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Abstract

Organismal life encounters reactive oxidants from internal metabolism and environmental toxicant
exposure. Reactive oxygen and nitrogen species cause oxidative stress and are traditionally viewed
as being harmful. On the other hand, controlled production of oxidants in normal cells serves
useful purposes to regulate signaling pathways. Reactive oxidants are counterbalanced by complex
antioxidant defense systems regulated by a web of pathways to ensure that the response to
oxidants is adequate for the body’s needs. A recurrent theme in oxidant signaling and antioxidant
defense is reactive cysteine thiol-based redox signaling. The nuclear factor erythroid 2-related
factor 2 (Nrf2) is an emerging regulator of cellular resistance to oxidants. Nrf2 controls the basal
and induced expression of an array of antioxidant response element—dependent genes to regulate
the physiological and pathophysiological outcomes of oxidant exposure. This review discusses the
impact of Nrf2 on oxidative stress and toxicity and how Nrf2 senses oxidants and regulates
antioxidant defense.
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INTRODUCTION

Reactive oxygen and nitrogen species (ROS, RNS) are constantly generated in the body
from internal metabolism and external exposure (1, 2). In normal cells, reactive oxidants are
produced in a controlled manner and some serve useful purposes. Oxidants formed in
response to physiological cues act as important signaling molecules to regulate such
processes as cell division, inflammation, immune function, autophagy, and stress response
(1). Uncontrolled production of oxidants results in oxidative stress that impairs cellular
functions and contributes to the development of cancer, chronic disease, and toxicity (2-5).
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From prokaryotes to humans, reactive oxidants seemingly function as important regulators
of both physiological and pathophysiological outcomes.

The nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) is a member of the cap ‘n’
collar (CNC) subfamily of basic region leucine zipper (bZip) transcription factors. Nrf2 was
cloned by virtue of its binding to the NFE2-binding motif, a cis-regulatory sequence in the
B-globin locus control region necessary for erythropoiesis and platelet development (6). Nrf2
does not appear to be essential for blood cell differentiation but was found to mediate
induction of a set of drug-metabolizing enzymes (DMEs), such as glutathione S-transferase
(GST) and NAD(P)H:quinone oxidoreductase 1 (NQOL), by antioxidants and electrophiles
(7, 8). Induction requires a common DNA sequence called antioxidant response element
(ARE) that resembles the NFE2-binding motif (9). Induction of the DMEs leads to increased
detoxification and elimination of numerous exogenous and some endogenous chemicals. In
this role, Nrf2 functions as a xenobiotic-activated receptor (XAR) to regulate the adaptive
response to oxidants and electrophiles (10).

A major emerging function of Nrf2 from studies over the past decade is its role in resistance
to oxidant stress. As follows, knockout of Nrf2 in mice (Nrf2 KO) substantially increased
the susceptibility of mice to a broad range of chemical toxicity and disease conditions
associated with oxidative pathology (5, 11-15). Pharmacological boosting of the Nrf2
activity with chemoprotective agents protected animals from oxidative damage (16).
Genomic-scale search for Nrf2 target genes identified a number of ARE-containing genes
involved in the control of oxidant homeostasis in addition to drug metabolism (17).
Molecular and structural analyses of Nrf2 signaling uncovered a “dedepression” regulatory
mechanism, wherein Nrf2 is suppressed under a basal condition through Keapl (Kelch-like
erythroid cell-derived protein with CNC homology-associated protein 1)-dependent
ubiquitination-proteasomal degradation and is activated by oxidants and electrophiles via
modification of critical cysteine thiols of Keapl and Nrf2 (18). The protective nature of Nrf2
could also be appropriated by cancer cells to create a prosurvival microenvironment for
tumor growth and drug resistance (19). This review focuses on the emerging role and
molecular mechanism of action of Nrf2 in the regulation of oxidative stress and associated
physiology and toxicity.

OXIDANT RESISTANCE AND REDOX SIGNALING

Reactive oxidants include ROS (i.e., 027, H,05, *OH, RO%*, RO", 10,, and O3) and RNS
(i.e., "NO, "NO5, and ONOO™). Reactive oxidants are produced from numerous sources in
multiple compartments within the cell, either normally or as a result of exposure to toxic or
pathologic insults (2, 20). The mitochondria are considered a primary site of ROS
production from aerobic respiration under physiological and many pathophysiological
conditions. Nonetheless, nearly all enzymes that utilize molecular oxygen as a substrate,
including plasma membrane—bound NADPH oxidase (NOX), microsomal cytochrome P450
(CYP), and cytoplasmic xanthine oxidase, produce ROS either intentionally or as by-
products. RNS are formed in cells starting with the synthesis of nitric oxide ("NO) by NO
synthase. NO reacts with superoxide (0%*7) to form a stronger oxidant peroxynitrite anion
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(ONOOQO™). ONOO™ reacts with other molecules to generate other RNS such as "NO, and
N,Os.

ROS and RNS are counterbalanced by intricate antioxidant systems to maintain the redox
homeostasis in the cell. Major antioxidants consist of low-molecular-weight antioxidants,
including reduced glutathione (GSH), vitamins C and E, bilirubin, and urate; noncatalytic
antioxidant proteins, such as thioredoxin (Trx), glutaredoxin (Grx), and metallothioneins
(MTSs); and enzymes, such as superoxide dismutase (SOD), catalase, peroxiredoxin (Prx),
and glutathione peroxidase (GPx). Ultimately, redox reactions in cells are enabled by
nicotinamide pairs NADP*/NADPH and NAD*/NADH. NADPH is used to reduce oxidized
Trx (Trxqy) and glutathione (GSSG) through Trx reductase (TrxR) and glutathione reductase
(GSR), respectively. Sulfiredoxin (Srx) reduces oxidized Prx from sulfinic (inactive) to
sulfenic (active) acid in an ATP- and GSH-dependent manner. On top of antioxidant
systems is a web of regulators that controls antioxidant defense at multiple levels to ensure
that the response to oxidants is adequate in time and space.

A recurrent theme emerging from oxidant signaling and antioxidant regulation is reactive
cysteine thiol-based redox signaling. Reactive cysteine residues are a small set of protein
cysteines with pKa values as low as 4 and 5 due to influence from the surrounding amino
acid microenvironment, which is in contrast to most protein cysteine thiols that have pKa
values of approximately 8.5 (21) (Figure 1a). At physiological pH, reactive cysteine thiols
exist as thiolate anions (S™) and are more reactive toward ROS/RNS than are sulfhydryl
groups (-SH). Reactive thiols interact with ROS and RNS to generate a range of cysteine
oxidation products, including sulfenic, sulfinic, and sulfonic acids; S-nitrosothiol and
thionitrates; S-glutathiolation products; and inter- and intraprotein disulfides. Reactive
cysteine thiols are also modified by a variety of chemicals through alkylation, palmitoylation
(thiol-ether), and metal chelation, providing a means of chemical sensing for environmental
and endogenous cues such as electrophiles and metals. The versatility and reversibility of
reactive cysteine thiols serve as a basis for the specificity and diversity of many redox
signaling pathways.

The utility of reactive cysteine thiols in redox signaling and oxidant resistance is illustrated
for growth factor signal transduction near the plasma membrane. Ligand binding to plasma
membrane receptors, such as the platelet-derived growth factor receptor and epidermal
growth factor receptor, stimulates production of 02*~ and H,0, through NOX. H,0,
inactivates protein tyrosine phosphatase (PTP) by oxidizing PTP reactive cysteine thiols to
increase local protein tyrosine phosphorylation. Prx removes H,05 to limit the influence of
ROS, whereas Src activated by growth factor receptors inactivates Prx through
phosphorylation and thereby boosts growth factor signaling (22, 23). Modification of
reactive cysteine thiols also serves as a means of chemical sensing. Reversible oxidation of
active site cysteine thiols of Trx by H,O, enables Trx to act as a sensor of H,0,, leading to
activation of the downstream signaling pathway of apoptosis or activation of inflammasome
assembly (24, 25) (Figure 1b). As discussed below, modification of critical cysteine thiols
of Keapl and Nrf2 by oxidants and electrophiles is a principal mechanism by which ARE
inducers activate Nrf2.
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Nrf2-Keapl SIGNALING

The importance of induction of ARE-regulated DMEs was noted from studies on
chemoprevention, in which phenolic antioxidants, such as butylated hydroxyanisole and tert-
butylhydroquinone (tBHQ), protected animals from chemical carcinogenesis and protection
correlated with induction of GST and NQOL1 (16, 26). Induction has since become a
mechanistic model for analyzing antioxidant biological effects, leading to the discovery of
the Nrf2-Keap1 signaling pathway.

Induction Components—Induction of DMEs by antioxidants results from the increased
rate of MRNA synthesis from the DMEs’ genes and requires several regulatory components,
reflecting an XAR-mediated adaptive transcriptional response to small chemicals.

ARE: Transfection experiments identified a 41-base-pair enhancer sequence upstream of the
rat Gsta2 gene for induction of a reporter gene (27). The enhancer was required for the basal
expression of the gene and was responsive to phenolic antioxidants and redox-active
diphenols for induction, from which the name antioxidant response element was derived.
Induction did not require the aryl hydrocarbon receptor that mediates induction of CYP1AL,
GST, and NQOL1 by planar aromatic hydrocarbons such as benzo(a)pyrene (Bap), suggesting
an ARE-specific pathway for induction. ARE also controls the induction of mouse Gstal
and rat and human NQO1 genes by antioxidants and electrophiles (28-30).

The 41-base-pair ARE contains a core sequence, 5’-TGACnhnnGC-3’ (n = any base) (31) that
was later expanded into a 16-base-pair consensus sequence, 5-TMANNRTGAYnnnGCR-3’
(M=AorCRR=AY=CorT,W=AorT) (32, 33). ARE consensus resembles the DNA-
binding elements of several other bZip proteins (12). The tetranucleotide sequence 5’-TGAC
of the ARE core is the same as the half-site of the TPA (12-O-tetradecanoylphorbol 13-
acetate) response element of AP-1 proteins. ARE is similar to the NFE2-binding motif 5'-
TGCTGAGTCAC-3 and, in part, to the Maf (musculoaponeurotic fibrosarcoma) protein
recognition element (MARE), 5-TGCTGAS/(or ©C/c5)TCAGCA-3’, recognized by Maf
dimers. The GC dinucleotide of MARE is critical for Maf binding, much like Nrf2/Maf
heterodimer binding to ARE. bZip proteins including AP-1, NFE2, Nrfl, Nrf2, Nrf3, Bachl
and 2, small Mafs, and CREB/ATF exhibit overlapping binding activities toward the DNA
elements. Cross-interaction among the bZip proteins through overlapping DNA binding and
heterodimerization expands the repertoire of target genes of individual bZip proteins
including Nrf2.

Nrf2 and small Mafs: Expression cloning with tandem NFE2-binding motifs as a screening
probe led to the cloning of Nrf2 cDNA (6). Nrf2 has a characteristic CNC bZip domain in
the C terminal region (Figure 2a). The basic region contributes to DNA binding and the
leucine zipper to heterodimerization with a small Maf. The CNC region (~36 amino acids)
was named after the Drosophila segmentation protein CNC and shares a high homology
among the CNC bZip proteins. Transcription activation is conferred by two regions in the N
terminal half, as well as the C terminal end region. Peptides between residues 494 and 511
and between 545 and 554 host a bipartite nuclear localization and a nuclear export signal,
respectively. The human and chicken Nrf2 peptide sequences are highly conserved at several
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locations designated Nrf2-ECH homology (Neh) domains 1 to 6 (ECH = erythroid cell-
derived protein with CNC homology = chicken Nrf2) (34). The Neh2 domain at the N
terminus negatively regulates Nrf2 activity through Nrf2 suppressor Keapl. Nrf2 KO mice
are viable (35) but exhibit reduced fertility (36), have a tendency to develop autoimmune
lesions (37-39) and leukoencephalopathy (40), and are sensitive to a variety of toxicity and
disease conditions (5, 12).

The small Maf proteins (~18 kDa) consist of Maf F, G, K, and T. Small Mafs have a bZip
domain for DNA binding and dimerization but lack a transcription activation domain present
in large Mafs (v-Maf, c-Maf, Maf A, Maf B, and NRL) (Figure 2a). Small Mafs function as
an obligatory heterodimeric partner for large CNC bZip proteins and bind to the GC
dinucleotide of ARE and MARE. Homo- and heterodimers among small Mafs form
transcription repressors owing to their lack of a transactivation domain.

Keapl: Keapl was identified as a novel Nrf2-binding protein from yeast two-hybrid
screening using the inhibitory Neh2 domain of Nrf2 as a bait (34). Keapl contains two
known protein-interacting domains: the BTB (bric-a-brac, tramtrack, broad-complex)
domain in the N terminal region and the Kelch repeats in the C terminal region homologous
to Drosophila actin-binding protein Kelch [Kelch repeat, double glycine repeat (DGR)
domain] (Figure 2a). BTB mediates homodimerization and binding of Keapl to Cullin
(Cul) 3, a scaffold protein of Nrf2 ubiquitin ligase (E3). DGR mediates binding of Keapl
with Nrf2 Neh2 (41-43). Between BTB and DGR is the intervening region (IVVR) or linker
region (LR) rich in cysteine residues. Similar to Nrf2, Keapl is expressed broadly in tissues
and resides in the cytoplasm. Keapl KO mice die before weaning due to malnutrition from
hyperkeratinization and occlusion of the esophagus and forestomach (44).
Hyperkeratinization was attributed to constitutive activation of Nrf2, a primary molecular
phenotype of Keapl knockout, in keratinocytes.

Signaling Mechanism—Nrf2 mRNA is expressed broadly and independently of
inducers, suggesting a post-transcriptional mechanism(s) for Nrf2 activation.
Mechanistically, activation of Nrf2 for induction is twofold: suppression of Nrf2 under a
basal condition and activation of Nrf2 by inducers.

Suppression of Nrf2 by Keap1: Inhibition of protein synthesis by cycloheximide totally
blocked the basal and induced expression of ARE-controlled DMES, suggesting protein
turnover as a major mechanism of regulation (45). Nrf2 is rapidly degraded by proteasomes
under a basal condition with a half-life of ~20 min, resulting in a low protein level of Nrf2 in
many types of cells (46-48). Degradation of Nrf2 is triggered by polyubiquitination through
the Keap1/Cul3 ubiquitin ligase. Keapl acts as a substrate adaptor to bring Nrf2 into the E3
complex, in which it binds to Nrf2 via its DGR domain and to Cul3 N terminal region via
the BTB domain. RING box protein 1 recruits the catalytic function of ubiquitin-conjugating
enzyme (E2) by binding to Cul3 C terminal region. E2 catalyzes polyubiquitination of Nrf2
protein on the lysine residues of Neh2 domain. Knockout of Keapl in mice resulted in
constitutive activation of Nrf2 from stabilization of Nrf2 protein (44).
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The mechanism by which Keapl interacts with Nrf2 and direct Nrf2 ubiquitination was
revealed from structural resolution of Keapl and Nrf2. The overall structure of Nrf2 is not
available, but the structure of Nrf2 Neh2 was shown by nuclear magnetic resonance
spectroscopy to be intrinsically disordered with certain secondary structures (49) (Figure
2b). A 33-residue a-helix (a.a. 39-71) resides in the center of rod-shaped Neh2, followed by
mini antiparallel p-sheets (a.a. 74—76 and 82-85). Six of the seven lysine residues of the
helix face one side. A conserved ETGE sequence (a.a. 79-82) locates in the hydrophobic
hairpin loop between the two [-sheets. A second conserved sequence DLG (a.a. 29-31)
follows another B-hairpin structure (a.a. 25-29).

The overall structure of mouse Keapl resembles a cherry-bob, in which two Keapl
molecules form a dimer with two large, globular spheres attached by short linker arms to the
sides of a small forked-stem structure (41) (Figure 2c). The forked stem reflects
dimerization through two BTB domains. The globular structures each contain IVR and DC
domains (DC = DGR + CTR) with IVR on the outer surface and DC in the interior.
Crystallography of human Keapl DGR (a.a. 321-609) at 1.85-A resolution and mouse DC
(a.a. 309-624) at 1.60-A resolution revealed that the Kelch repeats fold into a drum-shaped,
6-bladed B-propeller structure with an inner cavity buried in the central core opening on the
top and bottom of the globular spheres (42, 43).

Neh2 interacts with Keapl DC in a ratio of 1:2 through its ETGE and DLG motifs (43, 49,
50). Each motif binds to a binding cleft of Keapl DC near the entrance of the tunnel at the
bottom of the DC sphere. ETGE has a binding affinity two orders of magnitude higher than
that of DLG owing to more electrostatic interactions between DC and ETGE (~13) than
between DC and DLG (~8) (51). In this two-site-binding, or hinge-and-latch, model (49)
(Figure 2c), Keapl recruits newly synthesized Nrf2 by binding to Neh2. Because of its
higher binding affinity, ETGE binds to one binding cleft first, which promotes binding of
DLG to the other DC sphere. The a-helix between DLG and ETGE is presented to E2 with
six lysine residues facing the enzyme for polyubiquitination.

Activation of Nrf2 by ARE Inducers: A variety of chemicals, including phytochemicals
and derivatives (CDDO, sulforaphane), therapeutics (oltipraz, auranofin), environmental
agents (paraquat, arsenic), and endogenous chemicals [NO, 15d-PGJs, nitro-fatty acids, and
4-hydroxynonenal (4-HNE)], induce ARE genes through Nrf2 (12, 52). Inducers are
structurally diverse and have few common properties, except for their ability to modify -SH
at rates closely correlated with their potency for induction of NQO1 (53). Evidence for
binding of inducers to Keapl cysteine thiols was provided using labeled inducers,
stoichiometry, ultraviolet spectroscopy, mass spectrometry, and mutational studies (53-56).
The IVR region contains multiple cysteine residues that were frequently labeled by inducers,
in particular, C273, C288, and C297. Mutational studies confirmed that C151, C273, and
C288 are critical for Nrf2 regulation. In mice, C151 was required for activation of Nrf2 by
electrophiles and C272 and C288 for suppression of Nrf2 under a basal condition (57). In a
zebrafish model, Keapl was shown to recognize a number of electrophilic inducers through
distinct sets of cysteine residues, coined “cysteine codes,” to activate Nrf2 (58). In a recent
study, C288 was shown to be a sensor for alkenals such as 4-HNE; a combination of H225,
C226, and C613, a Zn2* sensor; and C151 together with a cluster of neighboring basic
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amino acids (H129, K131, R135, K150, and H154), an NO sensor (59). Compared with
Keapl that has 25 or more cysteine residues, Nrf2 has only 6 (human) or 7 (mouse and rat)
cysteine residues. The cysteines are highly conserved and have multiple effects on Nrf2
function, including activation of Nrf2 by arsenic (60). The chemistry of inducer-cysteine
code interaction for Keapl and Nrf2 remains largely unaddressed.

Modification of cysteine thiols of Keapl and Nrf2 by inducers presumably alters the
structure of the Nrf2/Keapl/Cul3 complex, leading to inhibition of Nrf2 ubiquitination
(Figure 2¢). Inducers, such as tBHQ, bind to Keapl IVR cysteines that are spatially close to
Keapl DC to cause disruption of DC-DLG binding. This change does not interrupt the
stronger DC-ETGE binding but prevents Nrf2 Neh2 from being ubiquitinated, creating a
“dead” Keapl complex. Newly synthesized Nrf2 bypasses Keapl and enters the nucleus to
mediate induction. Some inducers, such as toxic metals As3*, Cd2*, and Crb*, dissociate
Nrf2 from Keapl to stabilize Nrf2 (46, 61, 62). Modification of cysteine residues close to
the BTB region, such as C151, disrupts Keap1-Cul3 binding, thereby inhibiting Nrf2
ubiquitination. Elucidation of the three-dimensional structure of the E3 complex and the
spatial relationship of critical cysteine residues to components of the complex is key to a full
understanding of the molecular interactions among inducers, specific cysteine thiols, and
components of the E3 complex for Nrf2 activation.

Other Mechanisms of Nrf2 Regulation—In addition to inducer-cysteine thiol
interaction, several other mechanisms have been described for the regulation of Nrf2
(Figure 2c). These mechanisms modulate the above-described Keap1-Nrf2 signaling to
regulate Nrf2 in cell type—, target gene—, and inducer-dependent manners. Covalent
modification of Nrf2 by phosphorylation/dephosphorylation and acetylation/deacetylation
affects the nuclear translocation/export, transcription activation, and degradation of Nrf2 in
response to inducing signals (63—-68). Some proteins, such as autophagy substrate p62, p53-
regulated p21, and Bcl-X| -interacting protein PGAMD5, are called disruptors of Keap1-Nrf2
binding because they bind to Keapl DC in a manner similar to Nrf2 DLG or ETGE through
their DLG- or ETGE-like sequences and thereby disrupt Nrf2-Keap1l binding, resulting in
persistent activation of Nrf2 (69-71) (Figure 2c). DJ-1 (PARKY7), a multifunctional protein
associated with early-onset Parkinson’s disease (PD) and elevated in cancers, stabilizes Nrf2
by interfering with Nrf2-Keapl binding to protect against oxidative stress in dopaminergic
neurons and cancer cells (72). Tumor cells hijack the Nrf2 pathway through somatic
mutations and epigenetic mechanisms to cause persistent activation of Nrf2 (18). Several
serine residues in Nrf2 Neh6 (a.a. 331-381) can be phosphorylated by GSK-3, creating a
recognition motif of DpSGX(1_4)pS that is recognized by the WD substrate recognition
domain of B-TrCP. B-TrCP is an adaptor protein for the Cull-dependent SCF E3 and thereby
promotes the ubiquitination and proteasomal degradation of Nrf2 independently of Keapl
(73). The physiological importance of this pathway remains unclear.

REGULATION OF ANTIOXIDANT DEFENSE BY Nrf2

Evolutionary Conservation

The function of Nrf2 in regulating antioxidant defense has an evolutionary basis. Nrf2 is
highly conserved across vertebrates. Compared with human Nrf2, mouse Nrf2 has DNA and
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protein homology scores of 83.4% and 82.5%, respectively; rat Nrf2, 84% and 83%; cow
Nrf2, 91% and 89%; dog Nrf2, 89.4% and 88.9%; chicken Nrf2, 72% and 67%; and
zebrafish Nrf2, 55% and 49% (74). The CNC bZip proteins possess considerable similarities
in their structure, DNA recognition sequence, and target genes, reflecting an evolutionary
link to erythropoiesis essential for oxygen utilization in vertebrates. Among the proteins,
NFE2 is critical for erythrocyte and platelet development (6); Bachl and Bach?2 act as
suppressors of transcription by NFE2 (75); Nrfl is required for embryonic hepatic
hematopoiesis but has also evolved to aid in resistance to ER stress, oxidant stress, and
metal toxicity (76); Nrf2 deviates from most CNC bZip proteins to become specialized in
oxidant resistance; Nrf3 is less well understood but may contribute to smooth muscle cell
differentiation from stem cells toward vascular lineage and to in vivo protection against
hematopoietic malignancy (77-79). In invertebrates, Caenorhabditis elegans protein
skinhead-1 (SKN-1) has significant homology with Nrf2 and binds to an ARE-like element
to regulate oxidative stress—related genes (80). Unlike Nrf2, however, SKN-1 binds DNA as
a homodimer and has a function in the regulation of mesodermal differentiation and
intestinal development. Drosophila proteins CncA, CncB, and CncC have marked sequence
similarity to mammalian CNC bZip proteins. Like Nrf2, CncC dimerizes with a small Maf
to activate oxidative defense genes and to resist paraquat and arsenic toxicity (81).

Signaling through Keapl is evolutionarily conserved. Drosophila Keapl (dKeapl) is
expressed in tissues where CncC is expressed, and dKeapl represses induction of GST D1 in
the fly (81). Zebrafish expresses two forms of Keapl, zKeapla and zKeaplb. Both proteins
contain cysteine residues equivalent to mouse Keapl C273 and C288, and both cysteines are
critical for suppression of zebrafish Nrf2. Like mammalian Keapl, zKeapla and zKeaplh
function through dimerization (82). The alkenal sensor C288 of mammalian Keapl has an
ancient origin common for bilaterians, but the NO sensor C151 (and surrounding basic
residues) evolved more recently, emerging coincidently with the NOSgene family in
vertebrates (59). The amino acid residues composing the pocket of Keapl for Nrf2 binding
are highly conserved in vertebrates and certain invertebrates, including flies and mosquitoes.
The Nrf2 ETGE motif is present in Drosophila CncC (82). Therefore, the Nrf2-Keapl
signaling pathway appears to be evolutionarily conserved with respect to cis- and trans-
acting factors, target genes, cysteine codes, and Nrf2-Keapl binding motifs for resistance to
oxidants.

Target Genes and Antioxidant Defense

Genome-wide search for Nrf2 target genes has led to the identification of an array of ARE-
regulated genes, providing a rational explanation for the multiple functions of Nrf2 (5, 12,
17). A central theme emerging from the identification of these target genes and their
functions is resistance to oxidants and electrophiles. Notably, three major groups of Nrf2
target genes regulate drug metabolism and disposition, antioxidant defense, and oxidant
signaling, respectively, to impact the response to oxidants and electrophiles (see
Supplemental Table 1 and accompanying references; follow the Supplemental Materials
link from the Annual Reviews home page at http://www.annualreviews.or g). In addition,
Nrf2 regulates proteasomal protein degradation (83), cell proliferation (84), and metabolic
reprogramming (85), which are not discussed in this review.
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Induction of drug metabolism and drug transport through ARE may have originated as a
strategy of detoxification of endogenous oxidants and electrophiles but evolved as an
adaptation to environmental toxicants. By controlling the basal and induced expression of
the DMEs and transporters, Nrf2 regulates the metabolic fate of numerous pro-oxidants and
electrophiles in the body. ARE-regulated DMEs catalyze a collection of heterogeneous
reactions, including oxidation by CYP2A5, ALDH3A1, and ADH7; reduction by NQO1 and
AKRs; conjugation by UGTs and SULT3A1; and nucleophilic trapping reactions by GSTSs,
mEH, and ES-10 (Supplemental Table 1). Drug transporters, such as MRP2 and MRP3,
transport drugs and metabolites out of cells.

Nrf2 directly affects the homeostasis of ROS and RNS by regulating the antioxidant defense
systems through several mechanisms (Supplemental Table 1). These include (a) induction
of catabolism of superoxide and peroxides through SOD, Prx, and GPx; (b) regeneration of
oxidized cofactors and proteins, where GSSG is reduced by GSR, Trxqx by TrxR, and Prx-
SO,H by Srx; (c) synthesis of reducing factors, i.e., GSH by GCLC and GCLM, and
NADPH by G6PDH and 6PGD; (d ) expression of antioxidant protein Trx and inhibition of
expression of Trx inhibitor TXNIP; (€) the increase of redox transport, such as cystine/
glutamate transport through xCT; (f) metal-chelation by MT1, MT2, and ferritin; and ( g)
induction of stress response proteins, such as HO-1. Many of the antioxidant enzymes/
proteins regulated by Nrf2 localize in specific compartments within the cell to regulate
redox signaling in the local environment.

Nrf2 also regulates the expression of several oxidant signaling proteins to impact a number
of programmed cellular functions (see Supplemental Table 1 and discussion below). Some
regulators, such as p62 and DJ-1, activate Nrf2 and are induced by oxidants through Nrf2,
creating a positive feedback loop with Nrf2.

Nrf2 AND OXIDANT-STIMULATED PHYSIOLOGIC FUNCTIONS

Autophagy

Oxidants stimulate several programmatic functions (20). Recent findings reveal that Nrf2
plays a role in the regulation of these functions.

Macroautophagy is a conserved bulk protein degradation pathway responsible for the
turnover of long-lived proteins, disposal of excess or damaged organelles, and clearance of
aggregation-prone proteins (86). Autophagy is essential for housekeeping functions and is
induced in a number of stress responses. Autophagy is accompanied by accumulation of
ROS from damaged mitochondria (87). Mitochondria-derived H,O, may stimulate
autophagy by oxidizing reactive cysteine residues of proteins encoded by essential
autophagy genes, such as ATG4, to increase the overall autophagosome formation.

In autophagy-defective mice, Nrf2 is overactivated and associated with the liver pathology
observed in the mice, because loss of Nrf2 alleviated but loss of Keapl exacerbated
autophagy deficiency—induced liver injury (69). A key link between autophagy and Nrf2 is
p62, an autophagy substrate and autophagic cargo receptor (69, 88, 89) (Figure 3a). Loss of
autophagy causes marked accumulation of p62 that in turn suppresses Keapl to activate

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 December 16.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ma Page 10

Nrf2 and increase ARE gene expression. p62 binds to Keapl through its KIR motif (a.a.
345-359); KIF contains a STGE sequence (a.a. 351-355) that has a binding affinity to
Keapl DC similar to that of Nrf2 DLG. p62 is also induced by oxidative stress through Nrf2
and ARE, creating a positive feedback loop between p62 accumulation and Nrf2 activation
in autophagy deficiency. The Toll-like receptors (TLRs) influence several innate immune
responses by regulating autophagy. p62 is upregulated in TLR4-mediated, selective
autophagy of aggresome-like induced structures (ALIS). Both accumulation of p62 and
ALIS required activation of Nrf2 through ROS-p38 axis—dependent TLR4/MyD88 signaling
(90).

Inflammation and Inflammasome Signaling

Nrf2 is anti-inflammatory, as evidenced by several observations. Nrf2 KO mice have a
tendency to develop age-dependent autoimmune and inflammatory lesions in multiple
tissues (37, 38). Inflammation is commonly observed in chemically induced pathology with
Nrf2 deficiency (91- 96). Many ARE inducers are potent anti-inflammatory agents, and
their potency for induction of ARE genes correlates well with their potency for inhibition of
inflammation (97-99). Inhibition of inflammation by Nrf2 is associated with inhibition of
the NF-xB pathway and inhibition of proinflammatory cytokine production (100, 101). The
molecular events underlying the interaction between Nrf2 and inflammatory regulators
remain largely unclear.

The inflammasomes are a molecular platform required for fully functional innate immune
systems (102). Inflammasomes consist of a pattern recognition receptor, such as NALP3, the
adaptor protein ASC, and procaspase-1. NALP3 senses a wide range of damage signals,
including microbes (pathogen-associated patterns), endogenous danger signals (damage-
associated patterns), and environmental irritants such as silica and asbestos. Activated
NLRP3 oligomerizes and recruits ASC and procaspase 1, triggering the activation of caspase
1 and the maturation of proinflammatory cytokines, such as IL-1f and IL-18. ROS derived
from mitochondria (103) or “frustrated phagocytosis” from the engulfing of silica and
asbestos particles by macrophages activate NLRP3 (104); in the latter case, activation of
NOX is involved. ROS oxidize Trx active site cysteine thiols, causing dissociation of
TXNIP from Trx; freed TXNIP binds to NLRP3 to induce robust activation of the
inflammasome (25) (Figures 1b and 3b). Efficient inflammasome activation depends on the
redox state of macrophages that is regulated by cystine/cysteine cycling and the cystine
transporter, XCT (105).

Cholesterol crystals are engulfed by macrophages to stimulate inflammation during
atherogenesis (106). Cholesterol crystals activated Nrf2 and induced Nrf2-regulated genes
Ngol, Hmox1, and Prdx1; moreover, Nrf2 was required for cholesterol crystal-induced
inflammasome response (107). In this scenario, Nrf2 was activated as an adaptive defense
against oxidative stress during inflammation. At the same time, Nrf2 enhanced atherogenesis
by supporting IL-18-mediated vascular inflammation induced by cholesterol crystals.
Therefore, the consequence of Nrf2 activation by activators of the NLRP3 inflammasomes
may vary depending on the activators, cell type, and pathology. Nrf2 may affect
inflammasome signaling by several means: induction of antioxidative genes to counteract
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ROS increase; induction of XCT and Trx to regulate the redox state of monocytes;
suppression of TXNIP transcription to reduce the amount of TXNIP; and promotion of
IL-1p production for atherogenesis (Figure 3b and Supplemental Table 1).

ER Stress and Unfolded Protein Response

Accumulation of unfolded and misfolded proteins or excessive protein trafficking in the
lumen of the ER causes ER stress, which triggers the unfolded protein response (UPR). UPR
uses evolutionarily conserved signaling pathways to restore the normal function of the cell
in the presence of ER stress and, if homeostasis is not achieved, initiates apoptosis (108).
Among the signaling molecules of UPR, PERK (protein kinase RNA-like endoplasmic
reticulum kinase) phosphorylates the a subunit of elF2 causing attenuation of general
protein synthesis and promotion of cell survival in ER stress. UPR is regulated by ROS and
the redox systems in ER (109). ER-resident peroxidases Prx4, GPx7, and GPx8 catalyze the
transfer of electrons from protein disulfide isomerase (PDI)-like oxidoreductases to H,O»,
leading to detoxification of H,O5 in the ER lumen.

Cigarette smoke (CS) and smoke from biomass fuels, such as diesel exhaust, trigger
inflammation in the respiratory tract that potentially leads to chronic obstructive pulmonary
disease (COPD). CS and diesel exhaust contain small-sized particles that do not appear to
activate the NALP3 inflammasome in human macrophage-like cells as asbestos and silica
particles do (104). On the other hand, smokers’ lung tissues exhibited increased expression
of proteins characteristic of ER stress and UPR, including calreticulin, PDIs, and glucose-
regulated protein 78; moreover, CS induced UPR and activated Nrf2 to induce several
antioxidant genes in transformed human airway epithelial cells (110). The mechanism by
which UPR activates Nrf2 may involve PERK. PERK phosphorylates Nrf2 on Thr-80 to
activate Nrf2 and induce ARE genes, which increase GSH level, reduce ROS in ER, and
promote survival (67, 111) (Figure 3c). Nrf2 upregulates ER-resident antioxidant enzymes,
such as GPx8 (see Supplemental Table 1; follow the Supplemental Materialslink from
the Annual Reviews home page at http://www.annualreviews.or g). UPR triggered by CS
and diesel exhaust also activates the NF-xB signaling pathway to stimulate proinflammatory
cytokine production, which is inhibited by Nrf2.

Apoptosis and Mitochondrial Biogenesis

Mitochondria play multiple functions in addition to being the power house for ATP
synthesis. Mitochondria are a major site of ROS production and a target of many toxicants.
Mitochondria serve as a central site where most apoptotic pathways intersect (112).
Mitochondria contain nonchromosomal DNA and undergo biogenesis to replenish, which is
coordinated by several transcription factors, including nuclear respiratory factor 1 (NRF-1)
(113).

Nrf2 affects mitochondrial physiology and pathology in several ways (Figure 3d and
Supplemental Table 1). Nrf2 KO cells exhibit increased spontaneous apoptosis and are
highly sensitive to chemically induced mitochondrial damage, whereas activation of Nrf2 by
chemoprotective agents protects against mitochondrial damage (96, 114-116). Nrf2
promotes mitochondrial biogenesis in mouse cardiomyocytes (117). Nrf2 directly regulates
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mitochondrial ROS homeostasis by (a) promoting detoxification of peroxides through Prx3
and GPx; (b) regenerating Trx2, GSH, and Prx3-SO,H through TrxR, GSR, and Srx1,
respectively; (C) increasing the synthesis of GSH and NADPH; and (d ) inhibiting TXNIP
expression. Nrf2-Keapl forms a ternary complex with PGAMS, which localizes at the
mitochondrial outer membrane through the PGAMS5 N-terminal mitochondrial-localization
sequence; this mitochondrial localization may allow Nrf2 to directly sense and respond to
mitochondrial ROS (71). Inhibition of TXNIP expression by Nrf2 reduces the concentration
of TXNIP in the mitochondria to free Trx from TXNIP; reduced Trx binds to ASK1 and
inhibits ASK1-dependent mitochondrial apoptosis. For mitochondrial biogenesis,
endogenous carbon monoxide generated by HO-1 stimulates MnSOD upregulation and
mitochondrial H,O, production to activate Akt/PKB; Akt deactivates GSK-3p, which
activates Nrf2; Nrf2 binds to the four AREs in the enhancer of the gene encoding NRF-1 to
induce NRF-1; NRF-1 coordinates gene activation for mitochondrial biogenesis to increase
resistance to oxidative toxicants (117). DJ-1 translocates into the mitochondria upon
oxidative stress to protect the mitochondria (118). Loss of DJ-1 increases ROS production,
mitochondrial damage, autophagy, and mitophagy, accompanied by downregulation of Nrf2
and ARE genes (72, 119). DJ-1 activates Nrf2 by interfering with Nrf2-Keap1 binding, and
Nrf2 may upregulate DJ-1 expression through an ARE-like enhancer sequence of DJ-1 (72).

Stem Cell Function

Several types of stem and progenitor cells exhibit low intracellular concentrations of ROS
that may serve as a critical condition for stemness and pluripotency; on the other hand, a rise
in ROS appears to be required for proper differentiation of myeloid progenitor cells (120).
Thus, the intracellular redox balance is carefully regulated within stem cells to modulate
regenerative processes (121). A connection between Nrf2 and stem cell functions in high-
turnover tissues was suggested in recent studies. The Drosophila intestinal stem cells (ISCs)
respond to oxidative stress and inflammation by increasing proliferation, which is a
regenerative response but may lead to hyperproliferation and epithelial degeneration in aged
fly (122). Nrf2 is constitutively active in 1ISCs, and repression of Nrf2 by Keapl is required
for ISC proliferation. Loss of Nrf2 in ISCs caused accumulation of ROS and accelerated
age-dependent degeneration of intestinal epithelium. Thus, Nrf2 promotes intestinal
homeostasis of fly by regulating the intracellular redox balance of ISCs. Nrf2 is also
required for hematopoietic stem progenitor cell (HSPC) survival and myeloid development
in mice; Nrf2 KO bone marrow showed defective stem cell function, as evidenced by
reduced chimerism after transplantation (123). The basal level of ROS in Nrf2 KO bone
marrow was not elevated compared with wild type; however, Nrf2 KO HSPCs had increased
rates of spontaneous apoptosis and decreased survival when exposed to oxidative stress,
indicating a critical role of Nrf2 in hematopoiesis and stem cell survival in mice.

Nrf2 IN TOXICITY AND DISEASE

Nrf2 KO mice show increased sensitivity to a variety of chemically induced toxicities and
disease pathologies. A few selected examples are discussed below to illustrate the
importance and versatility of Nrf2 in toxicity and disease.
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Acetaminophen Hepatotoxicity

Acetaminophen is a widely used analgesic and antipyretic drug and a prototypical
hepatotoxicant for drug-induced liver injury (DILI). DILI is the leading cause of liver failure
in the United States, the United Kingdom, and Australia (124). Most DILI-induced liver
failure is due to acetaminophen overdose. Acetaminophen causes characteristic centrilobular
hepatic necrosis and sinusoidal congestion, which to a large extent reflects the expression
pattern of CYP2E1. Acetaminophen undergoes glucuronidation and sulfation, but a small
portion is converted to N-acetyl-p-benzoquinone imine (NAPQI) via CYP2E1-mediated
metabolic activation. At a high dose, the glucuronidation and sulfation pathways are
saturated, resulting in increased production of NAPQI. NAPQI is highly reactive and binds
covalently to protein and nonprotein thiols, causing oxidative stress and cell death. At doses
relatively nontoxic to wild-type mice, Nrf2 KO mice showed increased serum ALT enzyme
activity, severe hepatocellular injury, and even death from liver failure (13, 125). Boosting
the Nrf2 activity by pharmacological agents or by genetic manipulation, i.e., hepatocyte-
specific Keapl knockout, effectively inhibited acetaminophen toxicity (126, 127). Several
mechanisms may explain the protective effect of Nrf2. Nrf2 increases glutathione synthesis
by inducing GCLC and GCLM to replenish the liver GSH pool, which is depleted by
acetaminophen. Nrf2 mediates the induction of UGTAS, which increases glucuronidation of
acetaminophen. Nrf2 controls the induction of MRP3 to increase excretion of
acetaminophen glucuronide through the drug transporter. Although acetaminophen-induced
injury is morphologically similar to necrosis, acetaminophen induces BAX-translocation to
mitochondria to increase apoptosis, which is inhibited by Nrf2 (13, 124, 128)
(Supplemental Table 1).

Ethanol and Alcohol-Induced Liver Disease

Chronic alcohol consumption increases the production of reactive oxidants, a major factor in
the development of alcohol-induced liver disease (AILD) (129). Ethanol-induced oxidative
damage in the liver involves depletion of antioxidants (especially GSH in the mitochondria),
lipid peroxidation, and protein modifications (carbonylation, addition of 4-HNE, and
nitration of tyrosine residues). Ethanol consumption induces the accumulation of CYP2E1
(130), which is a major contributor to ethanol-induced ROS production in the liver. CYP2E1
metabolizes low-molecular-weight molecules, including ethanol, acetone, benzene, and
acetaminophen, but the reaction is leaky, resulting in the formation of 02*~ and H,05. The
antioxidant systems are critical for defense against alcohol hepatotoxicity. A pivotal role of
Prx1 and Srx1 in protection against AILD was demonstrated in mice with Prx1- or Srx1-
deficiency (131). When fed with ethanol for a prolonged time, the mice showed more severe
oxidative damage in the liver as compared with wild type. Among Prxs 1-4, Prx1 is
localized at the cytoplasmic side of ER where CYP2EL is embedded and is the most active
Prx for elimination of ROS in the livers of ethanol-fed mice. Prx1 is hyperoxidized to an
inactive form (Prx1-SO,H) that is markedly elevated in Srx1 KO mice, indicating that Srx1
is critical for reducing Prx1-SO,H to Prx1-SOH. Srx1 is translocated into the mitochondria
upon ethanol-induced oxidative stress to reduce Prx3-SO,H in the mitochondria.
Mitochondrial Trx2 is induced by ethanol, which together with Prx3 and Srx1 forms the
primary line of defense against mitochondrial H,O5 induced by ethanol. Nrf2 is activated by
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chronic alcohol consumption and by overexpression of CYP2E1 (131, 132).
Chemoprotective agents activate Nrf2 and protect animals from ethanol-induced lesions,
including fetal alcohol spectrum disorders (133, 134). Nrf2 controlled the basal and ethanol-
induced expression of Srx1, HO-1, and NQOL1 in mouse liver (131, 135). TXNIP is present
in the mitochondria and inhibits mitochondrial Trx2. Nrf2 suppresses the expression and
induction of TXNIP and thereby enhances the Trx-Prx function (see Supplemental Table 1;
follow the Supplemental Materialslink from the Annual Reviews home page at http://
www.annualreviews.or g). In this manner, Nrf2 coordinates a concerted action of Srx1,
Prx1, Prx3, and Trx, which are essential for protection against AILD.

Cigarette Smoke and COPD

Chronic exposure to cigarette smoke in the lungs is typically associated with the
development of COPD (in particular, emphysema) and lung cancer. Nrf2 is clearly
protective against CS-induced COPD (92, 136, 137), but its role in CS-associated lung
cancer is less certain (discussed below) (19). A fully functional Nrf2 genotype is required to
protect smokers against acquiring lung emphysema. Nrf2 KO mice chronically exposed to
CS developed emphysema with earlier onset and more extensive pathology compared with
wild type (92, 136). Besides compromised alveolar structures, the mice exhibited increased
oxidative genotoxic stress (high levels of 8-OH-dG), increased apoptosis, pronounced
inflammation, and reduced function in Nrf2 KO lungs. Selective deletion of Keapl in Clara
cells in mouse lungs elevated the expression of Nrf2-dependent genes (Ngol and Gclm),
increased the total level of glutathione in the lungs, protected Clara cells against oxidative
stress ex vivo, and protected the lungs against oxidative stress and CS-induced inflammation
in intact animals (138). Pharmacological activation of Nrf2 protected mice against CS-
induced emphysema (139). When included in the diet, CDDO-Im, a potent triterpenoid ARE
inducer, significantly reduced lung oxidative stress, alveolar cell apoptosis, alveolar
destruction, and pulmonary hypertension in Nrf2 wild-type mice exposed to CS for 6
months (139). Protection was dependent on Nrf2, because Nrf2 KO mice failed to show
significant reduction in alveolar cell apoptosis and alveolar destruction after treatment with
CDDO-Im.

The effect of Nrf2 on CS lung toxicity involves several mechanisms. The Nrf2 pathway is
activated by CS. CS is a complex aerosol with >60 carcinogens and >5,000 chemicals, many
of which have strong reactivity toward -SH (140). Among the chemicals, diphenols,
polyenes (1,3-butadiene), polycyclic aromatic hydrocarbons and reactive metabolites, metals
(As3*, Cd2*), and endogenous chemicals generated upon exposure to CS (NO, 4-HNE)
activate the Nrf2-Keapl pathway by modifying critical cysteine residues of Keapl and Nrf2.
Alternatively, CS particles induce ER stress and activate UPR to activate the Nrf2 pathway
via PERK (Figure 3c). The adaptive activation of Nrf2 leads to increased expression of
Nrf2-controlled genes that encode detoxification enzymes (NQOL), antioxidant enzymes
(GPx2, Srx1), and enzymes for the synthesis of low-molecular-weight antioxidants (GSH,
bilirubin), all of which suppress CS-induced ROS production and oxidative damage (see
Supplemental Table 1 and accompanying references). Induction of DMEs and transporters
through Nrf2 inhibits the metabolic activation of CS carcinogens, such as Bap, to reduce
DNA-adduct formation, carcinogenesis, and toxicity, as demonstrated for Bap-induced
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tumorigenesis (141). Nrf2 also controls the induction of secretory leukoprotease inhibitor
(SLPI) and a-antitrypsin in the lungs that are important for maintaining the protease/
antiprotease balance and elasticity of the lungs (92, 136). A normal Nrf2 function is required
for cell cycle progression (137, 142) and for inhibition of apoptosis and inflammation
induced by CS in the lungs (92, 136), both of which contribute to protection against CS-
induced COPD by Nrf2. Chronic exposure to CS may also compromise the adaptive
response of Nrf2, leading to exacerbation of CS-induced oxidative stress and pathology in
smokers’ lungs. Nrf2 functions were found to be downregulated and Keapl and Bachl to be
upregulated in the lung tissues and alveolar macrophages from smokers with emphysema,
which promotes a proemphy-sematous microenvironment in the lungs (143). Defective Nrf2
in CS-induced emphysema was attributed to a decreased level of DJ-1 that supports the
stability of Nrf2 (72, 144), and to decreased histone deacetylase 2 (HDAC?2) activity that
increases the acetylation and inhibition of Nrf2 in CS-exposed lungs (145, 146).

The impact of Nrf2 on cancer is complex, precluding a simple conclusion pertaining to its
role in cancer. An emerging concept is that Nrf2 acts as a double-edged sword: On one
hand, Nrf2 is required for protecting the body against cancer by endogenous and
pharmacological anticancer agents; on the other, it is persistently activated in some tumors,
resulting in a prosurvival phenotype to promote tumor growth and resistance to oxidants and
anticancer drugs (12, 18, 19). Nrf2 KO mice are significantly more susceptible to the
carcinogenic effects of several known carcinogens in animal models, and Nrf2 is needed for
protection against chemical carcinogenesis by chemopreventive agents. Increased tumor
formation in Nrf2 KO mice correlated with reduced, or lack of, expression of ARE genes,
whereas inhibition of tumorigenesis via chemoprevention in wild-type mice is associated
with elevated expression of the cytoprotective genes. Examples include protection against
Bap-induced forestomach cancer by oltipraz (a dithiolethione antischistosomiasis drug)
(141, 147) and by sulforaphane (an isothiocyanate inducer derived from glucoraphanin of
cruciferous vegetables) (148); inhibition of N-nitrosobutyl(4-hydroxybutyl)amine (BNN)-
induced urinary bladder cancer by oltipraz (149); inhibition of 7,12-
dimethylbenz(a)anthracene (DBA)/TPA-induced skin tumor by sulforaphane (150);
azoxymethane/dextran sulfate sodium-induced colorectal cancer (151); pulmonary
metastasis of implanted mouse lung carcinoma cells (152); and progression of DBA/
medroxyprogesterone acetate—induced mammary carcinoma (153). The chemopreventive
effects of oltipraz and sulforaphane were examined in humans in Qidong, China, where high
incidences of hepatocellular carcinoma were observed, possibly owing to consumption of
aflatoxin-contaminated foods. Oltipraz increased urinary excretion of aflatoxin-mercapturic
acid, when taken at 125 mg by mouth daily, and reduced the excretion of aflatoxin M1, a
primary oxidative metabolite of aflatoxin B1, when taken at 500 mg once a week (154).
Consumption of broccoli sprout glucosinolate (precursor of sulforaphane) reduced the
excretion of aflatoxin-DNA adducts, though large individual variability in the bioavailability
of the agents was noted (155).

The most potent inducers of ARE genes were found among the newly synthesized
derivatives of oleanolic triterpenoids. The semisynthetic inducers contain one or two cyano
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enone motifs that are highly electrophilic Michael acceptors that react with Keapl cysteine
thiols, thereby activating Nrf2 with high potency (i.e., at low nanomolar concentrations). For
example, TP-225, the most potent inducer tested to date, has a Dy, value of 0.27 nM for
induction of Nqo1, which is 1,074 times more potent than that of sulforaphane (290 nM)
(Dn, = the concentration of an inducer at which 50% effect is produced) (156). The inducers
potently inhibit cancer formation in several animal models, such as vinyl carbamate—induced
lung cancer and aflatoxin-induced liver cancer (157). In addition to being potent inducers of
ARE genes and anticancer agents, cyano enone inducers exhibit strong anti-inflammatory,
hypoglycemic, antihyperlipidemic, antiproliferative, and proapoptotic activities (97, 157).
Therefore, triterpenoids and derivatives also become promising drug candidates for
prevention and therapy against a range of chronic diseases and toxicities (12, 14, 97, 126,
157). As an example, CDDO-Me (bardoxolone methyl) has completed a Phase 11 clinical
trial for treatment of chronic kidney disease associated with type 2 diabetes; the treatment
was associated with persistent improvement in the estimated glomerular filtration rate in
patients and a relatively mild safety profile (158).

The potentially more-harm-than-benefit effect of Nrf2 on cancer was recognized from the
observations that some tumors have persistently elevated expression of ARE genes,
indicating that cancer cells hijack the protective power of Nrf2 to increase resistance to
oxidants and cancer-killing agents. The mechanism responsible for persistent activation of
Nrf2 in cancer is severalfold (Figure 2c). Somatic mutations of NRF2 were often found in
squamous cell carcinoma and were mostly located in ETGE (57%) and DLG (43%) motifs,
both of which disrupt Keapl DC-Nrf2 Neh2 binding (159, 160). Mutations in KEAP1 were
frequently associated with adenocarcinomas and were found in the DC (65%), IVR (29%),
BTB (3%), and NTR (3%) domains, causing inhibition of Keap1 and stabilization of Nrf2
protein (161-164). Lung and prostate tumors exhibit increased methylation of the KEAP1
promoter that downregulates KEAP1 expression (165). DJ-1 is a putative oncoprotein, is
expressed at high levels in primary lung and prostate cancer biopsies, and correlates
inversely with clinical outcomes. As in neuronal cells, DJ-1 stabilizes Nrf2 by inhibiting
Nrf2-Keapl binding to upregulate cytoprotective genes in cancer cells (72). Expression of
endogenous oncogenic alleles of Kras, Braf, and Myc stimulates the transcription of Nrf2,
resulting in activation of Nrf2 and suppression of ROS; the findings suggest a role of Nrf2 in
oncogene tumorigenesis (166). Nrf2 promotes aggressive proliferation of cancer cells by
reinforcing the metabolic programming triggered by proliferative signals; in this scenario,
Nrf2 redirects glucose and glutamine into anabolic pathways to support aggressive
proliferation (85). Activation of Nrf2 in tumors is unlikely to be a cancer-initiating event but
rather a result of selection during tumor development, because Keapl KO mice with
elevated Nrf2 functions did not develop spontaneous cancer over a 2-year period (167).
These findings suggest that specific inhibitors of Nrf2 could be developed for therapy
against cancers that have elevated Nrf2 activity (12).

Neurodegeneration

A role of oxidative stress in neurodegenerative pathology is well recognized (2, 3, 168).
Mutations in Cu/ZnSOD (SOD1) cause familial amyotrophic lateral sclerosis (ALS).
Modification and mutations of at least five separate gene products are associated with
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Parkinson’s disease, including a-synuclein, parkin, ubiquitin C-terminal hydrolase-1, DJ-1,
and PINKZ, all of which trigger ROS formation in neurons. Formation of extracellular
amyloid plaques in the brain is a hallmark of Alzheimer’s disease, where aggregation of
amyloid-p (Ap) and ROS production promote each other for the development of brain
atrophy.

Several studies support a protective role of Nrf2 against neurodegenerative diseases.
Crossing mice that overexpress Nrf2 with two ALS mouse models showed significant delay
in the onset of ALS and extended survival of the mice with ALS (169). Nrf2 KO mice were
significantly more sensitive to MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-
induced PD-like lesions in mice, which are alleviated by overexpression of Nrf2 in
astrocytes (170). Loss of Nrf2 also increased the sensitivity of mice to myelin
oligodendrocyte glycoprotein (MOG 35-55)-stimulated autoimmune attack on myelin and
oligodendrocytes in the central nervous system that causes autoimmune encephalomyelitis,
an experimental model of multiple sclerosis (91). ARE inducers were shown to protect
against chemically induced neuronal lesions in several models (115, 116). A molecular link
between Nrf2 and neurodegeneration was provided by a study on DJ-1. Loss of DJ-1 leads
to early-onset PD in humans; however, DJ-1 KO mice did not show widespread loss of
neurons but were more susceptible to neurotoxicant MPTP and oxidative stress (171). Loss
of DJ-1 leads to reduced activity of Nrf2 and, consequently, decreased resistance to
neurotoxicants (72). This relationship between DJ-1 and Nrf2 may also be important in other
neurodegenerative pathology, as both proteins were found consistently upregulated in
inflammatory multiple sclerosis lesions (172).

CONCLUSIONS

Since it was discovered as the transcription factor to mediate induction of ARE-dependent
DMEs over a decade ago, Nrf2 has quickly emerged as a major regulator of oxidant
resistance and has been implicated in a range of toxicities and chronic diseases that are
characteristically associated with oxidative stress. Nrf2 is activated through a Keap1-
dependent, evolutionarily conserved, dedepression signaling mechanism, wherein Nrf2 is
suppressed under a basal condition through Keapl1-controlled ubiquitination-proteasomal
degradation and is activated by oxidants and electrophiles via modification of critical
cysteine thiols of Keapl and Nrf2. Activated Nrf2 mediates induced expression of an array
of enzymes and signaling proteins to regulate drug metabolism, antioxidant defense, and
oxidant signaling, thereby influencing oxidant physiology and pathology. By regulating
oxidant levels and oxidant signaling, Nrf2 participates in the control of several
programmatic functions, such as autophagy, inflammasome signaling, UPR, apoptosis,
mitochondrial biogenesis, and stem cell regulation. Nrf2 exhibits multiple protective effects
against toxicity and chronic disease naturally or through pharmacological means, opening
new avenues for drug development. The protective capacity of Nrf2 could be hijacked by
cancer cells to promote cancer growth and drug resistance, triggering potential side effects
of ARE inducers but, at the same time, raising a possibility of developing Nrf2 inhibitors to
treat, through personalized medicine, cancers that have elevated Nrf2 activities.
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SUMMARY POINTS

Intracellular oxidant signaling and antioxidant defense appear to be governed by
reactive cysteine thiol-based redox signaling.

Nrf2 controls the cellular oxidant level and oxidant signaling by regulating the
expression of three groups of ARE-dependent genes: drug metabolizing
enzymes/transporters, antioxidant enzymes/proteins, and oxidant signaling
proteins.

Nrf2-Keapl signaling is evolutionarily conserved and involves suppression of
Nrf2 through Keap1/Cul3-dependent ubiquitination/proteasomal degradation
and activation of Nrf2 by inducers via modification of Keap1/Nrf2 cysteine
codes.

Nrf2 participates in the regulation of oxidant-stimulated programmatic
functions, including autophagy, inflammasome assembly, ER stress/UPR,
mitochondrial biogenesis, and stem cell regulation.

Nrf2 broadly protects against toxicity and chronic diseases in normal cells or
through pharmacological interventions.

The dedepression mechanism is hijacked in a number of pathological conditions
by interfering with Nrf2-Keapl or Keap1-Cul3 binding through somatic
mutations, accumulation of disruptor proteins, and downregulation of Keapl
expression, resulting in persistent activation of Nrf2 in cancer and autophagy
deficiency.
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FUTURE ISSUES

Although several genes important for ROS metabolism have been identified as
target genes of Nrf2, detailed mechanisms by which Nrf2 regulates oxidant
levels in cellular compartments remain to a large extent unclear.

Understanding of the role and mechanism of action of Nrf2 in oxidant-
stimulated cellular programs, such as autophagy, inflammasome assembly, and
ER stress/UPR, is only beginning. The impact of these functions of Nrf2 on
toxicity and disease remains to be defined.

The chemistry of inducer-cysteine code interaction remains largely unaddressed.
Resolution of the three-dimensional structure of the Nrf2-Keap1-Cul3 E3
complex is needed for a full understanding of inducer-cysteine code interaction
for Nrf2 activation.

Pharmacological application of the Nrf2-Keap1 pathway in disease prevention
and therapy is at an early stage. New and potent ARE inducers open new
possibilities for clinical trials and animal models, but drug safety for ARE
inducers demands increasing attention.

Developing specific Nrf2 inhibitors is desirable for the treatment of cancers with
persistently activated Nrf2.
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Figure 1.
Versatile reactive cysteine thiol reactions. (a) Biochemistry of reactive cysteine thiols.

Reactive cysteine thiols exist as thiolate anions and are prone to oxidation by reactive
oxygen and nitrogen species (ROS, RNS). Formation of SNO, S~, and SOH is reversible and
serves as an intermediate step for disulfide bond formation or modification by other agents,
such as fatty acids, amines, metals, and alkylating agents. Reduction of SO,H to SOH is
catalyzed by sulfiredoxin (Srx), whereas formation of SO3H is irreversible. (b) Redox
sensors. In addition to being an antioxidant, thioredoxin (Trx) acts as a sensor of H,O5 to
activate ASK1-dependent apoptosis or TXNIP-dependent inflammasome assembly.
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Figure 2.
Domain structure and activation mechanism. (a) Domain structures of Nrf2, Keapl, and

small Mafs F, G, and K. (b) Secondary structure of Neh2. (c) Model for activation of Nrf2.
Abbreviations: BTB, bric-a-brac, tramtrack, broad-complex domain; bZip, basic region
leucine zipper; CNC, cap ‘n’ collar; Cul3, Cullin 3; DGR, double glycine repeat; IVR,
intervening region; Keapl, Kelch-like ECH (erythroid cell-derived protein with CNC
homology)-associated protein 1; LR, linker region; Maf, musculoaponeurotic fibrosarcoma
protein; Neh, Nrf2-ECH homology; Nrf2, nuclear factor erythroid 2—related factor 2.
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Nrf2 and oxidant-stimulated programmatic functions. (a) Autophagy. (b) Inflammasome
activation. (c) Endoplasmic reticulum (ER) stress and unfolded protein response (UPR). (d)
Mitochondrial redox signaling. Abbreviations: GPx, glutathione peroxidase; Keapl, Kelch-
like ECH-associated protein 1; Maf, musculoaponeurotic fibrosarcoma protein; Nrf2,
nuclear factor erythroid 2—related factor 2; PERK, protein kinase RNA-like endoplasmic
reticulum kinase; Prx, peroxiredoxin; ROS, reactive oxygen species; Srx, sulfiredoxin; Trx,
thioredoxin; TrxR, thioredoxin reductase.
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