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Received: 29 May 2023

Revised: 21 June 2023

Accepted: 26 June 2023

Published: 30 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Review

Roles of Oxidative Stress and Nrf2 Signaling in Pathogenic and
Non-Pathogenic Cells: A Possible General Mechanism of
Resistance to Therapy
Mira Hammad 1,† , Mohammad Raftari 2,†, Rute Cesário 2,†, Rima Salma 1, Paulo Godoy 2,
S. Noushin Emami 2,3,*,‡ and Siamak Haghdoost 1,2,4,*,‡

1 University of Caen Normandy, UMR6252 CIMAP/ARIA, GANIL, 14000 Caen, France
2 Department of Molecular Biosciences, The Wenner-Gren Institute, Stockholm University,

10691 Stockholm, Sweden
3 Natural Resources Institute, University of Greenwich, London ME4 4TB, UK
4 Advanced Resource Center for HADrontherapy in Europe (ARCHADE), 14000 Caen, France
* Correspondence: noushin.emami@su.se (S.N.E.); siamak.haghdoost@su.se (S.H.)
† These authors contributed equally to this work.
‡ These authors contributed equally to this work.

Abstract: The coordinating role of nuclear factor erythroid-2-related factor 2 (Nrf2) in cellular function
is undeniable. Evidence indicates that this transcription factor exerts massive regulatory functions
in multiple signaling pathways concerning redox homeostasis and xenobiotics, macromolecules,
and iron metabolism. Being the master regulator of antioxidant system, Nrf2 controls cellular
fate, influencing cell proliferation, differentiation, apoptosis, resistance to therapy, and senescence
processes, as well as infection disease success. Because Nrf2 is the key coordinator of cell defence
mechanisms, dysregulation of its signaling has been associated with carcinogenic phenomena and
infectious and age-related diseases. Deregulation of this cytoprotective system may also interfere
with immune response. Oxidative burst, one of the main microbicidal mechanisms, could be impaired
during the initial phagocytosis of pathogens, which could lead to the successful establishment of
infection and promote susceptibility to infectious diseases. There is still a knowledge gap to fill
regarding the molecular mechanisms by which Nrf2 orchestrates such complex networks involving
multiple pathways. This review describes the role of Nrf2 in non-pathogenic and pathogenic cells.

Keywords: oxidative stress; ROS: Nrf2 signaling; stem cell differentiation; adipogenesis; osteogenesis;
infection diseases; malaria; cancer; cancer stem cell; treatment resistance

1. Introduction

Free radicals are species that contain one single electron at an atomic or molecular
valence orbital. These species are formed by the gain or loss of an electron, comprising
anion and cation radicals specifically, or by homolytic fission, which occurs when a covalent
bond is broken in a way where each electron remains in each of the two molecules/atoms
previously bonded [1]. Indeed, organic covalent bonds like C-C, C-H, or C-O are extremely
strong, requiring a high energy for bond dissociation, which can be obtained by the ab-
sorption of ultraviolet (UVR) or ionizing radiation (IR), for example. However, exposure to
biological tissue by ionising radiation also results in water radiolysis, which constitutes
the main source of reactive oxygen species (ROS). Reactive nitrogen species (RNS), reac-
tive sulfur species (RSS), and carbon-centered radicals (R•) are also common within the
intracellular environment. Overall, free radicals are produced as by-products of cellular
metabolism and aerobic respiration. In addition, since free radicals are vital for proper
redox signaling, cells are also equipped with enzymatic systems that deliberately produce
ROS, such as NADPH oxidase [2]. Apart from endogenous sources, several external agents,
e.g., drugs, food, toxins, ionizing radiation, and pollutants, can increase the physiological
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levels of free radicals [3]. Free radicals aim to stabilize their unpaired electrons. The vast
majority pair it with an electron extracted from an oxidised molecule or donate it to nearby
biomolecules, thus reducing them. Under these redox reactions, unstable free radicals
can interact with all classes of macromolecules such as proteins, lipids, carbohydrates,
and nucleic acids [4] and modify their structures. Additionally, free radicals can also be
stabilized by undergoing addition, disproportionation, or self-annihilation reactions [5,6].

ROS have varying effects, including the induction of oxidative damage to biomolecules
and signal activation, depending on their intracellular levels, which are tightly regulated by
the level of available enzymatic and non-enzymatic antioxidants. Nrf2, as a key regulator,
controls the expression of several enzymatic antioxidants and results in the modulation
of the levels of ROS, such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx), and heme oxygenase-1 (HO-1), which are vital in maintaining redox
balance and cellular homeostasis.

Cellular response to ROS includes reversible redox signaling or irreversible non-
enzymatic reactions, which depend on the type and concentration of the ROS. ROS include
both radical species such as hydroxyl radical and hydroxyl radicals and non-radical species
such as hydrogen peroxide, peroxynitrite, and hypochlorous acid. Radical species are
mainly responsible for the induction of oxidative damage to biomolecules, while non-
radical species are mainly involved in the signaling and second messenger functions.
Non-radical species have pronounced effects on proteins, particularly on the cysteine
residue of a protein. Cysteine residues can be oxidized by hydroperoxides and other reac-
tive molecules such as thiyl radicals and sulfenic acids and can result in the changing of the
catalytic activities of proteins/enzymes, effecting the redox regulation of protein function or
signaling pathways [7]. Notably, compared with the effects of post-translational modifica-
tions such as phosphorylation, the effects of the oxidation of cysteine on the function of and
changes in protein structures are less characterized. ROS engage in multiple cell pathways
as secondary messengers by promoting, e.g., cysteine oxidation in proteins, leading to the
modification of protein structures, which may result in aggregation or degradation with
involvement in some pathological conditions [8]. Under physiological conditions, known as
oxidative eustress, redox signaling contributes to cellular homeostasis, influencing cellular
growth rate, stemness/differentiation/development states [9,10], immune function [11,12],
and adaptive responses [13,14].

On the other hand, excessive levels of ROS lead to the nonspecific oxidation of
biomolecules, which culminates in reversible or irreversible damage to macromolecules and
the disruption of redox signaling. This toxic cellular state, referred to as oxidative distress,
compromises cellular homeostasis as it promotes genomic instability, protein denaturation
and aggregation, membrane abnormalities, organelle dysfunction, etc. [15]. These negative
repercussions can delay the cell cycle and promote cell senescence [16] and death [17].

To avoid these harmful conditions, cells and organisms activate adaptive responses,
for example during physical activity, that neutralize ROS or delay their subsequent reac-
tions [18]. Many of these detoxifying agents are capable of directly stabilizing free radicals
or reverting them to some extent oxidative injuries, these being collectively referred to
as antioxidants. These include endogenous and exogenous scavengers with and without
enzymatic activity. Thus, oxidative eustress can be thought of as a synchronized and self-
controlled cellular state where prooxidants and antioxidants work in harmony to regulate
the intensity and duration of redox signaling. The majority of the enzymatic antioxidants
are encoded by ARE-driven genes, with these being transcriptionally regulated by Nrf2 [19].

In 1994, Moi et al. successfully isolated and identified a new clone with a high
homology to the p45 subunit of the nuclear factor erythroid 2 (NF-E2), which consists
of a basic leucine zipper (bZip). The new clone, named NF-E2-related factor 2 (Nrf2),
was proven to be a strong activator of RNA polymerase II holding a bZip domain [20].
Based on their binding partners, bZip transcription factors are grouped into different
classes; Nrf2 (member of the cap’n’collar (CNC) subfamily) together with NRF1, NRF3,
NF-E2, Bach1, and Bach2 [21,22]. Since its discovery, Nrf2 has been a game-changer in



Antioxidants 2023, 12, 1371 3 of 32

cell signaling, where it regulates the expression of more than 250 genes. The majority of
its targets are antioxidants and metabolic phase I, II, and III enzymes. Therefore, Nrf2 is
mainly known for its cytoprotective role against oxidative and xenobiotic stress (Figure 1).
In addition, Nrf2 is also involved in lipid, carbohydrate, and iron metabolism, protein
homeostasis via autophagy and proteasomal degradation, DNA repair, and transcriptional
and anti-apoptotic regulation [23,24]. Encoded by the NF-E2-like 2 (NFE2L2) gene, Nrf2
is constitutively expressed in all tissues, showing higher expression levels in the brain,
kidney, muscle, lung, heart and liver [20,25].
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Figure 1. Schematic picture of Nrf2 under constitutive (left) and oxidative stress conditions (right).

As Nrf2 has a prominent role during cellular detoxification, non-stress conditions
promote the continuous degradation of this protein. Nrf2 has a half-life of 20 min under
normal physiological non-stressed conditions, and its activation level is low [26]. This redox-
sensitive negative regulation is primarily secured by Kelch-like ECH-associated protein 1
(Keap1). The main regulation of Nrf2 is via the Nrf2/Keap1-signaling pathway. Upon
cytosolic Keap1 saturation, low levels of the newly synthesised Nrf2 maintain the basal
expression of its targets [27]. Under these physiological conditions, finer regulation of basal
Nrf2 signaling is mainly assured at the nucleus level by β-transducin repeat-containing
protein (β-TrCP) in a redox-independent way. Other proteins that can bind to Nrf2 and
affect its function and expression of its downstream genes include retinoid X receptor
alpha (RXRα), which is involved in differentiation and developmental processes [28], and
small musculoaponeurotic fibrosarcoma (sMafs), which is involved in the expression of
antioxidant- and phase-II-detoxifying enzymes [29].

There are also other mechanisms involved in Nrf2 regulation. It was shown, for
example, that Nrf2 transcription could be regulated by Kras, Braf, and Myc [30] and, at the
translational level, by interaction of the 5′ untranslated region of Nrf2 transcript with the
internal ribosomal entry site (IRES) that is involved in the initiation of protein synthesis at
ribosomes [31]. The activity of Nrf2 can be modulated by post-translational changes. The
main post-translational regulation of Nrf2 is phosphorylation, and several studies have
identified GSK-3, MAPKs, PI3K and PERK as the main kinases regulating the phospho-
rylation status of Nrf2 [32]. There are also number of miRNAs that regulate Nrf2 protein
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expression levels, and these are the so called redox miRs [33], e.g., miR-144 and miR-28,
which are involved in the degradation of Nrf2 mRNA [34,35].

Nevertheless, Nrf2 upregulation is not linear and has not been fully characterised yet.
For instance, out of the 605 amino acids that compose human Nrf2, 17% of the residues hold
phosphorylation potential (65 serines, 27 threonines, and 10 tyrosines), turning Nrf2 into an
intersection point and target of multiple signaling networks [36]. This 67 kDa transcription
factor is composed of seven highly conserved domains, which are known as Nrf2-erythroid
cell-derived proteins with a CNC homology (Neh). The bZip is located at the Neh1 domain
and is vital for Nrf2 to interact with its DNA targets. The remaining domains (Neh2-7)
exert protein–protein interactions with activators and inhibitors, influencing Nrf2 activity
and assuring its post-transcriptional regulation [37,38]. Nrf2 has several binding partners
that can affect its function and expression of downstream genes, including sMafs. There are
different sub-types of sMafs, and they are mainly involved in the expression of antioxidant-
and phase-II-detoxifying enzymes [39].

As with other CNC transcription factors, Nrf2 forms bZip–bZip heterodimers with
the small-Maf bZip subfamily, which comprehends MafF, MafK, and MafG [21,40–42].
Specifically, the leucine zipper is responsible for hydrophobic heterodimerization, while the
positively charged basic region interacts with the negatively charged phosphate backbone
of DNA to determine the binding specificity [38,43,44]. sMaf peptides recognize 13 bp or
14 bp Maf recognition elements (MARE). These palindromic DNA consensus sequences
(5′ TGC-core-GCA-3′) are divided into CRE-MARE and TRE-MARE types. The first com-
prises an 8 bp cAMP-responsive element (CRE) core (TGACGTCA) that is recognised by
the CRE binding protein (CREB). The former type carries an activator protein-1 (AP-1)
binding site as a core. These AP-1 sites hold a 7 bp consensus sequence (TGA(G/C)TCA)
and, being regulated by 12-O-tetradecanoylphorbol-13-acetate (TPA), they are also referred
to as TPA-responsive elements (TREs) [22,44–46].

Direct Nrf2 targets exhibit a recognition motif in their promoter region known as
antioxidant-response elements (AREs), which are also termed electrophile-responsive ele-
ments (EpREs). The consensus sequence (5′-TGA(G/C)NNNGC-3′) of these cys-acting ele-
ments contains a section with a high similarity to a partial TRE/AP-1 sequence (TGA(G/C).
While large Maf peptides form homodimers that bind to both GC dinucleotides flanking
MARE sequences, sMaf peptides complexed with Nrf2 bind to the GC-3′ dinucleotide of
ARE/EpRE, allowing the transcription factor to recognize the TRE/AP-1 half-site of ARE
motifs [44,46]. Neither a single Nrf2 molecule nor an Nrf2 homodimer binds successfully to
these DNA motifs without sMaf peptides, making them essential partners of Nrf2 [22,42].
Hence, sMafs mediate the interaction between Nrf2 and DNA, allowing Nrf2 to regulate the
expression of ARE-driven genes. Homo- and heterodimers exclusively of sMaf peptides are
a possibility, but since sMafs lack transactivation domains, these dimers act as competitors
of Nrf2, acting as transcriptional repressors [22,40,44,46].

Brief Nrf2 Structural Regulation

Located at the N-terminal, Neh2 (amino acids 16-86) is a negative regulatory domain
as it holds Keap1-recognition sites [38,47]. Structurally, Keap1 as well as the N-terminal
broad complex, Tramtrack, Bric-a-Brac (BTB), and the C-terminal double glycine repeat
(DGR) domains are linked by an intervening region (IVR) [48]. The BTB domain is crucial
for Keap1 homodimerization [49] and Cullin 3 binding, an element of Cullin-3-based E3
ubiquitin ligase complexes [50]. The DGR domains (also known as Kelch domains) of
Keap1 homodimers bind to the DLG and ETGE motifs of Neh2 with a low and high affinity,
respectively. When this configuration is achieved, seven lysin residues situated between
DLG and ETGE become properly aligned for Nrf2 ubiquitination [50–52]. Additionally,
the DGR domains are also responsible for Keap1 interaction with actin filaments, retaining
Nrf2-Keap1 complexes in the cytosol and blocking Nrf2 transcriptional activity [48].

The regulation exercised by Keap1 is redox-dependent. In humans, Keap1 possesses
a total of twenty-seven cysteine residues on its structure. Some function as electrophilic
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sensors; cysteines surrounded by basic amino acids have a lower pKa, facilitating the
deprotonation of the thiol group into thiolate anion, which can be reversibly oxidised
into sulfenic acid. Hence, oxidative stress induces cysteine oxidation, forcing Keap1 to
undergo conformational changes that prevent Nrf2-Keap1 complex formation [38,53]. One
of the most-known hyper-reactive cysteines of Keap1 is Cys151, which is located at the
BTB domain and is flanked by the basic residues His129, Lys131, Arg135, Lys150, and
His154 [51].

Moreover, activated by mTORC1-dependent phosphorylation at Ser351, p62 interacts
with the Nrf2-binding site of Keap1 and competitively inhibits Nrf2-Keap1 interaction,
inducing, as a result, Nrf2 accumulation and activation [54]. A key role in this cellular
response is played by p53. This is a transcription factor activated by DNA damage, which
regulates the expression of several target genes, leading to cell cycle arrest aimed at allowing
time for the repair of DNA damage. One of the p53 target genes, p21, interacts with Keap1
and inhibits Nrf2 ubiquitylation and degradation. In contrast, activated p53 alone acts as a
suppressor of Nrf2, but when the p53 amount increases in the cytoplasm, MDM2 promotes
its ubiquitylation and degradation by the proteasome, thus protecting the accumulation
and activation of Nrf2. Finally, IKKβ acts as an activator of Nrf2, where it increases the
amount of free Nrf2 by competing directly with it for binding sites on Keap1 [55].

The p62-NRF2 relationship is pivotal in cellular responses to oxidative stress. Act-
ing as an adaptor protein, p62 stabilizes Nrf2 by disrupting its interaction with Keap1,
resulting in the nuclear translocation of Nrf2 and subsequent activation of genes involved
in cytoprotecting and antioxidant defense. Dysregulation of this pathway, such as im-
paired p62 function or sustained Nrf2 activity, has been implicated in various diseases,
including tumorigenesis and neurodegenerative disorders, underscoring the importance of
understanding and targeting this intricate interplay [56,57].

The Neh4 (amino acids 112-134) and Neh5 (amino acids 183-201 aa) domains, together
with the C-terminal Neh3 domain (amino acids 562-605), are the transactivation domains
of Nrf2 [37,38]. Particularly, Neh3 is the binding domain for the chromo-ATPase/helicase
DNA binding protein 6 (CHD6), which has been proven to be indispensable for Nrf2
transactional activity [58]. CREB is a typical example of a co-activator that binds separately
to both Neh4-5 domains in a synergistic manner [59]. Although they are independent
domains, both Neh4 and Neh5 have been reported to interact with other co-activators, such
as the mediator of RNA polymerase II transcription subunit 16 (MED16) [60], a catalytic
subunit of the chromatin-remodeling complex (BRG1) [61], and the receptor-associated
coactivator 3 (RAC3) [62]. Both domains also bind to co-repressors, like the silencing
mediator for retinoid- or thyroid-hormone receptors (SMRT) [63] and the glucocorticoid
receptor (GR) [64], which promote histone deacetylation. Thus, the Neh4-5 transactivation
function varies depending on the target gene.

Both the Neh7 (amino acids 209-316) and Neh6 (amino acids 338-388) domains are
responsible for Nrf2 suppression in a Keap1-independent manner [37,38]. Being the last
domain to be identified, Neh7 interacts with the DNA-binding domain of retinoic X re-
ceptor alpha (RXRα), inhibiting the recruitment of co-activators to the promoter region
of target genes [65]. Similar to Neh2, the Neh6 domain also contributes to Nrf2 negative
regulation via protein ubiquitination. This suppression is mediated by βTrCP, which pos-
sesses an F-box domain that interacts with S-phase kinase-associated protein 1 (Skp1),
serving as an adaptor of Skp1-Cullin1-Roc1/Rbx1 (regulator of Cullin1/RING-box protein
1) E3 ubiquitin systems. Thus, through the DSGIS and DSAPGS motifs, Neh6 couples to
βTrCP, resulting in Nrf2 ubiquitination [66]. Hence, while Neh2 is necessary for primary
cytosolic Nrf2 inactivation (Keap1-mediated), Neh6 is imperative for the main nuclear
Nrf2 degradation pathway (βTrCP-mediated). A schematic picture of the Nrf2 structure is
presented in Figure 2.
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The activity of DSGIS is enhanced after phosphorylation by glycogen synthase ki-
nase 3 (GSK3), an important regulator of cell fate and metabolism [66]. GSK3 is activated
after the phosphorylation of tyrosine residues (Tyr279 of GSK3α or Tyr216 of GSK3β)
and is repressed after the phosphorylation of serine residues (Ser21 of GSK3α or Ser9 of
GSK3β) [67]. Different kinases influence GSK activity, both directly and indirectly. For
example, by converting phosphatidylinositol biphosphate (PIP2) (4,5) into phosphatidyli-
nositol (3,4,5) triphosphate (PIP3), phosphatidylinositol 3 kinase (PI3K) directly activates
3-phosphoinositide-dependent kinase 1 (PDK1), which in turn activates protein kinase B
(PKB or Akt), resulting in the phosphorylation of GSK3, blocking its activity, and indirectly
promoting Nrf2 signaling, where Nrf2 is translocated into the nucleus to bind the ARE
region and upregulate a series of downstream cryoprotective genes [68]. By reverting PIP3
to PIP2, the phosphatase and tensin homolog (PTEN) interrupts PI3K-PDK1-Akt signaling,
promoting GSK-3β activity and consequently promoting Nrf2 suppression. Moreover,
evidence shows that cAMP-dependent PKA [69] and certain PKC isoforms [70,71] are
also capable of GSK3 inhibitory phosphorylation. Nevertheless, the role of these complex
phosphorylation cascades and their multiple effectors and regulators in Nrf2 signaling is
not straightforward and cannot be restricted to GSK3 signaling.

As mentioned, localized between Neh6 and Neh3, Neh1 (amino acids 434-561) is the
DNA-binding domain of Nrf2. Additionally, a nuclear localization signal (NLS) and a
leucine-rich nuclear export signal (NES) motif overlap the basic and leucine zipper sites
of Neh1. NLS is exposed after Neh2 is released from Keap1, allowing the translocation
of Nrf2 from the cytosol to the nucleus [72]. Adenosine-monophosphate (AMP)-activated
kinase (AMPK), which is induced under energy-deficient conditions, phosphorylates and
inactivates NES, promoting Nrf2 nuclear accumulation and ARE-mediated transcription.
Additionally, AMPK phosphorylates and inhibits GSK3β, a promoter of Nrf2 nuclear
export [73]. When activated after GSK3β-mediated phosphorylation, Fyn phosphorylates
and activates NES, contributing to Nrf2 nuclear escape [74]. Furthermore, the E2 ubiquitin-
conjugating enzyme UbcM2 can bind to an intact site of Neh1, stabilising and activating
Nrf2 directly in the nucleus. Regulation by UbcM2 involves a non-catalytic cysteine (Cys-
136) and an active-site cysteine (Cys-145), with the first one being sensitive to the cellular
redox status [75]. As discussed above, the Nrf2-Keap1 pathway can interplay with other
pathways such as MAPK, PI3K/Akt, and the Wnt-signaling member (GSK3). A summary of
Nrf2 regulation and its interaction with some other pathways is presented in Figure 3 below.
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Figure 3. Regulation of Nrf2 by different proteins involved in different signaling pathways.

This review describes the role of Nrf2 in non-pathogenic and pathogenic cells.

2. Role of Nrf2 in a Non-Pathogenic Setting With a Focus on Cellular Responses to
High Levels of ROS, e.g., Those Induced by Ionizing Radiation

Ionizing radiation used in radiotherapy is known to kill cancer as well as healthy
normal cells partly by the induction of ROS and the production of DNA damage as con-
sequence. A protective role of the Nrf2-ARE pathway against the induction of DNA
damage [76–78], for example that induced by exposure to ionizing radiation [79], has
been reported. Radiation can also accelerate the senescence process of the exposed surviv-
ing cells and affect the ability of the exposed healthy stem cells to differentiate. Healthy
stem cells with the capacity to differentiate to different linages are needed for replacing
radiation-induced damaged tissue with normal healthy tissue. In the non-pathogenic part
of this review, we focus on the role of Nrf2 signaling in DNA damage/repair, its role in
the differentiation process of stem cells (adipogenesis, neurogenesis, and osteogenesis as
examples), and its role in senescence.

2.1. The Role of Nrf2 in DNA Repair and the Promotion of Survival after Exposure to
Ionizing Radiation

Intracellular ROS can be formed endogenously as natural by-products, for example
from the mitochondrial electron transport chain, or exogenously, for example through
exposure to ionizing radiation. In oxidative stress conditions, when the levels of ROS
exceed the cellular antioxidant capacity, ROS can react with DNA molecules and induce
single-strand breaks (SSBs) and oxidative base damage as well as double-strand breaks
(DSBs) [80]. SSBs and base damage are mainly repaired by the base excision repair system
(BER), in which DNA glycosylases recognize and remove damaged DNA bases, resulting
in a gap. The gap is then filled with new a DNA base by DNA polymerase and sealed by
DNA ligase. Several glycosylases with the ability to remove oxidative base damage have
been identified in both bacteria (the proteins MutY and MutM) and higher organisms, e.g.,
the proteins OGG1 and OGG2 [81]. DSBs can be repaired mainly by non-homologous end
joining (NHEJ) and homologous recombination (HR) [82]. NHEJ is active throughout the
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cell cycle and allows rapid joining, and homologous recombination (HR) is active in the
G2-S phase when a sister chromatid is present and allows reliable and error-free repair. HR
repair is possible if DNA resection is induced after DSB. The generated single-strand regions
of DNA during the resection result in the binding of RAD51 protein filaments to DNA,
mediating homology-directed strand invasion by BRCA2 [83]. When the resection exposes
complementary sequences, repair can be achieved through RAD52-mediated single-strand
annealing. Recognition of DSBs by either KU70/KU80 or poly ADP-ribose polymerase
(PARP) leads to canonical NHEJ and alternative NHEJ, respectively. Prior to repair, DNA
damage is detected by sensing proteins such as ATM (ataxia telangiectasia mutated),
ATR, DNA-PK (DNA-dependent protein kinase), and PARP [84]. They are constitutively
transcribed proteins that quickly undergo post-translational activation as a consequence
of DNA damage and replication errors [82,85]. ATM binding and activation lead to the
phosphorylation of many other target proteins (53BP1, H2AX, CHK2, SMC1, TP53, BRCA1,
etc.), which are implicated in DNA damage response, i.e., DDR. DNA-PK is a trimeric
nuclear serine/threonine kinase made up of a catalytic subunit and two DNA-targeting
proteins, KU70 and KU80 [86,87]. In contrast to ATM, ATR is thought to primarily process
single-strand DNA (ssDNA) breaks and tends to be enrolled on replication protein A (RPA)-
coated ssDNA [88]. However, several reports have indicated that ATR can also respond to
IR-induced DNA breaks [89,90]. The assembly of the ATR complex at DNA breaks activates
signaling that regulates the cell cycle, DNA repair, and DNA replication. CHK1-CDC2,
which manages cell cycle transitions, is primarily dependent on ATR activation [91,92].
DSBs are considered to be the most critical and deleterious lesions for cells. DSBs, if not
repaired, can cause chromosomal aberrations or mutations that can lead to a loss of genetic
material, resulting in cell death. Cells use different mechanisms to resist the deleterious
effects of, for example, DNA-damaging agents such as radiotherapy and chemotherapy. The
mechanisms include the elevated expression of antioxidants that can reduce intracellular
ROS before they react with DNA and an effective DNA damage signaling and repair that
can repair the damage so that the cell may survive.

There are few studies indicating the role of Nrf2 in DNA damage signaling and
repair. As an example, it was shown that the transcriptional regulation of 53BP1 can
be regulated by Nrf2 [77]. Some studies have also reported the involvement of Nrf2 in
the repair of oxidative DNA base damage and its contribution to the pro-survival re-
sponse after exposure to ionizing radiation [93]. In the work carried out by Singh et al.,
the antioxidants vitamin C and butylated hydroxyanisole (BHA) were used to suppress
estrogen-metabolism-mediated oxidative DNA damage, which is known to decrease levels
of Nrf2 [94]. Their results showed that the antioxidant treatment prevented the E2-mediated
damage and significantly increased the levels of Nrf2 expression. Furthermore, they demon-
strated that the oxidative damage was reduced through the Nrf2-dependent regulation of
OGG1 which is the main DNA glycosylase enzyme involved in the removal of 8-oxo-dG, a
marker of oxidative stress [76,95,96]. Also, the protective effect of oyster (Ostrea plicatula
Gmelin) polysaccharides (OPS) was assessed because of their antioxidant activity [97]. It
was shown that OPS decreased erythrocyte micronuclei (MN) formation as well as bone
marrow toxicity induced by mutagens by increasing the Nrf2 nuclear level [97]. An accu-
mulating number of recent studies have indicated that quercetin has powerful antioxidant
and free-radical-scavenging properties. A report illustrated that quercetin can be used to
reduce the effect of 1,2-dimethylhydrazine (DMH), a toxic environmental pollutant and a
colon-specific carcinogen [84]. Quercetin supplementation potently attenuated 8-oxo-dG
production and decreased the levels of AP sites. Concomitantly, quercetin reversed the
DMH-induced expression pattern of the Nrf2 pathway by overexpressing Nrf2 and decreas-
ing Keap1 levels. Thus, quercetin successfully suppressed DMH-induced DNA damage
through modulating the Nrf2/Keap1-signaling pathway [98].

In another study, mangiferin, a natural antioxidant, was demonstrated to play a
protective role against DNA damage induced by etoposide, a chemotherapy drug. The
antioxidant mangiferin effectively inhibited etoposide-induced DNA damage in terms of
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MN formation and DNA strand breaks [99]. This could be due to an increased nuclear
accumulation of Nrf2 after mangiferin treatment. Moreover, NQO1, an Nrf2-signaling
target involved in PARP activity [99], was significantly upregulated by mangiferin treat-
ment [100]. Furthermore, a protective effect of 18α-GA, a bioactive triterpenoid, has been
shown to activate Nrf2 against mitomycin C (MMC), a chemotherapeutic agent inducing
DNA damage. The results showed a decreased level of DNA damage with 18α-GA pre-
treatment and suggested that Nrf2 activation by 18α-GA is regulated through the MAPK
(ERK1/2) pathway [101].

Srivastava et al. showed that buthionine sulfoximine (BSO) treatment depleted glu-
tathione (GSH) in mice and induced a high expression of Nrf2 [102]. When this treatment
was combined with arsenic, it resulted in in vivo genotoxicity due to the generation of ROS
in GSH-depleted mice and thus caused abnormal metaphases and different chromosomal
aberrations. To limit this genotoxicity, they demonstrated that a pre-treatment with N-
acetyl-L-cysteine (NAC) promoted a significant intracellular induction of GSH, which, in
turn, could cope with increased ROS levels [102].

In another study, Jayakumar et al. showed that when Nrf2 was inhibited or silenced in
cancer cells, a significant slowdown in DNA repair occurred [78]. They found that Nrf2′s
influence on DNA repair was independent of ROS levels. Furthermore, Nrf2 could regulate
HR by controlling the mRNA level and foci formation of RAD51 in an ROS-independent
manner [78,93]. This suggests that Nrf2 may promote HR during DSB repair. Sun et al.
also showed that the Nrf2 protein level was markedly increased in cells with DSBs. In
addition, their study showed that the depletion of Nrf2 decreased the percentage of BRCA1
and RAD51 foci-positive cells, which are indicators of HR efficiency [103]. Another report
also demonstrated that Nrf2 promoted G2 cell cycle arrest by directly influencing ATR
phosphorylation. This subsequently activated the ATR–CHK1–CDC2 signaling cascade,
which is ROS-independent [104]. They showed that the downregulation or silencing of
Nrf2 caused the transcriptional repression of both ATM and ATR expression and led to
aberrant or insufficient DDR signaling and a higher cytotoxicity to cisplatin. They indicated
a crosstalk between the antioxidant-response (AR) and DDR pathways that extended the
scope of action of Nrf2 in promoting therapeutic cancer resistance [104]. This could be
directly achieved by Nrf2 binding to the promoter regions of ATM and ATR that, in this case,
repressed their expression. On the other hand, Nrf2 could act indirectly by its downstream
proteins, which could in turn regulate ATM and ATR transcription. Furthermore, upon Nrf2
activation by bardoxolone methyl, a semi-synthetic triterpenoid, cells showed less radiation-
induced DNA damage in the S and G2 phases of the cell cycle due to the promoting role of
Nrf2 in the HR pathway [77]. The Nrf2 transcription factor mainly regulates the expression
of a wide range of genes that code for antioxidants and other proteins responsible for the
detoxification of xenobiotics and ROS. The gain of functions of Nrf2 may protect cells from
toxicity induced by ionizing radiation, but additional mechanisms may also be involved,
linking Nrf2 to radioresistance [77,93].

Notably, cancer cells possess heightened levels of ROS compared to normal cells, which
is attributed to factors such as oncogene mutations and mitochondrial damage [105,106]
and their metabolism. In the context of cancer cells, Nrf2 assumes an antioxidant role
that can exhibit either protective or detrimental effects based on ROS levels. For instance,
Nrf2 activation in cancer cells can promote cell survival and redox homeostasis, whereas
excessive Nrf2 activity may contribute to tumor progression [30,107]. Figure 4 illustrates
the role of Nrf2 in normal and cancer cell survival and therapy resistance.
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Figure 4. Nrf2 in normal (left) and cancer (right) cells. In normal cells, Nrf2 signaling is highly
upregulated, with Nrf2 being mainly activated for cell protection. Under this regulated environment,
Nrf2 fights the intracellular ROS inadvertently produced during aerobic metabolism by promoting
the gene expressions of different antioxidants. The antioxidant response is vital for detoxifying
cells with toxic ROS levels, avoiding distress conditions where ROS-induced mutagenic events can
occur. Apart from that, the fine balance of ROS by antioxidants allows for a synchronized and
self-controlled eustress state, where prooxidants and antioxidants work in harmony to regulate the
intensity and duration of redox signaling. Thus, under normal conditions, the antioxidant response
controlled by Nrf2 is key in cancer prevention. However, many cancer cells have constitutive
and dysregulated activation of Nrf2. In this scenario, higher Nrf2 levels combat intracellular ROS
of anaerobic metabolism due to the Warburg effect. In addition, in many cancer cells with Nrf2
upregulation, Nrf2 has been implicated in the activation of drug efflux transporters, having, in
general, a major role in cell cancer cell detoxification. Additionally, cancer cells take advantage of
the antioxidant role of Nrf2 to keep ROS at minimum levels by transiting to a stem state. Stemness,
antioxidants, and efflux transporters confer great resistance to the main therapies currently practiced
in the fight against cancer, namely chemo- and radiotherapy. Hence, in cancer cells, Nrf2 signaling
is vital for tumor survival after treatment and its subsequent repopulation due to Nrf2-induced
stemness properties.

2.2. Role of Nrf2 in Stem Cell Differentiation

In recent years, scientists have shown that Nrf2 is involved in stem cell differentiation
processes. Nrf2 is highly expressed in undifferentiated embryonic stem cells compared to
differentiated cells. Notably, Nrf2 is also highly expressed in cancer stem cells as compared
with differentiated cancer cells [108]. In addition to regulating the cellular redox balance,
Nrf2 has been considered to control several cellular processes such as stem cell proliferation
and lineage-specific differentiation. Osteoblasts and osteoclasts are two indispensable
elements involved in bone homeostasis, where ROS mediate physiological signaling. In
this context, Nrf2 plays a major role. It is widely known that osteoclast differentiation is
highly regulated by the intracellular level of ROS. When Nrf2 activity is reduced, the ROS
level increases and thus osteoclast differentiation takes place [109].

The activity of osteoblasts and osteoclasts is positively regulated by the Wnt/β-catenin-
signaling pathway. Wnt/β-catenin signaling plays a crucial role in inducing osteogenesis
and is initiated when extracellular Wnt ligands bind to frizzled receptors that have seven
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transmembrane domains (Frz). This leads to the stimulation of a cytoplasmic phosphopro-
tein, disheveled (Dsh), which acts by inhibiting the axin, glycogen synthase kinase 3 (GSK3),
and adenomatosis polyposis coli (APC) protein complex [110]. When Wnt signaling occurs,
the Axin/APC/GSK3 complex stops β-catenin degradation, resulting in β-catenin being
moved from the cytoplasm to the nucleus [111]. In the nucleus, β-catenin binds to T-cell
factor/lymphoid-enhancing factor (Tcf/Lef), which acts as a transcriptional effector that
stimulates the activation of Wnt target genes such as Runx2, thus stimulating osteogenesis.
Moreover, on the one hand, neural-epidermal-growth-factor-like 1 protein (NELL-1) binds
to integrin β1, whereas on the other hand, it increases β-catenin nuclear localization, which
increases the transcription of Runx2 and Osterix. NELL-1 activates ERK1/2 and JNK, which
phosphorylate and activate Runx2 [112]. High levels of ROS can inhibit the signaling path-
ways of Wnt/catenin and NELL-1, thus inhibiting osteogenesis by stimulating a group of
the Forkhead family of the transcription factor (FOXO) protein to undergo phosphorylation
and migrate to the nucleus [112], where they decrease the expression of genes that induce
osteogenesis. On the other hand, this stimulates adipogenic differentiation by activating
peroxisome-proliferator-activated receptor gamma (PPARδ), which is a nuclear receptor
that plays a major role in lipid metabolism and adipogenic differentiation [113]. Another
way of activating adipogenesis is through the direct activation of CCAAT-enhancer-binding
protein beta and alpha, C/EBPβ and C/EBPα, which are major adipogenesis regulators
during the early and terminal phases of differentiation. Upon low levels of Nrf2, AKT is
stimulated and activates C/EBPα and PPARγ. The coordinated activity between these
two transcription factors acts as a positive feedback loop, in which PPARγ can activate
the promoter of the gene encoding C/EBPα and vice versa [114] in order to regulate the
transcription and expression of other adipogenic-specific genes (Figure 5).
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Figure 5. The role of Nrf2 and ROS in adipogenesis and osteogenesis. ROS suppresses important
signaling pathways necessary for bone formation while simultaneously stimulating pathways that
promote the formation adipocytes. The Wnt/βeta catenin and NELL-1 pathways play a key role
in promoting osteogenesis, but their activity is hindered when Nrf2 levels are low and ROS levels
are high. Consequently, ROS can trigger the phosphorylation of FOXO proteins, causing them to
translocate into the nucleus and hinder the signals that promote bone formation, leading to a shift
towards adipogenesis.
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On the other hand, it has been reported that the activation of AKT stimulates the
activation of Nrf2 downstream, where it promotes osteogenic differentiation. Xiong et al.
showed that curcumin enhances the protein level of Nrf2 and plays a crucial role in
the curcumin-induced osteogenic differentiation of human periodontal ligament stem
cells [115]. In another study by Xue et al., a new binding partner of Nrf2, optineurin, was
identified. This molecule interacts with Nrf2 and was shown to be a negative modulator of
osteogenesis. In vivo mouse studies showed that a deficiency in Nrf2 significantly impairs
bone formation and reduces bone volume [116]. This shows the important role of Nrf2 in
postnatal bone development. A recent study showed that knocking down Nrf2 resulted
in an increase in ROS formation and repressed the tendency of osteogenic differentiation
in periodontal ligament stem cells. This was mediated by the application of ochratoxin A,
an Nrf2 inhibitor that blocks osteogenic differentiation ability in the early as well as in the
late passage of MSC, suggesting the vital role of Nrf2 in cyclic-mechanical-stretch-induced
osteogenic differentiation in periodontal ligament stem cells (PDLSCs), which might be
associated with the expression of antioxidants and controlling the production of ROS [117].

It is important to highlight the crucial role of Nrf2 in maintaining mesenchymal stem
cell (MSC) stemness. Yoon et al. pointed out a link between Nrf2 and Sirtuin (SIRT)
expression in stimulating the self-renewal and differentiation of MSCs. They compared
Nrf2 activity in the early and late passage of cells, demonstrating that the inhibition or
induction of Nrf2 nuclear localization has a stimulated colony-forming ability as well as an
ability to generate the proliferation of MSCs. Upon treating these cells with both an Nrf2
activator (T-BHQ) and an inhibitor (OTA), the in vitro osteogenic differentiation potential
was decreased [118]. There are conflicting results regarding the role of Nrf2 in osteogenic
differentiation. Human periodontal ligament cells can be efficiently differentiated to the
osteogenic lineage by increasing Nrf2 levels in nuclear extracts. Nrf2-knockout mice
showed a significant deficit in postnatal bone acquisition [119]. Taken together, Nrf2 is a
key factor in MSC maintenance and osteogenesis differentiation. When Nrf2 is lacking,
MSCs cannot self-renew and differentiate into the osteogenic lineage [118].

Many researchers have focused on the implication of Nrf2 in adipocytes. Various stud-
ies have demonstrated that Nrf2 could inhibit adipogenic differentiation in preadipocytes.
This is due to the fact that specific transcription factors drive MSCs into adipocytes. Recent
data have shown that, both in the bone marrow and in C3H10T1/2 mesenchymal stem
cells, an Nck1 deficiency activates the PDGFRα-Nrf2 anti-adipogenic signaling pathway
by interacting with tyrosine-phosphorylated PDGFα through its SH2 domain of Nrf2,
leading to the activation of Nrf2, which, upon nuclear translocation, induces the expression
of the antioxidant genes Nqo1 and Hmxo1 as well as Pdgfa, which encodes PDGF-A, a
specific ligand for PDGFRα. This signaling pathway impairs the differentiation ability of
adipocytes by limiting body fat accumulation [120]. Another report demonstrated that
different chemical activators of Nrf2 such as SFN or butein inhibit lipid accumulation by
decreasing the expression of adipogenic differentiation genes such as PPARγ and EBPα and
fatty-acid-binding protein 4 [121]. In addition, adipogenesis is inhibited by Nrf2, which
activates the aromatic receptor pathway that is responsible for inducing differentiation
from 3T3-L1 preadipocytes and MEF to mature adipocytes. These inhibitory effects of
Nrf2 are linked to early adipogenesis. On the other hand, Nrf2 knockdown alleviates
oxidative-stress-induced lipid accumulation. Systematically, oxidative stress promotes
Nrf2 recruitment to the sterol-regulatory-element-binding protein 1 promoter (SREBP1),
thus stimulating target gene transcription and consequent lipogenesis [122]. While several
studies have demonstrated that Nrf2 may function as a negative regulator in adipogene-
sis, contradictory results have also shown that Nrf2 plays a crucial role in increasing the
differentiation capacity of preadipocytes [123].

Notably, it was shown that an excessive metabolism of palmitic acid (PA) was associ-
ated with ER stress in cells [124]. It was also shown that the treatment of HK-2 cells with
PA induces the accumulation of lipid in the cells, resulting in a lower cell viability and
lipotoxicity. Higher levels of mitochondrial ROS production and mitochondrial dysfunction
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were also observed in PA-treated HK-2 cells [125]. In parallel, activation of the Nrf2/ARE
pathway and the upregulation of its important target enzymes HO-1 and NQQ-1 was
also reported, indicating that hyperlipidemia by PA in non-adipose cells/tissues results in
Nrf2/ARE activation [125].

Recent reports have stated that Nrf2 not only maintains the shape of lipid droplets
in adipocytes but also increases the storage of triglycerides as well as stimulating the
PPARγ gene that plays a key role in adipogenesis, where it regulates the development
of preadipocytes as well as mature adipocytes. Pi et al., demonstrated that wild-type
mice showed an expansion of fat pads and an increase in white adipose tissue weight
compared to Nrf2 KO mice. Upon the absence of Nrf2, different genes that are responsible
for adipogenic differentiation such as PPARγ and CEBPα are downregulated [126]. Finally,
Nrf2 plays a critical role in adipose tissue, and the effect of Nrf2 on adipocyte differentiation
needs to be interpreted in accordance with systemic metabolic changes. Further studies to
elucidate and explain the underlying mechanisms of adipocyte differentiation are required.
A schematic picture of Nrf2’s roles in osteogenesis and adipogenesis is presented in Figure 5.

There is also limited information available showing that the overexpression of Nrf2
in bone marrow stem cells (BMSC) promotes neural differentiation, while the inhibition
of endogenous Nrf2 expression by Nrf2 inhibitors hinders this process [127]. Similarly,
Nrf2, when combined with a neuropoietic cytokine, CNTF, induces neural stem cell self-
renewal and neural development through a signaling molecule, STAT3 [128]. Furthermore,
Kärkkäinen et al. reported that the neural differentiation potential of neuronal stem cells
(NSC) in embryonic cells was highly activated when the Nrf2 gene or an Nrf2-activating
molecule was overexpressed in mice [129]. In addition, Erk1/2 activation and Akt phospho-
rylation triggers Nrf2, which promotes axonal and nerve growth factors in PC12 cells [130]
and neuronal progenitors in the presence of Petrosiol E treatment [131]. Another study de-
scribed the role of rotenone in the Nrf2 pathway. They suggested that non-/low-cytotoxic or
moderate concentrations of rotenone can induce Nrf2 pathway activation by upregulating
NQO1, SRXN1, and HO1, thus increasing neural stem cell and astrocyte differentiation [132].
Altogether, these studies indicate a relationship between Nrf2 signaling and the induction
of neural differentiation.

Astrocytes, for instance, seem to be the main brain cell type involved in Nrf2-ARE-
cascade-mediated neuroprotection [133]. A study revealed that a primary cortical culture
derived from ARE-reporter mice displayed selective ARE-promoter activity in astrocytes
when treated with sulforaphane and tert-butylhroquinone (Nrf2 activators) for 48 h. This
gave rise to neuroprotection against hydrogen peroxide and glutamate toxicity. Also,
human U373 astroglial cells secreted higher levels of glutathione and cysteinglycine when
treated with these Nrf2 activators, corroborating the neuroprotective role of the Nrf2-
signaling pathway in astroglial cells [134].

2.3. Nrf2 and Cancer Stem Cell Differentiation

Nrf2 plays a crucial role in the treatment response of several tumour types such as
non-small-cell lung cancer, breast cancer, glioma, bladder, hepatocarcinoma, and prostate
cancer. It induces a pro-survival tumour environment that boosts tumour growth and
upholds cancer cells for chemoresistance and radiotherapy [135].

Recently, a significant role was demonstrated for Nrf2 in cancer stem cells by several
reports. It was shown that Nrf2 signaling plays a role in maintaining cancer stem cell
stemness and increasing self-renewal due to different intracellular and extracellular stress
conditions. It was shown that Nrf2 knockdown promotes a great decrease in the antioxidant
properties of glioblastoma cancer stem cells, thus decreasing their self-renewal capacity,
lowering the number of spheres, stimulating cell differentiation, reducing their prolifera-
tive capacity, and increasing their sensitivity to ionizing radiation [108]. Another report
pointed out that Nrf2 overexpression in breast cancer stem-like cells is associated with GSH
biosynthesis that stimulates the signaling pathway of the glutamate cysteine ligase catalytic
subunit and, subsequently, a reduction in intracellular ROS accumulation in these cells, thus
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keeping their stemness properties [136]. Additionally, CD133, a cancer stem cell marker
of colon cancer, mediates a signaling pathway through the activation of 3-kinease/serine-
threonine kinase (PI3K/AKT), resulting in an increase in Nrf2 protein levels and increasing
sphere-formation capacity and proliferation, thus highlighting the significant role of the
Nrf2 pathway in sustaining CSC-like properties [137]. Interestingly, a higher proportion
of cancer stem cells in tumour masses has been associated with therapy resistance and
relapse [138–140]. The role of Nrf2 in a non-pathogenic setting is summarized in Table 1.

2.4. Nrf2 and Cell Senescence

The modulation of the cellular localization of Nrf2 is very important to prevent MSC
aging during prolonged cell passages in vitro, since oxidative stress prompts the premature
senescence of MSCs. Nrf2 expression protects MSCs from cell death and apoptosis caused
by oxidative stress and retains their proliferation ability [141]. ROS can cause severe
damage to the genome and speed up telomere shortening, which is a significant signaling
pathway involved in maintaining the senescence phenotype [142]. The mechanism of
action of Nrf2 consists of a network of multiple genes at the protein level that modulate
and regulate senescence.

For instance, protein kinase has an essential role in maintaining homeostasis in an
intracellular environment. Not only does it play a role in energy metabolism, but it also
induces cell cycle arrest by subsequently phosphorylating P53 and P21. AMPK has also
been shown to reduce oxidative stress, which can extend the healthy life span of a cell and
prevent cell senescence [143]. Several natural compounds have been widely described to
prevent cellular senescence and aging-related diseases through AMPK/Nrf2 signaling.

Phlorentin, which belongs to the flavonoid family, promotes the phosphorylation
of AMPK at Thr172, which upregulates the expression of both Nrf2 and HO-1, thus pre-
venting oxidative-stress-induced endothelial cellular senescence [144]. Another example
is cordycepin, which is a natural derivative of adenosine with multiple pharmacological
activities such as anti-oxidation, antitumor, and anti-inflammation, has lately been reported
to prevent radiation ulcers by inhibiting cell senescence via the AMPK/Nrf2-signaling
pathway in rodents [145]. Zhao et al. showed that Nrf2 exerts an anti-aging function
by compensating a-Klotho deficiency. They demonstrated that upon crossing α-Klotho-
deficient mice with Keap-knockdown ones, the Nrf2 pathway was highly activated and
enhanced the lifespan of the mice, and it induced the expression of antioxidant genes to
cope with the high oxidative stress, thus attenuating the aging process [146]. Another
study demonstrated that the addition of 2′-fucosyllactose constructively activates the Nrf2-
signaling pathway that, in turn, promotes the expression of HO-1 and NQO1 in aging
model mice [147].

On the other hand, the PERK/Nrf2 pathway plays a dominant role in oxidative and
endoplasmic reticulum stress, which regulates mitochondrial ROS production [148]. PERK
activation rapidly reduces protein biosynthesis and promotes the clearance of misfolded
proteins and activates Nrf2. When PERK is phosphorylated, Nrf2 dissociates from Keap1,
is translocated into the nucleus, and regulates the expression of multiple antioxidant genes
that maintain the redox homeostasis balance and restore the stability of endoplasmic retic-
ulum stress proteins, thus promoting cell survival [148,149]. Indeed, a crosstalk between
Nrf2 and p21 mediates cell protection, the regulation of oxidative stress, and cell senescence.
This is due to the 154KRR motif in p21 that directly interacts with the 29DLG and 79ETGE
motifs in Nrf2 to compete with Keap1 for Nrf2 binding, thus activating Nrf2 and preventing
its degradation [150]. It has also been reported that p53 inhibits Nrf2 expression and func-
tion, thus increasing intracellular ROS levels and inhibiting the proteasomal degradation
of p53. Luteolin, for instance, has been demonstrated to upregulate the expression of the
p53/p21 pathway, thus inhibiting Nrf2 and stimulating apoptosis in colon cancer [151].
This shows the important interplay between the p53/p21 pathway and Nrf2 in delaying cell
senescence and regulating cell survival. Additionally, Nrf2 has been shown to be involved
in crosstalk with many cytosolic transcription factors such as the aryl hydrocarbon receptor
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(AHR) and NF-κB. Upon stimulation of the cell by exogenous and endogenous free radicals,
AHR with the cytoplasmic enzyme ARNT translocate into the nucleus, thereby inducing
the transcription of CYPs and production of ROS by binding to the xenobiotic response
elements (XREs) in the promotors of the target genes [152]. Oxidative stress then stimulates
IKK, which activates NF-κB and inhibits the Nrf2 activity by enrolling histone acetylase 3
(HDAC3) to the ARE region to stop ARE gene expression [153]. To restore Nrf2 activity,
curcumin [154] and cyanoside-3-o-glucoside could be added to activate the Nrf2/HO-1
pathway and thus increase the expression of detoxification genes to protect cells from
inflammation and senescence [155]. This section has been summarised as Table 1.

Table 1. Nrf2 in non-pathogenic setting.

Mediator Role Impact Reference

All-trans retinoic acid
(ATRA) Nrf2 inactivation Slows down DNA repair in

cancer cells [78,93]

Vitamin C and butylated
hydroxyanisole

Increase Nrf2
expression

Reduces oxidative
DNA damage [94]

Oyster polysaccharides Increase Nrf2 nuclear
level

Decreases in erythrocyte
micronuclei formation and

bone marrow toxicity
[97]

Quercetin Nrf2/Keap1 signaling

Suppresses
1,2-dimethylhydrazine

(DMH)-induced
DNA damage

[99]

Mangiferin Increase the nuclear
accumulation of Nrf2

Inhibits etoposide-induced
DNA damage [100]

18α-GA
Nrf2 activation

through the MAPK
(ERK1/2) pathway

Prevents DNA damage by
mitomycin C [101]

Buthionine sulfoximine
High expression of

Nrf2 through
glutathione depletion

Reduces chromosome
aberrations [102]

Knockout Nrf2 depletion

Hypersensitivity of cells to
ionizing radiation in the
presence or absence of
reactive oxygen species

(ROS)

[103]

Knockdown Nrf2 inactivation

DNA damage response
suppression by

down-regulating ATM and
ATR, leading to enhanced

cytotoxicity

[104]

Knockdown Nrf2 inactivation
Decreases the antioxidant
properties of glioblastoma

cancer stem cells
[108]

Curcumin Increase the level of
Nrf2 protein

Induces osteogenic
differentiation of human

periodontal ligament
stem cells

[115]

Deficiency in Nrf2 Impairs bone formation and
reduces bone volume [116]
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Table 1. Cont.

Mediator Role Impact Reference

Ochratoxin A Knocking down Nrf2

Increases ROS formation and
represses the tendency of

osteogenic differentiation in
periodontal ligament

stem cells

[117]

T-BHQ/OTA Nrf2
activator/inhibitor

Decreases osteogenic
differentiation potential [118]

Knockout Nrf2 inactivation Causes a deficit in postnatal
bone acquisition [119]

Nck1 deficiency Nrf2 activation

Impairs the differentiation
ability of adipocytes by

limiting body
fat accumulation

[120]

SFN/butein Nrf2 activation

Inhibits lipid accumulation
by decreasing the expression

of adipogenic
differentiation genes

[121]

Nrf2 Activate aromatic
receptor pathway Inhibits adipogenesis [122]

Knockdown of Keap1 Nrf2 activation

Enhances and accelerates
hormone-induced adipocyte

differentiation in mouse
embryonic fibroblasts

[126]

Combination of Nrf2
and neuropoietic

cytokine

Induces neural stem cell
self-renewal and neural stem

cell differentiation during
embryonic development

[128]

Pyrrolidine dithiocarba-
mate/Amyloid beta

(Aβ)
Nrf2 overexpression

Prevents a reduction in the
neurosphere proliferation of
neural stem/progenitor cells

in Alzheimer’s disease

[129]

Rotenone Induce Nrf2 pathway
activation

Increases neural stem cell
and astrocyte differentiation [132]

Sulforaphane and
tert-butylhroquinone Nrf2 activation

Increases neuroprotection
against hydrogen peroxide

and glutamate toxicity
[133]

Sulforaphane and
tert-butylhroquinone Nrf2 activation

Secretion of higher levels of
glutathione and
cysteinglycine in

astroglial cells

[134]

Nrf2 overactivation

Reduces intracellular ROS
accumulation in breast cancer

stem-like cells, thereby
provoking reductive stress

[136]

CD133 Increase Nrf2 protein
level

Increases sphere formation
capacity and proliferation in

stem cells of colon cancer
[137]

Phlorentin
Upregulate the

expression of Nrf2
and HO-1

Prevents
oxidative-stress-induced

endothelial cellular
senescence

[144]
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Table 1. Cont.

Mediator Role Impact Reference

Cordycepin Signal AMPK/Nrf2 Prevents radiation ulcers by
inhibiting cell senescence [145]

Keap1-knockdown Nrf2 activation

Extends the lifespan of and
dramatically improves

ageing-related renal
phenotypes in mice

[146]

2’-Fucosyllactose Nrf2 activation
Promotes the expression of
HO-1 and NQO1 in aging

model mice
[147]

Luteolin Nrf2 inhibition Stimulates apoptosis in
colon cancer [151]

Knockdown Nrf2 inactivation

Stimulates
cardiotoxin-induced

oxidative stress and impairs
proliferation, thus retarding
the regeneration of muscles

[156]

3. Role of Nrf2 in a Pathogenic Setting

Intracellular pathogens such as protozoan parasites, viruses, and bacteria may modify
the activation of Nrf2 by affecting its post-translational modifications and interfering
with different protein complexes and the immune response. Pathogens can induce Nrf2
activation via the involvement of ER stress, toll-like receptors, and PI3K/Akt pathways.
In this section, we describe the role of Nrf2 in viral, bacterial, and parasite (malaria and
Leishmania) infections as examples.

3.1. Nrf2 and Infection

Nrf2 regulates gene expression in response to the oxidative stress imposed by pathogens
including aging, inflammation, and tissue damage. One of the primary microbicidal pro-
cesses, oxidative burst, might be compromised during the early phagocytosis of pathogens,
which could successfully establish an infection. Even though infections can lead to oxida-
tive bursts, a number of ROS-derived products act as signaling molecules that eventually
result in cellular homeostasis [157–160]. It is interesting to note that the generation of these
radicals has evolved in a coevolutionary pattern between pathogens and host cells [161].
Numerous infections affect post-translational modifications, the interplay between pro-
tein complexes, and the immune response, which result in Nrf2 activation, particularly
those that arise from intracellular pathogens like parasites, bacteria, and viruses. Different
mechanisms, like those involved in the activation of PI3K/Akt, the engagement of toll-like
receptors (TLRs), and endoplasmic reticulum stress, may be used by pathogens to stimulate
Nrf2 [162].

3.2. Mechanisms of Nrf2 Activation in Infection

Nrf2 is activated in innate immune cells like macrophages and monocytes when
pathogen-associated molecular patterns (PAMP) interact with pattern-recognition receptors
(PRRs). For example, nuclear factor kappa B (NF-B) and the adaptor molecule Myd88
(myeloid differentiation primary response gene 88) activate the transcription expression
(TE) of the inducible form of nitric oxide synthase (iNOS/NOS2) in response to the recog-
nition of lipopolysaccharides (LPSs) by TLR4 [148]. The intracellular accumulation of
superoxide (O2

−) also triggers via the TLR4–MyD88–NF-κB signal transduction pathway,
which activates via the TE of phagocytic NADPH oxidase (NOX2/gp91phox) [163]. The
NO produced by iNOS reacts with O2•− and generates peroxynitrite anions (ONOO−),
which ultimately target several thiol-based (S-H) redox systems, particularly the reactive
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cysteines in Keap1 [24,47,164]. The Nrf2 proteolytic degradation of the 26s proteasome
is targeted by Keap1, which is an adaptor for the cullin (Cul)3–RING (really interesting
new gene)-box protein (Rbx)1 ubiquitin ligase complex [47]. Additionally, in conditions of
oxidative stress, ONNO targets some of Keap1’s reactive cysteines, such as (Cys151) [165],
which change Keap1’s tertiary structure and prevent its ability to operate as a ubiquitin
ligase and degrade Nrf2 [24,47,164].

To activate the transcription of Nrf2-responsive genes possessing DNA antioxidant-
response elements (AREs) in their promoters [24], transcribed Nrf2 travels to the nucleus
and binds to sMaf transcription factors, like MafF, MafG, and MafK [166]. It is likely that
NF-B directly induces the Nrf2 promoter to activate Nrf2 transcription, which is necessary
to maintain Nrf2-dependent gene expression. The integration of Nrf2 activation within
various types of cellular stresses is facilitated by other E3 ubiquitin ligase complexes, such
as Skp1 (S-phase kinase-associated protein 1), Cul1-F-box (SCF), and β-TrCP complex
(SCFβ-TrCP) [167]. Thus, GSK3 recognises and phosphorylates Nrf2’s Neh6 (Nrf2-ECH
homology 6) domain [167]. The phosphorylation of Nrf2 at the Neh6 domain can cause
different stress forms via the ubiquitination of Nrf2 via the SCFβ-TrCP complex with GSK3
and being degraded through the 26s proteasome [24,167]. Nrf2 could also be affected by
Hrd1 as a novel E3 ubiquitin ligase [168]. The 26s proteasome enables the Hrd1-targeted
Nhe4-5 domain of Nrf2 to be ubiquitinated and degraded [169]. It is significant to remember
that Nrf2 activity is greatly influenced by its transcription and expression rate, which is
controlled by Nrf2 itself, NF-B, and clock elements that exert a circadian regulation on Nrf2
activity [170].

3.3. Nrf2 and Parasitic Infection

Along with infections caused by Leishmania spp., Nrf2 is also involved in infections
caused by other protozoan microorganisms like Cryptosporidium parvum, Entamoeba histolyt-
ica, Toxoplasma gondii, and Plasmodium spp. All of these infections result in the controlling of
Nrf2 and a decreased anti-inflammatory and antioxidant profile [171–174]. For instance, Try-
panosoma cruzi, which infects THP-1 cells, needs oxidative stress to successfully establish a
parasitic relationship, while the overexpression of Nrf2 decreases infection [175]. Generally,
very low oxidative stress is caused by Leishmania amazonensis infection [176]. Infection with
Leishmania amazonensis results in the release of lower amounts of ROS, such as hydrogen
peroxide, in comparison with Leishmania major (around 20 times lower). However, there is
no information on the amount of Nrf2 activation during L. major infection, and the lower
ROS generation levels from L. amazonensis infection may indicate the activation of the Nrf2
pathway and, as a result, a decrease in cellular oxidative stress [177].

After receiving IFN-I therapy, the primary establishment and multiplication of L. ama-
zonensis infection is partially related to the enzyme superoxide dismutase 1 (SOD1), which
is located downstream of Nrf2 and decreases the oxidative stress that is adverse to Leish-
mania and could boost the proliferation and affect the results of leishmaniasis [178,179].
Patients with cutaneous leishmaniasis infected by L. braziliensis or L. amazonensis have
higher levels of SOD1, which might be employed as biomarkers of these diseases [180].
Additionally, there is a positive correlation between parasite SOD2/4 levels and host SOD1
levels, indicating that the connection between the parasite and host controls the expression
of both genomes’ genes. Changes in the serum component levels of patients with cutaneous
leishmaniasis have previously been noted, which may indicate that antioxidant enzyme
cofactors may be involved in the infection [181]. Research has shown that L. amazonensis
infection stimulates dsRNA-induced kinase (PKR), which aids in the parasite’s proliferation
in macrophages [176,182–186]. This proposes that L. amazonensis has evolved the ability
to take advantage of this signaling pathway in the host cell for its own gain. Because
PKR is a signal transduction protein, it is reasonable to assume that there will be a rise
in the production of inflammatory mediators that are related to this kinase. As an illus-
tration, certain cytokines (IL-10 and IL-27) and antioxidative enzymes (SOD1 and HO-1)
encourage the establishment of infection and create an intracellular environment for the
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development of leishmaniasis. Infection with L. amazonensis increases SOD1 expression in
mouse peritoneal and human macrophage lineages in a PKR/Nrf2-dependent way [176].
Additionally, these species use the PI3K/Akt pathway to cause Nrf2 to translocate into
the nucleus and bind to ARE in the promoters of p62, SOD1, and Nrf2. Also, ROS, per-
oxynitrite, and nitric oxide levels are reduced in infected macrophages, and amastigotes
replicate less often in Nrf2-deficient cells than in wild-type cells. Infections generated by L.
braziliensis and certain strains of L. amazonensis (from patients with localized or widespread
cutaneous leishmaniasis), in addition to those caused by L. amazonensis, also firmly modify
the PKR/Nrf2 axis.

Numerous researchers have provided evidence that oxidative stress and the au-
tophagic process are related [187]. Autophagy stimulation decreases NO burst generation
in L. major and L. amazonensis infections without altering in the activity of arginase [188].
Due to the ability of L. amazonensis infection to trigger autophagy, which is necessary for
infection development [189], the involvement of the PI3K, PKR, and Nrf2 pathways in
this cellular process have been documented. These signaling pathways are closely related
or convergent, and as a result, they may work synergistically to cause autophagy and
the development of an antioxidative profile during L. amazonensis infection. Furthermore,
because PKR phosphorylating eIF2α is essential for controlling autophagosomes, PKR-
deficient cells exhibit decreased autophagic activities [190]. Keap1 levels are decreased
in L. amazonensis-infected macrophages, allowing Nrf2 to enter the nucleus and alter the
expression of ARE-dependent genes. The involvement of the ARE-, pI3K-, IFN-1/PKR-,
and autophagy-signaling pathways in the infection is supported by in situ transcriptomics
studies using samples from individuals who had an L. braziliensis infection [176]. Addi-
tionally, it was shown that L. amazonensis infection lowered Nrf2 expression and nuclear
translocation, decreased HO-1 (heme oxygenase-1) expression, and enhanced nitric oxide
generation in ATF4 (activating transcription factor 4)-deficient macrophages [191]. In the
same study, it was shown that PERK phosphorylation induced by endoplasmic reticulum
stress resulted in the activation of Nrf2, which caused the dimerization of ATF4 in the
nucleus and boosted the Nrf2/ATF4 regulation of ARE in the HO-1 gene promoter, prefer-
ring L. amazonensis infection. HO-1 is a crucial enzyme that is activated by cellular stress.
It possesses anti-inflammatory and antioxidant characteristics as well as a catalytic role
that promotes Leishmania infection [192]. A phlebotomine-type sandfly, Lutzomyia longi-
palpis Saliva, causes Nrf2 production and activates the HO-1 target gene in macrophages
and human skin at the site of a bite, illuminating the mechanism by which sandfly-borne
vectors spread and develop Leishmania infections [193]. However, despite likenesses in
Leishmania species, depending on the immunological profile of the host, the species exhibit
various patterns of virulence and diseases. According to the proteomics comparison analy-
sis of L. major and L. amazonensis infections, the canonical signature of the Nrf2 pathway
is outstanding in L. amazonensis-infected macrophages, as demonstrated by a remarkable
increase in the expression of HO-1 and SQSTM1 (p62), indicating that this pathway is not
used by L. major to undermine the defences of the host cell [194]. Macrophages infected
with L. donovani take advantage of Nrf2 activation as well, while the parasite uses a specific
pathway to survive in macrophages through increasing Tollip (toll-interacting protein)
expression, a negative regulator of the activation of the IL-1R/TLR pathway [195].

3.4. Nrf2 and Viral Infection

It has been challenging to distinguish whether indirect Nrf2 activation during viral
infection is the virus’ desired outcome or merely the result of the host’s defensive response
to infection. Numerous studies show direct or indirect mechanisms that activate Nrf2
after infection with a wide range of viruses. Nrf2 activation by the Marburgvirus is one
of the best examples of direct Nrf2 induction by a virus [196]. According to Page et al.,
mice with the Nrf2 allele deleted are more resistant to Marburgvirus infection. It has been
demonstrated that VP24, a Marburgvirus viral protein, can bind to Keap1 and release Nrf2
while inhibiting the ubiquitin ligase activity of the Keap1-Cul3-Rbx1 complex, therefore
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activating Nrf2 [196,197]. Kosmider et al. demonstrated that 48 h after Influenza A virus
(IAV) infection, ROS generation is increased, Nrf2 is activated, and the downstream effector
of Nrf2, HO-1, is upregulated at both the mRNA and protein levels. The findings imply that
IVA infection triggers Nrf2 activation, probably by triggering ROS [198]. Olagnier et al. also
reported that the expression of Nrf2’s downstream effectors, including heme oxygenase-1
(HMOX-1), superoxide dismutase 2 (SOD2), NQO1, glutamate-cysteine ligase catalytic
subunit (GCLC), and GCLM, is subsequently induced by dengue virus (DENV) infection
in initial differentiated dendritic cells [199]. In another study, Sun et al. found that the
respiratory syncytial virus (RSV) infects a human alveolar basal epithelial cell line (A549)
in vitro, leading to Nrf2 induction [200]. They showed an increase in Nrf2 after 24 h of
infection. They indicated that the activation mechanism of Nrf2 is unknown, but Nrf2
activation leads to the upregulation of TLR7 expression. In a similar study, Komaravelli
et al. also reported on Nrf2 activation in response to RSV infection [201]. They reported the
activation of Nrf2 in the early hours of infection, while Sun et al. reported Nrf2 activation
in the late hours of infection. Mastrantonio et al. indicated that Tat, a transcription
factor of the human immunodeficiency virus (HIV), stimulates Nrf2 in neuroblastoma
cell lines via raising ROS levels. They demonstrated that the virus did not directly infect
the neuroblastoma cells in their study; the activation of Nrf2 was caused by an increase
in ROS generated by HIV-infected macrophages or glia cells in a Tat-dependent way.
Therefore, Nrf2 was activated in this situation as a result of an infection-related bystander
response [202]. The result of the study by Liu et al. showed that the human hepatitis B virus
(HBV) in hepatocyte cell lines and human liver tissue could activate Nrf2 production [203].
Ivanov et al. also found that the Nrf2/ARE pathway was activated by the hepatitis C virus
(HCV) in a human liver cell line [204]. They reported that the activation of the Nrf2/ARE
pathway is mediated by several independent mechanisms through the core proteins of
HCV. Lee et al. reported an increase in Nrf2 in primary human foreskin fibroblasts (HFFs)
when they were infected by human cytomegalovirus (HCMV) [205]. They found that the
level of Nrf2 was increased in the nucleus 24 h post-infection. Choi et al. reported that non-
structural proteins (NSs) of severe fever with thrombocytopenia syndrome virus (SFTSV)
prevent the function of tripartite motif 21 (TRIM21) to upregulate the p62-Keap1-Nrf2
antioxidant pathway for efficient viral pathogenesis [206].

3.5. Nrf2 and Bacterial Infection

It has been shown that bacterial infection can also cause Nrf2 activation. Nairz et al.
demonstrated that Salmonella typhimurium infection activates Nrf2 in macrophages [207].
They found that nitric oxide synthase 2 activates Nrf2, resulting in increased Fpn1 tran-
scription, cellular iron export, and the limitation of iron availability for pathogens, thereby
preventing pathogen proliferation. Gomez et al. reported that Streptococcus pneumoniae
infection results in an increased early host defence in Nrf2-deficient mice, which reduces
neutrophil recruitment. They demonstrated that when inoculum numbers increased, mor-
tality in Nrf2-null mice increased dramatically from 15% to 31% and 100%, while all wild-
type (WT) mice survived and Nrf2-null mice had a failure in clearance, especially at the
middle dosage [208]. In another study, Joshi et al. found that the Nrf2 pathway is activated
in response to uropathogenic Escherichia coli (UPEC)-triggered ROS production [209]. They
showed the molecular process by which the activation of Nrf2 in urothelial cells decreases
the generation of ROS, inflammation, and cell death, increases the evacuation of UPEC, and
lowers the bacterial burden. On the other hand, the [191] deletion of Nrf2 increases bacterial
load, inflammation, and ROS generation both in vitro and in vivo. In a different study,
Harvey et al. investigated whether sulforaphane, a phytochemical, activated Nrf2 and
restored alveolar macrophages’ ability to phagocytose nontypeable Haemophilus influenzae
(NTHI) and Pseudomonas aeruginosa (PA) in patients with chronic obstructive pulmonary
disease (COPD) [210]. They demonstrated that Nrf2 enhanced macrophages’ capacity to
phagocytose by directly upregulating the transcription of the scavenger receptor MARCO.
They also reported that Nrf2 or MARCO alteration prevented COPD alveolar macrophages
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from phagocytosing bacteria in a sulforaphane-mediated manner [210]. Their findings
support the use of pharmaceutical medicines like sulforaphane to target this pathway and
prevent COPD exacerbations caused by bacterial infection by highlighting the significance
of Nrf2 and its downstream target MARCO in enhancing antibacterial defences. The role of
Nrf2 in a pathogenic setting is summarized in Table 2.

Table 2. Nrf2 in pathogenic setting.

Mediator Role Impact Reference

Trypanosoma cruzi Nrf2 activation Reduces parasitism [175]

L. amazonensis Increases superoxide
dismutase 1 (SOD1)

Activates Nrf2 and, therefore,
decreases the level of ROS,

nitric oxide, and
peroxynitrite in infected

macrophages

[176]

L. amazonensis Reduces Keap1 levels

Enables the translocation of
Nrf2 into the nucleus and
modulate ARE-dependent

gene expression

[189]

L. amazonensis Decreases Nrf2
expression

Increases nitric
oxide production [191]

VP24, a viral protein of
Marburgvirus Binds to Keap1

Induces the release of Nrf2
and inhibits the ubiquitin

ligase activity of the
Keap1–Cul3–Rbx1 complex

[196,197]

Influenza A Virus (IAV) Increases ROS
production

Induces the activation
of Nrf2 [198]

Dengue virus Nrf2 activation [199]

Respiratory syncytial
virus (RSV) Unknown Induces Nrf2 [200,201]

Human
immunodeficiency virus

(HIV)
Increases ROS Nrf2 activation [202]

Human hepatitis B virus
(HBV) Nrf2 activation Nrf2 activation [203]

Hepatitis C virus (HCV) Core proteins of HCV Nrf2/ARE activation [204]

Human cytomegalovirus
(HCMV)

Increases Nrf2
expression

Increases Nrf2 in primary
human foreskin fibroblasts [205]

Non-structural proteins
(NSs) of severe fever with

thrombocytopenia
syndrome virus (SFTSV)

Inhibits the function
of tripartite motif 21

(TRIM21)

Inhibits the upregulation of
the p62-Keap1-Nrf2
antioxidant pathway

[206]

Salmonella typhimurium Nrf2 activation Increases resistance
to infection [207]

Streptococcus pneumoniae Nrf2 activation Increases resistance
to infection [208]

Uropathogenic Escherichia
coli (UPEC) Nrf2 activation Reduces ROS production and

bacterial load [209]

Nontypeable Hemophilus
influenzae (NTHI) and

Pseudomonas aeruginosa
(PA)

Nrf2 activation Increases the phagocytic
ability of macrophages [210]
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3.6. Nrf2 and Resistance to Infection

Tissue damage as well as disease tolerance to infections can be controlled by Nrf2 signaling.
One of the mechanisms is the formation of functional crosstalk between the gasotrans-

mitters NO and CO, as demonstrated for Plasmodium infection [211,212]. It has been shown
that both CO [211,213,214] and NO [212,215,216] can repress the development of experi-
mental cerebral malaria in mice [217]. This defensive effect acts via the activation of Nrf2
through NO [218], probably through a mechanism that targets Keap1 at Cys151 [24,219];
however, this has not been shown experimentally. The production of CO and the expression
of HO-1 is induced by the activation of Nrf2 through the catabolism of heme by HO-1,
which finally inhibits the progress of experimental cerebral malaria [218]. This happens
through a mechanism that involves the joining of CO to the prosthetic heme group of
cell-free haemoglobin produced during the blood stage of Plasmodium infection. There-
fore, it prevents heme from taking apart in the pathogenesis of experimental cerebral
malaria [211,213,214,218]. It has been proposed that the interaction between two gasotrans-
mitters provides disease tolerance to Plasmodium infection via a mechanism controlled by
Nrf2 due to the fact that the defensive effect used by the NO > Nrf2 > HO-1 > CO signal
transduction pathway does not correspond with the modulation of the host pathogen
load [218,220]. Nrf2 likely regulates heme/iron metabolism through the production of
Nrf2-responsive genes, which in turn regulate tissue damage and disease resistance to
malaria [221]. These involve the iron storage protein ferritin H chain (FtH) [222,223], which
can protect tissues against damage and cause disease tolerance to malaria in mice. In
another study, Ferreira et al. showed that activating the Nrf2 signal transduction path-
way can protect transgenic sickle hemoglobin mice from cerebral malaria [213,214]. It
was reported that disease tolerance to Plasmodium infection can be caused by sickle
hemoglobin [213,220]. Nrf2 regulates a mechanism by which HO-1 expression can be
induced by sickle hemoglobin, resulting in CO production and, therefore, the control of
tissue damage and disease tolerance to malaria [214]. Although more studies are needed to
investigate the mechanisms behind human protection from malaria by sickle hemoglobin, it
is likely that the above-mentioned mechanism is the reason. A similar mechanism by other
chronic hemolytic conditions like hemoglobin C [224,224], glucose 6 phosphate dehydroge-
nase (G6PD) deficiency in males [225], β- or α-thalassemia [226], and mutations underlying
red blood cell cytoskeleton or membrane protein defects may also exert a protective effect
against malaria [227]. The various mechanisms that converge at the activation level of
Nrf2 likely underlie the protective effect, which is linked to these mutations. It is therefore
conceivable that protection against malaria due to a limitation in the severity of disease
caused by these mutations is because of the co-evolution of these mutations with the Nrf2
signal transduction pathway, as shown forsickle hemoglobin [213].

4. Conclusions

In this concise review, we summarized the roles Nrf2 in DNA damage and repair,
stem cell self-renewal, differentiation, and cellular senescence as well as its critical role
in infections. Furthermore, the Nrf2 pathway acts as a driver of cancer progression and
is resistant to radiotherapy as well as chemotherapy, but still the oncogenic role of Nrf2
is controversial due to its contribution in overcoming chemical carcinogenesis. Yet, the
achievement of an optimal balance between stem cell fate control and the suppression of
tumorigenesis is highly required for promising therapy based on the modification of the
Nrf2 level. Pathogens are not negatively impacted by disease tolerance mechanisms. As
a result, the disease can spread from the infected host even when they are healthy due to
stress reactions that underlie disease tolerance. The natural selection of genes controlling
stress responses, such as Nrf2, is likely to be significantly impacted by this [228]. Fur-
thermore, stress responses protect essential cellular processes at the expense of ‘accessory’
ones [229–231], necessitating their strict regulation over time [220]. The finding that chronic
Nrf2 activation increases tumorigenesis serves as an example that Nrf2 is not an exception
to this rule [30]. Mechanisms through the process of evolution have caused the develop-
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ment of an anti-oxidative pathway, which is supported by Nrf2 signaling, that works to
reduce oxidative burst in the host cell and infections. Though the host cell is partially ready
to respond to infections that disrupt its homeostasis, pathogens attempt to disrupt host cell
signaling and modify critical mediators for the formation and spread of the infection. The
stress response controlled by Nrf2 is likely to have a key role in giving diseases tolerance
to systemic infections, like bacterial and Plasmodium infections. The initial mechanism in
the development of infections is probably co-evolution, which has drawn a great deal of
interest in the study of these mechanisms.

Finally, additional studies are required to identify the key sensors involved in Nrf2
activation by various pathogen species. The possibilities of identifying potential therapeutic
targets will become more apparent with the discovery of Nrf2’s molecular partners and the
variety of genes that may be implicated in the oxidative burst.
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