent a stand-by
alarm inducible by changes in mitochondrial function [106, 112]. PGAM5 also appears to
stimulate mitophagy as a part of cellular defense against excessive reactive oxygen species
[113]. It could be suggested that this function of PGAM5 is directly related to its sequestering
of NRF2 with subsequent release of it upon mitochondrial dysfunction: NRF2 controls
expression of SQSTM1 and SESN2, two factors of autophagy/mitophagy already discussed
above [32, 114].
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3.9. The NRF2 bidirectional circuit

NRF2 expression is known to respond to stimuli that activate the NRF2/AP-1 pathway [34, 51,
115]. We and others observed that, for reasons still to be revealed, NRF2 had a humped
expression curve when different cells had been treated with various pro-oxidant substances
[34, 115]. It is possible that this is related to the AP-1/TXN/NRF2 bidirectional circuit. It is
tempting to suggest that this is caused by AP-1 components that are expressed with different
dynamics upon stimulation.

For example, Siriani et al. demonstrated, that angiotensin II, over the same period of treatment,
induced 300-fold change in expression of FOS, 500-fold change in expression of FOSB, 2-fold
change in expression of FOSL1 and FOSL2, 4-fold change in expression of JUN, 14-fold change
in expression of JUNB and 2-fold change in expression of JUND. The same was also fair for the
classical AP-1 inducer—TPA: it caused 194-fold change in expression of FOS, 65-fold change
in expression of FOSB, 2-fold change in expression of FOSL1, 2-fold change in expression of
JUN and JUND, and 9-fold change in expression of JUNB [116].

Since overflow inhibition is characteristic of AP-1 [117], and competition of bZip dimers is a
must, it is possible that alterations in ratio of AP-1 components controlling NRF2 expression
lead to its humped dosage-expression curve.

This circuit cannot be considered purely feed-back, because before certain threshold, the
stimulus activates NRF2 expression. Yet, this character of expression of NRF2 is not entirely of
feed-forward nature, and this is discussed in the next, last, section of this chapter.

3.10. The truncated NRF2 feed-back circuit

NRF2 is cleaved into a truncated form named truncated NRF2, or tNRF2, by Ice family-like
caspases [118]. Just as the full-length protein, tNRF2 enters nucleus, but there it antagonizes
the normal NRF2 and suppresses ARE-containing loci [19, 118].

4. Conclusion

Although studying the NRF2/AP-1 pathway targets is an extremely complex task due to their
plentitude, experimental evidences suggest that this relatively small, with respect to the
regulatory proteins, pathway has enormous number of feed-forward and feed-back circuits,
some of them being bidirectional.

Some evidences demonstrated directly that these circuits contribute to either fast activation or
quenching of the pathway. For other circuits, no such testing has ever been performed.
Nevertheless, the existing data unambiguously point out that these circuits are an essential
feature of the NRF2/AP-1 pathway. These circuits must be accounted in all applications—
starting from cell sensor-based pharmacological screening techniques [119, 120] and ending
with therapeutical research and development [121].
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Abstract

With the increasing incidence of human cancer and continued difficulty in treating
metastatic tumors, there is an urgent need to identify biomarkers for tumors with poor
outcome and novel therapeutic targets. Many therapeutic targets have been found in
recent years. One promising biomarker and therapeutic target that is valuable for human
tumor is nuclear factor erythroid 2-related factor 2 (NFE2L2, Nrf2). In this chapter, we
will discuss the regulatory mechanisms and conflicting roles of Nrf2 during different
stages of tumor development as well as its involvement in the drug resistance and
hypoxia-induced chemoresistance. We will also discuss various positive and negative
modulators of Nrf2 as reference to their potential utility as study tools and leads for
further clinical development.

Keywords: Nrf2, oxidative stress, ROS, tumor, prognosis, chemoresistance

1. Introduction

Nrf2 is the main regulator for the expression of antioxidant enzymes and the detoxification
proteins.  With these  abilities  of  Nrf2,  Nrf2  activation confers  cells  with more anti-stress
capacity, thus resulting in more malignancy and chemoresistance of tumor cells. Therefore,
targeting Nrf2 in tumor may offer therapeutic benefit by undermining its advantage on the
proliferation, migration, metastasis, and drug resistance of tumor cells. Collectively, Nrf2 has
the potential  to serve as a good biomarker and therapeutic target to overcome the poor
prognosis and chemoresistance associated with tumor or tumor hypoxia [1, 2].
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2. Nrf2 is the key regulator of antioxidant and detoxification abilities

Organisms survive based on the normal and steady function of cell metabolism to maintain
cellular homeostasis. However, the process of metabolism produces many metabolic wastes.
If these wastes are not properly removed, they become harmful. One of these metabolic wastes
is the reactive oxygen species (ROS). While ROS can serve the signaling function, uncontrolled
ROS may lead to cellular damage and death. Many key enzymes involved in the removal of
excess ROS are tightly regulated by a transcription factor, Nrf2.

Nrf2 activation is strictly regulated by an ubiquitin-proteosome system (UPS) [3]. Nrf2 is
negatively regulated by Keap1 (Kelch-like ECH-associated protein 1), the most important
molecular switch controlling the activation and inactivation of the Nrf2 pathway. Keap1 is an
adaptor for Nrf2 as the Nrf2-Keap1 complex becomes a substrate for the Cul3-dependent E3
ubiquitin ligase for proteasomal degradation. Keap1 is a cysteine-rich protein, which can be
modified by many oxidants and electrophiles. Upon exposure to oxidative stress, these cysteine
residues may be altered by stresses to induce conformational changes that inhibit Keap1-
dependent ubiquitin ligase activity to allow Nrf2 accumulation [4, 5].

Since Nrf2 is a transcription factor, the accumulated Nrf2 proteins translocate into the nucleus
to dimerize with members of the small Maf family, and bind to the antioxidant response
element (ARE or electrophile response element 5′-RTGABNNNGCR-3′) in the promoter
regions of cell defense genes [6]. These Nrf2-regulated proteins include Phase II detoxification
enzymes and some stress response proteins as listed below:

1. Antioxidant proteins: proteins that control the antioxidant specializing in neutralizing the
reactive species and protecting organisms from oxidative damage, such as NAD(P)H:
quinone oxidoreductase 1 (NQO1), epoxide hydrolase, heme oxygenase 1 (HO-1),
glutathione S-transferase (GST), and glutathione peroxidase (GPx).

2. Glutathione producing enzymes: proteins that regulate the synthesis and metabolism of
glutathione, such as glutamate-cysteine ligase (GCL), which consists of two subunits, a
light regulatory subunit; glutamate-cysteine ligase modifier subunit (GCLM), and a heavy
catalytic enzyme; GCL catalytic subunit (GCLC).

3. Drug-metabolizing enzymes: enzymes that regulate the metabolism of drugs, including
UDP-glucuronosyl-transferase 1A1 (UGT1A), carbonyl reductase 1 (CBR1), aldo-keto
reductases (AKR), and cytochrome P450 (CYPs).

4. Xenobiotic transporters (ATP-binding cassette (ABC) transporter): proteins that belong to
ATP phosphohydrolase, some of them are involved in the exclusion of drugs, xenobiotics
and their metabolites [7], which are named multidrug resistance proteins, such as
multidrug resistance protein 1 (MRP1).

5. Numerous other stress response proteins, such as thioredoxin, ferritin subunits, and
copper/zinc superoxide dismutase [8] (see Figure 1).
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Figure 1. Regulation of Nrf2. Keap1 binds to Nrf2 and sends it to proteasomal degradation. ROS can lead to the confor-
mational change of Keap1 and Nrf2 release. Free Nrf2 then enters the nucleus and initiate the following transcriptional
process by binding to the ARE domains, P21 and P62.

3. The conflicting roles of Nrf2

Since Nrf2 is the key regulator of antioxidant capacity and detoxified proteins, the activation
of Nrf2 is expected to protect cells from stresses, such as reactive oxygen species (ROS).
Therefore, the Nrf2 pathway is so called oxidative stress response pathway or cellular defense
pathway. Once cells or organisms are exposed to ROS induced by physical forces or chemicals,
Nrf2 is activated to increase the anti-stress capacity and cope with the ROS. Nrf2 activation
can stabilize the intracellular oxidant level and maintain the redox state within cells to avoid
DNA damages, genomic instability, and potentially serious sabotages caused by ROS [9].
Although DNA repair mechanism can reduce slight DNA damage, higher presence of
oxidizing base lesions in DNA leads to DNA mutation, which may cause aging [10], cell
damage, cell death, carcinogenesis, and even cancer. Therefore, various Nrf2 activators are
being pursued in chemopreventive strategies [11] to reduce tumor development. In addition,
Nrf2 activators have been used to treat various human diseases, including diabetic nephrop-
athy [12, 13] and sickle cell disease [14].

On the other hand, excess ROS may lead to numerous diseases, such as inflammation, obesity,
and other metabolic diseases. For example, too much oxidative stress affects the differentiation
of adipocytes and impairs the normal function of white adipose tissue [15], leading to
inflammation and adipokine secretion that affect the whole organism [16, 17]. The activation
of Nrf2 defense pathway can protect organisms from many metabolic diseases.
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Therefore, Nrf2 can be the double edged sword in the organism. In normal cells, Nrf2 activation
keeps the redox homeostasis and prevents cancer development. However, once cancer cells
have established, Nrf2 activation may drive oncogenesis and confer chemoresistance. In many
cancers, constitutive Nrf2 activation is an oncogenic mutation [18] and a biomarker for poor
prognosis [19, 20] (Figure 2). In the TCGA data, mutations in the Nrf2 pathways constitute one
of the major oncogenic pathways of lung cancers [21, 22]. The angel and devil roles of Nrf2 are
discussed in the following sections.

Figure 2. Nrf2 produces phase II enzymes that provide cell defense system, such as the antioxidant and detoxification,
in normal cells. Once tumor is formed and cancer cells get the cytoprotective abilities of Nrf2, which triggers anabolic
metabolic reprogramming, drug resistance, and stress adaption, Nrf2 leads to poor prognosis in patients.

4. The good side of Nrf2

Nrf2 activation in normal cells makes cells stronger against environmental stresses and
prevents carcinogenesis. Nrf2 is able to augment a wide range of cell defense processes, thereby
enhancing the overall capacity of cells to detoxify potentially harmful entities. As such, the
Keap1-Nrf2 pathway is generally considered as the major cellular defense pathway that offers
survival advantages.

Keap1-Nrf2 is the key cellular defense mechanism to combat oxidative stress. The activated
Nrf2 protect organisms from these diseases by diminishing the ROS. Nrf2 is such a natural
cytoprotective response against oxidative stress-induced inflammation. Nrf2-null mice tend
to spontaneously develop various inflammatory disorders, including glomerulonephritis [23],
immune-mediated hemolytic anemia [24], and multiorgan autoimmune inflammation [25].
Also, activated Nrf2 protects many body systems, including airway, liver, gastrointestinal tract
and kidney, where these systems are attacked by toxic agents very often [26]. For example,
Nrf2 activation via sulforaphane (Nrf2 inducer) protects kidney from chronic renal disease [27]
by increasing the GCLC and glutathione level. Activation of Nrf2 also alleviates the TGF-β-
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induced, increased α-SMA and repressed E-cadherin [28], which are the markers for epithelial-
mesenchymal transition (EMT), through the SMUR1-SMAD7 signaling. Another Nrf2 inducer,
AST120, can restore the HO-1 and NQO1 levels and decrease the production of ROS stimulated
by indoxyl sulfate-induced chronic renal disease [29] Nrf2 not only protects the kidney but
also protects the lungs. Nrf2 protects lungs from chronic pulmonary injury [30], fibrosis [31],
and acute lung injury [32, 33]. Therefore, Nrf2 is named as the “multiorgan protector” [34].

With cytoprotective functions and the cellular defense mechanism against exogenous and
endogenous insults, Nrf2 is considered as a tumor suppressor. In one hand, in vivo tumor
development data using Nrf2-knockout mice has highlighted the tumor suppression ability of
Nrf2. With treatment of chemical and physical stimuli, Nrf2-null mice are more prone to
develop cancer [35]. On the other hand, Nrf2 activation can remove damaged proteins,
promoting the overall survival of the cell and detoxify the cellular environment to maintain
the homeostasis in the organism [36]. The abilities of Nrf2 to combat oxidative stress and
inflammation, which are conducive to initiate oncogenesis, attain a result of tumor suppres-
sion [36].

5. The dark side of Nrf2

Gain of Nrf2 in cancer cells: the Nrf2 pathway is a powerful sensor for cellular redox state and
is activated directly by oxidative stress and/or indirectly by stress response protein kinases.
Although Nrf2 is beneficial to normal cells to fight against stresses, once tumor cells get the
antioxidant and detoxificative abilities of Nrf2, things go in another direction. For example,
the constitutive Nrf2 activation has redirected tumor metabolism to support the biosynthetic
needs of tumor proliferation [37, 38]. In addition, Nrf2 makes cancer cells stronger against
chemotherapy and leads cells to become more malignant. In this case, Nrf2 serves as a target
for chemotherapy. Recent researches have highlighted that persistent accumulation of Nrf2 in
cancer cells is harmful, since it can promote the survival and proliferation of cells that have
acquired cancer-promoting mutations, and Nrf2 is also observed beneficial for tumorigenesis
[11, 39–42]. Nrf2 orchestrates the expression of various genes that help cancer cells to resist
chemotherapeutic treatment, including antioxidants (NQO1, NQO2, HO-1, and GCLC),
antiapoptotic (Bcl-2), drug-metabolizing enzymes (G6PD, TKT, and PPARγ), and drug efflux
transporters (ABCG2, MRP3, and MRP4) genes [43].

The activation of Nrf2-ARE pathway protects cancer cells from oxidative toxicity and H2O2-
induced apoptosis [44, 45]. The effects of Nrf2 on tumors or cancer cells are listed below:

A. Proliferation, tumorigenesis and poor patient survival: Nrf2 contributes to the tumori-
genesis, cancer proliferation in bench and poor patient survival in clinic in various tumors,
including hepatocarcinoma (HCC) [46], breast tumor [47], nonsmall cell lung cancer
(NSCLC) [48], glioma [49, 50], pancreatic adenocarcinoma [51], and gastric cancer [52].
Nrf2 is also found to involve in the maintenance of quiescence, survival, and stress
resistance of cancer stem cells (CSCs), thus dedicating to tumor progression and recur-
rence [53].
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B. Chemotherapeutic resistance: Nrf2 exerts the detoxification and drug export through
activating multidrug resistance proteins and drug transporters. This action protects cancer
cells from the damage of chemotherapy, such as 5-fluorouracil (5-FU) in gastric cancer [54]
and in gallbladder cancer [55], and cisplatin (CDDP) and camptothecin in pancreatic
cancer [56].

C. Epithelial-mesenchymal transition (EMT), tumor metastasis, and malignancy: cancer cells
respond to some anti-diabetic drugs, which have antioxidant properties and inhibit the
Kea1-dependent obstruction of Nrf2, with Nrf2 activation and result in increased migra-
tion and metastasis, such as hypoglycemic dipeptidyl peptidase-4 inhibitors (DPP-4i),
saxagliptin and sitagliptin [57].

D. Hypoxia-induced drug resistance: Nrf2 contributes to the chemotherapeutic drug
resistance induced by hypoxia in breast cancers [2]. Hypoxia is a natural status in the
tumor center where the cancer cells outgrow the perfusion from local blood vessels for
getting enough oxygen and nutrients. Hypoxia triggers the ROS unbalance and stimulates
the activation of Nrf2 [2]. Following the Nrf2 nuclear translocation and ARE binding,
antioxidant enzymes are produced to maintain the stability of intracellular redox state.
Blocking ROS unbalance by ROS scavenger inhibits the Nrf2 activation and the following
drug resistance. Inhibition of Nrf2 or the production of related enzymes with siRNA or
specific inhibitor blocks the chemoresistance under hypoxia (Figure 3).

Figure 3. Nrf2, activated by hypoxia-induced ROS unbalance, starts the production of protective enzymes and contrib-
utes to the hypoxia-related chemoresistance. Specific inhibitors or siRNA targeting Nrf2 or downstream enzymes in-
creases the cytotoxic effects of chemotherapeutic drugs.

6. Nrf2 activation in tumors

Nrf2 gets activated in malignant tumors, such as carcinomas of skin, lung, oesophagus, and
larynx [58]. Many factors control the activation of Nrf2 in tumors, some are listed below.
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a. The somatic mutation of Keap1 or Nrf2: the mutations in Keap1 or Nrf2 hurt the interaction
of Keap1 and Nrf2, leading to a higher free Nrf2 level and activity [59].

b. The decreased level of Keap1: besides somatic mutations of Keap1, epigenetic changes,
such as hypermethylation on the promoter region of Keap1, decrease the expression level
of Keap1 [60]. In addition, several studies have shown that miRNAs, including mir-200A
[61, 62], miR-141 [63] and mir-28 [64], also regulates the expression level of Keap1 mRNA.
These events lead to the decreased level of Keap1 and the nuclear accumulation of Nrf2.

c. The increased level of Nrf2: Nrf2 can be activated by increase of some oncogenes, such
as KrasG12D [42], or disruption of tumor suppressors, such as PTEN [37] in tumors, that
lead to better cell survival and higher drug resistance.

d. Nrf2 polymorphism: in addition to varying Nrf2 expression, Nrf2 polymorphism also
affects the Nrf2 activity. The Nrf2 polymorphism contributes to poor prognosis in cancers,
including cholangiocarcinoma [65], lung cancer [66], and breast cancer [67]. It also
contributed to diseases, such as increasing the risk of acute lung injury [68, 69] as well as
blood pressure and cardiovascular mortality in patients with hemodialysis [70].

7. Regulators of Nrf2

Many molecules and chemicals are thought to regulate the Nrf2 activation; some of them are
described as following (see Figure 4):

A. Negative regulators:

♦ Endogenous

a. Keap1: Keap1 is a natural intracellular molecule that negatively regulates the
activation of Nrf2. Keap1 binds to Nrf2 in the cytoplasm, sends Nrf2 to proteosome
digestion, and keeps a low Nrf2 level in cells.

b. Ubiquitin-specific processing protease 15 (USP15): USP15 deubiquitinates Keap1,
stabilizes the Keap1-Cul3-E3 ligase complex, and enhances the E3 ligase activity,
which leads to the binding between Keap1 and Nrf2 and the degradation of Nrf2
[71].

♦ Exogenous

c. Trigonelline: trigonelline is a coffee alkaloids that reduce nuclear accumulation of
the Nrf2 protein, block expression of proteasomal genes (for example, s5a/psmd4
and α5/psma5), and reduce proteasome activity regulated by Nrf2 [72].

d. Vitamin C (ascorbic acid) [73, 74] and Vitamin E [75]: these two vitamins are water
soluble vitamins with a high capacity to capture ROS. Since Nrf2 is activated via
ROS imbalance, elimination of ROS by vitamins keeps low intracellular ROS and
ends in low Nrf2 activity.
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e. ROS scavenger: ROS scavenger is a common name for molecules that can balance
the intracellular ROS, including dithiothreitol (DTT) [76], N-acetylcysteine (NAC)
[77], catalase [78], 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolox) [75]. They are used as standards to check the antioxidant capacity of other
molecules. Nrf2 activity remains low where these ROS scavengers keep the
intracellular ROS level steady.

f. Brusatol: Brusatol is a quassinoid that provokes a rapid and transient inhibition of
Nrf2 signaling. It increases the intracellular oxidative stress via inhibition of Nrf2
[79–81].

B. Activators:

♦ Stresses

a. ROS: ROS imbalance is the key regulator of Nrf2. Excess ROS induces the activation
and nuclear translocation of Nrf2 to keep intracellular ROS balance through
upregulating the level and activity of antioxidant enzymes.

b. Hypoxia: hypoxia or lack of oxygen is a prominent tumor environmental stress,
and reported to induce ROS unbalance that is subsequently leading to Nrf2
activation [2, 82, 83].

♦ Disruptor proteins and transcription factors

c. P21 and p62: in addition to the conformational change of Keap1 to loss the bonding
affinity to Nrf2, some proteins, such as p21 and p62, can directly bond to Keap1 or
Nrf2, disrupting the interaction between Nrf2 and Keap1, thus ending in the
nuclear accumulation and activation of Nrf2 [84–86].

d. AhR: Aryl hydrocarbon receptor (AhR), which is a ligand-dependent transcrip-
tion factor by forming a heterodimer with the aryl hydrocarbon nuclear
translocator (Arnt) as a nuclear partner protein. The heterodimeric protein
complex regulates expression of Nrf2, and promotes the expression of phase I
enzymes, phase II enzymes, and multidrug resistance-associated proteins [87–
90]. Nrf2 can also regulate the activation of AhR and subsequently modulates
downstream AhR signaling cascades, including increasing the expression of
xenobiotic metabolism genes and inhibit the adipogenesis in mouse embryonic
fibroblasts (MEFs) [91].

e. Ebselen: ebselen is a glutathione peroxidase-1 mimetic and a seleno-organic
antioxidant. It attenuated cisplatin-induced oxidative stress generation through
Nrf2 pathway [92].

♦ Natural products or extracts

f. Sulforaphane (SFN): sulforaphane, which is found in cruciferous vegetables,
belongs to the isothiocyanate family (such as broccoli) and is widely used as an
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antioxidant supplement and applied in cancer chemoprevention [93]. SFN reacts
with Keap1 and block the binding of Keap1 and Nrf2, thus activates Nrf2 and the
antioxidant function [94].

g. Curcumin: curcumin, which is a polyphenolic natural extract of turmeric [95], is
reported to exhibit anti-inflammation and antitumorigenic activity and chemo-
prevention effect [96, 97]. To activate those protective proteins, curcumin increase
the antioxidant genes through regulating the binding of Nrf2 and ARE [98, 99].
Thus, curcumin becomes one of the Nrf2 activator.

h. Resveratrol: in addition to curcumin, resveratrol is another plant extract that
regulates antioxidant ability. Resveratrol, the extract from grapes, berries and
peanuts, exerts antioxidant, anti-inflammation, and anti-aging effects in experi-
mental animals. Resveratrol is also reported to upregulate Nrf2 activity in cells
and organisms to elevate the protection effects toward environmental stresses
[100].

i. Coffee: coffee is one of the most widely consumed beverages in the world. Coffee
is noted for its antioxidant ability which protects against chronic liver disease,
diabetes, and hepatocarcinoma development with the right amount. The antioxi-
dant ability of coffee is through the activation of Nrf2 and AhR to protect organs
from oxidative stress, at least in liver and stomach [101].

j. Caffeic acid phenethyl ester (CAPE): CAPE, a major component extracted from the
bee product propolis in honeybee hives, is known to have antimitogenic, anticar-
cinogenic, anti-inflammatory activities. It activates the Nrf2 pathway to inhibit
oxidative stress and inflammation [102].

k. Cinnamic aldehyde: cinnamic aldehyde, which is found in cinnamon bark,
enhances Nrf2 nuclear translocation and activates Nrf2 -dependent antioxidant
response to overcome stresses [103, 104].

l. Flavonoid (Chrysin, Apigenin, Luteolin): these three flavonoids can reduce the
ROS level through activating Nrf2 and producing the downstream phase II
enzymes [105].

♦ Synthesized compounds

m. Oltipraz: oltipraz is an organosulfur compound belonging to the dithiolethione
class. It is also a bifunctional inducer activating both phase I and phase II drug-
metabolizing enzymes via the xenobiotic responsive element [106]. It has been used
as an Nrf2 activator in recent studies [107, 108].

n. Tertiary butylhydroquinone (tBHQ): tBHQ, the major metabolite of butylated
hydroxyanisole, stabilizes Nrf2 and induces Nrf2 activation through mitochondri-
al oxidative stress induction [109, 110].
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o. Other food and clinical drugs: many other foods or clinical drugs can also affect
the expression and activity of Nrf2 in recent studies.

Figure 4. Positive and negative regulators of Nrf2, and the functions of enzymes and proteins produced by Nrf2 activa-
tion.

8. Conclusion

Nrf2 is powerful in the cell defense system toward oxidative stress caused by various physio-
logical and chemical stresses. Nrf2 activation benefits the survival of not only normal cells but
also cancer cells. With the anti-oxidation and detoxification abilities of Nrf2, the proliferation,
tumorigenicity, migration, and metastasis of cancer cells are higher. The detoxification and
drug export mechanism also give cancer cells the ability to fight against chemotherapeutic
drugs. With all the characteristics of Nrf2, it is a good marker for both poor prognosis and drug
resistance in tumors, both in the regular normoxic environment or under hypoxic environ-
ment [111].
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Abstract

The increase in life expectancy leads to the possibility of development chronic diseases,
from special physiological conditions as occurs in the menopause, which is defined as
the permanent cessation of ovulation, marked by the end of menstruation. It has been
related to decreased ovarian function that occurs around an age of 45 years. This event
involves the reduction in estrogen production and may contribute to the development
of chronic-degenerative diseases. Many diseases developed during menopause have
been  associated  with  oxidative  stress,  such  as  osteoporosis,  hot  flushes,  cognitive
impairment,  insulin  resistance,  dry  skin,  obesity,  and  cardiovascular  events.  The
knowledge about the participation of Nrf2 in diseases that occur during menopause is
very limited. Here, only diseases such as osteoporosis, cardiovascular diseases and dry
skin, which are present during menopause and its later stages have been described. The
Nrf2 pathway involves the participation of PI3K/Akt, MAPK, and eNOS, which act as
mediators for cytoprotection and antioxidation. Compounds such as equol, fitoestro-
gens, alkyl cathecols, or curcumin could be offered as options to antioxidant treatment,
added the fact that they are present in fruits and vegetables which are rich in vitamins,
minerals  and  calcium,  thus  including  all  the  required  nutrients  for  an  adequate
nutrition.

Keywords: menopause, cardiovascular diseases, osteoporosis, obesity, inflammation,
Nrf2
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1. Introduction

Menopause is defined as the permanent cessation of menstruation by an year in a row, by
decreasing the estrogen production, as a consequence of ovarian dysfunction. It occurs between
47 and 55 years of age and during the transition, women experience multiple symptoms [1].

Postmenopause is divided into two periods; an early stage, which includes the first five years
after confirmation, and a later phase, which starts five years after the onset of menopause and
lasts until the end of life; although the latter overlaps with aging. It is important to consider stage
of menopause the woman is, because the metabolic disorders begin and are susceptible to be
modified, also the biological functions change with age, environment and the co-morbidities.

The end of the reproductive phase and the onset of menopause brings several metabolic
disorders, such as frequent vaginal infections, dyslipidemia, weight gain, visceral obesity,
hyperinsulinemia, insulin resistance, osteoporosis, glucose impaired tolerance, mild cognitive
impairment, alter coagulation, atherosclerosis, hardening of arteries, hypertension, dry skin
and mucous (burning mouth syndrome); in addition, night sweats, and mood changes [2].

Several of the aforementioned disorders have been linked to oxidative stress and inflammation.
In recent decades, it has been recognized that oxidative stress causes aging and several
pathological conditions. In this regard, the menopause has both conditions, the susceptibility
to the development diseases related to oxidative stress and aging.

Central adiposity has been linked to insulin resistance (measured using HOMA: homeostasis
model assessment) and oxidative stress (oxidized low-density lipoprotein, urinary isopros-
tanes [PGF2a], protein carbonyls, and DNA damage), coupled with the transient accumulation
of iron in postmenopausal women, which provide ideal conditions for an inflammatory and
oxidant state, which all together increases cardiovascular risk. So reducing centralized fat mass
and maintaining a favorable lipid profile, antioxidant status and iron status may be important
in protecting postmenopausal women from atherosclerotic disease [3].

Coronary artery disease, has a higher prevalence in obese postmenopausal women (with high
levels of malondialdehyde and lower superoxide dismutase), but is less observed in younger
women [4, 5].

Arterial stiffening worsens across the stages of the menopausal transition, which seems to be
mediated, by oxidative stress, particularly during the late perimenopausal and postmenopausal
periods. Through a model of rapid arterial dilating by infusion of ascorbic acid, it was found that
the postmenopausal women have minor vasodilation and higher oxidative stress [6].

Considering the significance of oxidative stress in several diseases, the research studies have
been focused at nuclear factor of transcription, Nrf2; which is considered as the most important
regulator of the antioxidant response. Nrf2 modulates expression of many genes (related to
antioxidant enzymes, inflammatory processes, tissue remodeling, carcinogenesis, and
cognitive impairment). The participation of NrF2 in menopausal events has been studied in
relationship to mainly, the vascular system, components of metabolic syndrome, osteoporosis,
and skin.

A Master Regulator of Oxidative Stress - The Transcription Factor Nrf2114
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Cardiovascular system: Nrf2 is an important component in antioxidant defenses in cardiovas-
cular diseases, such as atherosclerosis, hypertension, and heart failure. Nrf2 is also involved
in protection against oxidant stress during the processes of ischemia-reperfusion injury and
aging. However, evidence suggests that Nrf2 activity can attenuate or stimulate cardiovascular
disease processes.

Oxidative stress is an important factor to the development of endothelial dysfunction, and it has
described that the polymorphisms 653A/G (rs35652124), −651G/A (rs6706649), and −617C/A
(rs6721961) are located in the promoter region of the gene encoding NRF2 (NFE2L2) and can
participate in forearm blood flow (FBF) and forearm vascular resistance (FVR) depending on the
ethnic group. For instance, in African Americans −653G variant allele carriers had significantly
lower FBF and higher FVR. In other hand, in White Americans, −617A variant allele carriers had
significantly higher FVR. Polymorphisms within the NFE2L2 promoter were associated with
impaired forearm vasodilator responses in an endothelial-independent manner, suggesting an
important role of NRF2 in the regulation of vascular function in humans [7].

Aldosterone activates and increases Nrf2, this effect depends on the mineralocorticoid receptor
and oxidative stress. In vivo, Nrf2 activation has beneficial effects on high blood pressure
caused by aldosterone [8].

Skin: It has been observed that skin of women turns dry, during menopause, which is also
exposed to the reactive oxygen species generated during cell metabolism or by accumulation
of fat below skin. It is known that skin cells expresses the transcription factor Nrf2, before
menopause, but its expression in postmenopausal stage is unclear [9].

Osteoporosis: This is frequent in postmenopausal women. Recently findings show that this is
caused by redox imbalance, even the bone marrow presents higher levels of markers of
oxidative stress. An association between elevated hydroperoxides serum levels and reduced
bone density in postmenopausal women [10] has been reported.

This chapter presents evidence for the expression of NrF2 in alterations or diseases in meno-
pause associated with oxidative stress.

2. Metabolic disorders during menopause

Menopause is the cessation of the ovarian cycle, so it terminate ovulation and the reproductive
stage ends in women. This is because over the years, total ovogonias are reduced in the ovary
and most become refractory to the action of the pituitary gonadotropins. As a result, the levels
of estradiol are decreased; at the beginning of menopause, the menstruation become irregular
and then disappears. The symptoms of menopause are different, depending on the age, culture,
preexisting morbidities, diet, and ethnicity [11].

Hormone depletion can increase the vulnerability of tissues that are estrogen-sensitive to the
development of diseases. The principle symptoms of menopause include vasomotor symp-
toms such as night sweats, urogenital atrophy, osteopenia, and osteoporosis, psychiatric
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disorders, sexual dysfunction, dryness of skin and mucous, cardiovascular disease, cancer, and
obesity [2]. Other symptoms are polyuria, fatigue, weakness, irritability, blurred vision, thirst,
and increased appetite [12].

The most common metabolic disorders are dyslipidemia, glucose intolerance, insulin resist-
ance, hyperinsulinemia, and type 2 diabetes [13].

The lipid metabolism disorder is characterized by high levels of low density lipoprotein (LDL)
and low levels of high-density lipoprotein (HDL) [14]. This disorder makes the woman
vulnerable to cardiovascular diseases (CVD) [15]. This is due to the fact that LDL is more
susceptible to oxidation reaction, and thus are captured by the macrophage, which triggers an
inflammatory process that favors the formation of the atheromatous plaque. Moreover, HDL
has the opposite effect, but is diminished in menopause, and the protective effect is lost. Same
situation is observed in induced menopause, after a bilateral oophorectomy [16].

Another altered parameter is the plasma glucose concentration. It has been reported that a
high incidence of insulin resistance is a risk factor for developing diabetes. The other factors
that cause type 2 diabetes are obesity, sedentary lifestyle, poor eating habits, smoking, and
alcoholism [17].

After menopause, the incidence of obesity increases, even the body composition changes, from
ginecoide type (accumulation in hips and thighs), passes to android type (deposit trunk).
Although if the premenopausal women has android-type obesity, they have the same levels of
triglycerides and insulin, and risk of metabolic syndrome [18].

The effect of polycystic ovary (PO) syndrome on menopause disorders is controversial. There
are studies that support it as an additional cardiovascular risk even during premenopausal
phase, because these patients develop early arterial disease, and have a higher prevalence of
hypertension, dyslipidemia, incidence of myocardial infarction, thickness of the intima-media,
arterial stiffness, and endothelial dysfunction [19]. This is aggravated if a woman has diabetes
and dyslipidemia [20]. On the other hand, another study indicates that these patients had fewer
climacteric symptoms than controls [21], further have insulin resistance attenuated. But, there
were reports that did not find differences between postmenopausal patients with or without
pre-polycystic ovary syndrome [22].

Adipocytes (fat cells) secrete leptin, adiponectin, resistin, and ghrelin; the interaction between
them modulates the energy balance, appetite, insulin sensitivity, number and size of adipo-
cytes, among other actions that result in the metabolism of fat tissue and the production itself.
Additionally, the adipose tissue can synthesize androgens and estrogens, proinflammatory
cytokines that may have effects on blood pressure, inflammation process, and lipoprotein
metabolism [23].

It has been determined that postmenopausal women with metabolic syndrome have higher
levels of serum testosterone levels and protein binding steroid hormones (SHBG)], leptin,
resistin, insulin, and HOMA index and low levels of adiponectin. Additionally, the presence
of higher level of interleukin-6 (IL-6), and lower level of urokinase plasminogen activator (uPA)
were also documented [5]. A side effect of metabolic syndrome is the female sexual dysfunc-
tion, in both pre- and post-menopausal women [24].
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3. Estrogens and Nrf2

Most disorders and diseases developed during menopause are related to hormonal depletion
and the increase in oxidative stress, so that it is easy to assume that estrogens have antioxidant
properties. 17β-estradiol is the more potent estrogen, which has been described as capable to
inhibit the lipoperoxidation in brain homogenates in rat, induced by Fe3+, due to its lipophilicity
and polycyclic groups [25]. Also, this hormone induces the expression of superoxide dismu-
tase, glutathione peroxidase and glutathione S-transferase in peripheral blood mononuclear
cells in women who underwent total hysterectomy with bilateral salpingo-oophorectomy and
treated with estrogens as HRT [26].

Estrogens have many biological effects, so it is interesting to study compounds of dietary origin
with a similar effect. Recently, analysis of molecules similar to estrogens, which are present in
vegetables, legumes or fruits, has gained importance due to its possible antioxidant properties
as in the case of equol, which is a metabolite of genistein and daidzein, both present in broccoli.
The equol has two isomers, the form S-(−)equol and R-(+)equol, of which the first is the most
active, but only 30–50% of the population is capable to produce it. The isomer S-(−) can bind
to estrogen receptor beta, inhibit MEK, activate eNOS and AMPK and act as antioxidant. It has
been observed that this molecule releases nitric oxide, activates Nrf2 and as a consequence
promotes the expression of antioxidant genes, before being mediated by the PI3K/Akt pathway,
which has been implicated in protection against cytotoxicity, endothelial dysfunction mediated
oxidative stress.

In HUVEC cells, S-(−) equol is capable to bind to the membrane estrogen receptor (GPR30) and
to activate Nrf2and eNOS through Akt [27].

4. Proxidant conditions during menopause

Iron accumulation: The cessation of menses contributes to accumulation of iron in the body,
resulting in elevated serum ferritin. In postmenopausal women, the consequences of this fact
are controversial. For example, some studies have reported a direct relationship between iron
and atherosclerosis, cerebrovascular risk, oxidation of low density lipoproteins, high choles-
terol, inflammation, insulin resistance, and metabolic syndrome [28].

Changes of corporal composition: Greater waist circumference was associated with high oxLDL
which is independent of BMI, suggesting that the same abdominal fat mass may induce
oxidative stress, more than the general mass fat. Another study reported that the waist/hip
ratio is directly associated with LDL-C and lipid oxidation, and inversely with HDL-C, and
protein carbonyls or 8-OHdG, injury indicators [29, 30].

Studies carried out in pre and postmenopausal women, found that those who are obese have
a higher concentration of malondialdehyde; but the concentration of superoxide dismutase
enzyme was similar in all of cases [4].
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5. Nrf2 and pathologies related to oxidative stress

5.1. Osteoporosis

Epidemiological studies show that the majority of postmenopausal women are affected by
skeletal fragility caused by an excessive bone resorption [24]. Earlier, it was closely related to
oxidative stress. It is due to reduction of estrogen plasma levels and its antioxidant action on
bone [9, 31].

The estrogens activate Nrf2, which regulates the expression of antioxidant enzymes in bone
marrow. As a consequence of this reduction, Nrf2 decreases and leads to the activation of the
receptor activator of nuclear factor κB (RANKL), which promotes osteoclastogenesis [32, 33].
Moreover, the Nrf2 deficiency induces a reduction in the ratio cortical area/total area, higher
trabecular spacing, osteoclast surface in ovariectomiced mice and Nrf−/− mice [34].

5.2. Cardiovascular diseases

In humans, it has been described, three single nucleotide polymorphisms within the pro-
moter region of the gene encodes NRF2 (NFE2L2) (−653A/G, −651G/A, and −617C/A). The
−617A variant allele has major risk to develop lung injury, mediated by oxidative stress. The
NFE2L2 polymorphism has been associated to diseases with oxidative stress and inflamma-
tion, both mediated by drugs [35].

A study showed that Africans Americans carriers of −653G variant allele, have lower forearm
blood flow and higher forearm vascular, resistant; in contrast with White Americans. With
respect to −651G/A there were no differences between two populations. In White Americans,
the −617 polymorphism carriers have lower forearm blood flow (FBF) and higher forearm
vascular resistance (FVR) [6]. In clinical studies, it has been observed that African Americans
have a higher prevalence of hypertension and the decreased endothelium compared to the
white population. This predisposition to increased vascular resistance in African Americans
leads to increased shear stress on endothelial cells, which activates NAD(P)H oxidase and
mediates the formation of the oxygen species in the vascular system [36]. Accordingly, the
NADPH oxidase equilibrium nitric/superoxide/peroxynitrite oxide in endothelial cells is
shifted in favor of the reactive oxygen species in African Americans, which is associated with
a deterioration of the vasodilator capacity [37].

The negative effects of pollution, promotes an oxidative state, which is associated with
cardiopulmonary diseases. The solid matter alters lung, cardiovascular, nervous system
functions, resulting in vascular inflammation, vascular dysfunction, and increased oxidative
stress [38–41]. Nrf2 participates in resistance to hyperoxia-induced lung injury, it is also
important in the response of epithelial cells particle exposure. The data suggest an alteration
in the autonomic regulation of cardiac function during hyperoxia, which is modulated by Nrf2.
Therefore, these changes may have important implications FVR for susceptibility to adverse
cardiac response outcomes during oxidant exposure [42].

Oxidative stress is a component of the pathogenesis in many cardiovascular diseases, and
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5. Nrf2 and pathologies related to oxidative stress
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reactive oxygen species (ROS) that lead to oxidative stress due to inefficiencies in the chain of
mitochondrial electron transport, NADPH oxidase and xanthine oxidase everywhere, and the
metal ions released during cell lysis [43–45].

Atherosclerosis is an inflammatory disease characterized by endothelial filtration and accu-
mulation of oxidized lipoproteins of low density (LDL), physical damage to the endothelium
(e.g., turbulent flow of blood, hypertension and/or smoking).

Susceptibility to atheroma formation is not uniform throughout the vascular system, which
can be generated by shear stress generated by oscillatory flow, not unidirectional, and turbulent
blood flow, which occurs, for example, at junctions or vessel branching points, which are the
most susceptible. Conversely, atheromas are less likely to form in the vascular regions with
unidirectional laminar blood flow. It is known, that shear-stress laminar flow into blood vessels
stimulates the release of nitric (NO) oxide, but when the flow is oscillatory, the stenosis or
branch vessels are developed. This reduces NO production and increases superoxide release,
leading to oxidative stress and the progression of atherosclerosis. Laminar flow promotes
activation of Nrf2, and the oscillatory blood flow suppresses activation of Nrf2, resulting in a
favorable environment for atherogenesis [46].

It is increasingly evident that Nrf2 is important for long-term vascular integrity and endothelial
functioning, for example, sustained release of NO and protection from apoptosis [47].

The levels of matrix metalloproteinase 9 (MMP9) are linked to plaque destabilization, which
produces acute constriction of blood vessel flow and sudden cardiac or events. The athero-
protective effect of HO-1 may be associated with the partial deletion MMP9 to maintain or
improve the stability of the plate, avoiding a coronary event or acute and potentially fatal
brain [48, 49].

However, the effect of deficiency of Nrf2 on atheromatous plaque are controversial; for
example, a study indicates that deficiency of ApoE and Nrf2 (ApoE−/−Nrf2−/−)in mice fed with
fat diet had minor area of atheromatos plaque and lower softening arterial [50, 51].

Ischemia-reperfusion has been observed in processes such as thrombosis or vasospasm,
leading to inflammatory and oxidizing conditions [52]. These conditions promote expression
of the Nrf2 oxidant, as evidenced in cell culture cardiomyocytes rat after ischemia-reperfusion
cycles, that increased mRNA and protein mRNA of Nrf2. If ischemia is lower, then Nrf2, can
attenuate oxidative stress.

During an increase in blood pressure, the renin-angiotensin system increases the concentration
of free radicals, also they contribute to this and NADPH oxidases, NOX 1 are known to activate
Nrf2 [53].

It has been documented that the diseased myocardium increases oxidative stress, may increase
susceptibility to arrhythmia by a direct toxic effect of increased necrosis and apoptosis. In a
model overload it was found that the increased expression of Nrf2 decreased myocardial
hypertrophy, cardiac fibroblasts and ROS production, the latter, most likely by modulating the
activity of Nox4 [54]. Although the sharp increase in the Nrf2 content is cardioprotective, to
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modulate the production of ROS, apparently chronic activation may have a contrary effect
called “reductive stress”, so more studies on their impact is required.

ERK's role is controversial, on the one hand it has been reported that oxidative stress index
expression of ERK, and participates in Nrf2 signaling, but studies indicate that activation of
ERK leads to apoptosis. Studies in rats and monkeys shown the reduction of the expression of
several components of the signaling pathway Nrf2 [55–57].

5.3. Skin

Estrogens modulates several actions in skin, in example, they promotes the keratinocyte
proliferation, the I and II collagen expression, and represents an antioxidant defense; but
when menopause begins, the skin suffer many changes, principally, dryness, becomes thin-
ner, decreased its elasticity, the collagen content is lower, and the vascularity is diminished
[58]. Cells are exposed to physical, chemical, mechanical and thermal factors, which can de-
velop oxidative stress, leading to changes in skin appearance, modifying cells and potential
malignancies [8].

Nrf2 is expressed in all cell lines of the epidermis. It binds to promoter regions known as
elements of antioxidant response (ARE) that transcribed genes of cytoprotective proteins and
antioxidants like glutatión S-transferase (GST), quinone reductase NAD(P)H (NQO1), UDP-
glucuronosyltransferases (UGT), epoxide hydrolase (EPHX), c glutamylcysteine ligase (GCL),
heme oxygenase-1 (HO-1), glutathione reductase the (GR), thioredoxin reductase (TrxR),
catalase (CAT) and superoxide dismutase (SOD). Nrf2 also promotes gene transcription
nonenzymatic antioxidant proteins as thioredoxin and ferritin [59].

It has been reported that low levels of ROS cause an increase in Nrf2 expression but high levels,
do not modify it, this leads to irreversible cell injury and apoptosis induction. An intermediate
level of ROS maintains control of the balance between survival and apoptosis by activating
transcription factor-NFjB [60].

The epidermis (outer skin layer) consists mainly of keratinocytes and melanocytes, Langerhans
cells and Merkel cells. Nrf2 has two effects, firstly, promotes regeneration and expression of
antioxidant enzymes [61], and secondly, it can perpetuate the survival of damaged cells by
ROS generated during aerobic metabolism, and the respiratory burst of the immune cell
system, increasing the resistance to apoptosis of cells in culture under UV ray [62]. Nrf2 can
be activated by the sulforane (obtained from broccoli and Brussels sprouts) [8].

In melanocytes, the H2O2 is generated by tyrosinase enzyme and later is metabolized by
catalase. The Nrf2 activity protects melanocytes against the effects of ROS. This effect is
associated with a higher level of melanotropine (a-MSH), this unbalanced signal redox state
arrives from the cytoplasm and begins the synthesis of molecules Nrf2 [63, 64].

The synthesis of Nrf2 is constant in melanocytes and alterations in this process, can reduce the
resistance of cells to stress, both physical and chemical, leading to cell death or carcinogenesis
[65, 66]. The Nrf2 level may be affected by hormones like estrogens. Curcumin is an extract
from turmeric root, which acts as antifibrotic in systemic scleroderma, by reducing ROS that
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causes suppression of the fibrotic process in scleroderma [67, 68]. In contrast, it reduces Nrf2
activity also by antioxidants thiol and thioredoxin, since the thiol group can prevent oxidation
of Keap1, which favors the maintenance of Nrf2 in theKeap1 complex [69].

5.4. Immunological disorders

The adipose tissue is an important endocrine gland, it produces proinflammatory cytokines.
In menopause, several inflammatory conditions, such as preexist diseases and oxidative stress,
have been described, but possibly the most important factor is the centralized fat mass. In a
study that considered healthy postmenopausal women of different ethnicity higher levels of
proinflammatory markers, such as reactive C-reactive protein, interleukin-1β, and tumor
necrosis factorα, are reported. This fact is very important, because, it marked a proinflamma-
tory state associated only with the postmenopause [70].

Figure 1. Alterations and diseases observed in menopause. Several diseases present in the menopause, are related to
low levels.

The Nrf2 pathway plays a role in degenerative and immune disorders, such as atherosclerosis,
inflammatory bowel disease (IBD), diabetes, rheumatoid arthritis, HIV/acquired immunode-
ficiency (HIV/AIDS) syndrome, neurological disorders, sepsis, cancer, Alzheimer's disease and
many others [71]. Although the exact mechanism is unknown, studies in macrophages, indicate
that genes Nrf2 inhibits pro-inflammatory cytokines [72], so this mechanism must be deregu-
lated in this stage of life. Many studies on menopause are presented, but there some of them
has been related to oxidative stress, which are characterized by a decreased level of Nrf2
(Figure 1).

6. Diet and Nrf2

Changes in body composition of women may have different causes, for example, mood swings
can lead to eating disorders. Although, special diets are recommended for this stage; investi-
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gations are providing substantial information based on its recommendation in relation to the
activation of Nrf2 that can induce phytochemicals present in different foods, especially of plant
origin. Among these compounds are curcumin, sulforaphane, anthocyanins and alkyl catechol.
Lactobacilli are important too, as they contain phenolic acid decarboxylase enzyme, alkyl
catechol (Figure 2) [73–75].

Figure 2. Modulators of Nrf2. Levels of Nrf2 can increase by compounds present in vegetables such as curcumin and
broccoli.

7. Conclusions

Menopause is caused by the changes in the production of estrogens, hormones that modulate
several functions in organs and tissues, but when its blood levels are diminished, different
disorders are developed, such as, cardiovascular events, osteoporosis, dyslipidemia, changes
in corporal composition, among others. All of them have been directly related to oxidative
stress. The major regulator of this state is Nrf2, which is activated by estrogens, phytoestrogens,
and alkyl catechol. In conclusion, the oxidative stress observed during menopause and its
stages, can be modulated by activators of Nrf2, and vegetables and fruits have compounds
with similar effect.
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Abstract

The Nrf2 has been identified as a key molecular player in orchestrating adaptive cel-
lular interactions following a wide spectrum of cellular conditions that could be either 
extracellular or intracellular. The encoded transcription factor regulates genes, which 
contain antioxidant response elements (ARE) in their promoters; many of these genes 
encode proteins involved in response to environmental stress, detoxifying enzymes, 
metabolic enzymes, injury, and inflammation, which includes the production of free 
radicals. The association between oxidative stress and inflammation with progression of 
diabetic nephropathy and cardiomyopathy has been described. The prevention of dia-
betic nephropathy and cardiomyopathy has become a global concern for those who are 
working in diabetic care management. Therefore, activation of Nrf2 has the potential to 
protect against macromolecular damage. Studies have demonstrated the beneficial role 
of Nrf2 induction in the prevention of DN. Upon exposure of cells to oxidative stress or 
electrophilic compounds, Nrf2 dissociates from Keap1 and translocates into the nucleus 
to bind to antioxidant-responsive elements in the genes encoding antioxidant enzymes. 
Upregulation of these Nrf2-dependent antioxidants promotes detoxification and anti-
inflammatory function. Thus, the Nrf2 activators have been suggested for preventing 
diabetic nephropathy.

Keywords: Nrf2, diabetic complications, nephropathy diabetic

1. Introduction

The stimatives demonstraded that 10% of the global population will have diabetes by 2035 [1]. 
Hyperglycemia, hyperlipidemia, and inflammation are the metabolic abnormalities in diabetes 
and are involved with the development of reactive oxygen or nitrogen species (ROS or RNS) [2].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Diabetes is a strikingly heterogeneous disease with variable clinical, pathologic, and molecu-
lar features [1]. It has been described that high glucose induces the oxidative damage and it is 
related potentially on the diabetic complications in animal models [3].

Additionally, it is known that Nrf2 expression increases in response to oxidative stress [2]. 
The Nrf2 transcription factor (nuclear factor, erythroid 2derived 2-like 2 or nuclear factor 
erythroid 2-related factor 2) has been identified as a key molecular player in orchestrating 
adaptive cellular interactions following a wide spectrum of cellular conditions that could be 
either extracellular or intracellular [3].

Upregulation of Nrf2 and/or its downstream antioxidant genes in response to hyperglycemia 
is of growing interest in the clinical and research community [2]. The Nrf2 is a master regulator 
of cellular detoxification response and redox status and also provides a protective action from 
various oxidative stresses and damages [1, 2]. Given that we have yet to understand molecular 
mechanisms of diabetes complications, the results of studies may play an important role in 
elucidating the molecular pathways and get the development of strategies for prevention, treat-
ment, and management of macrovascular and microvascular diseases (diabetes complications).

2. Implications of Nrf2 transcription factor in diabetic complications

The gene Nrf2 also known as NFE2L2 encodes a transcription factor that regulates genes that 
contain antioxidant response elements (ARE) in their promoters; these genes encode pro-
teins involved in response to environmental stress, detoxifying enzymes, metabolic enzymes, 
injury, and inflammation, which includes the production of free radicals. During nonstressed 
conditions, the Nrf2 is inactive in the cytoplasm connected to protein Kelch-like ECH-
associated protein 1 (Keap1), which prevents its translocation to the nucleus [4].

During oxidative stress, a signal that involves phosphorylation and/or redox modification is 
transduced to the Keap1/Nrf2 complex (see Figure 1), leading to its disruption and nuclear 
translocation of Nrf2. However, under basal conditions, Keap1 mediates rapid ubiquitination 
and subsequent degradation of Nrf2 by the 26S proteasome [3, 4]. Cullin 3-based ubiquitin E3 
(Cul-E3) ligase complex ubiquitinates Nrf2, and Keap1 serves as a substrate adaptor, which 
facilitates the ubiquitination of Nrf2 by Cullin 3. As a result, Nrf2 has a short half-life that 
lasts only 20 min under normal conditions. Oxidative stress destroys critical cysteine residues 
in Keap1, disrupting the Keap1-Cul3 ubiquitination system. If Nrf2 is not ubiquitinated, it 
builds up in the cytoplasm and is translocated into the nucleus [4–6].

In the nucleus, Nrf2 combines with a small protein called Maf to form a heterodimer, and, 
by binding to the ARE in the upstream promoter region, it initiates the transcription of 
various cytoprotective genes including those encoding antioxidant and phase II detoxify-
ing enzymes such as catalase (CAT), superoxide dismutases (SODs), heme oxygenase-1 
(HO-1), NAD(P)H dehydrogenase (quinone) 1 (NQO-1), glutathione peroxidase-1 (GPx-1), 
glutathione S-transferase (GST), and γ-glutamylcysteine synthase (γ-GCS). The antioxidant 
response provided by the NFE2L2 and Keap1-NFE2L2/ARE signaling pathways protects the 
pulmonary, hepatic, digestive, neural and cardiovascular systems, and Nrf2 is considered a 
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response provided by the NFE2L2 and Keap1-NFE2L2/ARE signaling pathways protects the 
pulmonary, hepatic, digestive, neural and cardiovascular systems, and Nrf2 is considered a 
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promising target against diabetic complications such as cardiovascular diseases and diabetic 
nephropathy [7–9].

Type 2 diabetes mellitus (T2DM) is characterized by insulin resistance, with or without 
defects in insulin production and secretion, and as the prevalence of obesity in children has 
increased, T2DM has also become more common. T2DM is characterized by insulin resistance 
(with or without defects in insulin production and secretion), and the routine medical treat-
ment is challenging, especially the identification and management of complications associ-
ated with micro- and macrovascular damage in diabetes [10].

Diabetes is a multifactorial process involving genetics, lifestyle, ethnic and racial heritage, 
and environmental factors. On the other hand, the interplay of these factors is not yet under-
stood. The single nucleotide polymorphisms (SNPs) are a common type of genetic variations, 
which have been shown to impact most population susceptibility to diseases and individual 
response to drug treatments [10, 11].

In Chinese population was investigated NFE2L2 SNPs for possible associations with either 
T2DM or diabetic complications such as diabetic foot, microangiopathy and peripheral neu-
ropathy, nephropathy, and retinopathy. This study showed that the T2DM patients with 
complications presented a higher frequency of mutant allele than the T2DM patients without 
complications. The study suggests that NFE2L2 SNPs are associated with T2DM patients 
with complications [10].

Figure 1. Schematic presentation of Nrf2 pathway activation by reactive oxygen species (ROS). Under basal conditions, 
Keap1 mediates rapid ubiquitination and subsequent degradation of Nrf2 by the 26S proteasome. During oxidative 
stress, the Nrf2 regulates genes, which contain antioxidant response elements (ARE) in their promoters.
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With oxidative stress and chronic systemic inflammation inseparably interconnected, inhib-
iting oxidative stress was theoretically an effective strategy to delay diabetes-related mac-
rovascular and renal diseases. Research has revealed that the expressions of Nrf2-mediated 
anti-oxidative enzymes, including HO-1, NQO-1, and GPx-1, were significantly increased in 
the diabetic kidney when treated with salvianolic acid A (SAA) alone or in combination with 
metformin (MET). SAA is a polyphenol derivative extracted from the root of Salvia miltior-
rhiza, which is known to show a variety of pharmacological activities including antioxidant, 
anti-inflammatory, and antiplatelet properties [8, 9].

Furthermore, SAA alleviates H2O2-mediated oxidative stress via activation of Nrf2/HO-1 sig-
naling. The MET is an oral hypoglycemic agent, which is widely used in patients with type 
2 diabetes. MET decreases blood glucose levels by decreasing hepatic glucose production, 
decreasing intestinal absorption of glucose, and improving insulin sensitivity by increasing 
peripheral glucose uptake and utilization [8–10].

Compared to treatment with either SAA or MET alone, their combination provided fur-
ther protection against the macrovascular and renal injury, which was at least partly due 
to therapeutic activation of both MET-mediated AMP-activated protein kinase (AMPK) 
and SAA-mediated Nrf2/antioxidant response elements (ARE) pathways [12]. It is sug-
gested that polyphenol Nrf2 modulators, especially combined with drugs activating AMPK 
including hypoglycemic drugs, are worthy of further investigation to combat diabetic com-
plications [9].

The genetic deficiency in Nrf2-mediated transcriptional responses, especially antioxidant 
pathways, enhances susceptibility to both ischemic and nephrotoxic AKI in mice. Nrf2 defi-
ciency is associated with an increased mortality accompanied by augmented kidney dysfunc-
tion and vascular permeability. Liu et al. [13] demonstrated that Nrf2 deficiency enhances 
susceptibility to both ischemic and nephrotoxic acute kidney injury and identifies this tran-
scription factor as a potential therapeutic target in these injuries.

On the other hand, Nrf2 plays a protective role in experimental acute kidney injury, and this 
protection is mediated, in part, through an endogenous antioxidant pathway [2, 13].

Diabetic cardiomyopathy (DCM) is one of the major cardiac complications in diabetic patients. 
DCM is related to oxidative stress that is due to imbalance between ROS and/or reactive nitro-
gen species generation and their clearance by antioxidant defense systems [2–6]. Experimental 
and clinical studies have shown the important roles that Nrf2 and its downstream genes play 
in the pathogenesis of cardiac remodeling and heart failure induced by a number of factors. 
TNF-α has an important role in a number of pathologies associated with oxidative stress 
including diabetes, cancer, cardiac hypertrophy, and cardiomyopathy [6, 13].

The exposure of TNF-α to cells at concentrations well below the threshold associated with 
subinflammation significantly increased Nrf2 activity and its nuclear translocation. The 
TNFR1/2 double knockout mice and HL-1 cardiomyocytes make a first step forward in under-
standing the bimodal effects of the cytokine, TNF-α, in regulating the redox-sensitive Keap1/
Nrf2 antioxidant pathway. This study has potential importance in the field of cardiovascular 
signaling because the TNF-α–induced biphasic regulation of the Nrf2 pathway suggests that 
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a certain threshold of TNF/ROS signaling is essential to prime and activate the Nrf2 protective 
signaling pathway [14].

Research revealed that broccoli sprout extract (BSE), a natural SFN-rich supplement, can 
prevent the development of DCM. Like sulforaphane (SFN, an Nrf2 activator), BSE can pre-
vent DCM in a transgenic T2DM mouse model via activation of Nrf2 by inhibiting diabetes-
induced cardiac oxidative stress and damage as well as inflammation. BSE, when used at 
higher doses, can be used as a natural and safe source of SFN to upregulate Nrf2 expression 
and prevent DCM. Similar to its reported beneficial impact when used in patients with other 
chronic diseases, our results demonstrate that BSE also has promising potential in the treat-
ment of patients with diabetes mellitus. Treatment with SFN-rich BSE for 3 months could 
significantly prevent the pathological process of DCM in the T2DM mice model, and like SFN, 
BSE also significantly upregulated Nrf2 expression and function to prevent diabetes-induced 
cardiac oxidative stress and inflammation. Therefore, BSE could potentially be used as a natu-
ral and safe treatment against DCM via Nrf2 activation [11].

Coronary artery disease and ischemic heart disease are prevalent worldwide. The devel-
opment of percutaneous coronary intervention and surgical revascularization has brought 
marked benefits to patients with acute MI. However, ischemia/reperfusion injury during 
revascularization can cause further cardiac injury. Nrf2 and its target genes have been shown 
to play a protective role in cardiac ischemia-associated injury. Some antioxidants protect 
the heart from ischemia-induced cardiac injury via the Nrf2 pathway. For example, α-lipoic 
acid and prostaglandin D2 significantly increased Nrf2 nuclear translocation; the expression 
of its downstream genes reduced lactate dehydrogenase (LDH) and creatine kinase (CK) 
release, attenuated myocardial infarct size, decreased cardiomyocyte apoptosis, and partially 
preserved heart function; and this effect was at least partially PI3K/Akt signaling pathway 
dependent [6, 14, 15].

In adipose tissues, ROS promote the conversion from preadipocytes to mature adipocytes 
and facilitate insulin action [16, 17]. The ROS-mediated biological signaling pathways could 
be affected by enhanced Nrf2-ARE activity because ROS signaling intermediates should 
inversely correlate with the ROS scavenging activity and antioxidant status in cells. Thus, 
when the cells are chronically exposed to oxidative stressors, cellular ROS scavenging capac-
ity is adaptively upregulated, primarily through the activation of Nrf2 and subsequent tran-
scriptional induction of a suite of antioxidant enzymes [11].

Additionally, the induced antioxidant enzymes may have the undesired effect of impeding the 
physiological role of ROS as signaling molecules. Although antioxidants protect adipocytes 
from oxidative damage, they also may blunt aspects of ROS signaling, resulting in reduced 
adipogenesis and insulin resistance. Nrf2 controls white adipose tissue expandability and 
serves to maintain glucose and lipid homeostasis, including control of adipogenesis [19–21]. 
In addition, ROS, whose cellular concentrations decline with increases in Nrf2-regualted anti-
oxidant gene expression, also affect insulin signaling [17, 18].

It is described that oxidative stress is a dynamic condition characterized by an imbalance 
between pro-oxidants and antioxidants. Reactive oxygen species (ROS), not adequately 
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 counterbalanced by antioxidant defenses, causes DNA damage. However, it is the action of 
antioxidants such as the Nrf2 transcription factor that acts by activating cytoprotective genes, 
which promote cell survival. In basal conditions, the repressor protein Keap1 binds Nrf2 in 
the cytoplasm and promotes its degradation. In the presence of ROS, Keap1 is inactivated and 
releases Nrf2 resulting in its nuclear translocation. The presence of mutations of the Nrf2-
Keap1 genes and favoring greater Nrf2 expression and action have been described in associa-
tion with different types of diseases. Recently, we have demonstrated the critical role of Nrf2 
expression in protecting the cardiac cells from oxidative damage and death caused by high 
levels of glucose [19, 20, 22]. Thus, the cells have evolved endogenous defense mechanisms 
against sustained oxidative stress.

Experimental studies have shown that oxidative stress directly induces insulin resistance 
in cardiomyocytes via exaggerating extracellular signal-related kinase (ERK) activity in 
vitro. Additionally, depressed expression of cardiac Nrf2 was associated with significant 
increases in nitrosative damage and phosphorylation of ERK, all of which were prevented 
in the hearts of diabetic mice with cardiac overexpression of a potent antioxidant metallo-
thionein (MT) [23, 24].

On the other hand, upregulation of cardiac Nrf2 by its activator dihydro-CDDO-trifluoro-
ethyl amide (Dh404) significantly prevented diabetes-induced nitrosative damage, ERK acti-
vation, and insulin signaling downregulation. Thus, these findings suggest that oxidative 
stress–depressed expression of cardiac Nrf2 is associated with cardiac activation ERK 
and downregulation of glucose metabolism [25]. The studies suggested that the Nrf2 is 
a master transcriptional factor of antioxidative defense system [19] and may be a novel 
negative regulator of oxidative stress–mediated insulin resistance in cardiomyocytes and 
the heart [22].

Traditionally, interactions among metabolic and hemodynamic factors are considered to be 
involved in the development of renal lesions in patients with diabetes, for example, diabetic 
nephropathy (DN). However, several other factors such as oxidative stress and inflammatory 
processes have been shown to play important roles in the pathogenesis of DN; these factors 
are not completely independent, but they interact with each other. Several studies report the 
infiltration of macrophages and proinflammatory cells in kidney at different stages of DN 
[26]. The inflammatory infiltrate produces reactive oxygen species (ROS), proinflammatory 
cytokines, and growth factors, which lead to upregulation of chronic systemic inflammation 
and mediate the progression of diabetic nephropathy [26, 28–30].

As a consequence of inflammation, a variety of cytokines and acute phase proteins are released 
in order to augment or attenuate the inflammatory response. The main inflammatory cytokines 
involved in the development of DN are interleukin 1 (IL-1), IL-6, and IL-18 and tumor necrosis 
factor-α (TNF-α); these might contribute to the progression of renal injury either directly or 
indirectly [27]. Thus, chronic inflammation contributes to DN not only as a consequence of a 
direct effect of proinflammatory mediators on cellular signaling but also by creating a state 
of oxidative stress. In recent years, several investigators have provided substantial evidence 
implicating nuclear factor Nrf2 in inflammation and associated disorders [30, 31].
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The therapeutic potential of Nrf2 activation in diabetes, implicating control of oxidative 
stress, in addition to regulation of inflammatory cytokines as methods of Nrf2 protection, was 
described. Also, it has been described that severe oxidative stress is associated with inflamma-
tion in chronic kidney disease (CKD) [27]. Oxidative stress and inflammation are mediators 
in the development and progression of chronic kidney disease (CKD) and its complications, 
and they are inseparably linked as each begets and amplifies the other. Although pathways 
involved in intrarenal ROS production and inflammation in experimental CKD have been 
widely explored, the relationship of DN on proinflammatory cytokines and Nrf2-Keap1 sys-
tem in diabetes is poorly studied [27, 28, 30].

There was no an effective approach to prevent the development of these complications for the 
patients with diabetes. Thus, diabetic nephropathy and cardiomyopathy are the two major 
causes for the mortality of diabetic patients. Although there remain many questions to be 
further investigated, the potential beneficial effects of upregulation of Nrf2 and/or its down-
stream protective components have attracted the attention of basic researchers and clinical 
physicians to consider its potential application in the clinic [5–30].

3. Strategies to prevent diabetic complications by activating Nrf2 factor

The glucose control, blood pressure, lipid lowering, and the blockage of the renin-angiotensin 
systems were used for the treatment of diabetic patients, and the development and progres-
sion of nephropathy and cardiomyopathy in the patients with diabetes remain unpreventable 
[2]. Ultimately, it can be inferred that these Nrf2 cross talks with other signaling pathways 
are of clinical importance within the context of many human disease condition pathogenesis, 
particularly those with highly complex multifactorial molecular interaction, as in diabetic 
complications [32].

Diabetic nephropathy (DN), one of the major microangiopathic chronic diabetic complica-
tions, is associated with an increased risk of major cardiovascular events and all-cause mor-
tality. DN is now the major cause of chronic kidney disease throughout the world and is the 
largest single cause of end-stage renal disease, accounting for nearly half of the patients enter-
ing dialysis each year. The etiopathogenesis of DN is clearly multifactorial, including genetic 
and environmental factors. Evidence indicates that mechanisms are active by mitochondrial 
overproduction of reactive oxygen species (ROS) [34, 37].

Extra generation of ROS, induced by hyperglycemia, is considered as the main reason for the 
development of these diabetic complications. Oxidative stress contributes to the pathogenesis 
of diabetic nephropathy. Nuclear factor erythroid-derived 2-like 2 (NRF2) controls cellular 
defense mechanisms against oxidative stress by turning on transcription of antioxidant genes 
[33]. Under physiological conditions Kelch-like ECH-associated protein 1 (Keap1) binds to 
Nrf2 and sequesters it in the cytoplasm. Under basal conditions, Keap1 mediates rapid ubiq-
uitination and subsequent degradation of Nrf2 by the proteasome [7, 35, 36, 38]. Studies have 
demonstrated the beneficial role of Nrf2 induction in the prevention of DN [37].
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Upon exposure of cells to oxidative stress or electrophilic compounds, Nrf2 dissociates from 
Keap1 and translocates into the nucleus to bind to antioxidant-responsive elements in the 
genes encoding antioxidant enzymes. Upregulation of these Nrf2-dependent antioxidants 
promotes detoxification and anti-inflammatory function. A growing body of evidence has 
indicated a critical role for activator-induced Nrf2 upregulation in the prevention of diabetic 
complications, including DN [36].

Other important targets of the Nrf2/Keap1/ARE system are lipogenic genes involved in regula-
tion of triglyceride and cholesterol synthesis and metabolism, such as sterol response element-
binding protein-1 and fatty acid synthase, where activation of Nrf2 leads to downregulation 
of lipogenic gene expression, affording protection against lipogenic stress. Repression of ste-
rol response element-binding protein-1 decreased expression and activities of diacylglycerol 
acyltransferase-1 and 2 activity and fatty acid synthase, leading to decreased synthesis of 
triglycerides and cholesterol esters and secretion of apolipoprotein B100 in very low-density 
lipoprotein. Therefore, activation of Nrf2 has the potential to protect against macromolecular 
damage and against metabolic dysfunction and dyslipidemia [37].

Given these considerations, the preventive effect of Nrf2 activation on diabetic complication in 
animal models has been explored recently. The Nrf2 activators have been suggested for pre-
venting diabetic nephropathy such as insulin, sulforaphane (SFN), cinnamic aldehyde (CA), 
and others. It is know that NQO1, one important Nrf2 downstream protective components, 
which is an important detoxifying enzyme that protective against  diabetic complications. 
Functional variants of NQO1 were associated with the development of coronary artery disease 
in people with type 2 diabetes [35].

Studies have shown that after chronic treatment with SFN, that diabetic mice exhibited signifi-
cant renal prevention from diabetes-induced damage most likely via induction of Nrf2-mediated 
antioxidant pathway. SFN has garnered particular interest as an indirect antioxidant due to its 
extraordinary ability to induce expression of several enzymes via the Keap1/Nrf2 pathway. The 
studies indicate the requirement of Nfr2 for SFN and CA-induced renal protection against dia-
betes [37]. The activation of Nrf2 by SFN is able to suppress hyperglycemia-induced oxidative 
stress and metabolic dysfunction in human microvascular endothelial cell [37].

Anti-inflammatory, antioxidant, and antimicrobial effects of curcumin products have been 
widely investigated recently [9–41]. The analog C66 from curcumin was found to effectively 
inhibit high glucose (HG)-induced inflammatory response and macrophage infiltration, 
resulting in a significant prevention of renal injury in diabetic rats, response, and macrophage 
infiltration, resulting in a significant prevention of renal injury in diabetic rats. Liu et al. [39] 
demonstrated for the first time that C66 can protect the aorta from diabetes using a type 1 dia-
betes mouse model. Treatment of diabetic mice with C66 for 3 months can almost completely 
reverse and/or prevent the progression of diabetes-induced aortic oxidative damage, inflam-
mation, apoptosis, and proliferation.

C66 is a novel curcumin analog with a much lower effective dose of 5 mg/kg administered 
every other day and has been shown to establish protection from diabetic nephropathy and 
diabetic cardiomyopathy [7, 40]. Wu et al. [8] have demonstrated that in addition to upreg-
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ulating Nrf2 by increasing miR-200a, C66 also protects against DN by inhibiting miR-21. 
Curcumin is a regulator of epigenetic events, including miRNAs, and among miR-21 has 
been demonstrated to play a key role in the pathogenesis of DN. Liu et al. described that 
C66’s renal protection from diabetes was accompanied by a significant inhibition of c-Jun 
N-terminal kinase (JNK). Inhibition of JNK phosphorylation by C66 and JNKi also signifi-
cantly prevented diabetes-induced increase in inflammation, oxidative and nitrative stress, 
apoptosis, cell proliferation, and fibrosis [39].

The health-beneficial effects of fruit and vegetables have been linked to their content of activa-
tors of Nrf2. Key dietary bioactive activators of this system are glucosinolate-derived dietary 
isothiocyanates (SFN) and indoles, thioethers and disulfides, polyphenols, flavonoids, carot-
enoids, oxidized omega-3 fatty acids, and triterpenoids. Additionally, SFN is found in the 
brassica vegetables (broccoli, cabbage, cauliflower, Brussel sprouts, and others) and rocket 
salad [11]. The diet as a source of anti-inflammatory and health-beneficial compounds for 
patients with chronic renal failure has been recognized. With markedly decreased clearance 
in this patient group and adverse effects of some dietary bioactive compounds at high doses, 
particularly glucosinolate-derived isothiocyanates, it is necessary to proceed cautiously with 
dietary recommendations [38].

The activation is thought to occur by different mechanisms: SFN releases Nrf2 from Keap1 by 
modification of critical cysteine thiol residues; some polyphenols induce downregulation of 
Keap1 expression and/or induce mild oxidative/nitrosative stress; and J3-isoprostanes disrupt 
the Keap1-Cul3 complex, preventing Keap1-Nrf2 targeting to the proteasome. Many chemi-
cally diverse activators have already been identified, including the glutathione peroxidase-1, 
SN found in cruciferous vegetables, caffeic acid phenethyl ester from the bee product propolis, 
and CA (found in cinnamon bark) [37]. Many have shown promising actions relevant to dia-
betes complications [38]. Dietary habits may also be difficult to change, but processing of food 
products and beverages may also be modified to increase levels of Nrf2 activators in foodstuffs. 
It is generally accepted that a diet rich in fruits and vegetables helps stave off the development 
of cardiovascular disease [38].

Dietary and synthetic activators use as secondary prevention measure for DN should remain 
a top priority for health official campaigns [41]. To reach the public health goal of reduc-
ing DN prevalence, campaigns to engaging in diabetic complications prevention need to be 
addressed, including dietary education strategies.

4. Conclusions

Oxidative stress is a major player in the etiology of diabetic complications. Given these 
considerations, the Nrf2 factor is a master regulator of redox homeostasis and the cellu-
lar detoxification response. It has been demonstrated that natural compounds derived from 
plants, vegetables, and micronutrients can activate Nrf2 and, thus, promote antioxidant 
pathways to mitigate oxidative stress and hyperglycemic damage. Studies are needed to 
evaluate the potential effect of Nrf2 activators. Thus, these activators play an important role 
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Abstract

Oxidative damage contributes to pathogenesis in many neurodegenerative diseases. As
the indicator and regulator of oxidative stress, the nuclear factor erythroid 2-related
factor 2 (Nrf2)-antioxidant response element (ARE) pathway has been shown to have
dynamic changes and examined for its neuroprotective role in many cases. Nrf2 is
emerging as a regulatory protein in neuronal death, since it helps neuronal cells to meet
with oxidative insults.  In this chapter,  we summarize the role of Nrf2 as a master
regulator  of  oxidative  stress.  Furthermore,  we  treat  some  natural  and  chemical
substances able to modulate the Nrf2 pathway and, therefore, their possible use in the
neurodegenerative diseases therapeutic treatment.

Keywords: cell metabolism, oxidative damage, neurodegenerative diseases, neuro-
protection, modulators of Nrf2/ARE pathway

1. Introduction

To maintain redox homeostasis is very important for the normal function of the brain. This
mechanism is regulated by antioxidant system. With age, genetic, and environmental risk
factors, this system becomes imbalanced and oxidative stress (OS) follows through increased
levels of reactive oxygen and nitrogen species (ROS/RNS). The accumulation of oxidative
damage induces modifications of lipids, proteins, and DNA/RNA, a common feature of many
neurodegenerative  diseases,  such as  Parkinson’s  disease  (PD),  Alzheimer’s  disease  (AD),
amyotrophic lateral sclerosis (ALS), and Huntington’s disease (HD). Although it is difficult to
impose one if oxidative stress is a cause or epiphenomenon of neuronal death, the nuclear
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factor erythroid 2-related factor 2 (Nrf2)-antioxidant response element (ARE) pathway is a
primary sensor of oxidative stress and regulates the expression of several genes encoding
antioxidant proteins and detoxifying. The Nrf2-ARE pathway activation, in animal models of
neurodegeneration, has produced positive effects; these data support the need for studies
aimed to develop drugs able to activate Nrf2-ARE pathway in the central and peripheral
nervous system. This chapter sums up the role of oxidative damage in neurodegenerative
disorders and the protective functions of the Nrf2-ARE pathway.

2. Cell metabolism and oxidative stress

Originally, the primordial eukaryotic cells were unable to use oxygen for metabolic purposes.
More than one billion years ago, according to endosymbiosis theory, these eukaryotic cells
were colonized by aerobic bacteria, which can change with the host cells, and intracellular
organelles became those we now call mitochondria. This alliance has facilitated bacteria to the
availability of metabolic substrates, now assigned to the host cell, and at the same time has
made a new kind of metabolism, much more efficient, eukaryotes: aerobic or oxidative
metabolism [1]. Mitochondria are cytoplasmic organelles ranging from 1 to 10 μ and are often
described as “electrical control units of the cell” because they generate most cell supply of
adenosine triphosphate (ATP), used precisely as a chemical energy source from cell. Mito-
chondria not only perform this function but are also involved in other processes, such as
signaling, cell differentiation, death, and also in the cell cycle control and cell growth [2]. The
number of mitochondria in a cell varies according to the type of tissue and the body; there are
cells with a single mitochondrion and cells with many thousands of mitochondria; these
organelles are able to move freely in the cytoplasm and tend to thicken in the points where
there is a greater demand for energy. The mitochondria, by means of the mitochondrial
respiratory chain (OXPHOS), and through the process of oxidative phosphorylation, fulfill the
requirements of ATP and therefore of energy of the cell [3]. The respiratory chain consists of
a series of electron carriers (complexes), most of which are integral proteins of the inner
membrane, containing prosthetic groups associated to proteins able to accept and donate one
or two electrons [3]. The electron carrier complexes are four types: complexes I, II, III, and IV,
in which two mobile electron carriers are to be added: cytochrome c and coenzyme Q. The
respiratory chain is a very efficient mechanism, but during the step of transporting electrons,
it may happen that a small percentage of electrons may prematurely reduce oxygen, forming
reactive oxygen species (ROS), which are potentially harmful and dangerous for the cell. ROS
are ions or very small molecules that include oxygen ions, free radicals and peroxides, organic
and inorganic; they are highly reactive due to the presence of unpaired electrons in the orbital
outside and are formed as a natural byproduct of oxygen metabolism and play an important
role in cell signaling. The main source of ROS in vivo is aerobic respiration precisely, although
they are also produced by the fatty acids beta-oxidation, by the xenobiotic components
metabolism, after the activation of phagocytosis by pathogens. During periods of environ-
mental stress, the ROS levels can increase dramatically, causing significant damage to cell
structures. This increase is identified with the term of oxidative stress (OS) [4]. OS is usually
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reactive oxygen species (ROS), which are potentially harmful and dangerous for the cell. ROS
are ions or very small molecules that include oxygen ions, free radicals and peroxides, organic
and inorganic; they are highly reactive due to the presence of unpaired electrons in the orbital
outside and are formed as a natural byproduct of oxygen metabolism and play an important
role in cell signaling. The main source of ROS in vivo is aerobic respiration precisely, although
they are also produced by the fatty acids beta-oxidation, by the xenobiotic components
metabolism, after the activation of phagocytosis by pathogens. During periods of environ-
mental stress, the ROS levels can increase dramatically, causing significant damage to cell
structures. This increase is identified with the term of oxidative stress (OS) [4]. OS is usually
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defined as the altered balance between the production of ROS and their removal by cellular
antioxidant mechanisms, such us enzymatic scavengers and low-molecular-weight reductants.
Mitochondria use most of available oxygen (85–90%) to produce ATP, but, at the same time,
are the major producers of ROS, such as superoxide (O−2) and hydrogen peroxide (H2O2)
principally originate by loss of electrons from OXPHOS during oxidative phosphorylation
with the consequent incomplete reduction of molecular oxygen [5, 6]. Superoxide itself is not
greatly dangerous; nevertheless, it can rapidly react with the mild oxidant nitric oxide (NO to
generate peroxynitrite (ONOO−) [7, 8]. Similarly, H2O2 is a slight oxidant but bit by bit it
decomposes to generate the hydroxyl radical . Both ONOO− and  damage the function
of biomolecules inside the cell. Particularly, ROS attack the backbone and the side chains of
proteins determining protein misfolding and aggregation. In addition, they attack nucleic
acids, leading to alteration of purine and pyrimidine bases. Moreover, ROS cause lipid
peroxidation, producing highly dangerous molecules, such as malondialdehyde, 4-hydroxy-2-
trans-nonenal (HNE), acrolein, and thiobarbituric acid reactive substances (TBARSs) [9].
Summarizing, OS causes several interdependent mechanisms leading to cell death. All the
human body’s cells are subjected to oxidative stress, but the neurons are particularly affected
by oxidative damage of aerobic metabolism. This susceptibility can be attributed on the one
hand to their high oxygen requirement and on the other hand to low expression of antioxidant
proteins [10]. Strong production of ROS is associated with deleterious effects on neuronal cell,
also exerting crucial roles in regulating specific signaling mechanisms. In particular, ROS are
able to activate kinase cascade [11], to regulate the calcium mobilization and signaling [12,
13], to control the expression of antioxidant genes [14, 15], and, finally, the ROS seem to control
the differentiation [16] and neurogenesis [17] in neural stem cell. OS is a critical gambler in
several diseases, including age-dependent neurodegenerative disorders such as Parkinson’s
disease (PD) and amyotrophic lateral sclerosis (ALS). The involvement of OS in several
neurodegenerative conditions has been demonstrated by the identification of pathological
mutations in genes performing in antioxidant pathways as well as oxidative stress markers in
patients’ samples [18–20]. Nevertheless, in many cases it is not clear whether this kind of stress
is a primary cause or downstream event associated with the progression of the neurodegen-
eration. Consequently, a better understanding of ROS involvement in the pathogenesis of
neurodegenerative diseases can offer the possibility to identify new targets for neuroprotective
therapies.

3. Nrf2/ARE pathway

Several lines of evidence in the literature suggest that the reactive chemical species and
electrophilic substances can have an important role in inducing different causative mecha-
nisms of various pathologies such as tumorigenesis, diseases affecting the cardiovascular
system, central nervous system, and peripheral nervous system [21, 22]. The human body, in
order to neutralize these toxic substances, has developed a plethora of defense mechanisms
[23]. Between the several mechanisms, the Nrf2-ARE pathway is now considered the most
regulator of cellular defense mechanisms against oxidative stress [24].
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Nrf2 be up to the Cap‘n’collar (Cnc) transcription factor family and is considered the leader
of the antioxidant response since it regulates the expression of several defensive genes [25,
26]. Nrf2 is a very unstable protein, typically present in association with its negative regulator
Kelch-like ECH-associated protein 1 (Keap1), which acts as a molecular sensor of cellular
oxidative stress. Under basal condition, Keap1 restrains Nrf2 in the cytoplasm leading to its
degradation. Particularly, Keap1 acts as a connection protein between Nrf2 and the Cul3-based
E3-ubiquitin ligase complex, promoting Nrf2 ubiquitination and consequent degradation by
the 26S proteasome [27, 28]. Activation of Nrf2 involves its cytosolic stabilization; specific
cysteine residues (Cys 151, Cys 273, and Cys 288) have been identified as direct sensors for
electrophiles and oxidants; chemical modifications in these sensor residues cause a conforma-
tional change that produce the dissociation of Nrf2 from Keap1. Nrf2, detached from his
repressors, translocates to the nucleus and binds its partner, small Maf protein. The hetero-
dimer Nrf2-sMAF ultimately binds antioxidant response element (ARE) sequences leading to
the expression of cytoprotective genes thus allowing cell to efficiently cope with endogenous
stress and exogenous toxicants [29]. Nrf2 also is able to modulate the transcription of genes
involved in mitochondrial biogenesis [30] (Figure 1).

Figure 1. Regulation of Nrf2 by Keap1. In basal conditions, Nrf2 is sequestered in the cytoplasm by a Keap1 homodim-
er that facilitates ubiquitination and degradation of Nrf2 in the proteasome. In the presence of inducers that react with
specific cysteine residues of Keap1, you get the release of Nrf2 and its nuclear translocation. In the nucleus, Nrf2 heter-
odimerizes with small Maf proteins and binds the antioxidant response element (ARE), by activating the expression of
a battery of cytoprotective genes.

4. The Nrf2-ARE pathway and neuroprotection

4.1. Modifications of Nrf2-ARE pathway in neurodegenerative diseases

Abnormalities of Nrf2-ARE pathway were observed in several models of disease-aging
dependent and in degenerative disorders; changes of Nrf2-ARE pathway cause ROS accumu-
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lation and therefore increase of oxidative damage to biological macromolecules. Several
evidences in literature have showed that Nrf2 activation is induced in dopaminergic neurons
in PD cases, but is decreased in hippocampus of AD patients [31]. In the motor cortex and
spinal cord of ALS patients, a reduction of mRNA and protein levels of Nrf2 was observed;
conversely, mRNA level of Keap1 is increased in the motor cortex [32]. Free radical scavengers
regulated by Nrf2 such as superoxide dismutase 1 (SOD1) and catalase are reduced in patients,
whereas other Nrf2-dependent genes are upregulated, for example, NAD(P)H:quinone
oxidoreductase 1 (NQO1), an antioxidant enzyme, is upregulated in astrocytes, neurons, and
other cell types in human AD [32–34] and PD brain [34]. Also heme oxygenase 1 (HO-1) is
overexpressed in astrocytes and neurons of PD [35, 36] and AD patients [37]. HO-1 regulates
heme degradation in two highly antioxidant molecules: biliverdin and bilirubin [38, 39].
Peroxiredoxin is able to reduce hydrogen peroxide and is also upregulated in PD [40], AD [41],
and HD patients [42].

Pluripotent stem cells (iPSC)-derived neurons, which are generated from PD patients with
PARK2 mutations, show an altered redox balance, mitochondrial dysfunction, and increased
activity of the Nrf2 pathway [43]. Another study shows a significant alteration of the Nrf2-
ARE pathway in neurospheres derived from the olfactory mucosa of PD patients [44]. Similar
fluctuations are seen in two transgenic animal models of PD: αSyn-mutant A53T hαSynA53T
[45] and MPTP mouse model [46]. In particular, Nrf2 downstream genes related to glutathione
synthesis increase at the early stage and decrease at the late-stage disease with corresponding
change in the total glutathione levels. Nrf2-regulated genes involved in glutathione synthesis,
metabolism and transportation and detoxification of hydrogen peroxide/quinones increase in
the SN and striatum of 1-month-old αSyn mice [47]. The Nrf2-ARE system is activated in cell
culture systems as well in response to paraquat and maneb [48], and 6-hydroxydopamine [48,
49]. Apparently, the endogenous activation of the Nrf2-ARE pathway seems insufficient to
neutralize the accumulation of oxidative damage. Thus, the research is focused in identifying
an exogenous substance able to maintain long endogenous Nrf2-ARE activation to help the
brain defend itself from oxidative damage [45, 50–53].

4.2. Nrf2-ARE pathway and Parkinson’s disease

Parkinson’s disease affects more than 1% of the population over 60 years of age and is the
second most common neurodegenerative disorder after AD [54]. The 90% of cases are sporadic,
whereas about 10% show a family background [55].

PD is caused by the degeneration of dopaminergic neurons within the substantia nigra pars
compacta (SNc) and it is known that PD neurons are more susceptible to OS [56]. The selective
vulnerability of SNc dopaminergic neurons can be caused by several pathogenic mechanisms
that include exposure to genetic and environmental risk factors, alterated proteolytic systems,
and mitochondrial dysfunctions [57]. In particular, mitochondrial defects lead to impaired
energy and ROS production and therefore to altered bioenergetic and redox balance.

Consistent evidence shows that disrupted mitochondrial integrity and OS play a pivotal role
in PD pathogenesis and disease progression.
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Mutations in several genes, such as PARK2, PARK6, and PARK7, are associated with early-
onset familial forms of PD and with mitochondrial alterations leading to neuronal death [58].
Several studies show that some substances, such as MPTP and rotenone, are able to inhibit
mitochondrial complex I and increase ROS production with possible loss of dopaminergic
neurons in the SNc [59]. Furthermore, peripheral and central markers of oxidative damage are
altered in PD patients, indicating that OS is a crucial player in PD pathogenesis [60–62]. PD
has also been associated with alterations in the expression of antioxidant molecules such as
glutathione and antioxidant enzymes. It was shown that oxidized glutathione is significantly
higher, while other antioxidant molecules and catalase activity are decreased in blood cells
from PD patients [63]. Furthermore, several studies have shown that the activation of antiox-
idant genes expression, in particular those under the control of the Nrf2/ARE system, has
neuroprotective effects in different models of PD [64, 65].

Activation of the Nrf2-ARE pathway is able to protect against the toxic forms of αSyn. In SK-
N-SH neuroblastoma cells, ferrous iron promotes αSyn aggregation through inhibiting Nrf2
pathway [66]. In a PD animal model, it was observed that the transgenic activation of Nrf2 and
knockdown of Keap1 could delay the αSyn-mediated dopaminergic neuron loss and motor
dysfunction [67]. Conversely, genetic deletion of Nrf2 increases αSyn toxicity and exaggerates
αSyn/p-αSyn accumulation in dopaminergic neurites and gliosis. Nrf2 deficiency enhances
the inflammatory response and lowers the capability of phagocytosis in primary microglial
cells [68].

Recently, studies have identified the importance of astrocytic Nrf2-regulating αSyn proteo-
stasis. Astrocytic overexpression of Nrf2 (GFAP-Nrf2) can reduce αSyn aggregates in the
central nervous system of a PD mouse model with neuronal overexpression of human αSyn-
mutant A53T [45]. The accumulation of hαSynA53T in the Triton-soluble fraction from the
spinal cord decreases 60% in symptomatic mice. This is accompanied by a significant increase
in hαSynA53T in the Triton-insoluble/SDS-soluble fraction. This movement of αSynA53T into
Triton-insoluble/SDS-soluble aggregates is completely reversed by the overexpression of Nrf2
in astrocytes.

Similar changes are observed for phosphorylated (Ser129) αSynA53T (p-hαSynA53T) in
Triton-soluble and Triton-insoluble/SDS-soluble fractions. Fluorescent staining of hαSynA53T
also shows a dramatic increase in hαSynA53T aggregates that colocalized with phαSynA53T.
Again, these changes are completely reversed by GFAP-Nrf2.

The autophagy-lysosome pathway (ALP) is a protein degradation system responsible for the
turnover of proteins, aggregate proteins, and damaged organelles. Dysfunctions of autophagic
mechanism result in the accumulation of cytoplasmic aggregates composed of misfolded
proteins and deformed organelles, leading to neurodegeneration and other diseases [69–71].
A significant dysfunction of autophagic machinery is observed in the αSynA53T mice model
[45, 72–74]. Nrf2 prevents chaperone-mediated autophagy dysfunction and increases lifespan,
delays onset, and reduces aggregation in αSynA53T mice [45].
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4.3. Nrf2-ARE pathway and Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease, accounting for 60–
70% of cases of dementia, and although its etiology is still unclear, it is characterized by the
presence of brain amyloid plaques and neurofibrillary tangles whose accumulation ultimately
leads to extensive neuronal loss and progressive decline of cognitive function [75–77]. They
are aggregates of proteins distributed in the entorhinal cortex, hippocampus, and temporal,
frontal, and inferior parietal lobes. Amyloid plaques are composed of aggregates of β-amyloid
(Aβ) and of other protein aggregates such as hyperphosphorylated Tau, ubiquitin, and
presenilins 1 and 2; amyloid plaques are sticky buildup which accumulates outside nerve cells.
Neurofibrillary tangles are abnormal collections of twisted protein threads found inside nerve
cells; the tangles are aggregates of hyperphosphorylated Tau protein [78]. Some of the major
risk factors for AD are unhealthy aging in sporadic AD cases, the presence of ApoE-4 alleles
in both sporadic and familial AD [79], and genetic factors, such as mutation in amyloid
precursor protein (APP) and presenilin-1 (PS1) in familial AD [80] among others. AD brain is
characterized by mitochondrial dysfunction, reactive gliosis, and oxidative damage to lipids
and proteins [81–85].

Several studies demonstrate that the AD brain is under oxidative stress attack. A significantly
increased HO-1 expression was reported in postmortem AD temporal cortex and hippocam-
pus [82]. Additionally, an increased Nqo1 activity and expression were found in astrocytes and
neurons of AD brain [86, 87] and Nrf2 was localized in cytoplasm in AD hippocampal neurons
[31]. Furthermore, there is increased protein oxidation [88, 89] and lipid peroxidation [90–92]
in AD brain. Recent studies in aged APP/PS1 AD mouse models showed Nrf2 protein levels
[93].

Several evidences in literature have shown that Nrf2-ARE pathway is able to mitigate the
toxicity mediated by Aβ. These studies have confirmed the neuroprotective role of Nrf2 against
ROS generation and cell death induced by Aβ in vitro [94–97]. Tert-butylhydroquinone (tBHQ),
a prototypical Nrf2 activator, has been reported to reduce Aβ1-42 secretion in the NT2N cell
line with increased cell viability [98]. The sulforaphane, Nrf2 activator, is able to preserve
cognitive function in an AD animal model [99]. Strikingly, overexpression of mitochondria
catalase in APP (Tg2576) transgenic mice dramatically reduces full-length APP and its c-
terminal fragment 99, lowers soluble and insoluble Aβ levels, extends lifespan, and improves
working memory [100]. A genetic study has demonstrated that overexpression of Nrf2 in the
hippocampus causes increase in mTOR activity; these data suggest that Nrf2 could mediate
autophagy and alter processing/clearance of APP and/or Aβ.

4.4. Nrf2-ARE pathway and amyotrophic lateral sclerosis

ALS is a progressive disease with fatal outcome, in which the motor cortex and spinal cord
motor neurons are selectively affected. The disease in 90% of cases occur sporadically (SALS)
while in 10% of cases there is a clear familiarity (FALS) [101]. The etiology and pathogenesis
of ALS are currently largely unknown. ALS is considered a degenerative multifactorial disease
in which cell death is a consequence of a complex interaction between genetic risk factors and
environmental factors. To explain the neuronal death, several hypotheses have been proposed,
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among which the most accredited implicates oxidative stress [102–106]. In fact, levels of
oxidative stress biomarkers were observed to be altered in SALS patients; these data indicate
that most likely a redox imbalance is relevant in the pathogenesis of disease [107–112]. Elevated
levels of HNE have been detected also in cerebrospinal fluid (CSF) from ALS patients [113,
114]. Additionally, mitochondrial alterations have been observed in motor neuron of ALS
patients [115–118]. These dysfunctions are tightly interrelated with OS cascades, activating
overlapping molecular pathways in a vicious cycle of harmful events. Specifically, alterations
in mitochondrial morphology and biochemistry have been extensively detected in postmortem
tissues [119] and in lymphocytes [120] from SALS patients, in SOD1 transgenic mice, and
cellular models [52]. Dynamic and morphological abnormalities, along with metabolic deficits
in the activities of the OXPHOS proteins, have also been described in both SALS and FALS
patients [121]. Furthermore, impairment in antioxidant mechanisms has also been shown in
ALS, including downregulation of members of glutathione S-transferase family [122, 123],
peroxiredoxins [124], and Nrf2 [125–129].

The first causative gene associated with genetic ALS form was the Cu-Zn superoxide dismutase
1. In FALS patients with SOD1 gene mutations and in G85R animal model, cytoplasmic
inclusions containing modified SOD1 proteins have been observed [130]. In the last decade,
genome-wide association (GWA) studies identified two genes associated with sporadic and
non-SOD1 familial ALS: RNA/DNA-binding proteins, 43-kDa transactive response (TAR)
DNA-binding protein (TDP-43), and fused in sarcoma/translocated in liposarcoma (FUS/TLS)
[131–135]. Both TDP-43 and FUS are predominantly nuclear proteins involved in RNA
metabolism; however, both are observed as aggregates in the cytosol of ALS neurons [136].

Nrf2 activators have been shown to protect against oxidative stress and cell death induced by
SOD1-mutant protein [137, 138]. The Nrf2 overexpression in glial cells directly increases the
resistance to oxidative stress and helps indirectly, through the increate secretion of glutathione,
the ability of the motor neurons to neutralize the toxic effects caused by SOD1-mutant protein
[139]. Also Nrf2 and Keap1 expression analysis showed a reduction of Nrf2 protein in patients
than in controls; conversely, there have been no significant differences in the expression of
Keap1 levels between patients and controls [140–142].

Recently, NSC34 motor neuronal cell lines expressing TDP-43 mutants exhibit shortened
neurites, alteration of oxidative stress markers levels. These effects are reversed by the UPS
inhibitor MG132, but not by the Nrf2 activator sulforaphane [143, 144]. This is attributed to an
increase in HO-1 following MG132 treatment that appeared to be independent of Nrf2
activation. While the role of Nrf2 in protection against SOD1-mutant neuronal toxicity is clear,
its effect on other ALS-associated gene mutations particularly TDP43 and FUS needs to be
clarified by future studies.

5. Modulators of Nrf2/ARE pathway

The manipulation of the Nrf2-ARE pathway at the genetic level is being studied through the
use of siRNA or antisense oligonucleotides against Keap1 to activate/overexpress Nrf2.
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Antisense drugs are being researched to study neurodegenerative disorders, cancer, metabolic
disorders, and disorders with inflammatory components among others. Antisense drug
fomivirsen, marketed as Vitravene, has been approved by the US Food and Drug Adminis-
tration (FDA) for the treatment of cytomegalovirus retinitis. Since then, numerous antisense
therapies have been tested but have not produced significant clinical result. This has not
diminished the potential of gene therapies. Antisense oligonucleotide can bind to the target
RNA and disrupt RNA splicing, transcription, translation, and replication, thereby modulating
gene expression. Several studies showed that siRNA-mediated knockdown of Keap1-activated
Nrf2-ARE pathway in mouse cortical astrocytes and provided partial protection against
MPTP-mediated toxicity in mouse, in vivo [65, 145]. The overexpression of target gene can also
be achieved by viral-mediated gene transduction but it is too early to conclude on efficacy of
viral-mediated gene therapy in human neurodegenerative disorder cases. Nrf2 modulation in
various neurodegenerative disorders has been previously described in this chapter. Hence,
using the antisense oligonucleotide against Keap1, lentiviral-mediated Nrf2 overexpression or
siRNA against Keap1-mediated overexpression of Nrf2 treatment can prove beneficial in
neurodegenerative disorders.

Among recent patents, Curna, Inc. filed patent for the use of antisense for the treatment of
Nrf2-related disorders. The initial study published under International Application for the
Patent Cooperation Treaty (PCT) showed that antisense CUR-0330 and CUR 0332 showed two-
to threefold increase in Nrf2 mRNA expression compared to control (PCT/US2010/027394).
The invention is targeted at the inhibition of natural antisense transcript to Nrf2 as a strategy
toward modulation of Nrf2 expression in disease models [145].

The modulation of Nrf2 expression by using several other pharmacological interventions to
inhibit Keap1 and Nrf2 interaction is under investigation.

The Nrf2/ARE pathway can be pharmacologically activated also by molecules of both natural
derivation (nutraceuticals) and chemical synthesis. Between Nrf2/ARE activators of natural
origin, sulforaphane, polyphenols, and curcumin have been included; between chemical
synthesis substances, chemical Nrf2/ARE activators include triterpenoids and N-(4-(2-pyridyl)
(1,3-thiazol-2-yl))-2-(2,4,6-trimethylphenoxy) acetamide (CPN-9).

SFN, derived from cruciferous vegetables such as broccoli, activates Nrf2 through the
modification of reactive cysteine residues of Keap1 [146, 147], and SFN is able to overstep the
blood-brain barrier, induce the transcription of Nrf2-dependent gene expression in the basal
ganglia, and protect dopaminergic neurons from cell death MPTP induced [64, 148]. Other
Nrf2/ARE pathway natural inducers are EGCG and resveratrol, belonging to the family of
polyphenols that, for their antioxidant qualities, are considered to be important nutraceuticals.
EGCG, a flavonoid polyphenol, for example, showed antioxidant and neuroprotective
functions in cultured motoneuron-neuroblastoma hybrid cell line transfected with mutSOD1
[149] and in PC12 cells exposed to paraquat [150]. Furthermore, EGCG was shown to be
neuroprotective in mice model of ALS: oral administration to mice expressing mutSOD1
delayed symptoms onset [151–154].
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Resveratrol, a polyphenolic compound present in red wine, demonstrated protective effects
against hypoxic injury in rat spinal cord dorsal column by activating Nrf2 pathway [155, 156].

Curcumin, a member of the curcuminoid family isolated from plant Curcuma longa, showed
Nrf2-dependent antioxidant properties in primary spinal cord astrocytes exposed to H2O2

[157] and in ischemic brain injury models [158]. Other nutraceuticals, such as naphthazarin,
genistein, and carnosic acid, showed positive effects in several models of neurodegenerative
and cardiovascular diseases implicating OS as a pathogenic factor [148, 159–164].

Furthermore, several synthetic Nrf2/ARE activators were recently developed. Recently,
triterpenoids emerged as a potent class of Nrf2/ARE inducers. Triterpenoids are very powerful
inducer of Nrf2 pathway: they are able to protect dopaminergic neurodegeneration in MPTP
mouse model of PD [165], and increase the lifespan in ALS mouse models [166]. Another
chemical activator of Nrf2/ARE pathway is CPN-9 which selectively suppresses cell death
triggered by OS in a cell-type-independent manner. SH-SY5Y cells pretreated with CPN-9 were
more resistant to cytokine-induced apoptosis. CPN-9 is able to decrease the ROS levels through
the induction of several antioxidant genes [137]. Finally, we know that that some drugs such
as bromocriptine [167] and azathioprine [168] were capable to induce the Nrf2/ARE pathway,
therefore providing insight into a possible development of new synthetic molecules Nrf2
activators.

6. Conclusion

Oxidative stress and misfolded proteins are two mechanisms that act together to the patho-
genesis of several inflammatory and degenerative diseases. The detailed mechanism by which
Nrf2-ARE pathway carries out its action is still unclear. Current data suggest that Nrf2 affects
both primary protein degradation pathways, the UPS and ALP, which are both altered in
neurodegenerative diseases.

Despite the progress made in understanding the importance of Nrf2/ARE pathway, it remains
to clarify the exact mechanism by which it exerts its function so that it may lead to discovery
of new targets for the treatment of neurodegenerative diseases. In the past decade, Nrf2-ARE
pathway activation has shown promising results for the treatment of many disorders including
neurodegenerative disease. Several of these Nrf2 activators or their brain accessible syntheti-
cally modified compounds have passed phase II and III clinical trials. BG-12, an oral formu-
lation of DMF (Biogen Idec, Inc.), is in phase III clinical trials for the treatment of multiple
sclerosis (MS). Bardoxolone methyl, an oral formulation of CDDO-MA (Reata Pharmaceuti-
cals, Inc.), is currently in phase III clinical trials for chronic kidney disease in type II diabetes
mellitus patients, but there are no existing clinical trials in the pipeline for neurodegenerative
disorders. EGCG, resveratrol, and curcumin are in various phases of clinical trial for treatment
and efficacy in neurodegenerative disorders such as AD, PD, and ALS. The knowledge gained
from these studies will further help in identifying clinically relevant approaches for the
activation of Nrf2 in CNS and potentially lead to finding treatments for these devastating
neurological disorders.
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Abstract

Parkinson’s  disease  (PD) results  from a complex interaction of  environmental  and
genetic influences on a background of aging. Regardless of etiology, significant clinical
advances rely on identifying the common biological pathways that underpin neuronal
degeneration. Oxidative stress is consistently reported as a hallmark feature of PD.
Recently, it has been demonstrated that Nrf2 modulation can protect neurons from
parkinsonian agents and, in some instances, reverse motor symptoms of animal models.
Furthermore,  baseline  aberrations  of  Nrf2  and  its  associated  pathway  have  been
reported in PD patients, and genetic variability—within and around the Nrf2 gene—
may  modify  PD  susceptibility  and  onset.  Overall,  Nrf2  dysregulation  has  been
tentatively implicated in the pathogenesis of PD and may prove to be an effective
therapeutic target.

Keywords: Parkinson's disease, Nrf2, oxidative stress, inflammation, dopamine

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a range of motor
and nonmotor features. Clinically, PD diagnosis is based on the presence of distinctive cardinal
motor features, including bradykinesia, resting tremor, postural instability, and rigidity [1].
Disease progression can be staged in accordance with developing neuropathological hall‐
marks that advance through presymptomatic and symptomatic phases [2]. The presympto‐
matic stages may last years to decades before the manifestation of classical PD‐related motor
symptoms [3–5].  Motor dysfunction is  commonly associated with the loss  of  dopamine‐
producing neurons in the substantia nigra pars compacta, projecting throughout the nigrostriatal
pathway. Further progressive and selective neuron loss will continue, ultimately culminating
in a debilitating multisystem disorder [6].
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Currently, the most efficacious medical treatments are limited to dopamine replacement
therapies (levodopa), however, such medications wane in efficacy and can produce debilitating
motor and nonmotor symptoms, prompting alternative approaches [7, 8]. Generally, PD
medications agonize dopaminergic receptors, antagonize cholinergic receptors, and/or
prolong dopamine activity (monoamine oxidase type‐B inhibitors) [8]. While these approaches
address symptoms, they provide no curative or disease‐modifying effect, provoking research‐
ers to isolate the pathogenic mechanism/s that underpin dopaminergic degeneration.

While the majority of PD cases are idiopathic (90–95%), etiological risk has been attributed to
herbicide/pesticide exposure, heavy metals, rural living, aging, and genetic variability [9–11].
The role of these contributing factors in the pathogenesis of PD can be summarized as a
complex interaction of environmental and genetic influences on a background of aging.
Regardless of etiology, significant clinical advances rely on identifying the common biological
pathways that underpin neuronal degeneration. Increasing evidence in this field suggests that
oxidative stress is a major contributor in this process.

Free radicals, including reactive oxygen species (ROS) and reactive nitrogen species, are
endogenous molecules, produced in cells as a by‐product of metabolic systems (such as
mitochondrial oxidative phosphorylation) and/or in response to an altered chemical environ‐
ment. ROS are molecular species that contain an unpaired electron and are unstable and
reactive. They are often implicated in disease (including numerous neurodegenerative
diseases) and consist of hydroxyl, hydrogen peroxide, oxygen singlet, and superoxide radicals.
Within a “steady‐state” environment, the levels of ROS are often balanced by endogenous
antioxidant defense mechanisms. However, if this balance is disrupted in the favor of ROS
accumulation, a condition referred to as oxidative stress arises. Mitochondrial dysfunction,
inflammation, and exercise are common endogenous generators of ROS. Environmental
generators of ROS include cigarette smoke, pesticide exposure, and radiation. Overexposure
to one or more of these factors may result in oxidative stress. Additionally, oxidative stress
may occur if normal production of these reactive species cannot be appropriately managed.
Thus, an inefficient antioxidant response mechanism may also result in increased risk for
oxidative stress. An inability to balance redox systems and dispose of damaged cellular
components may exacerbate ROS production and dramatically affect the survival of the cell
through ROS‐mediated lipid, protein, and DNA oxidation [12].

In general, neuronal cells are vulnerable to oxidative changes because of their high oxygen
consumption and enrichment in fatty acids [13]. Furthermore, dopaminergic neurons are
especially prone to oxidative‐induced injury due to their capacity to produce ROS as a
metabolic by‐product. This can occur in two ways: (1) when dopamine is metabolized
enzymatically (via monoamine oxidase) or (2) through auto‐oxidation of dopamine (ultimately
forming neuromelanin) [14]. Both means of processing dopamine produce ROS; enzymatic
oxidation (1) forms hydrogen peroxide (H2O2), and nonenzymatic oxidation (2) produces
superoxide (O2−) and reactive quinones [15]. The production of ROS may be exacerbated by
inflammation, neuronal damage, impaired mitochondrial management, and dysfunctional
antioxidant response mechanisms [16]. However, the vast majority of ROS has been attributed
to the mitochondria.
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The major source of cellular energy (ATP) is produced by the mitochondria. This system is
dependent on the simultaneous generation of a proton‐motive force (termed the electron
transport chain; ETC) across the mitochondrial inner membrane, driving the formation of ATP.
The mitochondrial ETC came to the forefront of PD research after studies reported that 1‐
methyl‐4‐phenyl‐1,2,3,6‐tetrahydropyridine (MPTP), a mitochondrial ETC complex I inhibitor,
induced Parkinsonian symptoms as a result of a toxic insult on nigrostriatal neurons [17].
Following these initial studies, complex I deficits have been identified not only in pharmaco‐
logically induced cases but also in idiopathic PD cases [18].

Endogenous antioxidants are required to maintain redox balance throughout the system.
Many are transcriptionally regulated by the antioxidant “master regulator” Nrf2, which, upon
direct stimulation from electrophilic compounds and ROS, will translocate to the nucleus and
activate gene transcription of a gamut of antioxidant enzymes. Nrf2 supports and regulates,
among others, the most abundant antioxidant family in the cell, glutathione. Interestingly,
deficiency of reduced glutathione (GSH)—in the substantia nigra of PD brains—has consistently
been reported [19, 20]. Recently, the Nrf2‐mediated antioxidant response pathway has been
directly and indirectly implicated in PD. This chapter will explore the role of Nrf2 and its
pathway, in the development and management of PD, as stated within the contemporary
literature.

2. The role of oxidative stress in Parkinson’s disease

For years, markers of oxidative stress have been observed in postmortem brain tissue and
disease models of PD. Currently it is unclear whether these factors are primary causes of PD
or the result of established neurodegeneration. Regardless, studies have demonstrated that
chronic ROS exposure can lead to the exacerbation of dopaminergic neuron death; implicating
these processes in the pathophysiology of PD.

2.1. Mitochondria and oxidative stress

The brain is a major producer of ROS due to its extensive oxygen consumption; the nervous
tissue is responsible for ~20% of total body oxygen consumption. The tightly regulated
signaling systems of these neurons have a high energy demand provided primarily by the
oxygen‐dependent ATP production of the mitochondria. The ability of the mitochondria to
fuse, divide, and migrate throughout the extended processes of neurons provide a dynamic
adaptability in order to meet metabolic demands [21, 22]. Under normal resting conditions,
mitochondria produce the ROS precursor molecule, superoxide (O2

•−), as a by‐product of the
electron transport chain. O2

•− can produce hydrogen peroxide (H2O2) and hydroxyl (•OH);
endogenous free radicals that can initiate lipid peroxidation. The brain is especially sensitive
to lipid peroxidation due to the high concentration of polyunsaturated fatty acids. Because of
this, neurons cells are extremely sensitive to the oxidative environment caused by mitochon‐
drial defects; a number of these mitochondrial deficiencies have been implicated in neurode‐
generative diseases, such as PD.
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In the late 1970s, drug addicts presenting with Parkinsonian‐like symptoms led to the discov‐
ery of MPTP, a contaminant of illicit meperidine synthesis (a synthetic analogue of heroin).
Soon after its discovery, MPTP was used to produce a clinical phenotype, indistinguishable
from PD, in primate species [23]. MPTP was shown to oxidize intraneuronally, the effect of
which (underscored amongst other clinical hallmarks) was the selective destruction of
dopaminergic neurons in the nigrostriatal system. More recently, a number of pesticides/
herbicides have also demonstrated their efficacy as neurotoxins. Rotenone, a common
herbicide, is often used in a manner similar to MPTP, to induce dopaminergic neurodegener‐
ation in animal models. Both MPTP and rotenone, mechanistically, act upon the same pathway
and inhibit complex I of the mitochondrial oxidative phosphorylation pathway [17]. Following
these initial studies, complex I deficits have been identified not only in pharmacologically
induced cases but also in idiopathic PD cases [18]. Furthermore, this reduction of complex I
activity is not localized to the substantia nigra, but has been found in skeletal muscle, platelets,
and fibroblasts of PD patients [24–27]. This evidence further implicates mitochondrial main‐
tenance and subsequent free radical production in the pathogenesis of PD.

While the majority of PD is sporadic, rare genetic forms of the disease have been identified. So
far, 23 chromosomal loci, termed the PARK loci, have been linked to both autosomal‐dominant
and autosomal‐recessive inheritance patterns of PD. Interestingly, mutations within many of
these loci have been associated with mitochondrial dysfunction and oxidative stress.

Dominantly inherited mutations in the alpha‐synuclein (SNCA) gene were the first identified
genetic forms of familial PD. Alpha‐synuclein is the major proteinaceous constituent of the
Lewy body, the key pathological hallmark of PD and other so‐called synucleinopathies. This
protein provided the first solid link between sporadic and familial forms of Parkinson’s disease.
Currently, studies suggest that, normally, alpha‐synuclein plays a “protective role” as a
chaperone, sequestering dysfunction proteins into aggregates [28–30]. However, these
aggregates may lead to synaptic degeneration and ultimately cell death [31]. More recently,
studies have suggested that alpha‐synuclein aggregation can be induced by increased levels
of ROS as a consequence of mitochondrial dysfunction, in vitro [32, 33]. Moreover, alpha‐
synuclein aggregation may further damage mitochondria, compounding the effects of
oxidative stress [34].

Mutations within three PARK loci—PARK2 (gene: PARK2; protein: Parkin), PARK6 (gene:
PINK1; protein: PINK1), and PARK7 (gene: PARK7; protein: DJ‐1)—are inherited in an auto‐
somal recessive manner and have been linked to early‐onset PD (i.e., symptoms present
<45 years of age). Interestingly, animal genetic models have identified common and converging
pathways for these gene products; these pathways focus on mitochondrial maintenance/
dynamics, oxidative stress, and disrupted antioxidant pathways [35]. Individual disease
models that knockout these genes result in increased susceptibility to H2O2 and excess ROS
production [36–40]. Overall, converging evidence implicates certain PARK gene products in
mitochondrial maintenance and ROS management. Subsequent dysfunction of these pathways
therefore suggests that oxidative stress plays a central role in PD pathogenesis.

A Master Regulator of Oxidative Stress - The Transcription Factor Nrf2172
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2.2. Dopamine metabolism and oxidative stress

As previously discussed, mitochondrial defects are associated with increased free radical
production, and this has been theorized to play an important role in the pathogenesis of PD.
However, these effects may be compounded by the ROS‐enriched environment of highly
metabolic dopamine‐producing neurons. Dopamine can be metabolized enzymatically (via
monoamine oxidase) or through auto‐oxidation (ultimately forming neuromelanin) [14]. Both
means of dopamine‐processing produce ROS; enzymatic oxidation forms H2O2, and nonen‐
zymatic oxidation produces O2− and reactive quinones [15]. Production of ROS may be
exacerbated by inflammation, neuronal damage, impaired mitochondrial management, and
dysfunctional antioxidant response mechanisms [16].

Current evidence supports the hypothesis that PD is a consequence of genetic variation and
environmental exposures, converging—ultimately—on oxidative stress. Therefore, it is
important to characterize the role of antioxidant‐response mechanisms, specifically Nrf2—
commonly touted as the “master regulator” of oxidative stress—in the pathophysiology of PD.

3. Nrf2 in Parkinson’s disease progression and pathology

Maintaining redox balance within an aging brain is reliant upon an efficient and an effective
Nrf2‐mediated pathway. However, aging appears to correlate with a decline in Nrf2 expression
and transcriptional response, potentiating an individual’s susceptibility to ROS accumulation
[41, 42].

Nrf2 protein concentration, when isolated from the cerebral spinal fluid of PD patients with
LRRK2 mutations (G2019S), was positively, and significantly, associated with disease duration,
motor scores, and the Unified Parkinson’s Disease Rating Scale (UPDRS; well‐established
rating scale of Parkinson’s disease symptom severity) [43]. This indicates that Nrf2 concentra‐
tion (at least in the CSF) may increase with disease progression. Moreover, Nrf2 location may
change in response to the oxidative profile of the cellular environment. This is also highlighted
in a study that demonstrated that Nrf2 was found in the nucleus of nigral dopaminergic
neurons in early Braak staging (1–2) PD patients, while a cytosolic localization was predomi‐
nantly found for healthy, age‐matched controls [44]. This translocation of Nrf2 to the nucleus
in PD patients indicates an attempt to upregulate antioxidant responsive genes. Of these, the
potent and diverse antioxidants, NQO1 and HO‐1, are two that are strongly enhanced by Nrf2
activation. NQO1 is a successful metabolizer of dopamine‐derived quinones [45] and has been
reported at higher levels within the subtantia nigra pars compacta of PD patients compared to
healthy controls [46]. NQO1 overexpression appears to protect cells against dopamine‐
mediated mitochondrial damage in vitro [47] and in vivo reduces MPTP toxicity [48]. Another
Nrf2‐transcribed antioxidant, HO‐1, is also observed at higher concentrations in PD patients’
blood serum compared to healthy controls [49]; the higher HO‐1 concentrations were not
observed in the blood serum of Alzheimer’s disease patients, suggesting a disease‐dependent
Nrf2 recruitment. Unlike NQO1, no disease‐specific differences for HO‐1 expression have been
observed in the substantia nigra pars compacta of PD patients. However, PD patients exhibiting
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Lewy body pathology had a distinct HO‐1 staining pattern within the periphery of these
proteinaceous Lewy body inclusions [50]. This curious finding demonstrates the oxidative
nature of Lewy bodies and the relationship between the Nrf2 pathway and PD pathology.

It is well established that the Nrf2 pathway is an integral player in the cellular response to the
oxidative stress commonly associated with PD. It follows that a dysfunctional Nrf2 response
may interfere with the normal healthy antioxidant management, and there is evidence that
this contributes to risk for disease [51]. A number of studies have reported reduced antioxidant
enzyme activity in the substantia nigra pars compacta of PD patient brains [52, 53]. Also,
contemporary evidence suggests that genetic variability, in and around the Nrf2 encoding
gene, is associated with disease susceptibility and modulates disease age‐at‐onset [11, 54, 55].

4. Nrf2 genetics and Parkinson’s disease

Oxidative stress appears to lie at the nexus of genetic, pharmacologically induced, and
idiopathic cases of Parkinsonism. Considering this, studies have begun to investigate the
degree of influence that transcriptional “master regulators” of antioxidant response may
impose on disease pathogenesis. A recent study has comprehensively screened NFE2L2, the
gene that encodes Nrf2, for genetic sequence variants and correlated genetic variability with
disease susceptibility [11]. Prior to this report, few candidate gene studies had investigated
this relationship. A Taiwanese case–control study (PD = 480; controls = 526), which genotyped
three Nrf2 promoter single nucleotide polymorphisms (SNPs), did not observe any significant
individual polymorphism associations with PD [56]. Interestingly, a Polish case–control group
reported that a specific haplotype (comprising these three promoter SNPs) was associated with
disease protection and a delayed age‐at‐onset of PD. A further publication suggested that
haplotypes of eight other SNPs found within and around NFE2L2 altered disease risk and
disease age‐at‐onset within two independent case–control groups (Polish and Swedish) [55].
This study was subsequently replicated in a European meta‐analysis and in a larger Australian
case–control study. The European case–control study (PD = 1038; controls = 1600) re‐established
the previously identified protective and disease‐delaying Nrf2 promoter SNP haplotype and
a number of individual polymorphisms associated with both earlier and delayed PD age‐at‐
onset [54]. A large Australian study (PD = 1338; controls = 1379) further replicated the disease‐
delaying Nrf2 promoter haplotype and identified a SNP associated with an reduced disease
risk [11]. Recently, two novel Nrf2‐coding SNPs were identified and associated with PD within
a Chinese population [57]. This study further demonstrated that overexpressing these alternate
alleles reduced the expression of downstream Nrf2 products—glutathione s‐transferase and
HO‐1. These studies provide compelling evidence that genetic variability within and around
Nrf2 modulates PD risk and susceptibility. Due to the important role of Nrf2 as a functional
respondent to oxidative threat, it is important to understand its influence on PD in the context
of environmental exposures.
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5. Nrf2 and environmental exposures in Parkinson’s disease

A number of exogenous agents have shown to influence the development of PD; heavy metals
(iron, copper, cadmium, manganese), insecticides/herbicides, and organic solvents are often
reported in human epidemiological and animal studies [9, 10, 58]. Nrf2 stabilization from its
constitutive repressor, KEAP1, and subsequent translocation to the nucleus are dependent
upon exposure to electrophilic compounds and oxidative stress [59]. Some of the previously
mentioned exogenous agents, implicated in PD, upregulate the Nrf2 signaling pathway as a
response to mitigate potential damage [60]. The heavy metals, copper and iron, have been
linked to oxidative stress and alpha‐synuclein aggregation in PD. Experimental data have
shown that accumulated ferrous iron downregulates Nrf2 and HO‐1 expression, in vitro,
promoting alpha‐synuclein aggregation [61]. Furthermore, overexpression of HO‐1 mitigates
ferrous iron‐induced cellular damage. Also, the ROS‐mediated neurotoxic effects of excess
copper exposure have shown to induce the Nrf2 pathway in zebrafish [62]. Acute cadmium
exposure, tentatively associated with Parkinsonism [63], and manganese, known to produce
Parkinson’s‐like motor dysfunction [64], both induce Nrf2 transcriptional activity in vivo [65].

Pesticide/herbicide exposures, classified as risk factors for PD, induce oxidative stress as a
mechanism of neuronal cell death [66, 67]. The pesticide, deltamethrin, activates Nrf2 and
downstream gene expression in rat brains [68]. Furthermore, Nrf2 activation protects neuronal
cell lines from paraquat—a herbicide used to produce Parkinsonism in animal models. This
data tentatively support the hypothesis that the Nrf2 pathway is modulated in response to PD‐
associated environmental exposures. Further studies have investigated whether genetic
variability underlying Nrf2 and its various downstream products affect their cytoprotective
activity in response to environmental insult.

One study observed that human olfactory neurosphere‐derived cell lines carrying the minor
allele of an Nrf2 SNP were significantly resilient to rotenone‐induced cell death over a 5‐day
exposure [11]. In addition to Nrf2, PD risk from pesticide exposure has been associated, within
certain populations, with genetic variability of Nrf2‐transcribed genes. Individuals carrying
NQO1 SNPs are more susceptible to PD when exposed to pesticide compared to exposed
individuals not carrying the variant [69]; while GST genotype has also shown to influence PD
susceptibility upon exposure to paraquat [70, 71].

6. Nrf2 modulation as a neuroprotective strategy

As demonstrated in the literature, oxidative stress is highlighted as a major contributing factor
in the pathogenesis of PD. Genetic, environmental, and idiopathic cases of PD have reported
ROS imbalance, thereby tentatively implicating the “master regulator” of oxidative manage‐
ment, Nrf2, in the pathophysiological process. Numerous studies have decided to evaluate
whether modulating Nrf2—either genetically or pharmacologically—influences disease
susceptibility in vitro or in vivo. Table 1 summarizes a number of these studies.
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Target  Intervention Model  Neuroprotective against:  References

Nrf2 Dimethyl fumarate

(DMF)

Alpha‐synuclein mouse

model

Dopamine neuron loss in substantia

nigra

 [78]

Overexpression Mouse H2O2 −and glutamate‐treated cortical

neurons

 [79]

Overexpression Mixed primary neuron

culture

Rotenone/ionomycin‐induced cell

death

 [84]

DMF1,2 Mouse1 SH‐SY5Y cells2 MPTP‐induced neurotoxicity1, 6‐

OHDA‐treated cells2

 [85]1, [86]2

NQO1 Overexpression SK‐N‐MC

neuroblastoma 

Dopamine‐induced toxicity  [47]

Nrf3,4,

NQO19

Triterpenoids3

KMS040144,9

C57B16 mouse3,4,9 MPTP‐induced dopaminergic neuron

toxicity3,4,9

 [48]4, [87]3, [88]9

Nrf25,6,10,

NQO15,6,

HO‐15,6

Bromocriptine5,

torularhodin6,

Selegiline7

PC12 cells5,6,7 H2O2‐induced oxidative damage5,6,

MPP+‐induced oxidative damage7

 [89]5, [90]6, [83]7

Nrf2,

NQO1,

HO‐1

α‐Iso‐cubebene HT22 cells Glutamate‐induced oxidative damage  [91]

NQO18,9,

HO‐19

KMS040148,

isothiocyanate‐39

CATH.a cells8,9, BV‐2 cells9 H2O2/MPP+−treated cells8,

lipopolysaccharide‐treated cells9

 [48]8, [88]9

Superscript 1–9 denotes information obtained from a single source.

Table 1. Nrf2 and neuroprotection.

The ability of Nrf2 to attenuate disease relevant perturbations has been evaluated in neuronal
cell line derivatives and various animal models. Many of these studies utilize a post‐treatment
strategy, perturbing the cells after Nrf2 is upregulated. Nrf2 activation can be influenced either
pharmacologically (e.g., dimethyl fumarate (DMF), sulforaphane (SFN), or with tert‐butyl
hydroquinone (tBHQ)) or genetically. Perturbations are often performed with known Parkin‐
sonian agents such as paraquat, rotenone, MPTP, 6‐hydroxy dopamine (6‐OHDA), or hydro‐
gen peroxide (H2O2). This approach has consistently demonstrated that Nrf2 activation
provides a successful neuroprotective strategy [72–77]. However, it must be noted that
modulating Nrf2, prior to toxic treatment, does not reflect the insidious nature of PD and does
not take into consideration the decades of accumulated cellular damage that has existed prior
to clinical intervention. Notwithstanding this caveat, animal models of PD are providing
compelling evidence that Nrf2 modulation offers significant protection against neuronal cell
loss.

Current PD mouse models can recapitulate the histological hallmark of alpha‐synuclein‐
containing aggregates and selective nigral dopaminergic neuron loss. The pharmacological
targeting of Nrf2 in these models, via oral administration of DMF, can attenuate dopaminergic
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neuron loss in the substantia nigra [78]. Interestingly, this effect was not observed in Nrf2
knockout mice. Furthermore, Nrf2 knockout mice are more susceptible to cortical neuron cell
damage caused by H2O2 and glutamate, while, on the other hand, they are significantly
protected when Nrf2 is overexpressed [79]. Some studies have also shown that, in addition to
Nrf2 overexpression, Keap1 repression may offer a successful strategy to restore neuron
degeneration and motor dysfunction in an alpha‐synuclein Drosophila model of PD [80].

To date, no studies have directly evaluated the efficacy of pharmacologically targeting Nrf2 as
a treatment strategy for PD. Since the 1990s, the drug deprenyl (selegiline)—a type‐B monoa‐
mine oxidase inhibitor (MAOI‐B)—has been used as a pharmacological means to treat PD. The
mechanism of action of MAOI‐B is to inhibit the breakdown of monoamine neurotransmitters
(such as dopamine). While this strategy temporally maintains synaptic dopamine concentra‐
tions, it also reduces the oxidative stress associated with dopamine metabolism [81]. While it
has been known, since early in its use, that selegiline induced the expression of antioxidant
enzymes [82], it has only recently been discovered that this is mediated by the activation of
Nrf2 [83] and that activation of this pathway was sufficient to protect a neuronal‐based cell
line from oxidative damage.

7. Conclusion

Oxidative stress has been identifided as a major contributor in the pathogenesis of PD.
Mechanisms of ROS production—contributing to the oxidative profile of neuronal cells—
include mitochondrial respiration, dopamine metabolism, and environmental exposures.
Normally, redox balance is managed by the transcription factor and antioxidant “master
regulator,” Nrf2. Studies have demonstrated that Nrf2 and its associated pathway products
can be upregulated in PD patient brains; potentially, this highlights the body’s attempt to
mitigate oxidative stress. Furthermore, studies have also shown that reduced or dysfunctional
Nrf2 can be found in PD tissue. Genetic variability within and around the Nrf2 gene has been
associated with PD risk and age‐at‐onset, while genetic aberrations in Nrf2‐mediated genes
may influence an individual’s risk of PD after exposure from environmental agents. Due to the
functional role of Nrf2 in mitigating oxidative stress, many studies have investigated Nrf2 as
a modulator of Parkinson’s disease. Activation of Nrf2 attenuates neuronal damage caused by
Parkinsonian agents, in vitro and in vivo. Overall, Nrf2 has been tentatively implicated in the
pathophysiology of PD and may prove to be an effective therapeutic target.
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Abstract

Typically in aerobic metabolism, organic compounds such as nucleic acids, proteins and
lipids can undergo structural damage by oxidative reactions. This damage caused by
reactive oxygen/nitrogen species has been recognized as “oxidative stress”. Despite the
biological systems present efficient enzymatic and nonenzymatic antioxidant systems,
oxidative stress indicates a pro-oxidant/antioxidant imbalance in favor of excessive
generation of free radicals or decrease in the removal rate. Various diseases such as
cancer, diabetes, cardiovascular diseases and neurodegenerative clearly exemplify the
chronic oxidative stress. Therefore, it is important to consider that at low and moderate
ROS levels, it can, for example, act as signaling molecules that support cell proliferation
and differentiation and activate survival pathways in response to stress. Correlations
between  oxidative  stress  and  disease  should  be  carefully  investigated  in  order  to
understand whether oxidative stress actually increases susceptibility to a particular
disease or opposite.

Keywords: oxidative stress, free radicals, oxidative damage, antioxidants, diseases

1. Introduction

The  generation  of  free  radicals  is  a  continuous  physiological  process,  fulfilling  relevant
biological  functions.  The  mechanisms of  generation of  free  radicals  occur  mostly  in  the
mitochondria, cell membranes and cytoplasm. Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) are formed as unavoidable by-products of metabolism. During the
metabolic processes, these radicals act as mediators for the transfer of electrons in various
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biochemical  reactions.  Its  production,  in appropriate proportions,  is  possible to generate
adenosine triphosphate (ATP) through the electron transport chain; fertilization of the ovum;
activation of genes and participation of defense mechanisms during the infection process [1].
The continuous production of free radicals during the metabolic processes culminated in the
development of antioxidant defense mechanisms (enzymes and substances such as gluta-
thione, metallothionein, vitamin A, vitamin C and vitamin E). These are intended to limit the
intracellular levels of these reactive species and control the occurrence of damage caused by
them. However, excessive production can lead to oxidative damage. The structural modifica-
tions in the molecules of nucleic acids, proteins and lipids caused by increased concentration
of  reactive oxygen species  (ROS) and/or  reactive nitrogen species  (RNS) lead to  various
metabolic changes that may contribute to the development of neurological diseases, cardio-
vascular diseases, cancer, among others [2].

2. Oxidative stress and molecular damage

The installation process of oxidative stress arises from an imbalance between oxidants and
antioxidants in favor of excessive generation of free radicals or removal speed thereof. This
process leads to the oxidation of biomolecules with consequent loss of its biological functions
and/or homeostatic imbalances, whose manifestation is the potential oxidative damage to cells
and tissues. Accumulation of ROS/RNS can result in a number of deleterious effects such as
lipid peroxidation, protein oxidation and DNA damage [3].

2.1. Nucleic acids damage

DNA and RNA are chemically unstable and vulnerable to hydrolysis, nonenzymatic methyl-
ation and oxidation, due to its susceptibility to endogenous and exogenous damage. The
endogenous genotoxic agents are mainly produced by cellular metabolism and composed of
ROS and RNS, estrogen metabolites and aldehydes produced by lipid peroxidation [4, 5].

There are two major endogenous oxidants causing nucleic acids damage: hydroxyl radicals
(HO•) and peroxynitrite (ONO2

−). One major source of ROS is the mitochondrial respiration
because up to 5% of oxygen undergoes single electron transfer and generates superoxide anion
radical (O2

−). The superoxide dismutase (SOD) converts O2
− to hydrogen peroxide that should

be reduced by catalase (CAT) or glutathione peroxidase (GPx), however when transition
metals are present, it is reduced to hydroxyl radicals (HO•). These radicals have a high
reactivity, so it must be generated close to DNA or RNA in order to oxidize them. The
generation of peroxynitrite (ONO2

−) occurs by the reaction of nitric oxide (NO) and superoxide,
both produced simultaneously in macrophages. Although these specimens can directly
oxidize the nucleic acids, there is a secondary synergic mechanism of RNS to break the
oxidative balance: the RNS are able to inhibit the enzyme FAPY glycosylase, a DNA repair
mechanism to oxidation [6].

Oxidative stress can lead to different lesions in DNA, including direct modification of nucleo-
tide bases, training sites apurinic/apyrimidinic, single strand break and much less frequently,
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breaking double strands. Considering all the bases of the nucleotides, guanine is most
susceptible to oxidative changes because it has lower reduction potential and hydroxyl radicals
interact with the imidazole ring of this nitrogenous base at positions C4, C5 and C8 [7].

The most studied marker for DNA oxidation is 8-hydroxydeoxyguanosine, a product of
guanosine oxidation by HO• [6, 8]. This product is able to pair with adenine, generating a GC/
TA mutation upon replication [6]. It is also known that oxidative stress regulates DNA
methylation, playing a role in epigenetics regulation. Epigenetics constitutes several mecha-
nisms of controlling gene expression without changing DNA sequence, but responding fast
and precisely to environmental changes. One of the most characterized methods of epigenetic
regulation is DNA methylation. The methylation of DNA CpG islands is mediated by DNA
methyltransferases (DNMTs), but when the ROS or RNS interacts with cytosine, it is chemically
modified from 5-methylcytosine to 5-hydroxymethylcytosine, which prevents DNMT binding
and alters methylation patterns [9].

For RNA oxidation, the most relevant marker is the homologue 8-hydroxyguanosine. It has
been made clear that RNA is more often oxidized than DNA, due to its cellular location closer
to ROS and RNS occurrence. The major consequences of RNA oxidization are the breakage of
the strand and ribosomal dysfunction, preventing correct protein production [8].

2.2. Protein damage

The effects of oxidation in proteins can be observed in impaired protein folding, side-chain
oxidation and backbone fragmentation, resulting in loss of function and stop a variety of
biochemical processes. Among the amino acids, the cysteines and methionines are more easily
oxidizable, but this reaction is reversible through disulfite reductases activity. However, the
cysteine can also suffer irreversible oxidation reactions leading to the formation of S-
carboxymethylcysteine and S-(2-Succinyl)cysteine, which implies the formation of fumarate
and dicarbonyl groups covalently bound to cysteine residues. When the amino acids lysine,
proline, arginine and threonine are oxidized, occurs the production of carbonyl derivatives,
which are used as markers for oxidative stress. In the oxidation of aromatic amino acids, such
as tyrosine, different products are formed due to interaction with ROS – dityrosine or RNS –
3-nitrotyrosine [8].

These oxidized-modified proteins are usually recognized and degraded in the cells, but some
of them can accumulate over time and lead to cellular dysfunction. A physiological example
is the lipofuscin, a brown-yellow pigment that is a product of iron-catalyzed oxidation
(polymerization) of proteins and lipids, as it is extremely resistant to proteolysis, it accumulates
and it is used as an aging marker [10].

2.3. Lipid damage

In biological systems, lipid peroxidation occurs in two forms, one enzymatically, involving the
participation of cyclooxygenase and lipoxygenase in the oxidation of fatty acids and other
nonenzyme medium, involving transition metal, the reactive species oxygen, nitrogen and
others [11]. Excess peroxidation results are very damaging to the cell, despite contribute to the
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inflammatory response, due to its importance in the cascade reaction from arachidonic acid to
prostaglandin formation. The action of free radicals on lipids leads to the formation of lipid
hydroperoxides and aldehydes, such as malondialdehyde, 4-hydroxynonenal and
isoprostanes that contribute further to increased cellular toxicity and can be detected in
biological samples to measure oxidative stress. Lipid peroxidation disrupts the normal
structure and function of lipid bilayers surrounding both the cell itself and in the membranes
of organelles. In particular, the lipid peroxidation can alter membrane permeability,
transportation and fluidity [12]. The chronicity of the process in question has important
implications for the etiologic process of many chronic diseases, including atherosclerosis,
diabetes, obesity, neurodegenerative disorders and cancer [1].

3. Antioxidant defense system

The antioxidant defense system has the primary objective to maintain the oxidative process
within physiological limits and subject to regulation by preventing oxidative damage from
spreading, culminating in systemic irreparable damage. The enzymatic defense system
includes enzymes such as superoxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx). These enzymes act through mechanisms of preventing and/or controlling
the formation of free radicals and species nonradical, involved with the initiation of chain
reactions that culminate in propagation and process amplification and, consequently, the
occurrence of oxidative damage. CAT and GPx enzymes act with the same purpose, to prevent
the hydrogen peroxide accumulation. Such integrated action is of great importance, since this
reactive species through the reactions of Fenton and Haber-Weiss, with the participation of
iron and copper metals, culminates in the generation of OH• radical against which there is no
enzyme system defense [13, 14].

The human organism is constantly exposed to a vast number of molecules that can lead to
oxidative stress, such as drugs and alcohol. However, there is a conserved cellular component
to oxidative stress response, which is constituted by over 100 genes responsible for detoxifi-
cation and antioxidant protein production. The first line of the antioxidant defense to exoge-
nous toxins includes the enzymes involved in phase I and II metabolism. The phase I
metabolism is responsible for increased compound polarity through oxidation, reduction or
hydrolysis reactions. The phase II metabolism, in the other hand, is responsible for facilitating
the cellular export of those compounds; its reactions are mainly glucuronidation, acetylation
and sulfation [15].

The enzymes that compose the cytochrome P450 are the most responsible for oxidation of
drugs, chemicals and various endogenous substrates, such as eicosanoids, cholesterol, vitamin
D3 and arachidonic acid [16]. The P450 is a superfamily of heme-thiolated enzymes with over
2000 members [17]. In humans, 57 functional genes and 58 pseudogenes are grouped according
to the sequence similarity in 18 families and 44 subfamilies. The CYP-enzymes that belong to
the families 1, 2 and 3 are responsible for metabolizing up to 90% of the drugs, this phase I
drug oxidation system is frequently redundant, but many drugs are metabolized to a clinical
concentration by one or few CYPs only [18].
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In steroidogenic tissues (converts cholesterol into pregnenolone via the P450 side chain
cleavage enzyme) there is a prevalence of CYP450 enzymes located in mitochondria and the
electron transport system is very susceptible to oxidative stress. During the electron transport,
a leakage of electron to the ultimate acceptor leads to their binding to oxygen, being considered
a primary source of ROS, this may result in acceleration of ROS production in mitochondria.
In this context, it is considered the effectiveness of electron transfer from NADPH to CYP
enzymes for monooxygenation of substrates as a source of ROS because during the uncoupling
reaction, without the presence of any substrates, the electron-transfer chain oxidizes NADPH
and yields ROS. During CYP2E1 metabolism is frequently observed this kind of uncoupling
reactions, thus this enzyme is strongly associated to ROS production and oxidative stress [16].
The enzyme CYP2E1 is associated with the metabolism of small molecules, and can be induced
by ethanol, obesity, diabetes and polyunsaturated fatty acids; this induction is related to
toxicity and oxidative stress. Another mechanism of CYP2E1 activation is the reduction of
glutathione levels, upon acetaminophen administration, for example. Besides, this drug
increases lipid peroxidation and protein carbonylation, enhancing the ROS production due to
higher activity of CYP2E1 and being associated to hepatotoxicity mediated by MAP-kinase
pathway [16, 19].

Glutathione S-transferase (GST) is a family of intracellular enzymes that prevent the action of
endogenous and exogenous toxins on the cells. GSTs are multifunctional enzymes that
participate in the phase II of the xenobiotic metabolism and catalyze the nucleophilic attack of
the reduced form of glutathione (GSH) to potentially hazardous compounds. How are
involved in the metabolism of many carcinogens, environmental pollutants and cancer-
fighting drugs, it is therefore reasonable to assume that the lack of specific isoenzymes has a
significant effect on the tolerance of an organism to carcinogens [20]. Human GSTs are
categorized into cytosolic/nuclear, mitochondrial and microsomal. Based on their amino acid
sequences and/or nucleotide substrate specificity and immunological properties, seven classes
of cytosolic GSTs are described: Alpha, Mu, Pi, Sigma, Theta, Omega and Zeta. Microsomal
GSTs are designated MAPEG (membrane-associated proteins in eicosanoid and glutathione
metabolism) and the only mitochondrial GST confirmed in humans is GST-kappa, which is
also present in peroxisomes. GSTs are normally found in biological medium as homo or
heterodimers and these dimers have two active sites whose activities are independent. After
combining with reduced glutathione (GSH), these enzymes have higher specificity for a second
substrate (the electrophilic). GST enzymes participate in the metabolism of endogenous and
exogenous compounds, for example, polycyclic aromatic hydrocarbons, phenylalanine and
tyrosine amino acids, testosterone and progesterone. These enzymes target endogenous
compounds, maybe derived from peroxidation of polyunsaturated fatty acids present in cell
membranes and the activity of reactive oxygen species [21–23].

4. Oxidative stress and neurological disorders

Conclusive evidence suggests that oxidative stress is a major contributor to the pathophysiol-
ogy of a variety of neurodegenerative diseases, including Alzheimer's, Parkinson's, Hunting-
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ton’s, tardive dyskinesia (TD), epilepsy and acute diseases of the central nervous system, such
as spinal cord injuries and/or brain traumatic. The human brain is vulnerable to oxidative stress
due to many facts such as (i) metabolism of catecholamines; (ii) decrease in antioxidants; (iii)
presence of transition metals; (iv) occurrence of brain trauma/injury; and also (v) the brain is
a organ that proportionally requires more oxygen and (vi) expresses low levels of antioxidant
enzymes, which contribute to formation of ROS. As a consequence of redox unbalance in brain,
one of the most affected structures is the lipid membrane [24].

Parkinson’s disease (PD) is characterized by loss of dopaminergic neurons in the substantia
nigra pars compacta of the brain, leading to rigidity or slowing movements and postural
instability. Most of the cases of PD are idiopathic and some cases are genetic-related, but in
general context, aging is a determinant factor. In both idiopathic and genetic cases of PD, the
oxidative stress plays a critical role in pathogenesis, being a common underlying mechanism.
There is an elevated level of oxidized lipids, proteins and DNA associated with decreased
glutathione level in the brain of PD patients. This increased susceptibility to oxidative damage
in the dopaminergic neurons is due to (i) the presence of ROS generating enzymes, such as
tyrosine hydroxylase and monoamine oxidase and (ii) these neurons contain iron, a catalyser
of Fenton reaction (Fe(II) + H2O2-> Fe(III) + OH• + OH−) that leads to superoxide radicals and
hydrogen peroxide production [25].

A fact of Alzheimer’s disease is the dysregulation of iron and copper homeostasis and various
evidence of oxidative stress, mainly RNA oxidation. Neurons usually do not store big amounts
of iron, but with aging there is an accumulation of iron in the brain, especially in microglia,
astrocytes and neurons from cortex and hippocampus. If iron levels increase much more than
ferritin, an iron-storage protein, it becomes free to catalyze Fenton’s reaction [26].

The tardive dyskinesia (TD) is an adverse effect of antipsychotic use, it affects up to 25% of
schizophrenic patients. However, as the majority of patients do not develop TD, it is considered
that genetics factors may define its occurrence but TD pathophysiology remains unclear. One
of the strongest hypotheses suggests that it is caused by oxidative stress originated from
neurotoxic free-radical production upon antipsychotic medication. This affirmation is sup-
ported by genetic polymorphisms evaluated in genes that encode a mitochondrial enzyme that
prevents oxidative damage due to energetic metabolism (manganese superoxide dismutase)
and a cytosolic flavoenzyme that prevents quinone reduction (NADPH quinone oxidoreduc-
tase), playing a role in antioxidant defense [27].

5. Oxidative stress and metabolic syndrome

Metabolic syndrome is a term that designates a cluster of health problems often associated to
modern life style, including obesity, insulin resistance, dyslipidemia, impaired glucose
tolerance and high blood pressure. The metabolic syndrome is diagnosed when at least three
of the following alterations are present: visceral obesity (waist circumference >102 cm in men
or >88 cm in women); raised arterial blood pressure (>130/85 mm Hg); dysglycemia (fasting
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plasma glucose >100 mg dL); raised triglyceride concentrations (>150 mg dL) and low high-
density lipoprotein (HDL) cholesterol (<40 mg dL in men or < 50 mg dL in women) [28].

The oxidative stress is related to metabolic syndrome in several ways: (i) H2O2 promotes insulin
signaling, being associated with increased insulin resistance; (ii) superoxide anion is generated
by angiotensin stimulation of NADPH and angiotensin II/angiotensin II type I receptor (AT1R),
which plays a critical role in blood pressure control; (iii) hyperglycaemia leads to overpro-
duction of superoxide by mitochondrial electron transfer chain, activating oxidative stress; (iv)
elevated low-density lipoprotein (LDL) and low high-density lipoprotein (HDL) are correlated
with oxidative stress and the dyslipidemia treatment with rosuvastatin is known to reduce
oxidative stress through raise of antioxidant enzymes [28].

Due to oxidative DNA damage there is a direct correlation between diabetes and cancer.
Diabetic patients present high levels of ROS because of elevated glucose, fatty acids and insulin
blood levels; combined to lower antioxidative capacity derived from reduced glutathione
synthesis. To support those findings, it has been proved that polymorphisms in peroxisome
proliferator-activated receptor-γ coactivator-1α (PPARGC1A) – a protein that regulates
mitochondrial electron transport, leads to decontrolled redox activity [29].

6. Oxidative stress and atherosclerosis

Atherosclerosis is defined as an arterial disease characterized by fibrous and cholesterol rich
plaques. Atherosclerosis progression causes blood flow obstruction, hemorrhage due to
rupture and thrombosis leading to strokes or myocardial infarctions. Many risk factors are
associated with atherosclerosis development, the most widely known are serum low-density
lipoprotein (LDL) cholesterol, low serum high-density lipoprotein (HDL) cholesterol, diabetes,
hypertension, smoking, aging and oxidative stress [30].

During LDL oxidation, a progressive process and very important for the beginning of the
formation of atheromatous plaque, the cholesterol is target of oxidants, which generate a
variety of oxysterols. On the other hand, lipid peroxidation products (MDA and 4-HNE) can
react with histidine, cysteine or lysine residues of proteins, leading to formation of stable
Michael adducts with a hemiacetal structure or to Schiff bases that undergo a rearrangement
generating the Amadori products. These aldehydes can derivatize Lys residues of apoB, which
decreases the number of positive charges and interferes on LDL binding to LDLR and
scavenger receptors [31].

In endothelial cells, besides stimulating the antioxidant defense (mainly by glutathione), Nrf2
(nuclear factor (erythroid-derived 2)-like 2) suppresses inflammation-associated expression of
adhesion molecules and cytokines, which are associated with the early stage of atherogenesis
[29]. NAD(P)H oxidases (NOXs) are major sources of ROS in the vasculature, producing
superoxide from molecular oxygen using NAD(P)H as the electron donor and endothelial NO
synthase (eNOS) produce NO which represents a key element in the vasoprotective function
of the endothelium. However, pathological conditions associated with oxidative stress may
become eNOS inefficient and promote the rapid inactivation of NO by excess superoxide [32].
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There is growing evidence that reversal of oxidative stress with antioxidants can reduce the
degree of myocardial ischemic injury and heart dysfunction [33].

7. Oxidative stress and infection

The pathological effects of NO and O2
− in virus infection are in clear contrast to their beneficial

antimicrobial effects in bacterial and fungal infections. In virus infections, NO and ONOO−,
which are primitive host-defense molecules, cause nonspecific oxidative damage in virus-
infected tissue, leading to various pathological events. Virus-induced oxidative stress has been
reported during HIV, influenza virus, HBV, hepatitis C virus, encephalomyocarditis virus
(EMCV), respiratory syncytial virus (RSV), dengue virus (DENV) and others [34].

Studies including rotavirus-infected patients showed that viral infection stimulates NO
production, decreases superoxide dismutase and glutathione peroxidase activities and
increases inducible nitric oxide synthase (iNOS) mRNA and iNOS expression in murine ileum
[35].

Influenza virus is probably the best characterized pathogen modulating redox homeostasis.
Influenza-induced ROS production has been associated with host immune and inflammatory
responses, as well as modulation of viral replication. Oxygen radicals and their derivatives are
recognized as principal mediators of influenza virus-induced lung injury [36].

Within the Flaviviridae family, hepatitis C virus infection promotes oxidative stress and
manipulates antioxidant systems, leading to liver damage and chronic disease. Elevated levels
of reactive oxygen species (ROS) are considered as a major factor contributing to HCV-
associated pathogenesis. HCV core protein is considered as a major regulator affecting the
release of ROS from mitochondria. In this context, mitochondria play a crucial role for the
production of ROS in HCV-infected cells. Several pathways are affected upon HCV infection
to result in an induction of autophagy that interferes with various steps of the viral life cycle
to promote a permanent viral infection. The assembly and release of viral particles are closely
linked to the VLDL synthesis and occur via the secretory pathway. Elevated glucose produc-
tion, enhanced fatty acid uptake or upregulation of genes involved in lipid and cholesterol
synthesis may contribute to oxidative stress-induced insulin resistance linked to HCV
infection [36].

Induction of iNOS and production of NO, accumulation of ROS and RNS, as well as pertur-
bation of the reduced glutathione (GSH) content are all signatures of Dengue virus (DENV)
infection in different human cells and animal models. DENV infection resulted in an intracel-
lular accumulation of NAD(P)H oxidase (NOX2)-derived ROS in monocyte-derived dendritic
cells (Mo-DCs). Alteration in the redox status of DENV-infected patients has been associated
with increased inflammatory responses, cell death and correlated with different parameters
associated with dengue disease [37].

The HPV infection, although necessary, is not sufficient to cause cancer and several studies
have been devoted to the search for concurrent carcinogenic factors. Among these cofactors,
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many evidence support the role of ROS. It is clear that viral infection induces ROS that in turn
causes damage to all types of biological macromolecules. Two different types of cooperative
mechanisms are presumed to occur between ROS and HPV: (i) the ROS genotoxic activity and
the HPV-induced genomic instability concur independently to the generation of the molecular
damage necessary for the emergence of neoplastic clones. This first mode is merely a particular
form of cocarcinogenesis and (ii) ROS specifically interacts with one or more molecular stages
of neoplastic initiation and/or progression induced by the HPV infection [38, 39].

Therefore, it seems reasonable to hypothesize that, while in most cases the cells react to HPV
infection and can overcome the virus-induced ROS by activating apoptosis leading to termina-
tion of viral replication and lesion regression, in some of the infected cells a steady state balance
between ROS generation and detoxification is established, partly due to viral-induced antioxi-
dant response. Thus, infected cells can aberrantly proliferate, paving the way to neoplastic
progression HPV, exploit host cell survival mechanisms, through modulation of redox homeo-
stasis, increasing the activity of catalase, SOD among other, as an adaptive response to the high
ROS conditions of preneoplastic lesions. Elevated GST and GSH provide the HPV hosting cell
with improved oxidative damage detoxifying systems, but suppression of p53 and iNOS
together with induction of vascular endothelial growth factor (VEGF) and resistance to ROS
leads to the suppression of apoptosis and generates an oxidant fitting cell phenotype. Therefore,
the tumor cell adapts their metabolism in order to support their growth and survival, creating a
paradox of high ROS production in the presence of high antioxidant levels [38, 39].

8. Oxidative stress and cancer

Many signaling pathways that regulate the metabolism of ROS are also linked to tumorigenesis
[40, 41]. However, ROS can also promote tumor formation by inducing DNA mutations and pro-
oncogenic signaling pathways. The production of low level of ROS is required for homeostatic
signaling events. It can be driven by NAD(P)H and NAD(P)H oxidase (NOX), leading to the
increase of cell proliferation and survival through the posttranslational modification of kinases
and phosphatases. At moderate levels, ROS induce the expression of stress-responsive genes
such as HIF1A, which in turn trigger the expression of proteins providing prosurvival signals,
such as the glucose transporter GLUT1 (also known as SLC2A1) and vascular endothelial growth
factor (VEGF). At low and moderate levels ROS can act as signaling molecules that sustain cellular
proliferation and differentiation and activate stress-responsive survival pathways, stimulating
the phosphorylation of protein kinase C (PKC), p38 mitogen-activated protein kinase (p38
MAPK), extracellular signal-regulated kinase (ERK)1/2, phosphoinositide 3-kinase/serine-
threonine kinase (PI3K/Akt), protein kinase B (PKB) and JUN N-terminal kinase (JNK) [40, 42].

The regulation of oxidative stress is an important factor not only for tumor development but
also for the responses to anticancer therapies. As high ROS levels are harmful to cells, oxidative
stress can have a tumor-suppressive effect. This imparts pressure on cancer cells to adapt by
developing strong antioxidant mechanisms. But despite having an enhanced antioxidant
system, cancer cells maintain higher ROS levels than normal cells. At high levels, ROS can
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cause damage to macromolecules, including DNA; induce the activation of protein kinase Cδ
(PKCδ), triggering senescence; and/or cause permeabilization of the mitochondria, leading to
the release of cytochrome c and apoptosis. ROS are also involved in the increased expression
of antioxidant genes related to the activation of transcription factors such as the Nrf2, activator
protein 1 (AP-1), nuclear factor kB (NF-kB) and p53 [40–42].

The role of ROS in carcinogenic process can be either pro or anti oncogenic, and it can be
summarized as follows: (i) regulating tumor development and signaling pathways for cell
progression through ERK1/2 activation and ligand-independent RTK activation; (ii) regulating
chronic inflammation for example through NF-kB activation; (iii) controlling tumor suppressor
expression and cell cycle inhibitors; (iv) mediating angiogenesis by the release of vascular
endothelial growth factor (VEGF) and angiopoietin; (v) favoring metastasis and tissue invasion
due to metalloproteinase secretion; (vi) avoiding cellular death by activating SRC and
PI3K/AKT pathway. Additionally, generating ROS is the mechanism of attack used by most of
chemotherapies and radiotherapy [43, 44].

Figure 1. Keap1 (Kelch-like ECH-associated protein 1) sequesters Nrf2 (nuclear factor erythroid-derived 2) in the cyto-
plasm by binding to its aminoterminal regulatory domain. Keap1 is a sulfhydryl (S)-rich protein, and several cysteine
residues mediate the Keap1–inducer interaction. When the interaction between Keap1 and Nrf2 disrupts, it allows
Nrf2 to translocate to the nucleus. In the nucleus, Nrf2 controls several different antioxidant pathways by activating
the expression of GSTs and other genes. This control is important to avoid cellular wear caused by oxidative stress,
thus hindering the onset of various diseases.

The interindividual variation of the activity of antioxidant enzymes, for example, GST,
considered by both environmental factors (e.g., diet and exposure to toxins such as cigarette)
and genetic, is directly related to the etiology of cancer. Cytosolic GST present polymorphisms
in humans and, this is probably the cause for differences in interindividual response to
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xenobiotics. The first studies in this area have addressed the correlation between GSTM1 null
and/or GSTT1 null genotypes and a higher incidence of lung cancer, bladder, breast, colorectal
head/neck. The discovery of allelic variants of GSTP1, encoding enzymes with reduced
catalytic activity, led many researchers to examine the hypothesis that the combinations of
polymorphisms of the Mu class, Pi and Theta of GST contribute to disorders with environ-
mental factors [45, 46]. Studies with mice that exhibited a homozygous deletion of Nrf2 showed
that Nrf2 is critical for inducing hepatic glutathione S-transferase (GST), NAD(P)H: quinone
oxidoreductase (NQO1) and regulating levels of glutathione (Figure 1) [47].

Besides genetic variants of GST, changes in phase I enzyme activity as encoded by the
cytochrome P450 family can also have implications for the metabolism of specific nitrosamines
from the tobacco, alcohol and other carcinogenic substances [48].

The GST enzymes are part of an integrated protection system, so it is important to note that
the efficiency of this system depends on the combined action of other enzymes, such as γ-
glutamylcysteine synthase γGluCysS) and glutathione synthase, in order to provide gluta-
thione as well as carriers to facilitate the elimination of glutathione conjugates [21].

9. Conclusion

The modulation of intracellular ROS levels is crucial for cellular homeostasis, and different
ROS levels can induce different biological responses. It can occur due to the accumulation of
intrinsic and/or environmental factors, such as hypoxia, enhanced cellular metabolic activity,
mitochondrial dysfunction, increased activity of oxidases, lipoxygenases and cyclooxygenas-
es. The accumulation of free radicals can lead to important changes in the structure of nucleic
acids, proteins and lipids, altering their functions with consequent impact on cellular metab-
olism. These changes create conditions favorable to the onset of different diseases. The
determination of oxidative stress markers and plasma antioxidants can suggest a targeted
therapy against deficiencies in cell protection systems and it could be useful in an attempt to
minimize complications caused by increased oxidative stress, leading to a better prognosis of
various diseases.
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