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Abstract

Nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) regulates the basal and stress-inducible 

expression of a battery of genes encoding key components of the glutathione-based and 

thioredoxin-based anti-oxidant systems, as well as aldo-keto reductase, glutathione S-transferase, 

and NAD(P)H:quinone oxi-doreductase-1 drug-metabolizing isoenzymes along with multidrug-

resistance-associated efflux pumps. It therefore plays a pivotal role in both intrinsic resistance and 

cellular adaptation to reactive oxygen species (ROS) and xenobiotics. Activation of Nrf2 can, 

however, serve as a double-edged sword because some of the genes it induces may contribute to 

chemical carcinogenesis by promoting futile redox cycling of polycyclic aromatic hydrocarbon 

metabolites or confer resistance to chemotherapeutic drugs by increasing the expression of efflux 

pumps, suggesting its cytoprotective effects will vary in a context-specific fashion. In addition to 

cytoprotection, Nrf2 also controls genes involved in intermediary metabolism, positively 

regulating those involved in NADPH generation, purine biosynthesis, and the β-oxidation of fatty 

acids, while suppressing those involved in lipogenesis and gluconeogenesis. Nrf2 is subject to 

regulation at multiple levels. Its ability to orchestrate adaptation to oxidants and electrophiles is 

due principally to stress-stimulated modification of thiols within one of its repressors, the Kelch-

like ECH-associated protein 1 (Keap1), which is present in the cullin-3 RING ubiquitin ligase 

(CRL) complex CRLKeap1. Thus modification of Cys residues in Keap1 blocks CRLKeap1 activity, 

allowing newly translated Nrf2 to accumulate rapidly and induce its target genes. The ability of 

Keap1 to repress Nrf2 can be attenuated by p62/sequestosome-1 in a mechanistic target of 

rapamycin complex 1 (mTORC1)-depen-dent manner, thereby allowing refeeding after fasting to 

increase Nrf2-target gene expression. In parallel with repression by Keap1, Nrf2 is also repressed 
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by β-transducin repeat-containing protein (β-TrCP), present in the Skp1–cullin-1–F-box protein 

(SCF) ubiquitin ligase complex SCFβ-TrCP. The ability of SCFβ-TrCP to suppress Nrf2 activity is 

itself enhanced by prior phosphorylation of the transcription factor by glycogen synthase kinase-3 

(GSK-3) through formation of a DSGIS-containing phosphodegron. However, formation of the 

phosphodegron in Nrf2 by GSK-3 is inhibited by stimuli that activate protein kinase B (PKB)/Akt. 

In particular, PKB/Akt activity can be increased by phosphoinositide 3-kinase and mTORC2, 

thereby providing an explanation of why antioxidant-responsive element-driven genes are induced 

by growth factors and nutrients. Thus Nrf2 activity is tightly controlled via CRLKeap1 and 

SCFβ-TrCP by oxidative stress and energy-based signals, allowing it to mediate adaptive responses 

that restore redox homeostasis and modulate intermediary metabolism. Based on the fact that Nrf2 

influences multiple biochemical pathways in both positive and negative ways, it is likely its dose–

response curve, in terms of susceptibility to certain degenerative disease, is U-shaped. 

Specifically, too little Nrf2 activity will lead to loss of cytoprotection, diminished antioxidant 

capacity, and lowered β-oxidation of fatty acids, while conversely also exhibiting heightened 

sensitivity to ROS-based signaling that involves receptor tyrosine kinases and apoptosis signal-

regulating kinase-1. By contrast, too much Nrf2 activity disturbs the homeostatic balance in favor 

of reduction, and so may have deleterious consequences including overproduction of reduced 

glutathione and NADPH, the blunting of ROS-based signal transduction, epithelial cell 

hyperplasia, and failure of certain cell types to differentiate correctly. We discuss the basis of a 

putative U-shaped Nrf2 dose–response curve in terms of potentially competing processes relevant 

to different stages of tumorigenesis.
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1. Introduction

1.1. Oxidative stress

Aerobic metabolism of a single molecule of glucose leads to the formation of 36 molecules 

of ATP, whereas anaerobic metabolism yields only 2 molecules of ATP. However, the 

increased yield in energy produced by aerobic metabolism comes at a cost; specifically, 

incomplete oxidation of O2 results in the formation of potentially damaging reactive oxygen 

species (ROS) such as the superoxide anion radical (O2
●−), hydrogen peroxide (H2O2), and 

the hydroxyl radical (HO●). ROS can damage proteins, lipids, and DNA, and when the 

burden of ROS in the cell exceeds its antioxidant capability a state of oxidative stress is 

considered to exist [1].

Endogenous cellular ROS are generated as by-products of the actions of organelles, e.g., 

peroxisomes and mitochondria, and by the action of enzymes involved in electron transfer 

such as the cytochrome P450 (CYP) isoenzymes [2, 3]. Mitochondria are the principle 

producers of ATP within the cell, generating high yields of energy by oxidative 

phosphorylation using the electron transport chain located in the inner mitochondrial 

membrane. During the process of electron transport, molecular oxygen is reduced to H2O by 
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cytochrome c oxidase. In some cases, reduction of O2 is incomplete and results in the 

generation of ROS.

Although ROS are generally regarded as harmful, it is worth noting that some enzymes, 

such as the NADPH oxidase (NOX) family, produce ROS in a controlled fashion that is 

necessary for cell signaling [4]. The production of ROS by membrane-associated oxidases is 

required for correct receptor tyrosine kinase signaling upon the binding of ligands such as 

insulin, epidermal growth factor (EGF), and platelet-derived growth factor (PDGF) to their 

cognate receptors [5–8]. The thiol (–SH) moiety in the side chain of the amino acid cysteine 

is a nucleophilic functional group that is susceptible to oxidation, particularly by ROS. 

Oxidation of the –SH group in the side chain of cysteine by ROS can result in creation of 

intramolecular and intermolecular disulfide bridges and the formation of sulfenic acid (–S–

OH), sulfinic acid (–SO2H), and sulfonic acid (–SO3H), all of which can alter the function 

or activity of proteins, enabling ROS to participate in signal transduction. Therefore, in the 

case of insulin signaling, protein-tyrosine phosphatase (PTP) 1B is transiently inactivated by 

a controlled burst of NOX-generated ROS and this is required for optimal tyrosine 

phosphorylation [9]. Also, phosphatase and tensin homolog (PTEN) is oxidized in response 

to insulin, EGF, and PDGF and is similarly required for correct signaling [10–12]. 

Proteomics has suggested many PTP isoenzymes are subject to reversible oxidation [13].

Modification of protein thiols by ROS accounts for the mechanism by which oxidative stress 

activates the apoptosis signal-regulating kinase (ASK1; also called mitogen-activated 

protein kinase kinase kinase 5)–c-Jun N-terminal kinase (JNK) pathway and the ASK1-p38 

mitogen-activated protein kinase (p38MAPK) pathway; in this case, oxidation of Cys residues 

in thioredoxin (TXN), resulting in formation of an intramolecular disulfide bridge, allows 

ASK1 to dissociate from TXN and activate downstream kinases [14, 15]. In a manner 

similar to that of the ASK1–JNK and ASK1–p38MAPK pathways, a TXN-related protein has 

been reported to regulate the Wnt-β-catenin signaling pathway via redox chemistry [16].

Exogenous causes of oxidative stress include exposure to ultraviolet irradiation, exposure to 

harmful environmental pollutants or carcinogens, and cigarette smoke [17]. Exposure to 

xenobiotics that are quinone-based or give rise to quinones or quinoneimines is also a cause 

of oxidative stress through one-electron and two-electron redox cycling [18]. Certain 

xenobiotics are electrophilic in nature or are metabolized to such agents, e.g., Michael 

acceptors, enabling them to modify proteins. The metabolism of xenobiotics can thus 

generate oxidative and electrophilic stress, which can in turn induce cellular defense 

mechanisms against these stressors. Oxidative stress is thought to contribute to many 

degenerative pathologies, including cancer, chronic inflammation, diabetes mellitus (DM), 

Alzheimer disease, and Parkinson disease [19, 20]. To reduce the risk of cellular damage by 

oxidative stress, cells employ intricate defense mechanisms.

1.2. Cellular defense against reactive oxygen species

Cells have evolved complex biochemical processes to limit the impact of ROS on essential 

cellular components, including enzymes that allow them to inactivate such species. Enzymes 

such as superoxide dismutase and catalase function in the reduction of O2
●− to H2O2 and 

the conversion of two molecules of H2O2 to two H2O molecules and O2, respectively, thus 
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limiting ROS levels in the cell and reducing the risk of oxidative damage to macromolecules 

[21].

Antioxidants play a key role in cellular defense against ROS and can act either directly or 

indirectly. Direct antioxidants are small molecules that possess redox-active properties, 

capable of scavenging ROS or reactive nitrogen species. They are depleted or modified in 

the process and must be replenished or restored after their interaction with ROS. Indirect 

antioxidants may or may not be redox active and exert their biological effects through 

induction of cytoprotective genes that recycle and/or regenerate direct antioxidants. As a 

result of gene induction, indirect antioxidants tend to have longer lasting effects than direct 

antioxidants because the proteins involved typically have longer half-lives than small 

molecules [22].

An additional defense mechanism against ROS involves the elimination of potentially 

harmful xenobiotics via the combined actions of drug-metabolizing enzymes and drug-

efflux pumps. Thus the induction of proteins involved in metabolism and disposition of 

xenobiotics by indirect antioxidants aids this process by removing molecules that can 

generate ROS by redox cycling or by removing electrophiles that deplete endogenous 

antioxidants.

1.2.1. Direct antioxidants—Some antioxidants, such as glutathione, are synthesized de 

novo in the cell (Fig. 1A). Others, such as ascorbate and tocopherol, are absorbed through 

the diet.

Glutathione is a tripeptide antioxidant, which is present in millimolar concentrations in cells 

[23]. It directly scavenges ROS within the cell, with two molecules of reduced glutathione 

(GSH) each donating an electron to generate oxidized glutathione (GSSG) that contains a 

disulfide bridge. The glutathione peroxidase (GPX) enzyme family also uses GSH to reduce 

H2O2 [24]. The oxidized GSSG is reduced by glutathione reductase (GSR1) in an NADPH-

dependent manner to regenerate two GSH molecules. Under normal conditions, the amount 

of GSH is between 10- and 100-fold higher than the concentration of GSSG. Therefore the 

ratio of GSH: GSSG is an important indicator of cellular redox status. Although critical for 

the regeneration of two GSH molecules from GSSG, genetic knockout of GSR1 is not lethal, 

with the mutant animal continuing to thrive under unstressed conditions [25], presumably 

owing to redundancy between GSH and other antioxidant systems.

Another example of an endogenous direct antioxidant is provided by TXN [26]. The TXN 

system consists of small 12-kDa ubiquitously expressed dithiol proteins and their 

selenoprotein partner thioredoxin reductase (TXNRD) isoenzymes; TXNRD catalyzes the 

cycling of TXN proteins from the oxidized to the reduced state in an NADPH-dependent 

manner (Fig. 1B). There are two distinct pools of TXN activity in the cell, cytosolic and 

mitochondrial. The cytosolic pool makes use of the TXN1 and TXNRD1 isoforms of the 

proteins, whereas mitochondria use TXN2 and TXNRD2 [27]. Like the GSH-based system, 

the TXN system is capable of directly scavenging ROS and can also make use of reversible 

oxidation of its key conserved cysteine residues (C-X-X-C) to reduce disulfide bridges in 

oxidized proteins. TXNRD plays an essential role in reducing oxidized TXN. In mice, 
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complete knockout of Txnrd1 is embryonic lethal [28]. However, hepatocyte-specific 

knockout of Txnrd1 yields viable mice and causes constitutive overexpression of GSH-

associated enzymes and sulfiredoxin 1 (Srxn1), presumably as a means of compensating for 

the lack of reducing power available in the cell [29]. Interestingly, the TXN and GSH 

systems are themselves jointly redundant, as mice with hepato-cyte-specific dual disruption 

of Txnrd1 and Gsr1 are also viable. Under unstressed conditions these double-knockout 

mice can sustain hepatic redox homeostasis by using methionine as the sole source of 

disulfide reducing power and sulfur amino acids [30].

In addition to the GSH and TXN systems, cells utilize the per-oxiredoxin (PRDX) family as 

cellular antioxidants [31, 32]. Like catalase and superoxide dismutase, PRDX family 

members (isoenzymes 1–4) are capable of scavenging H2O2 directly using their peroxidatic 

Cys residue (CP) as an electron source and forming a disulfide bridge with their other 

reactive Cys residue, known as the resolving Cys (CR) [33]. The resulting intermolecular 

disulfide (CP–CR) is reduced by TXN, which is in turn reduced by TXNRD isoenzymes in 

an NADPH-dependent manner (summarized in Fig. 1C). In the case of overoxidation of the 

peroxidatic Cys to sulfinic acid, PRDX isoenzymes 1–4 employ SRXN1 and GSH to 

reactivate its Cys residues [34, 35]. The fact that TXN1, TXNRD1, TXNRD6, and SRXN1 

are all regulated by nuclear factor-erythroid 2 p45-related factor 2 (Nrf2; with the gene 

usually designated NFE2L2), as are enzymes involved in the regeneration of NADPH 

(glucose 6-phosphate 1-dehydrogenase (G6PD), 6-phosphogluconate (PGD), isocitrate 

dehydrogenase 1 (IDH1) and malic enzyme 1 (ME1)) and those involved in the synthesis of 

GSH (glutamate–cysteine ligase catalytic (GCLC) and glutamate–cysteine ligase modifier 

(GCLM) subunits) [36–41] suggests that the Nrf2 transcription factor makes a substantial 

contribution to the efficiency of reduction of H2O2 by PRDX.

Some direct antioxidants are ingested in the diet. For example, ascorbate (vitamin C), found 

abundantly in citrus fruits, and to-copherols (e.g., vitamin E), found in plant oils, and 

napthoquinoids (e.g., vitamin K), found in leafy green vegetables, are direct-acting 

antioxidants that are chiefly not synthesized de novo in mammals, but are acquired through 

dietary intake.

1.2.2. Indirect antioxidants—Redox-dependent systems that recognize indirect 

antioxidants have evolved to allow cells to adapt to oxidative stress by increasing their 

ability to neutralize ROS and prevent cumulative damage. This class of antioxidant acts by 

inducing cytoprotective genes involved in the rate of synthesis and regeneration of 

endogenous direct antioxidants and by influencing the metabolism and elimination of 

xenobiotics [42].

Indirect antioxidants can be found in the human diet. Groups of natural and synthetic 

molecules such as polyphenols and isothiocyanates induce genes encoding GSH 

biosynthetic enzymes [43, 44], drug-metabolizing enzymes such as NAD(P)H:quinone 

oxidoreductase-1 (NQO1) [45], glutathione S-transferase (GST) isoenzymes [46, 47], and 

aldo-keto reductase (AKR) isoenzymes [48], which will be discussed in detail later. As the 

name suggests, the polyphenol family of compounds encompasses a diverse set of molecules 

containing multiple phenol structures. They can be divided into many subgroups, including 

Tebay et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



flavones, isoflavones, lignans, stilbenoids, tannins, and curcuminoids, some examples of 

which are shown in Fig. 2. Polyphenols can act as direct anti-oxidants by scavenging ROS. 

Some polyphenols also contain an α, β-unsaturated carbonyl group that serves as an 

electrophile, enabling them to act as indirect antioxidants by increasing Nrf2 activity, 

leading to induction of its target genes. Also, glucosinolates that are present in cruciferous 

vegetables are degraded to yield isothiocyanates that contain the electrophilic –N=C=S 

functional group, as well as epithionitriles, both of which increase Nrf2 activity, resulting in 

induction of its target genes [49, 50].

1.3. Metabolism of xenobiotics and environmental toxins

Foreign chemicals, including drugs and environmental toxicants, represent another source of 

stress for cells and it is important that they be effectively inactivated [51]. Drug metabolism 

occurs in three phases, which act to make lipophilic xenobiotics more water soluble, to 

render them less harmful, and finally to export them from the cell [52].

Phase I drug metabolism involves functionalization of the parent xenobiotic/endobiotic, such 

as introduction of a hydroxyl group, so that phase II conjugation reactions, e.g., addition of a 

sulfonate group, can proceed to make the xenobiotic more water soluble. Paradoxically, the 

reactions that take place in phase I often serve to make compounds more reactive and can 

increase the toxicity of the agent [53]. Functionalization involves the introduction of new 

polar groups by oxidation, reduction, hydration, and hydrolysis reactions or by the exposure 

of polar groups by the removal of alkyl groups. This can be catalyzed by a variety of phase I 

drug-metabolizing enzymes such as CYP, alcohol dehydrogenases, short-chain 

dehydrogenase reductase isoenzymes, AKR isoenzymes, and flavin-containing 

monooxygenases [54].

Phase II metabolism involves the conjugation of the functionalized xenobiotic/endobiotic 

with GSH, catalyzed by GST isoenzymes [46]; glucuronic acid, catalyzed by UDP-

glucuronosyl-transferases (UGT); or an SO3 group, catalyzed by sulfotransferases (SULT) 

[55]. Once metabolites have been conjugated appropriately, they are usually less reactive 

and are more readily excretable. It is the balance of phase I and phase II reactions that 

determines whether this leads to toxication or detoxication of a xenobiotic in a particular 

organ or cell type.

Phase III of drug metabolism involves the active transport of conjugated metabolites across 

the cell membrane by transport proteins, such as the ATP-binding cassette family of 

transporters, including multidrug resistance [56] and multidrug-resistance-associated protein 

(MRP) [57], where they can be excreted via the biliary or renal routes.

2. The Nrf2 antioxidant defense system

Nrf2 is a transcription factor that controls both the basal expression of genes under 

unstressed homeostatic conditions and the inducible expression of genes upon redox 

perturbation [58–61]. In total, it regulates directly a battery of approximately 250 genes 

involved in a wide variety of cellular functions ranging from cytoprotection against 

endogenous and environmental stressors to lipid and carbohydrate metabolism [62]. It also 
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controls other genes indirectly by virtue of the fact that its targets include other transcription 

factors [62].

2.1. Discovery of Nrf2

Nrf2 was first identified by researchers in the laboratory of Yuet Wai Kan using a λgt11 

cDNA expression library to screen for proteins that bind to an extended activator protein 1 

(AP-1) sequence (i.e., 5′-TGAC/GTCA-3′) [63]. The 2.2-kb cDNA isolated by this strategy 

was predicted to encode a ubiquitously expressed 66-kDa protein that contained toward its 

C-terminus a cap’n’collar basic-region leucine zipper (CNC-bZIP) domain. It was 

recognized as the third member of the mammalian CNC-bZIP family of proteins and named 

Nrf2.

2.2. Structure of Nrf2

Nrf2 is a modular protein that in the mouse and rat comprises 597 amino acids and in the 

human consists of 605 amino acids. On the basis of sequence identity shared between human 

Nrf2 and the orthologous chicken protein, which when first cloned by Ma-sayuki Yamamoto 

and colleagues was called erythroid cell-derived protein with CNC homology (ECH), the 

transcription factor can be divided into a number of distinct regions referred to as Nrf2–ECH 

homology (Neh) domains [64]. To date, seven Neh domains have been reported, and the 

structure of human Nrf2 is presented in Fig. 3. The individual Neh domains have different 

functions.

The Neh1 domain in Nrf2 comprises the conserved CNC-bZIP region, a feature that was 

first described as a DNA-binding peptide sequence in Drosophila melanogaster[65] and is 

essential for its activity as a transcription factor and heterodimerization with other bZIP 

proteins.

The N-terminal Neh2 domain negatively controls the activity of Nrf2 and is crucial for 

Kelch-like ECH-associated protein 1 (Keap1)-mediated repression of the transcription factor 

[66]. It contains two highly conserved peptide sequences to which Keap1 binds; these are 

the high-affinity ETGE motif and the lower-affinity DLG motif [67–70].

The C-terminal Neh3 domain is involved in transcriptional activation of Nrf2. Removal of 

16 amino acids from the C-terminus of the protein inactivates the CNC-bZIP factor, 

indicating a role for the Neh3 domain in the transactivation of target genes. This region has 

also been shown to interact with the chromodomain helicase DNA-binding protein 6, which 

is consistent with the idea that it is involved in transcriptional activation [71].

Neh4 and Neh5 have been shown to represent Nrf2 transactivation domains, which act 

cooperatively in binding the coactivator CREB binding protein, thereby synergistically 

increasing the rate of gene transcription [72].

The Neh6 domain negatively controls Nrf2 and is responsible for Keap1-independent 

regulation of Nrf2 [73]. It contains two conserved peptide motifs, DSGIS and DSAPGS, 

which are recognized by β-transducin repeat-containing protein (β-TrCP). The DSGIS motif 

includes a glycogen synthase kinase-3 (GSK-3) phosphorylation site that when modified by 

Tebay et al. Page 7

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GSK-3 increases the ability of β-TrCP to repress Nrf2 [74–76]. This is referred to as the 

DSGIS-containing phosphodegron.

Neh7 is the most recently described domain. It includes a region (yet to be mapped) that can 

engage in a direct protein–protein interaction between Nrf2 and the DNA-binding domain of 

retinoid X receptor α (RXRα), which causes suppression of Nrf2 activity by preventing 

recruitment of coactivators to the Neh4 and Neh5 domains [77]. The RXRα ligand 

bexarotene can inhibit the expression of Nrf2-target genes presumably by promoting 

interaction between RXRα and the Neh7 domain of Nrf2 [78]. The retinoic acid receptor α 

(RARα) ligand all-trans-retinoic acid is also a potent inhibitor of Nrf2 [79] but it has not 

been established if RARα binds to the Neh7 domain of Nrf2.

2.3. Members of the cap’n’collar family

Among the CNC-bZIP family of transcription factors, Nrf2 shows the highest 

transactivation activity [72]. Other members of the mammalian CNC-bZIP family include 

the founding member, NF-E2 p45, and also Nrf1 and Nrf3 (Fig. 4). Expression of NF-E2 

p45 is limited to hematopoietic tissue [80], whereas Nrf1 and Nrf2 expression is ubiquitous. 

The NF-E2 p45 and Nrf2 transcription factors are soluble proteins, whereas upon translation 

Nrf1 and Nrf3 are initially anchored in the endoplasmic reticulum (ER) as glycosylated 

proteins [81–83]. NF-E2 p45 is involved in the production of platelets, and its genetic 

knockout is lethal in mice because of internal bleeding [84]. Knockout of Nrf1 is embryonic 

lethal, suggesting it fulfills an essential role that cannot be compensated for by other family 

members [85]. Despite Nrf1 having a critical function in development, its physiological 

roles are not yet fully understood, though it does influence uptake of cystine, via the Slc7a11 

cystine/glutamate exchange transporter, and lipid metabolism [86, 87] while contributing 

positively to the basal and in-ducible expression of proteasome subunits [88]. Knockout of 

Nrf2 in the mouse does not exhibit an obvious phenotype [89], other than decolorization of 

teeth due to iron transport impairment [90]. The remaining family member, Nrf3, is 

expressed in a number of tissues, including placenta, B cells, and monocytes, but it is not 

ubiquitously expressed. Mice lacking Nrf3 develop normally and display no obvious 

phenotypic differences to the wild-type animal [91–93]. Interestingly, Nrf3 is inducible [94, 

95] and may on occasion compensate for the absence of other CNC-bZIP transcription 

factors.

2.4. Cooperation between Nrf2 and small Maf proteins

Nrf2 binds DNA as an obligatory heterodimer with small musculoaponeurotic fibrosarcoma 

(Maf) proteins [96, 97]. Three small Maf proteins, MafF, MafG, and MafK, have been 

described. Bach proteins also dimerize with small Maf (sMaf) proteins, leading to 

competitive binding of the Nrf2–sMaf dimers and the Bach–sMaf dimers [98, 99]. The level 

of sMaf protein must be carefully regulated in the cell, as too little impairs activation of 

CNC and Bach factors, but similarly too much will result in homodimer formation, causing 

fewer sMaf proteins to be available for dimerization with CNC and Bach proteins [98]. 

Compound knockout fibroblasts that lack all three MafF, MafG, and MafK proteins have 

been found to possess a severely impaired anti-oxidant response, indicating that sMaf 
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proteins are essential for the recruitment of Nrf2 to its cognate binding sites in the promoter 

of target genes [100, 101].

2.5. The antioxidant response element

The antioxidant response element (ARE) is the cis-acting DNA sequence to which small 

Nrf2–sMaf heterodimers are recruited. Its name originates from the fact that it was first 

found in the promoter regions of genes that can be induced by synthetic phenolic 

antioxidants, with the metabolite of butylated hydroxyanisole (BHA), tert-butyl 

hydroquinone (tBHQ), being one of the prototypic inducing agents [102]. In the early 1990s, 

researchers in the laboratory of Cecil Pickett and that of Violet Daniel first described the 

ARE. The research group of Cecil Pickett reported an ARE in the promoter of the rat GSTA2 

subunit gene as a novel cis-element that was responsive to tBHQ and β-naphthoflavone (β-

NF), but not to the classic arylhydrocarbon receptor (AhR) ligand dioxin [103]. Thereafter 

they demonstrated that the element was required for induction of gene expression by 

metabolizable planar aromatic compounds, such as 3-methylcholanthrene, and diphenols 

that undergo redox cycling, such as catechol and hydroquinone [104]. At around the same 

time, an essentially identical cis-element was reported in the mouse Gsta1 subunit gene 

promoter by the research group of Violet Daniel and named the electrophile response 

element (EpRE) because it responded to the soft electrophiles trans-4-phenyl-3-buten-2-one 

and dimethyl fumarate, as well as to tBHQ and β-NF [105]; the EpRE was formally defined 

by Friling et al. [106]. The term ARE is now more commonly used than EpRE, and in this 

review we use the former term. Following the characterization of the ARE, Paul Talalay and 

co-workers demonstrated that the phytochemical sulforaphane (SFN), an isothiocyanate 

derived from the glucosinolate glucoraphanin that is abundant in cruciferous vegetables 

[49], can induce gene expression though this cis-element, as did 1,2-dithiole-3-thione [107].

Shortly after the description of a consensus sequence for the ARE in rodent GST genes, 

closely related sequences were found in the regulatory regions of the rat and human NQO1 

genes, which can be induced by tBHQ and β-NF [108, 109]. These findings suggested that 

the ARE plays a role in genetic programs involved in cellular responses to oxidative stress 

[104, 110]. Since its discovery, the core ARE sequence has been described frequently as 

5′-A/GTGAC/GNNNGCA/G-3′, where “N” signifies apparently redundant residues. In some 

cases, the flanking sequence of the ARE and also the nucleotides designated “N” influence 

its function, suggesting that the element is somewhat plastic in nature (see Fig. 5) [110–

112].

2.6. The identity of Nrf2-target genes

Masayuki Yamamoto and colleagues played a major role in linking the in vivo regulation of 

ARE-driven genes with Nrf2 by demonstrating loss of induction of various Gst subunits and 

Nqo1 by BHA in the livers and small intestine of Nrf2−/− mice [96]. While historically Nrf2 

has largely been studied in the context of its ability to regulate genes involved in GSH 

synthesis, redox regulation, and drug metabolism, it has also more recently been recognized 

to play a role in the regulation of genes that contribute to NADPH generation, lipid 

metabolism, glucose/glycogen metabolism, and H2S production [113–116]. Studies of 

Nrf2−/− mice have allowed researchers to generate lists of genes and proteins regulated by 
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the CNC-bZIP transcription factor. Table 1 provides some examples of genes that have been 

shown to be regulated, both positively and negatively, by Nrf2 in mouse and in human cell 

lines [36–41, 58, 115–125].

In the human, it is notable that AKR isoenzymes are among the most highly induced 

mRNAs/proteins upon activation of Nrf2 and that GST mRNAs/proteins are not dominantly 

regulated by the CNC-bZIP transcription factor. Specifically, in human HaCaT 

keratinocytes, MCF10A mammary cells, IMR-32 neuroblastoma cells, and U937 lymphoma 

cells, treatment with SFN or tBHQ, or knockdown of the Nrf2 repressor Keap1, has been 

reported to result in substantial induction of AKR1B10, AKR1C1, AKR1C2, and AKR1C3, 

which is as least as great as that observed for NQO1 [36, 39, 40, 136]. The nomenclature 

used to describe AKR is species specific, and thus the identity of genes in the mouse that are 

equivalent to human AKR1B10, AKR1C1, AKR1C2, and AKR1C3 has been the source of 

some confusion in the literature. In the mouse, microarray experiments have indicated that 

hepatic Akr1a1 is induced by 1,2-dithiole-3-thione in an Nrf2-dependent manner [59] and 

chromatin immunoprecipitation (ChIP)-seq analyses of cell lysates from Hepa1c1c7 

hepatoma cells treated with diethyl maleate has revealed Akr1b8 to be proximal to an Nrf2 

ChIP-seq site [38]. Moreover, members of the Akr1b and Akr1c family are overexpressed in 

a mouse lung KrasG12D-driven tumor model [137]. A list of the human, rat, and murine 

AKR isoenzymes that contain an ARE sequence(s) in their respective promoter regions is 

provided in Table 2. It is difficult to assign murine orthologs for the human enzymes: the 

laboratory of Christopher Bunce has conducted a detailed characterization of the murine 

Akr1c enzymes and concluded from tissue expression profiling and analysis of enzyme 

function that none are equivalent to human AKR1C family members [138]. However, it is 

clear that murine Akr1a4 represents aldehyde reductase and that murine Akr1b3 represents 

aldose reductase. Because human AKR1B10, AKR1C1, AKR1C2, and AKR1C3 are among 

the most inducible human genes to be regulated by Nrf2, it is important to consider the 

catalytic properties of the enzymes they encode (see later).

2.7. Loss ofNrf2 changes cell physiology under unstressed homeostatic conditions

Because Nrf2 is widely regarded to be an oxidative stress-activated transcription factor, the 

reason it contributes to the expression of ARE-driven genes under normal physiological 

conditions is not immediately obvious. Evidence from knockout mice indicates that Nrf2 

exhibits modest activity even under normal homeostatic unstressed conditions [58, 60, 102], 

and it seems likely this reflects low-level antagonism of repression of the transcription factor 

by Keap1 and/or β-TrCP. It is possible that Keap1 activity is slightly impaired under basal 

conditions, by ROS and thiol-reactive endogenous electrophilic metabolites (e.g., acrolein, 

15-deoxy-Δ1214-prostaglandin J2, dopa-O-quinone, fumarate, 4-hydroxynonenal, and 

maleylacetoacetate), as well as by dietary factors. Alternatively, it is feasible that other 

proteins that bind Keap1, such as p62/sequestosome-1 (SQSTM1), diminish the ability of 

Keap1 to target Nrf2 for proteasomal degradation. A further possibility is that under normal 

physiological conditions GSK-3 activity is inhibited to a sufficient extent to cause sub-

optimal phosphorylation of the DSGIS-containing phosphodegron in the Neh6 domain, and 

this blunts β-TrCP-mediated turnover of Nrf2. Presumably low-level antagonism of the 

inhibitory actions of Keap1, β-TrCP, or GSK-3 occurs under normal physiological processes 
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and this is sufficient to allow a portion of Nrf2 to escape repression under unstressed 

conditions.

2.7.1. Redox homeostasis and cell proliferation are compromised in the 
absence of Nrf2—A cardinal feature of cells lacking Nrf2 is that their antioxidant 

capacity is compromised, and this is the justification for it being cast in the role of a master 

regulator of redox homeostasis. Mouse embryonic fibroblast (MEF) cells and macrophages 

from Nrf2−/− mice possess only about 25% of the intracellular levels of GSH of wild-type 

MEF cells [140, 141], and this is associated with reduced expression of antioxidant genes 

such as Gclc, Gclm, Prdx1 (also called MSP23), Slc7a11, Txn1, and Txnrd1[140, 142, 143]. 

In livers of Nrf2-null mice, the level of GSH is not decreased to such a great extent as it is in 

MEF cells, with it being estimated to be 70–80% of that in wild-type livers [144, 145], but 

in the mutant mice the amount of GSH secreted by the liver into bile is almost half that of 

the wild type [146]. In alveolar type II cells from Nrf2-null mice, the level of GSH has been 

shown to be about 50% of that in their wild-type counterparts [147].

It is likely that the decrease in GSH in tissues of Nrf2-null mice, relative to those of wild-

type mice, is sufficient to compromise their ability to scavenge ROS. Consistent with this 

hypothesis, a number of research groups have reported that ROS levels are between 1.6- and 

4.0-fold higher in Nrf2-null cells than in the equivalent wild-type cells. Thus Nrf2−/− MEF 

cells contain approximately 3.5-fold higher O2
●− levels and about 2.3-fold higher total ROS 

levels than Nrf2+/+ MEF cells [148, 149]. Similarly, primary cardiomyocytes from Nrf2−/− 

mice contain 2.5-fold higher ROS levels than wild-type cardiomyocytes [150], bone 

marrow-derived macrophages from Nrf2−/− mice have about 4.0-fold higher ROS levels 

than wild-type bone marrow-derived macrophages [151], and dendritic cells from Nrf2−/− 

mice have 1.6-fold higher ROS levels than wild-type dendritic cells [152]. In addition to the 

loss of antioxidant capacity, it seems that the extra ROS burden in Nrf2-null cells may arise 

from increased production of ROS by certain NOX enzymes. Support for this idea comes 

from the observation that mRNA for Nox4 is increased in mouse Nrf2−/− endothelial cells 

compared with Nrf2+/+ endothelial cells [153] and mRNA for Nox2 and Nox4 is increased 

in mouse Nrf2−/− brain hippocampal glioneuronal cultured cells compared with the wild 

type [154]. Together, these results suggest that in the mouse, Nrf2 may repress the 

expression of Nox2 and Nox4 genes in a cell-specific fashion.

Accumulating data indicate that Nrf2-null cells have lower GSH levels and a higher burden 

of ROS than equivalent wild-type cells. In primary cultures of alveolar epithelial cells from 

Nrf2−/− mice, the higher levels of ROS result in activation of the ataxia telangiectasia 

mutated DNA damage-response pathway and impaired cell cycle progression, with the 

mutant cells exhibiting G2/M-phase arrest and fewer cells in S-phase [155]. The G2/M arrest 

in Nrf2−/− alveolar epithelial cells has been reported to be associated with reduced 

phosphorylation of retinoblastoma protein (at Ser-807/Ser-811) and inactivation and 

mislocalization of cyclin B1 and cyclin-dependent kinase (CDK) 1, both of which are 

involved in the mitosis-promoting factor complex. Interestingly, treatment of Nrf2−/− 

alveolar cells with GSH restored phosphorylation of retinoblastoma protein, corrected 

localization of the mitosis-promoting factors cyclin B1 and CDK1, and normalized cell 

cycle progression [155]. These results indicate that loss of Nrf2 may have complex effects 

Tebay et al. Page 11

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on signal transduction pathways and that its influence on GSH homeostasis is possibly of 

principal significance.

2.7.2. Cell differentiation is altered in the absence of Nrf2—A number of 

experimental models have been employed to demonstrate that Nrf2 is involved in 

maintenance of the stem cell phenotype. In Drosophila intestinal stem cells, loss of the 

CncC bZIP-CNC transcription factor has been reported to increase ROS levels and their 

proliferation rates, suggesting that CncC is required to keep the intestinal stem cells in a 

state of proliferative quiescence and to prevent them from entering the cell cycle [156]. In 

mouse hematopoietic stem cells, loss of Nrf2 has been shown to lead to an expansion of the 

progenitor pool of myeloid and lymphoid lineages, again suggesting that Nrf2 supports stem 

cell renewal and proliferative quiescence [157]. Interestingly, it has also been found that 

Nrf2 supports the homing of hematopoietic cells to bone marrow because it positively 

regulates CXCR4 [157]. Nrf2 has additionally been implicated in the self-renewal of human 

airway basal stem cells, but in this case the flux of ROS levels appeared to be the critical 

factor, rather than the absolute levels, and the Notch1 signaling pathway was implicated in 

helping establish dynamic changes in ROS levels [158].

It is becoming apparent that Nrf2 may be specifically down-regulated in certain cell types 

during development and differentiation, possibly because high levels of expression of the 

ARE-gene battery would compromise certain ROS-based signaling pathways. Thus, during 

development in the mouse, Nrf2 is repressed by epigenetic inactivation of its gene promoter 

[159]. Moreover, forced overexpression of Nrf2 in young neurons impairs dendritic 

outgrowth and their development, which is thought to involve antagonism of JNK and Wnt 

pathways.

2.7.3. The unfolded protein response is perturbed in the absence of Nrf2—The 

unfolded protein response (UPR), which is triggered by ER stress, appears to be perturbed in 

the livers of Nrf2−/− mice under basal conditions. Specifically, initiation of the UPR is 

carried out by the three ER-resident stress sensors, namely, activating transcription factor 6, 

inositol-requiring enzyme 1 (IRE1), and protein kinase RNA-like ER kinase (PERK). When 

stimulated, these sensors initiate activation of complex pathways that include induction of 

C/EBP homologous protein (CHOP), splicing of mRNA for X-box-binding protein 1 

(XBP1), called XBP1s, and phosphorylation of eukaryotic initiation factor 2α (eIF2α) [160, 

161]. In the case of Nrf2−/− mice, it has been concluded that the UPR is at least partially 

triggered under basal conditions on the basis that Chop and Xbp1s are elevated and the 

phosphorylation of eIF2α is increased in livers of mutant mice fed a normal chow diet [162]. 

Moreover, Chop has also been reported to be upregulated in Nrf2−/− MEFs under basal 

conditions [163].

It is not clear why ER stress is apparent in livers and fibroblasts of mutant mice. One 

possibility is that diminished expression of Slc7a11 in Nrf2-null mice limits the supply of 

intracellular cystine, which is reduced to cysteine for protein synthesis [164], and that lower 

levels of cysteine may compromise the correct folding of membrane proteins and secretory 

proteins within the ER Another possibility is that the diminished availability of GSH, or a 

relative inability to reduce GSSG, compromises the ability of cells to fold proteins into their 
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appropriate native tertiary structures. In this case, correct oxidative protein folding within 

the ER requires GSH in two distinct but interrelated ways that involve the concerted actions 

of the oxidoreductases ER oxidoreductin-1 (ERO1) and protein disulfide isomerase (PDI); 

both ERO1 and PDI family members contain multiple Cys residues that influence their 

activities by forming intramolecular disulfide bridges [165–167]. First, GSH is required for 

the activity of ERO1, which is a flavoprotein responsible for oxidizing Cys residues in PDI 

by coupling reduction of O2 to H2O2 with the introduction of disulfide bridges into substrate 

proteins [168], because it itself contains regulatory disulfides that require to be reduced for it 

to exhibit oxidoreductase activity [169]. Second, GSH is required for the reductive 

proofreading activity of PDI in which non-native disulfides in proteins are corrected by 

isomerization and reduction to form correctly folded protein [170]. The redox state of the 

Cys residues in PDI is poised in a semioxidized state by a feedback regulatory mechanism 

with those in ERO1, such that when the major portion of the PDI protein population is 

reduced (following substrate oxidation) the regulatory disulfides in ERO1 are reduced by 

PDI and allow a further cycle of protein oxidation to be initiated. Through the actions of 

ERO1 and PDI, GSH is continuously oxidized to GSSG [170, 171]. The significance of the 

contribution of GSH to this process is emphasized by the finding that treatment of cells with 

the GSH synthesis inhibitor buthionine sulfoxamine increases disulfide bond formation but 

does not result in correct protein folding [172]. It is also noteworthy that treatment of mice 

with BHA alleviates ER stress [173] but it is not known if the protective effects of BHA are 

dependent on Nrf2.

2.7.4. Mitochondrial function is disturbed in the absence of Nrf2—In addition to 

loss of cellular antioxidant capacity and modest activation of ER stress, knockout of Nrf2 

diminishes mitochondrial bioenergetics and activity. Thus in MEF cells and neurons from 

Nrf2−/− mice, loss of the transcription factor decreases the mitochondrial membrane 

potential, ATP production, and respiration [149], and this is consistent with the observation 

that the mitochondrial oxidation of long-chain and short-chain fatty acids is diminished in 

Nrf2−/− mice [174].

2.8. Loss of Nrf2 compromises intrinsic resistance to xenobiotics, proinflammatory 
agents, and tissue regeneration, but increases ROS-dependent signaling and insulin 
sensitivity

The influence that basal Nrf2 activity has on redox homeostasis and the expression of drug-

metabolizing enzymes and drug transporters influences significantly the intrinsic 

interactions of cells with toxins and stressors present in the environment.

2.8.1. Cells are less capable of withstanding toxic xenobiotics in the absence 
of Nrf2—Nrf2-null mice are sensitive to a range of stressors, including hyperoxia, 

acetaminophen, benzo[a]pyrene, butylated hydroxytoluene, diesel exhaust fumes, 7,12-

dimethylbenz[a]anthracene, nitrosamine, and tobacco smoke [175–177]. Furthermore, 

Nrf2−/− MEF cells have been demonstrated to be substantially more sensitive to a range of 

isothiocyanates, α,β-unsaturated carbonyls, aryl halides, epoxides, peroxides, quinones, 

metal salts, and DNA-damaging agents than wild-type fibroblasts [140, 178]. In addition to 

a deficiency in antioxidant enzymes, the Nrf2−/− MEF cells also express lower levels of 
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Alpha-, Mu-, and Pi-class Gst isoenzymes and Nqo1 [140]. Among the compounds 

examined, the increased sensitivity of Nrf2−/− fibroblasts to the peroxide cumene 

hydroperoxide and the nitrogen mustard chlorambucil is principally attributable to the lower 

levels of GSH, whereas this is not the case for the redox cycling agent menadione [140]. 

Presumably the greater sensitivity of Nrf2−/− compared to Nrf2+/+ MEF cells to menadione 

is due to the lower expression of Nqo1 in the mutant fibroblasts, as it is well known to be 

regulated by Nrf2 and to convert harmful quinones to less reactive hydroquinones [179, 

180]. It is likely the hydroquinones produced by Nqo1 are themselves glucuronidated by 5′-

diphosphate-glucuronosyl transferase before elimination from the cell via MRP [181].

The notion that because Nrf2−/− mice are less able to detoxify harmful xenobiotics they are 

more sensitive than wild-type mice to chemically induced carcinogenesis seems to be 

broadly valid. There is, however, an interesting caveat to this interpretation because 

evidence suggests Nrf2 may support the later stages of lung carcinogenesis. Specifically, it 

has been reported that 4 weeks after intraperitoneal injection of urethane, Nrf2−/− mice 

produce approximately sevenfold more microscopic nodules in their lungs than wild-type 

mice, and that 8 weeks after urethane treatment all lungs of Nrf2−/− mice develop surface 

tumors, whereas only half of the wild-type lungs do so [182]. Remarkably, the larger 

number of lesions in the lungs of Nrf2-null mice treated with urethane, compared with lungs 

of wild-type mice, in the early stages of carcinogenesis is reversed at later stages of the 

disease. Thus it has been observed that between 16 and 24 weeks after urethane treatment, 

the lungs of Nrf2−/− mice contain significantly fewer tumors than their wild-type 

counterparts. Moreover, the tumors in the mutant mice were less malignant than those in 

wild-type mice [182]. Taken together, these findings suggest that Nrf2 does indeed prevent 

initiation of urethane-induced lung carcinogenesis, but that in the later promotion and 

progression stages of the disease it supports the more malignant oncogenic pathway(s) that 

is driven by mutant Kras. This interpretation is based on the finding that Kras mutations 

were observed in only 1 in 13 of the lung tumors examined from urethane-treated Nrf2−/− 

mice but were observed in 15 of 15 lung tumors obtained from the urethane-treated wild-

type mice [182]. Moreover, it was also discovered that although very few Nrf2-null tumors 

expressed mutant Kras, they did over-express the tumor cell survival gene osteopontin (also 

called secreted phosphoprotein-1) and so may have been directed to an alternative Kras-

independent oncogenic pathway through mechanisms that are poorly understood [182].

2.8.2. Inflammatory responses are exacerbated in the absence of Nrf2—In 

addition to being susceptible to acute chemical toxicity, Nrf2−/− mice are more susceptible to 

the proinflammatory effects of allergens, lipopolysaccharide, and a high-fat diet [162, 183, 

184]. A contributing factor to the increased sensitivity of Nrf2−/− mice to inflammation may 

be loss of peroxisome proliferator-activated receptor γ (Pparγ) because it is known that Nrf2 

positively regulates Pparγ [185] and that Pparγ exerts strong anti-inflammatory effects 

[186]. The increased sensitivity of Nrf2−/− mice to inflammation is consistent with the 

existence of a multitiered hierarchical oxidative stress defense in which low and localized 

production of ROS is used in signalling to control proliferation and differentiation. 

However, modest increases in ROS levels above normal stimulate Nrf2-orchestrated 

adaptation to relatively low levels of oxidative stress, whereas higher increases in ROS 
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stimulate nuclear factor-κB (NF-κB) along with AP-1 to provide a second tier of defense 

against more severe oxidative stress [187, 188]. Exposure of HeLa, HEK293E, and MDA-

MB-435 cells to H2O2 has been shown to activate the NF-κB pathway through signaling via 

the nonreceptor proto-oncogene tyrosine-protein kinase c-Src, Abelson murine leukemia 

viral oncogene homolog 1 (c-Abl), protein kinase C (PKC) δ, and protein kinase D (PKD) 

[189–191], which are involved in the induction of the inflammatory response and the 

production of proinflammatory cytokines. Presumably the diminished antioxidant capacity 

of Nrf2−/− cells ensures they have higher ROS levels than wild-type cells, and this allows c-

Src, c-Abl, PKCδ, and PKD to be more readily activated and NF-κB more readily 

stimulated. It is also possible that the increased sensitivity of Nrf2−/− mice to 

proinflammatory stimuli is a consequence of an increased susceptibility to ER stress and 

may occur via induction of TXN-interacting protein, downstream of the PERK and IRE1 

pathways, to cause increased production of interleukin-1β by the NLRP3 inflammasome 

[192, 193].

When wounded, Nrf2−/− mice have been shown to display delayed healing and prolonged 

inflammation in the affected area, with expression of proinflammatory cytokines altered 

such that although their expression levels are lower than those of wild-type mice their 

production continues for a significantly longer time period [94]. During carrageenan-

induced acute inflammation, it has been proposed that accumulation of 15-deoxy-Δ12,14-

prostaglandin J2 in peritoneal macrophages is responsible for activation of Nrf2 through 

inhibition of Keap1 [194]. Mice lacking Nrf2 have been reported to exhibit a delayed 

response to carrageenan stimulation followed by persistent inflammation. Taken together 

with the findings of Sabine Werner and co-workers [94], these data suggest a possible role 

for Nrf2 in the resolution of inflammation as well as regulation of the magnitude of the 

inflammatory response.

2.8.3. Liver regeneration is compromised in the absence of Nrf2—Three days 

after a two-thirds partial hepatectomy, the regeneration of liver in Nrf2−/− mice is 

significantly lower than in Nrf2+/+ mice as a consequence of blunted Notch1 signaling 

[135]. Tom Kensler and colleagues have provided compelling evidence that Notch1 

contributes to the diminished capacity to regenerate liver in Nrf2-null mice based on the fact 

that the proximal region of the Notch1 promoter contains an ARE sequence (5′-

CTGAGCGGGCG-3′) and that Nrf2−/− MEF cells exposed to Notch1 signaling ligands 

display reduced expression of Notch1, p21, Hes1, Herp1, and Nrarp compared with wild-

type fibroblasts treated in a similar manner [135]. Moreover, the relative inability of Nrf2-

null mice to regenerate liver after a partial hepatectomy could be rescued by hepatic 

overexpression of the Notch1 intracellular domain [135].

2.8.4. ROS-dependent signal transduction is increased in the absence of Nrf2
—Diminished antioxidant status and the increased production of ROS that accompanies loss 

of Nrf2 are likely to alter significantly many cellular signaling pathways. It is, for example, 

reasonable to suppose that signal transduction instigated by growth factors and cytokines, 

which entail H2O2 as a second messenger [15, 195], are likely to be more readily activated 

in Nrf2-null cells than in equivalent wild-type cells. Stimulation of receptor tyrosine kinases, 
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such as the insulin receptor, EGF receptor (EGFR), and PDGF receptor (PDGFR), by their 

ligands results in localized production of O2
●− by NOX isoenzymes, which serves as a 

second messenger to activate downstream kinases via the reversible inactivation of protein 

tyrosine phosphatase (PTP) enzymes including PTP1B and SHP-2 (i.e., Src-homology 2 

domain-containing phosphatase 2) and dual-specificity phosphatases MAPK phosphatase 

(MKP) isoenzymes and PTEN [6, 8–11, 196–198]. Reactivation of oxidized PTP enzymes is 

achieved through reduction by TXN1 [199], and we therefore envisage that in Nrf2−/− cells 

the combined effects of higher ROS levels coupled with diminished TXN1 activity (as a 

consequence of lower expression of TXNRD1 and SRXN1) will heighten signaling through 

the insulin, EGFR, and PDGFR pathways. Support for the notion that ROS-dependent 

signaling through the insulin receptor is increased in Nrf2−/− mice exists insofar as the 

mutant mouse displays increased insulin sensitivity and increased glucose disposal when fed 

a high-fat diet [162] (see below).

The non-receptor tyrosine kinase c-Abl, which regulates many cell processes including 

stimulation of cell survival in response to growth factors and cell death in response to DNA 

damage [200, 201], is activated by oxidative stress [202, 203]. Interestingly, c-Abl is 

inhibited by direct physical interaction with PRDX1 [204], and oxidative stress results in 

dissociation of c-Abl from PRDX1 [205]. In view of the ability of ROS to activate c-Abl and 

PRDX1 to inhibit c-Abl, it seems probable that the tyrosine kinase will assume increased 

activity in Nrf2-null cells. Moreover, c-Abl activity has been reported to lead to proteasomal 

degradation of catalase and also to activation of GPX1 [206, 207], and these modifications 

of antioxidant enzyme activity may attenuate oxidative stress responses in Nrf2-null cells.

The ASK1–JNK and ASK1–p38MAPK pathways seem to be more readily activated in Nrf2-

null cells than in wild-type cells. A cartoon illustrating how loss of Nrf2 might result in 

increased sensitivity to ASK1 signal transduction through increased production of ROS by 

NOX2 and NOX4 enzymes and diminished redox buffering by GSH and TXN is presented 

in Fig. 6. Consistent with the role of ROS in activating ASK1, the ASK1–JNK and the 

ASK1–p38MAPK pathways have been found to be activated more readily upon treatment 

with the redox-cycling agent paraquat in Nrf2-null fibroblasts than in wild-type fibroblasts, 

and this was shown to be associated with activation of cell death triggered by oxidative 

stress [143]. The increased sensitivity of these two ASK1-dependent pathways in Nrf2-null 

fibroblasts is consistent with the mutant cells possessing heightened activity of ROS-

sensitive signal transduction pathways. Critically, ASK1 is directly inhibited by TXN1 in a 

redox-dependent manner through protein–protein interactions [208]. In unstressed cells, 

individual ASK1 subunits exist in a homo-oligomer complex through interactions in its C-

terminal coiled-coil region with other ASK1 subunits (residues 1239–1295 of mouse ASK1) 

[209]. Under such circumstances, TXN1 binds to the N-terminal noncatalytic region of 

ASK1 (i.e., residues 46–277 of mouse ASK1) when the Cys residues in its redox-

active31WCGPC35 motif are reduced, and the binding of TXN1 to ASK1 keeps the kinase in 

an inactive state by preventing its N-terminal coiled-coil regions from associating with other 

ASK1 subunits through homophilic interactions [210]. However, oxidation of TXN1 results 

in an intramolecular disulfide bridge being formed between Cys-32 and Cys-35 and a 

conformational change in the dithiol oxidoreductase that results in its dissociation from 
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ASK1 and allows the kinase to recruit tumor necrosis factor receptor-associated factor 2 

(TRAF2) and TRAF6 to regions adjacent to those to which TXN1 binds (i.e., residues 384–

655 of mouse ASK1), thereby forming a high-molecular-mass complex [211]. In turn, the 

recruitment of TRAF2 and TRAF6 to ASK1 promotes the N-terminal homophilic interaction 

between ASK1 proteins and facilitates trans-autophosphorylation (of Thr-845 in mouse 

ASK1) and activation of the kinase in its catalytic center (i.e., residues 687–945) [210]. 

Thus in Nrf2-null cells the relative lack of TXNRD1 and SRXN1 will result in lower levels 

of reduced TXN1 being available to repress ASK1, and consequently ASK1 is more readily 

activated by ROS.

In addition to regulation of JNK and p38MAPK by ASK1, the kinases are also controlled by 

the MKP family of phosphatases [196]. In Nrf2-null cells, JNK and p38MAPK may be 

activated, at least in part, by the increase in ROS causing inhibition of MKP isoenzymes. 

For example, MKP3 can be reversibly inactivated by treatment with H2O2 via formation of 

sulfenic acid at Cys-293 and reactivated by dithiothreitol [196]. As MKPs inhibit JNK and 

p38MAPK, it is likely their inactivation by high levels of ROS in Nrf2-null cells will facilitate 

MAPK signaling by stimuli such as tumor necrosis factor α that can trigger apoptosis.

The activity of various serine/threonine PKC isoenzymes is increased by oxidative stress 

[212]. Upon treatment with ROS, the PKCα, β, δ, and ε isoforms are recruited to plasma 

membranes where they are activated by diacylglycerol, whereas PKCζ translocates to the 

nucleus [213]. Activation of PKC isoenzymes by ROS may entail phosphorylation of certain 

tyrosine residues that lie adjacent to the regulatory domain by non-receptor-type kinases 

[214], possibly by c-Abl [190], but it may also occur via oxidation of Cys residues in its 

regulatory or catalytic domains [215]. PKC isoenzymes serve many roles, including immune 

cell signaling, cell polarity, and cell migration [216, 217]. An important feature of PKC 

enzymes is that they bind and phosphorylate the cytoplasmic p47phox regulatory subunit 

within NOX enzyme complexes and contribute to the propagation of ROS signaling by 

stimulating formation of O2
●− by NOX [218–220], which in turn stimulates downstream 

signaling cascades, resulting in activation of NF-κB and AP-1. Last, it is interesting to note 

that in addition to the ability of PKC enzymes to amplify ROS signaling and increase NF-κB 

and AP-1 activity, it has also been reported that PKCδ activates Nrf2 by phosphorylating 

Ser-40 in the Neh2 domain of the CNC-bZIP transcription factor [221–223]; it remains 

unclear, however, whether phosphorylation of Nrf2 at Ser-40 alters its activity, its 

subcellular localization, and/or its stability. Nevertheless, based on the role played by ROS 

and tyrosine kinases in activating PKC, and the possibility that activation of Nrf2 by PKCδ 

forms a negative feedback loop, it seems likely that these kinases are activated in Nrf2−/− 

mice, and the increase in inflammatory response that is observed in cells lacking Nrf2 is 

consistent with this hypothesis.

2.8.5. Insulin sensitivity is increased in the absence of Nrf2—Many research 

groups have studied the influence that Nrf2 has on DM because of its prevalence and the 

role played by oxidative stress in progression of the disease [224]. It should, however, be 

mentioned at the outset that ROS have both positive and negative effects on insulin 

signaling [225]. Whereas it was initially anticipated that Nrf2−/− mice would be susceptible 

to DM, most studies have indicated this is not the case. Comparison of blood glucose from 
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nonfasted Nrf2-null and wild-type mice fed on a regular chow diet have been reported to be 

closely similar, as were overnight-fasted blood glucose levels [144, 226, 227], and 

intraperitoneal glucose tolerance tests of fasted Nrf2−/− and Nrf2+/+ mice on a regular chow 

diet revealed similar levels of glucose disposal in the two genotypes. However, in mice fed a 

high-fat diet (usually 40–60% of total calories from fat) the absence of Nrf2 has been 

reported to improve glucose homeostasis [132, 226, 227]. This improvement in glucose 

disposal may be due partly to increased expression of fibroblast growth factor 21, which is 

repressed by Nrf2 [132, 227]. It also seems to entail an increase in insulin signaling, because 

after the intraperitoneal injection of insulin, protein kinase B/Akt (henceforth referred to as 

Akt) displayed greater phosphorylation at Ser-473 in the livers and skeletal muscle of 

Nrf2−/− mice than it did in the same organs of wild-type mice [162]. The heightened insulin 

sensitivity in Nrf2-null mice is consistent with the PTP1B phosphatase being more readily 

inactivated by higher levels of ROS and lower TXN1 activity than in wild-type mice. 

Moreover, the increase in insulin sensitivity in Nrf2−/− mice is reminiscent of that observed 

in Gpx1−/− mice, in which the improved sensitivity was accompanied in the muscle by 

enhanced insulin-induced ROS production, phosphoinositide 3-kinase (PI3K)-Akt signaling, 

and PTEN oxidation and could be reversed by treatment with N-acetylcysteine [228]. It 

should be noted that improved glucose homeostasis and increased insulin sensitivity in 

Nrf2−/− mice has not been reported by all researchers, and in one of the early studies it was 

reported that the mutant mice show lower plasma insulin levels and an impaired glucose 

tolerance test [229].

3. Molecular regulation of Nrf2

Considering the fact that Nrf2 is a stress-activated transcription factor and that it regulates a 

wide variety of biological processes, it seems likely that alterations in the biochemical 

pathways that Nrf2 regulates will negatively feed back on its activity in a manner that allows 

physiological functions to be maintained. Specifically, Nrf2 broadly regulates pathways 

involved in combatting oxidative stress as well as metabolic pathways leading to the 

production of NADPH and ATP [61, 149]. Given the multiple stimuli that activate Nrf2 and 

the diverse pathways it controls, it is important to understand how Nrf2 activity is in turn 

regulated by oxidative stressors and by metabolic stimuli that require NADPH and ATP 

production. It is therefore possibly not surprising that Nrf2 is subject to complex regulatory 

mechanisms at both the transcriptional and the posttranslational levels.

3.1. Transcriptional regulation of the NFE2L2 gene

Two major pathways exist by which xenobiotics induce gene induction. The first involves 

regulation by the AhR which when occupied by ligand, e.g., 2,3,7,8-

tetrachlorodibenzodioxin, binds to the xenobiotic response element (XRE; 5′-

TA/TGCGTGA/C-3′) in the promoter regions of inducible genes, e.g., CYP1A1 and CYP1B1 

[230, 231]. The second involves activation of Nrf2 so that it is recruited to ARE sequences 

in the promoters of target genes. The gene encoding Nrf2, NFE2L2, contains an XRE and 

two XRE-like sequences, which can recruit the AhR, enabling NFE2L2 to be 

transcriptionally activated by polycyclic aromatic hydrocarbons (PAHs) [232, 233]. Nrf2 

has also been shown to play a role in the regulation of AhR indicating that a feedback loop 
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exists between the two xenobiotic-sensing transcription factors [124]. In addition, planar 

PAH o-quinones produced by human AKR1C enzymes, which are regulated by Nrf2, have 

been found to bind to the AhR leading to gene activation, thereby demonstrating a level of 

cross talk involving metabolites generated by Nrf2-regulated genes [234, 235]. Upstream of 

the transcription start site (TSS), the NFE2L2 promoter contains two ARE-like sequences 

that allow the transcription factor to increase modestly its own expression [119]. Moreover, 

downstream from the TSS, the mouse Nfe2l2 gene contains a 12-O-

tetradecanoylphorbol-13-acetate-response element that allows it to be transcriptionally 

activated by oncogenic KrasG12D via c-Jun and c-Fos [137, 236]. The NFE2L2 gene also 

contains an NF-κB binding site downstream from the TSS, which allows it to be induced by 

inflammatory stimuli [237].

The abundance of Nrf2 mRNA has also been shown to be influenced by the levels of 

peroxisome proliferator-activated receptor α (PPARα) during fasting conditions [238]. 

Taken together with the finding that Nrf2 appears to negatively regulate the level of PPARα 

mRNA expression [116], it is reasonable to suppose that dynamic cross talk exists between 

Nrf2 and PPARa, which will be discussed in detail below.

3.2. Posttranslational regulation ofNrf2

In common with other stress-responsive transcription factors, Nrf2 is largely controlled at 

the level of protein stability. Thus Nrf2 protein is constantly targeted for degradation by the 

26S proteasome by the actions of several E3 ubiquitin ligases, including cullin–RING 

ubiquitin ligase, called CRL, and S-phase kinase-associated protein 1 (Skp1), cullin-1 

(Cul1), F-box protein E3 ubiquitin ligase, called SCF. The rapid turnover of Nrf2 provides a 

readily available pool of newly translated protein to allow almost immediate accumulation 

of the factor when redox stressors and metabolic stimuli inhibit its ubiquitylation and 

proteasomal degradation. This process therefore ensures an efficient mechanism of 

adaptation to stress and metabolic perturbations, provided the agents and stimuli that cause 

cessation of degradation of Nrf2 are coupled with the function of Nrf2-target genes. It 

remains unclear whether the translocation of Nrf2 from the cytoplasm to the nucleus is 

regulated. Rather, it appears most likely that Nrf2 translocates to the nucleus spontaneously 

through the nuclear localization signal in its Neh1 domain.

3.2.1. Repression of Nrf2 by Keap1—The best studied negative regulator of Nrf2 is 

Keap1, a dimeric protein that is located principally in the cytoplasm [239]. It was initially 

thought that Keap1 inhibits Nrf2 by tethering the transcription factor in the cytoplasm and 

preventing its translocation to the nucleus [240] before it was recognized that Keap1 serves 

to target Nrf2 for proteasomal degradation [70, 241]. It is now recognized that Keap1 is a 

substrate adaptor protein that enables the Cul3 RING-box 1 (RBX1) E3 ubiquitin ligase 

complex (called CRLKeap1) to ubiquitylate Nrf2 under normal homeostatic conditions [242–

244]. The importance of Keap1 in the repression of Nrf2 has been demonstrated clearly by 

its knockout in the mouse [245] and its knockdown in human cell lines [246].

Keap1 comprises five domains, depicted in Fig. 7, which are as follows: an N-terminal 

region (NTR); a conserved N-terminal broad complex, tram-track, bric-à-brac (BTB) 
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protein-protein interaction domain; an intervening region (IVR); a C-terminal double-

glycine repeat (DGR) domain (that consists of six subdomains, each of which contains a 

distinctive Gly-Gly motif, and is sometimes called the Kelch-repeat domain), and a C-

terminal region (CTR) [247, 248]. The BTB provides a protein-protein interaction domain to 

which Cul3 is recruited, whereas the DGR along with the CTR forms a six-bladed β-

propeller structure that interacts with the Neh2 domain of Nrf2 [243, 247–249].

Inactivation of Keap1 can be stimulated by a structurally diverse range of chemicals that 

possess the ability to modify cysteine residues, including tBHQ, SFN, curcumin, 2-

cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid-imidazolide (CDDO-Im), tricyclic bis-

(cyanoenone)-31 (TBE-31), and diethyl maleate [250–256], as shown in Figs. 2 and 8. 

Compared to most proteins that possess, on average, a total cysteine content of ~2%, Keap1 

is a relatively cysteine-rich protein with a total cysteine content of ~4% [257]. Mammalian 

Keap1 proteins contain multiple conserved and highly reactive cysteine residues, some of 

which have the pKa value of their thiol group lower than that of a free thiol and therefore 

exist as a thiolate anion (i.e., S−), by virtue of the fact that they are situated in close 

proximity to polar and basic amino acids [253, 258, 259]. The chemical inducers of ARE-

driven gene expression modify reactive cysteine residues in Keap1. By employing the 

differential ability of each reactive Cys residue to interact with a distinct spectrum of 

electrophiles and oxidants, Keap1 is equipped with at least four discrete stress sensors that 

enable it to be inactivated by a wide range of agents [141, 252–254, 260]. Interestingly, the 

stress sensors in Keap1 evolved separately [253].

Two conserved Keap1 binding sites exist in the Neh2 domain of Nrf2 that have been 

referred to as the high-affinity ETGE motif and the low-affinity DLG motif, though it is now 

recognized that the DLG motif encompasses at least 10 amino acids [261]. Mutation of 

either the ETGE or the DLG motif largely abolishes Keap1-mediated Nrf2 degradation [67–

69]. The presence of the high- and low-affinity sites, along with seven conserved Lys 

residues located between DLG and ETGE, has led to the development of the “hinge and 

latch” model of binding between Keap1 and Nrf2 [262], also called the “two-site tethering” 

model [69]. The model proposes that Keap1 binds Nrf2 initially through the high-affinity 

ETGE motif, followed by docking of the low-affinity DLG motif onto the β-propeller of the 

adjacent Keap1 molecule. Under conditions of oxidative stress or electrophilic insult, 

modification of the cysteine residues in Keap1 impairs its ability to present Nrf2 for 

ubiquitylation, resulting in failure of Keap1 to target the CNC-bZIP factor for proteasomal 

degradation and thereby allowing accumulation of newly translated Nrf2 [242–244, 263]. 

More recently, it has been shown in single cells using fluorescence lifetime imaging 

microscopy that Keap1-inactivating compounds such as SFN cause the substrate adaptor to 

bind Nrf2 more tightly via the ETGE and DLG motifs [264]. This suggests that the 

conformational change of Keap1 that occurs in response to oxidative insult alters the 

orientation of components within the RBX1–Cul3–Keap1 complex. The altered 

conformation prevents ubiquitylation of bound Nrf2, thus trapping the complex and 

preventing sequestration of newly synthesized Nrf2. As a consequence of the stalling of 

Nrf2 ubiquitylation, and the resulting “logjam,” newly translated Nrf2 bypasses the 

CRLKeap1 complex and accumulates in the nucleus (see Fig. 9). Importantly, there is no 
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evidence that stressors such as SFN enable CRLKeap1 to release nonubiquitylated Nrf2 once 

the stressor has been eliminated from the cell [69, 264–266].

3.2.2. Electrophiles trigger several stress sensors in Keap1—Several of the 

reactive cysteines in Keap1 act as independent sensors for a variety of soft electrophiles 

[267]. Modification of these sensor Cys residues by electrophiles leads to the stabilization of 

Nrf2 and induction of ARE-driven gene expression. Within the IVR domain of Keap1, 

Cys-273 and Cys-288 are essential for the turnover of Nrf2 in vitro and in vivo, with 

mutation of either of these residues resulting in the loss of Nrf2 ubiquitination by Keap1 

[250, 268]. These residues have been shown to recognize cyclopentanone prostaglandins 

such as 15-deoxy-Δ12,14-prostaglandin J2 (by Cys-273) and alkenals such as acrolein and 4-

hydroxynonenol (by Cys-288) [252, 253]. Within the BTB domain of Keap1, Cys-151 is 

critical for the detection of electrophiles such as tBHQ, SFN, and nitric oxide (NO), and 

modification of Cys-151 by these agents results in the activation of Nrf2 through inhibition 

of Keap1 substrate adaptor activity [253]. Mutation of Cys-151 to serine or alanine results in 

loss of Nrf2 induction in response to certain stimuli [253, 268]. Furthermore, replacement of 

Lys-131, Arg-135, and Lys-150, which surround Cys-151, to Met residues has been shown 

to reduce the ability of tBHQ, SFN, and NO to induce ARE-driven gene expression, which 

is consistent with the hypothesis that these basic residues increase the reactivity of Cys-151 

through the formation of a thiolate anion [253]. Within the DGR of Keap1, Cys-434 

represents a further electrophile cysteine sensor in Keap1, but in this case it is triggered by 

8-nitroguanosine-3′,5′-cyclic monophosphate (8-nitro-cGMP), which is generated after NO 

production, causing S-guanylation of Keap1 and induction of Nrf2-target genes [254].

3.2.3. Reactive metals trigger a unique stress sensor in Keap1—Nrf2 activity is 

increased by a number of reactive metal(loid)s through their interaction with Keap1. 

Specifically, Zn2+, Cd2+, Se4+, and As3+ all interact noncovalently with Keap1 through 

Cys-226 and Cys-613. Together, these two residues have been designated the Zn2+ sensor 

because zinc is the most likely endogenous trigger [253]. Evidence from using nonreducing 

SDS–polyacrylamide gel electrophoresis suggests that the Cys-226 and Cys-613 residues in 

Keap1 also sense ROS because upon exposure to H2O2 they can form a transient 

intramolecular disulfide bridge that is associated with brief stabilization of Nrf2 protein 

[251]. Furthermore, H2S also triggers the Cys-226/Cys-613 sensor, and this may involve 

formation of H2O2 as an intermediate that in turn stimulates formation of the Cys-226–

Cys-613 intramolecular disulfide bridge as it can be modulated by forced expression of 

catalase [113].

3.2.4. Suppression of Nrf2 by TXNRD1 may entail reduction of Cys-based 
stress sensors in Keap1—Examination of rodents fed a Se-deficient diet or conditional 

knockout mice lacking the tRNASec gene has revealed that the resulting loss in expression 

of selenoproteins elicits a compensatory increase in expression of cytoprotective proteins 

[269–273]. Many of the genes that are upregulated upon loss of selenoproteins, such as 

AKR7A1, GCLC, GST, HMOX1, and NQO1, are regulated by Nrf2. Among the 

selenoproteins that may modulate Nrf2 activity, TXNRD1 seems to be of particular 

significance because liver-specific knockout of Txnrd1 results in upregulation of the ARE-
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gene battery [29, 274]. The mechanism(s) by which TXNRD1 inhibits Nrf2 activity is 

uncertain. However, the dimeric Keap1 protein has been shown to form an intermolecular 

disulfide bridge between Cys-151 and Cys-151 in different Keap1 subunits, and the 

formation of an intramolecular disulfide bridge between Cys-226 and Cys-613 within the 

same subunit [113, 251]. Most interestingly, Toledano and colleagues discovered that use of 

buthionine sulfoximine (BSO) to inhibit GSH synthesis (diminished to approx. 20%) had no 

effect on either the Cys-151 or the Cys-226/Cys-613 sensors, and knockdown of TXNRD1 

resulted in just modest stabilization of the Cys-151–Cys-151 and Cys-226–Cys-613 

disulfide bridges [251]. However, the combined use of both BSO and TXNRD1 knockdown 

in the presence of H2O2 produced substantial stabilization of both disulfide bridges and a 

profound increase in Nrf2 protein [251]. These results suggest that both the GSH and the 

TXN systems antagonize triggering of the Cys-151 and Cys-226/Cys-613 sensors by ROS. 

They also imply that the overexpression of ARE-driven genes observed in Se-deficient 

animals is due to exacerbation of oxidative stress resulting from an inability to remove H2O2 

by GPX and PRDX, the latter of which requires TXN and TXNRD (see Fig. 1C), as well as 

failure to efficiently reduce the inter- and intramolecular disulfide bridges formed in Keap1 

by increased ROS levels. It is notable that as TXNRD1 is regulated by Nrf2, its induction 

after inactivation of Keap1 through disulfide bond formation allows rapid reactivation of 

Keap1, thereby providing a negative feedback loop.

3.2.5. Activation of Nrf2 by endogenous protein inducers that compete for 
binding to Keap1—Keap1 acts as a CRL substrate adaptor for proteins other than Nrf2. 

The autophagy cargo receptor and signaling adaptor protein p62/SQSTM1 can act as an 

activator of Nrf2 by competing with Nrf2 for binding to Keap1. Immediately adjacent to its 

light chain 3-interacting region, p62/SQSTM1 contains an evolutionarily conserved Keap1-

interacting region that contains an STGE binding motif. The STGE motif is closely related 

to the Nrf2 ETGE motif, allowing for competitive binding by p62/SQSTM1 and Nrf2 to the 

DGR domain (also called the Kelch-repeat domain) of Keap1 [134, 275, 276]. An ARE has 

been identified in the p62/SQSTM1 gene promoter, indicating a mechanism by which Nrf2 

can modestly upregulate its own expression [134]. Importantly, Nrf2 can be regulated by 

p62/SQSTM1 under physiological conditions, i.e., refeeding with a high-carbohydrate diet 

after fasting, because Ser-351 in the STGE motif can be phosphorylated by mechanistic 

target of rapamycin complex 1 (mTORC1). Phosphorylation of Ser-351 in the STGE motif 

of p62/SQSTM1 leads to a marked increase in its affinity for Keap1, which causes 

autophagosome-mediated degradation of Keap1 and consequently an increase in the 

expression of Nrf2-target genes [277]. Fasting causes an increase in 5′-AMP-activated 

protein kinase (AMPK) activity and inhibition of mTORC1, which presumably decreases 

the phosphorylation of Ser-351 in the STGE motif of p62/SQSTM1 and minimizes 

autophagosome-mediated degradation of Keap1. High-carbohydrate refeeding after fasting 

increases the degradation of Keap1 through the combined actions of p62/SQSTM1 and 

sestrin-1 and sestrin-2, resulting in the induction of Nrf2-target genes [278]. It remains to be 

established if the sestrin-1/2-dependent degradation of Keap1 upon refeeding fasted mice 

with a high-carbohydrate diet involves phosphorylation of the STGE motif in p62/Sqstm1 

by mTORC1, but it seems likely. Interestingly, treatment with As3+ markedly increases 

induction of Nrf2-target genes in a p62/SQSTM1-dependent manner by sequestration of 
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Keap1 into autophagosomes but it is not known whether this involves phosphorylation of the 

STGE motif in p62/SQSTM1 [279].

It seems probable that once modified by electrophiles, Keap1 is eliminated from the cell via 

p62/SQSTM1-mediated autophagy [280]. In such circumstances, Keap1 repression of Nrf2 

is restored by Nrf2-mediated induction of Keap1 [281].

Phosphoglycerate mutase 5 (PGAM5) may also be degraded in a Keap1-dependent fashion 

[282], as may inhibitor of κB kinase β (IKKβ) [283, 284]. In the former case, PGAM5, a 

serine–threonine phosphatase known to activate ASK1 [285], contains a conserved N-

terminal ESGE motif, which binds to Keap1 in a manner similar to that of the Nrf2 ETGE 

motif. Moreover, PGAM5 has been reported to be associated with mitochondria and 

therefore its interaction with Keap1 may be regulated by mitochondrial signaling processes 

[286]. In the latter case, IKKβ, a regulator of the NF-κB pathway [287, 288], contains a 

conserved ETGE motif. It seems likely that both PGAM5 and IKKβ can increase the amount 

of free Nrf2 by competing directly with it for binding sites on Keap1.

3.3. Repression of Nrf2 by β-TrCP

The negative regulation of Nrf2 by β-TrCP is a more recent discovery than its repression by 

Keap1, and therefore it is less well characterized. Keap1-independent degradation was first 

noted when it was recognized that Nrf2 mutant proteins lacking the Neh2 domain were not 

particularly stable [73]. Examination of Nrf2 deletion mutants that individually lacked the 

Neh4, Neh5, or Neh6 domains revealed that loss of the last region significantly increased the 

half-life of the mutant protein, ascribing a degron role to a region of Nrf2 that previously 

had no known function. The Neh6 domain was shown to contain two highly conserved 

regions, deletion of either of which increased the half-life of Nrf2 protein. Within these 

conserved regions, sequences that resemble the β-TrCP substrate recognition motif, 

DSGϕXS, were identified (ϕ represents a hydrophobic residue, and X is any amino acid). 

Although neither of the two recognition motifs, DSGIS or DSAPGS (Fig. 10A), conforms to 

the consensus β-TrCP binding site, both have been shown to recruit β-TrCP [74–76].

The substrate receptor β-TrCP is an F-box-containing protein, which uses its C-terminal 

WD40 protein–protein interaction domain to bind substrates and its F-box motif to bind to 

the SCF E3 ubiquitin ligase complex [289]. The members of the SCF family of E3 ubiquitin 

ligases each consist of the adapter protein Skp1, the scaffold protein Cul1, the RING box 

protein RBX1 (also called ROC1 or HRT1), and an F-box substrate receptor protein that 

varies depending on the substrate to be ubiquitinated [290, 291]. The E3 ligase complex 

formed by β-TrCP is called SCFβ-TrCP. It is noteworthy that ubiquitylation of Nrf2 by 

SCFβ-TrCP does not require both the DSGIS and the DSAPGS motifs to be present 

simultaneously in the Neh6 domain; each can function independent of the other, and this 

distinguishes these degrons from the DLG and ETGE motifs in the Neh2 domain, which are 

both required by CRLKeap1 for ubiquitylation of Nrf2. Two different isoforms of β-TrCP 

exist, called β-TrCP1 and β-TrCP2, encoded by BTRC and FBXW11 [292].

3.3.1. β-TrCP-mediated degradation of Nrf2 is regulated by GSK-3—A GSK-3 

phosphorylation site exists within the atypical DSGIS β-TrCP-binding site in the Neh6 
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domain of Nrf2. GSK-3 is a key regulator of glycogen metabolism that inhibits glycogen 

synthase, as well as being a regulator of insulin signaling, cell fate specification in embryo 

development, and cell cycle and apoptosis (reviewed in [293, 294]). In its active form, 

GSK-3 requires its substrate to first be phosphorylated by a “priming” kinase at an amino 

acid that typically resides four residues to the C-terminal side of the GSK-3 site [295–297]. 

To date, no specific kinase has been identified that primes Nrf2 for GSK-3 phosphorylation. 

Unlike most other kinases, GSK-3 is active in unstressed cells and is regulated by inhibitory 

phosphorylation. Two GSK-3 isoforms exist, GSK-3α and GSK-3β, both of which are 

inhibited by growth factors via Akt phosphorylation of their N-terminal Ser-21 and Ser-9 

residues, respectively; inhibition of GSK-3 upon phosphorylation occurs because the 

modified N-terminal region acts as a pseudo-substrate and competes for binding with primed 

substrates [296].

It has been shown previously that GSK-3 phosphorylates many proteins that SCFβ-TrCP 

ubiquitylates and targets for degradation, including β-catenin; as such, the substrate is said to 

contain a phosphodegron [298]. Antonio Cuadrado and colleagues first showed that GSK-3β 

inhibits Nrf2 activity, but identification of the sites in Nrf2 that are phosphorylated by 

GSK-3 was achieved several years later using two-dimensional electrophoresis and mass 

spectrometry [75, 76, 299, 300]. One of the two β-TrCP recognition sites, the DSGIS motif, 

contains a functional GSK-3 phosphorylation site, which increases the activity of the 

phosphodegron (Fig. 10B), whereas the DSAPGS motif does not appear to be 

phosphorylated by GSK-3 [74].

Repression of Nrf2 by GSK-3 can be suppressed, and ARE-driven genes induced, by agents 

that increase PI3K activity, because stimulation of PI3K activates Akt, and this in turn 

inhibits GSK-3. We propose that phosphorylation of GSK-3α/β at Ser-21/9 decreases 

formation of the DSGIS-containing phosphodegron, and thus inhibitory phosphorylation of 

GSK-3 results in loss of repression of Nrf2 by β-TrCP [74]. Support for this hypothesis 

comes from the study of PTEN mutant cells, in which PI3K-Akt signaling is greatly 

increased, as is Nrf2 activity [299]. Interestingly, the Parkinson-associated protein PARK7/

DJ-1 has been reported to stimulate Nrf2 activity [301], and loss of PARK7/DJ-1 appears to 

diminish Nrf2 activity [302]. Moreover, PARK7/DJ-1 is capable of activating Akt [303, 

304], suggesting that the mechanism by which PARK7/DJ-1 increases Nrf2-target gene 

expression most likely involves inhibition of formation of the DSGIS-containing 

phosphodegron and possibly not blocking of the interaction between Nrf2 and Keap1, as 

was suggested originally.

N-terminal inhibitory phosphorylation of GSK-3 can also be catalyzed by p70 S6 kinase 

(p70S6K), p90 ribosomal S6 kinase (p90RSK), and PKC [305]. We therefore speculate that 

Nrf2 may also be activated by stimulation of the mechanistic target of rapamycin (mTOR)–

p70S6K, extracellular signal-regulated kinase (ERK)–p90RSK, and PKC signaling pathways 

[306]. Recently, Nrf2 has been reported to be regulated by WNT-3A in a β-catenin and 

Keap1-independent manner through its interaction with GSK-3 and AXIN1 [307]. 

Specifically, a physical association between Nrf2 and AXIN1 facilitates phosphorylation of 

the transcription factor by GSK-3, and subsequent ubiquitylation by SCFβ-TrCP, but this is 

inhibited by WNT-3A. Mice with a hepatocyte-specific deletion of Axin1 have been 
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reported to show upregulation of Nrf2 and its target genes, attesting to the importance of 

canonical WNT signaling in regulation of Nrf2 in the liver.

3.3.2. Repression of Nrf2 by GSK-3 via Src kinases—It should also be noted that 

repression of Nrf2 by GSK-3 may occur independently of SCFβ-TrCP. In this alternative 

scenario it has been proposed that GSK-3β represses Nrf2 via activation of tyrosine kinases. 

Thus, GSK-3β phosphorylates Fyn at Tyr-213, and in turn the activated Fyn accumulates in 

the nucleus where it phosphorylates mouse and rat Nrf2 on Tyr-568, and human Nrf2 on 

Tyr-576, which results in nuclear export and degradation of the transcription factor [308, 

309].

3.4. Regulation of Nrf2 by AMPK and mTOR in response to nutrient supply

The fact that Nrf2 serves to decrease gluconeogenesis and to increase mitochondrial activity 

and the β-oxidation of fatty acids [149, 174] suggest that its activity is regulated by cellular 

energy and nutrition, but the details of how this may occur are not fully understood. Under 

conditions of glucose deprivation and low energy availability, AMPK is activated by its 

upstream kinases, liver kinase B-1 (LKB-1) and Akt [310]. AMPK is a serine/threonine-

specific kinase that responds to alterations in levels of adenylate in the cell; a low-ATP/

high-AMP ratio, such as that observed during fasting, activates AMPK [311, 312].

3.4.1. Role of mTOR as a stress sensor—Evidence suggests that mTOR controls Nrf2 

because mTOR engages in signaling upstream of both Keap1 and β-TrCP (see Fig. 11). The 

mTOR protein is a ubiquitously expressed serine–threonine protein kinase, and a member of 

the PI3K-related kinase family. It acts as a cellular energy sensor by integrating signals from 

hormones, energy levels, growth factors, and nutrients into the regulation of protein 

translation, autophagy, and lipid metabolism [313]. The active site of mTOR contains 

multiple phosphorylation sites, which are targeted by kinases that lie both upstream and 

downstream of mTOR in the signaling pathway, thereby allowing fine-tuning of its activity 

[314, 315].

3.4.2. Composition of mTOR-containing complexes—The ability of mTOR to 

regulate cell function is achieved through the existence of two structurally and functionally 

distinct complexes, mTORC1 and mTORC2, depicted in Fig. 12. First, mTORC1 comprises 

mTOR, regulatory-associated protein of mTOR (RAPTOR), mammalian lethal SEC13 

protein 8 (mLST8), proline-rich Akt substrate 40 (PRAS40), and DEP domain-containing 

mTOR-interacting protein (DEPTOR). The mTORC1 complex is activated by amino acids 

(especially leucine), growth factors, nutrients, and oxidative stress, and its activation is 

associated with augmented cell survival because it results in increased protein synthesis, 

initiation of lipid biosynthesis, and diminished autophagy [316]. Second, mTORC2 consists 

of mTOR, rapamycin-in-sensitive companion of mTOR (RICTOR), mLST8, stress-activated 

protein kinase-interacting protein 1 (SIN1), protein observed with RICTOR-1 (PROTOR-1), 

and DEPTOR. The mTORC2 complex affects cell survival through signaling via the Akt 

pathway and cytoskeletal dynamics through interactions with PKC.
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3.4.3. Direct regulation of Nrf2 by mTORC1—As described above, mTORC1 can 

increase Nrf2 protein levels and induce its target genes because it phosphorylates Ser-351 in 

p62/SQSTM1, thereby enabling p62/SQSTM1 to bind to Keap1 and repress CRLKeap1 

activity by promoting Keap1 degradation via autophagy [277]. It is likely that AMPK also 

influences Nrf2 activity because of its influence on mTORC1 activity, but in this case it 

involves an interaction with tuberous sclerosis complex 1 (TSC1) and TSC2, proteins that 

together form a physical complex. The TSC1/2 complex is frequently activated under 

adverse physiological conditions such as hypoxia, nutrient starvation, and oxidative stress: 

during low oxygen availability, hypoxia-inducible factor 1-α is activated, which in turn 

activates TSC1/2; during nutrient deprivation, LKB-1 is activated, leading to activation of 

AMPK, which then phosphorylates TSC1/2 directly, leading to attenuation of mTORC1 

signaling and a switch in metabolism from lipogenesis to lipolysis. In the case of DNA 

damage, the TSC1/2 complex is activated via AMPK through interactions with the tumor 

suppressor protein p53 [310]. The catalytic activity of the TSC1/2 complex is governed 

solely by the TSC2 protein, which exhibits GTPase-activating protein activity toward Rheb, 

a member of the Ras family of GTPases. Rheb lies upstream of mTORC1, and once 

activated, it stimulates mTORC1, leading to subsequent phosphorylation of the translational 

regulators p70S6K and eukaryotic translation initiation factor 4E binding protein 1 (4EBP1). 

Therefore, AMPK regulates cell growth and survival through mTORC1 signaling [317].

Under energy starvation conditions, GSK-3 phosphorylates TSC1/2, leading to inhibition of 

the complex. As discussed above, GSK-3 has a unique requirement for a priming kinase, and 

in the case of mTORC1 signaling, phosphorylation of TSC1/2 by AMPK could provide the 

priming event required for subsequent phosphorylation of TSC1/2 by GSK-3 [294]. This 

suggests that AMPK and GSK-3 cooperatively inhibit mTORC1, insofar as the ability of 

GSK-3 to inhibit mTORC1 is enhanced when AMPK primes TSC1/2 for phosphorylation 

[317]. Taken together, the above data suggest that under fasting conditions, when AMPK is 

stimulated, mTORC1 activity will be low and p62/SQSTM1 will not be phosphorylated. 

Such conditions will allow CRLKeap1 to maximally repress Nrf2 provided normal 

intracellular redox is maintained.

3.4.4. Direct regulation of Nrf2 by mTORC2—It seems likely that mTORC2 also 

influences Nrf2 activity, but in this case it arises through its ability to control PI3K–Akt 

signaling. Growth factors and insulin activate PI3K via receptor tyrosine kinases leading to 

increased production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Once formed, 

PIP3 binds both phosphoinositide-dependent protein kinase 1 (PDK1) and Akt, bringing 

them into close proximity in the cytoplasm. The juxtapositioning of PDK1 and Akt initiates 

the first of two phosphorylation events required for full Akt activation: an initial weak 

phosphorylation on Thr-308 mediated by PDK1, which then triggers a second stronger 

phosphorylation event at Ser-473 of Akt that is carried out by mTORC2 [318, 319]. The 

resulting full activation of Akt results in inhibition of GSK-3 and therefore loss of repression 

of Nrf2 by β-TrCP.

3.4.5. Indirect regulation of Nrf2 by mTORC1 and mTORC2 via feedback loops
—In addition to the direct phosphorylation of Akt by mTORC2, a series of complex 

Tebay et al. Page 26

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regulatory loops exist between mTORC1, mTORC2 and Akt that are likely to influence 

Nrf2 activity. Activation of mTORC1 by an overabundance of nutrients leads to activation 

of p70S6K and phosphorylation of the insulin receptor substrate-1 (IRS-1), which results in 

the subsequent degradation of IRS-1. Activation of p70S6K via mTORC1 also negatively 

regulates PI3K–Akt through inhibition of PDGF receptor (PDGFR) and ERK–MAPK 

signaling [320]. An intercomplex feedback loop is also present between mTORC1 and 

mTORC2. In this case, activation of p70S6K through mTORC1 signaling leads to 

phosphorylation of RICTOR at Thr-1135 in the mTORC2 complex, leading to impaired 

phosphorylation of Akt at Ser-473 and a subsequent reduction in Akt signaling [321]. 

Nutrient levels have also been linked to the mTORC2–Akt negative feedback loop as 

supplementation with amino acids leads to enhanced phosphorylation of TSC1/2 at 

Ser-2448. Activation of mTORC1 and mTORC2 signaling due to high glucose levels leads 

to increased phosphorylation of several Ser residues in IRS-2 that results in its degradation 

and subsequent inhibition of apoptotic death in B cells [313]. In turn, activation of Akt by 

phosphorylation of Ser-473 leads to inhibition of GSK-3 activity, decreased formation of the 

DSGIS-containing phosphodegron in Nrf2, which leads to decreased turnover of Nrf2 by 

SCFβ-TrCP and increased expression of ARE-driven genes.

3.5. Repression of Nrf2 during endoplasmic reticulum stress

Cross talk exists between the oxidative stress and the ER stress pathways in the context of 

liver cirrhosis produced experimentally by administration of CCl4. In this instance, 

upregulation of the ER stress response downregulates the Nrf2 signaling pathway [78]. Thus 

during liver cirrhosis, Nrf2 interacts directly with the ERAD-associated E3 ubiquitin-

associated ligase synovial apoptosis inhibitor 1 (also called synoviolin or HRD1), causing 

ubiquitylation and degradation of the CNC-bZIP transcription factor. This prevents Nrf2 

from orchestrating antioxidant responses and countering the high levels of ROS produced 

during cirrhosis. Interestingly, during ER stress HRD1 is transcriptionally activated 

byXBP1, which lies downstream of IRE1 in the UPR [160]. HRD1 therefore seems to be a 

potential new target for ameliorating cirrhosis-induced liver oxidative stress and preventing 

progression of the disease.

3.6. Other proteins involved in the regulation of Nrf2

Other proteins have emerged as repressors of Nrf2 activity. CR6-interacting factor 1 

interacts with Nrf2 in a redox-independent fashion, promoting the ubiquitylation of Nrf2 by 

binding at both the C- and the N-terminal Neh3 and Neh2 domains of the transcription factor 

[322].

The protein apurinic/apyrimidinic endonuclease/redox factor-1 (APE1/REF-1) negatively 

regulates Nrf2 through its redox activity, with inhibition of APE1/REF-1 causing significant 

increases in the levels of Nrf2 and selected target genes HMOX1, GCLC, and GCLM in 

pancreatic cancer cell lines without causing the generation of ROS [323].

During hypoxia, Nrf2 levels are suppressed and seven in absentia homolog 2 (SIAH2) levels 

increase. It has been proposed that SIAH2 suppresses Nrf2 under conditions of hypoxia 

through a Keap1-independent means as experiments using ectopic expression of wild-type 
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and mutant forms of Nrf2 have shown that loss of the Keap1-binding domain did not 

influence hypoxic levels of the CNC-bZIP transcription factor, whereas knockdown of 

SIAH2 prevented the hypoxic suppression of Nrf2 [324].

The small ubiquitin-like modifier (SUMO)-specific RING finger protein 4 (RNF4) has also 

been linked to the regulation of Nrf2, with SUMOylated Nrf2 being ubiquitinated by RNF4 

in the nucleus, which leads to degradation of the transcription factor [325].

4. Biochemical consequences of Nrf2 upregulation on redox and 

detoxification

Based on its essential role in redox homeostasis it is likely the dose-response curve for the 

pharmacological activation of Nrf2 is U-shaped, at least with regard to the risk of several 

degenerative diseases [326, 327]. Thus in the “normal” physiological homeostatic range, 

Nrf2 is required to maintain the ROS/antioxidant balance. By contrast, at the low end of the 

dose-response curve when Nrf2 is unable to maintain antioxidant capacity, toxicity may 

arise because of the inability to eliminate ROS; indeed, elevation of intracellular ROS above 

a critical threshold activates Nrf2 to induce Kruppel-like factor 9, which in turn suppresses 

the expression of TXNRD2 and exacerbates oxidative stress [328]. At the high end of the 

dose–response curve, when elevated Nrf2 activity results in ROS levels being quenched, the 

consequences include a relative overproduction of GSH and NADPH, epithelial cell 

hyperplasia, and drug resistance. As described above, from studies of Nrf2-null mice and 

cells, low levels of the CNC-bZIP transcription factor are likely to lead to diminished cell 

proliferation [155], alterations in cell differentiation [156–158], perturbation of the UPR 

[162, 163], increased sensitivity to the toxic effects of xenobiotics [140, 143, 175], increased 

sensitivity to inflammation [144, 162, 183–185], increased sensitivity to hepatic steatosis 

[144, 162], and a compromised ability to regenerate the liver [135], but conversely an 

increased sensitivity to insulin [132, 162, 227]. Many of these phenotypes can be attributed 

to the loss of redox homeostasis through decreased capacity of the GSH-dependent and 

TXN-dependent antioxidant systems to suppress ROS levels and maintain thiol groups in 

proteins in their appropriate redox state [140–152]. As a consequence of diminished 

antioxidant capacity, the activity of some of the protein phosphatases, such as PTP1B, 

SHP-2, PTEN, and MKP, that attenuate the progression of ROS-dependent signal 

transduction by being subject to reversible oxidation by H2O2 [15, 195] is likely to be 

compromised. Moreover, the loss of TXN activity will allow ASK1 to be more readily 

activated [208–211]. Thus signaling through receptor tyrosine kinases, ASK1–JNK, ASK1-

p38MAPK, and Wnt-β-catenin is likely to be more active in cells that have low Nrf2 levels 

than in cells with high Nrf2 activity. Evidence suggests high Nrf2 levels are likely to 

increase the GSH and TXN antioxidant systems and blunt the sensitivity of ROS-dependent 

signaling pathways, including sensitivity to inflammation and apoptosis. To a greater or 

lesser extent, these changes will contribute to drug tolerance, inhibition of inflammatory 

reactions, increase in cell proliferation, and changes in cell differentiation that are observed 

when Nrf2 is overexpressed [121, 140, 159, 185].

It is important to distinguish between the relatively modest and transient upregulation of 

Nrf2 achieved pharmacologically by chemopreventive agents and the supraphysiological 
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upregulation of Nrf2 that occurs by genetic knockout of Keap1, as the continuous 

upregulation of Nrf2 resulting from genetic loss-of-function mutations in Keap1, or gain-of-

function mutations in NFE2L2, is much more likely than pharmacological agents to produce 

deleterious effects. During hyperactivation of Nrf2, an overabundance of GSH and NADPH 

can produce “reductive stress” that is associated with protein misfolding and aggregation 

and cardiac hypertrophy [329–332]. Also, excessive levels of Nrf2 may increase expression 

of the oxidized-LDL scavenger receptor CD36, which under certain conditions leads to the 

formation of foam cells and an increased risk of atherosclerosis [133, 333].

The influence that activation of Nrf2 has on cell function has been examined using 

pharmacological agents and genetic manipulation as a means to upregulate the transcription 

factor. Chemical inducers that have been used for this purpose include tBHQ SFN, the 

dithiole-thione oltipraz, the triterpenoid CDDO-Im, and the acetylenic bis(cyanoenone) 

TBE-31 [59,61,116,334–336]. Genetic activation of Nrf2 as a means of studying the 

function of the transcription factor has been achieved by global knockout or tissue-specific 

disruption of the Keap1 gene in the mouse [116, 337] or by knockdown of Keap1 in human 

cell lines [36, 40, 246]. In addition, knockdown of Nrf2 in human cells that harbor somatic 

mutations in Keap1, and thus possess constitutively high levels of the transcription factor, 

has also been employed as a means of studying the pathways it controls [121, 338, 339].

4.1. Effect of Nrf2 upregulation on intracellular antioxidant status

An overwhelming body of evidence indicates that upregulation of Nrf2 increases 

intracellular antioxidant capacity. Paul Talalay and colleagues found that treatment of 

human ARPE-19 adult retinal pigment epithelial cells and HaCaT keratinocytes with 

nontoxic doses of SFN produced an approximate twofold increase in GSH levels that was 

sustained for several days and provided prolonged protection against oxidants and 

electrophiles, such as menadione, tert-butylhydroperoxide, 4-hydroxynonenal, and 

peroxynitrite [42]. Similar effects were observed in Nrf2+/+ MEFs treated with SFN [140] 

and HaCaT cells after knockdown of Keap1 [40], and in both instances it was associated 

with induction of GCLC and GCLM. Treatment of human K562 erythroleukemia cells with 

tBHQ and human K-1034 RPE cells with SFN has been reported to induce TXN [340, 341], 

and the increase in TXN protects mice against light-induced retinal damage [341]. 

Importantly, the increase in GSH and TXN upon activation of Nrf2 is associated with 

upregulation of reductases, GSR1, TXNRD1, and SRXN1 [35, 342, 343], which along with 

the increase in expression of enzymes involved in NADPH regeneration ensures these thiol-

based antioxidant systems are kept reduced [61].

The induction of antioxidant genes by thiol-reactive electrophiles is thought to represent an 

adaptive response insofar as their induction augments GSH and TXN antioxidant systems, 

enhances the capacity to metabolize xenobiotics, and increases drug efflux transporters. 

Thus, induction of antioxidant and detoxication genes represents a major means by which 

chemoprotective agents provide inducible resistance against subsequent exposure to a toxic 

dose of a xenobiotic by a type of “preconditioning” or “drug-priming” mechanism [140], 

which may be an aspect of habituation. This seems to be the same principle by which 

cancer-chemopreventive “blocking agents” inhibit chemical carcinogenesis [344].
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4.2. Effect of Nrf2 upregulation on drug metabolism and drug transport

Nrf2 regulates xenobiotic metabolizing enzymes in a species-specific manner. It is well 

known that NQO1 is highly inducible in many rodent and human tissues and cell lines in 

which it increases reduction of quinones to hydroquinones, which can in turn be 

glucuronidated by UGTs or sulfonated by SULTs and eliminated from the cell by MRPs, 

thereby preventing redox cycling [179, 181]. By contrast with the protection provided 

against quinones, NQO1 is capable of activating the carcinogenic nitro-aromatics 3-

nitrobenzanthrone and aristolochic acid I [345], suggesting it can occasionally adversely 

affect health.

Class Alpha, Mu, Pi, and Theta GSTs are induced in the liver and gastrointestinal tract of 

rats and mice by cancer-chemopreventive agents such as butylated hydroxyanisole, 

ethoxyquin, coumarin, SFN, 4-methyl-5-[2-pyrazinyl]-1,2-dithiole-3-thione (oltipraz), 

CDDO-Im, and TBE-31, but are not obviously inducible in the human [111]. The 

consequences of GST induction can be profound. For example, the rat is highly sensitive to 

hepatocarcinogenesis caused by the mycotoxin aflatoxin B1 (AFB1), but induction of the 

GST A5-5 isoenzyme (originally called Yc2Yc2) in rat liver by the above chemopreventive 

agents results in increased detoxification of the ultimate carcinogen, AFB1-8,9-epoxide, 

reduction in DNA adduct formation, and protection against tumorigenesis [346–351]. 

Although workers in the laboratory of Masayuki Yamamoto have created an Nrf2-knockout 

rat, it has not yet been investigated whether Nrf2 mediates induction of the GSTA5 gene by 

chemopreventive agents in rat liver, but it appears probable. In addition to induction of GST 

in the rat, the AFB1-dialdehyde-metabolizing AKR7A1 reductase (originally cloned by 

Elizabeth Ellis and called AFAR [352,353]), which protects against cytotoxicity, is also 

highly inducible by cancer-chemopreventive agents in rat liver [352–355]. Although it is not 

known if induction of AKR7A1 is mediated by Nrf2 its gene contains four ARE sequences in 

its promoter (Table 2). As a cautionary note, induction of class Theta GST T1-1 isoenzyme 

in rat liver increases activation of the dihaloalkane carcinogens dichloromethane and 

dibromomethane [356], and therefore the consequences of GST induction depend on the 

likelihood of exposure to particular environmental toxins.

By contrast with the rat, mice are intrinsically resistant to AFB1, and mouse liver contains 

high basal levels of a class Alpha Gst a3-3 enzyme (originally called YcYc or Ya3Ya3) that 

catalyzes the conjugation of GSH with AFB1-8,9-epoxide and appears to be responsible for 

the intrinsic resistance of the mouse to AFB1 hepatocarcinogenesis [357–360]. Knockout of 

the Gsta3 subunit renders mice sensitive to AFB1 toxicity, and this cannot be rescued by 

treatment of Gsta3−/− mice with chemopreventive agents that activate Nrf2 [360], despite 

the fact that many other class Alpha, Mu, and Pi Gst subunits are inducible in mouse liver 

[59, 61, 96, 361, 362]. Examples of the dependency of chemopreventive agents on Nrf2 to 

inhibit chemical carcinogenesis in the mouse are provided by the protection conferred by 

oltipraz against benzo[a] pyrene-initiated stomach cancer, through induction of Gst and 

Nqo1, and protection conferred by oltipraz against N-nitrosobutyl (4-hydroxybutyl)amine 

bladder carcinogenesis, through induction of Ugt1a [363–365]. Nrf2 also mediates the 

chemopreventive effects of SFN against 7,12-dimethylbenz[a]anthracene-induced skin 

tumorigenesis [176], but the enzymes responsible have not been identified.
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Whereas many Gst genes are regulated in mice by chemopreventive agents in an Nrf2–

Keap1-dependent manner, this is not the case in humans [246], in which Nrf2 is more 

commonly associated with the induction of AKR1A1, AKR1B10, AKR1C1, AKR1C2, and 

AKR1C3 genes. Among these inducible human oxidoreductases, AKR1A1 is implicated in 

the reduction of doxorubicin to doxorubicinol [366], whereas AKR1C1 and AKR1C2 are 

involved in the metabolism of the steroid hormone replacement therapeutic tibolone [367, 

368] and the oral contraceptive northeynodrel [369]. These findings suggest that activation 

of Nrf2 in humans may lead to more rapid clearance of certain therapeutic drugs. In humans, 

the AKR1B10, AKR1C1, AKR1C2, and AKR1C3 genes are upregulated by the Keap1–Nrf2 

pathway as part of the redundancy built in to protect against the deleterious consequences of 

lipid peroxidation and its breakdown products 4-hydroxy-2-nonenal and 4-oxo-2-nonenal 

[128, 370]. In the case of AKR isoenzymes, the bifunctionality of the electrophile is 

inactivated when the aldehyde is reduced by AKR1C enzymes to a primary alcohol to form 

1,4-dihydroxynonene [128]. The AKR1C isoenzymes are also capable of activating PAH 

trans-dihydrodiol carcinogens including 7,12-dimethylbenz[a]anthracene-3,4-dihydrodiol to 

form a ketol, which can spontaneously form a catechol that can in turn redox cycle to an 

ortho-quinone [371, 372]. Finally, it is noteworthy that although AKR7A1 can be induced by 

BHA, ethoxyquin, oltipraz, and coumarin in rat liver [348, 352], the related human 

AKR7A2 and ARK7A3 genes do not appear to be inducible even though they contain ARE 

sequences in their gene promoters (Table 2).

MRP transporters are part of the mammalian phase III drug detoxication system, responsible 

for the elimination of xenobiotics. In mice, induction of Mrp2, Mrp3, and Mrp4 by BHA and 

oltipraz is dependent on Nrf2 [120]. It remains unclear, however, whether Nrf2 regulates 

these transporters in rat and human [373], and further work is required to address this issue.

5. Biochemical consequences of Nrf2 upregulation on metabolic processes

As discussed earlier, Nrf2 activity is influenced by signaling though the mTOR pathways, 

suggesting a role for the transcription factor outside its traditional role in the oxidative stress 

response and detoxification and, in so doing, implicating the transcription factor in the 

regulation of metabolic processes such as carbohydrate and lipid metabolism and the 

utilization and generation of NADPH. The links between Nrf2 and metabolism are relatively 

recent discoveries, first noted by the research groups of Thomas Kensler, Curtis Klaassen, 

and Masayuki Yamamoto [115, 116, 121]. Although the role of Nrf2 in these processes is 

slowly being clarified, the body of literature available on the subject is relatively small, with 

much remaining to be discovered.

5.1. Effect of Nrf2 upregulation on carbohydrate metabolism

Carbohydrates not only constitute an important energy source for cells, but their structural 

diversity allows them to serve as key structural components involved in defining the 

function of the cell and in cell-cell interactions [374]. The metabolism of carbohydrates is 

controlled at many levels by the availability of certain key nutrients and through feedback 

from other metabolic processes. The links between Nrf2 and the regulation of carbohydrate 

metabolism are relatively recent discoveries [116], which are not yet fully understood.
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5.1.1. The role of Nrf2 upregulation in glucose metabolism and the pentose 
phosphate pathway—Availability of glucose dictates the pathway by which it is 

processed. During times of energy requirement, glucose is catabolized to produce two 

molecules of pyruvate, which is directed into the citric acid cycle for oxidative 

phosphorylation. Under conditions of high glucose availability, glucose is directed to 

anabolic reactions such as the pentose phosphate pathway (PPP) and the generation of 

glycogen [374]. Under sustained PI3K-Akt signaling, Nrf2 redirects glucose into the 

anabolic PPP with knockdown of the transcription factor leading to the increased 

accumulation of glycolysis intermediate metabolites in the cell [121]. In cancer cells with 

constitutively active Nrf2, knockdown of the transcription factor causes downregulation of 

all enzymes in the PPP, i.e., G6PD, PGD, transketolase, and transaldolase 1 [121, 375]. In 

agreement, pharmacological (by SFN) or genetic (by Keap1 knockdown) upregulation of 

Nrf2 in human nontumorigenic breast epithelial MCF10A cells causes increases in the PPP 

enzymes [36]. The influence of Nrf2 on the PPP can also be seen in its effect on nucleotide 

synthesis; Nrf2 is important for efficient synthesis of purine, but not pyrimidine, nucleotides 

from glucose [121]. Indeed, Nrf2 regulates the expression of phosphoribosyl pyrophosphate 

amidotransferase, which catalyzes entry into the de novo purine nucleotide biosynthetic 

pathway, as well as the mitochondrial methylenetetrahydrofolate dehydrogenase 2, which 

provides glycine and formate, the sources of one-carbon units for purine biosynthesis [121]. 

The upregulation of anabolic pathways by Nrf2 drives in vitro and in vivo cell proliferation 

and is thought to contribute to accelerated tumor growth [121, 375].

5.1.2. The role of Nrf2 in glutamine metabolism—Levels of the nonessential amino 

acid glutamine also play a role in the regulation of cellular energy homeostasis. Glutamine 

can be converted via a two-step process to α-ketoglutarate, which is a citric acid cycle 

intermediate. As with glucose, Nrf2 redirects glutamine into anabolic pathways under 

sustained PI3K–Akt signaling [121]. Knockdown of Nrf2 results in increased levels of 

glutamine and glutamate, with decreased production of GSH presumably contributing to this 

increase.

5.2. Influence of Nrf2 upregulation on NADPH generation and consumption

The reducing agent NADPH is a cofactor used in anabolic reactions, such as lipid and 

nucleic acid synthesis, as well as acting as a source of reducing equivalents in many 

reactions. Nrf2 has been linked to the regulation of generation and consumption of NADPH. 

The main enzymes involved in NADPH production, ME1, IDH1, G6PD, and PGD, are all 

regulated in part by Nrf2 [61, 115, 121, 375, 376], with low levels of the cofactor seen in 

Nrf2−/− mice and correspondingly high levels in mice with hepatocyte-specific Keap1 

knockout [115]. Additionally, the levels of NADPH and the NADPH/NADP+ ratio are lower 

in Nrf2−/− than in wild-type MEF cells, and the NADPH levels decrease upon Nrf2 

knockdown in cancer cell lines in which Nrf2 is constitutively active [375]. This decreased 

availability of reducing power in Nrf2−/− mice will not only negatively affect lipogenesis 

and nucleic acid synthesis, but will also contribute to reduced antioxidant availability in the 

cell, as NADPH acts as a reducing factor for both the GSH and the TXN systems.
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5.3. Impact of Nrf2 on lipid metabolism

Tom Kensler and colleagues first noticed that genetic or pharmacological upregulation of 

Nrf2 caused changes in expression of genes involved in lipid metabolism [116]. 

Subsequently, various groups have reported that Nrf2−/− mice succumb rapidly to fatty liver 

(i.e., steatosis) when placed on a methionine- and choline-deficient diet [144, 377, 378]. In 

the wake of these observations, Keith Blackwell and Sean Curran and co-workers noted that 

genetic upregulation of Nrf2 in murine Keap1−/− lung tissue resulted in induction of genes 

involved in fatty acid oxidation and a decrease in expression of genes involved in fatty acid 

synthesis [123], which is consistent with the observation that Nrf2−/− mice are susceptible to 

steatosis. The increase in fatty acid oxidation upon genetic upregulation of Nrf2 is 

interesting because it accords with an earlier study in which expression of the oxidized-LDL 

scavenger receptor CD36 in macrophages was reported to be controlled by Nrf2 [133], 

suggesting that the increase in fatty acid oxidation is coupled with increased uptake of lipids.

Hepatic lipid metabolism is largely regulated by the nuclear receptor PPARa, which controls 

the expression of genes involved in lipid transport, β-oxidation of fatty acids, ketogenesis, 

lipogenesis, lipid mobilization, and cholesterol metabolism, some examples of which are 

shown in Table 3[379]. PPARα is a transcription factor that is activated under conditions of 

low energy availability, which is critical in the longer-term adaptation to fasting conditions. 

By contrast, the expression of Pparα has been reported to be decreased upon upregulation of 

Nrf2 [116]. Microarray studies involving 24-h-fasted Pparα−/− mice revealed a highly 

significant downregulation of Nrf2 mRNA levels compared to wild-type mice, whereas no 

change in Nrf2 mRNA was seen in Pparα-null mice that had been fed [238]. Taken together, 

these data suggest a potential feedback loop exists between the transcription factors Nrf2 

and Pparα during fasting conditions, the mechanism of which is not yet fully understood. As 

outlined in Fig. 13 the activation of Nrf2 during fasting could be a direct transcriptional 

effect of Pparα activation, an indirect consequence of the production of ROS resulting from 

β-oxidation of fatty acids that results in increased Nrf2 protein stability, a combination of the 

two mechanisms, or something completely unrelated. Both Yates et al. [116] and Sanderson 

et al. [238] reported changes in gene expression of Nrf2 and Pparα at the level of mRNA, 

suggesting that the putative feedback could be a direct transcriptional mechanism, but this 

does not rule out a contribution from indirect means.

Previous work on the potential role of Nrf2 in lipid metabolism by researchers in the 

laboratory of Curtis Klaassen examined the impact that loss of Nrf2 has on the effects of 24-

h fasting in mice [145]. They found that during acute fasting, whole body energy utilization, 

hepatic glycogen content, and gluconeogenesis were not significantly influenced by Nrf2 

deficiency. Levels of oxidative stress were shown to be higher in the Nrf2−/− mice owing to 

their inability to induce antioxidant genes, although it is worth noting that the wild-type 

fasted mice also failed to show significant induction of Nrf2 and its target genes after 24 h 

fasting. Examination of the effects of acute fasting on gene expression in Keap1+/− mice, 

with genetically upregulated Nrf2 [380], largely agreed with the findings of Zhang et al. 

[145], although they also noted a small but significant induction of Nqo1 in wild-type fasted 

mice. These data pose more questions about the exact role of genetic and pharmacological 
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upregulation of Nrf2 on lipid metabolism, with further work needed to define the 

contribution made by the transcription factor.

The role played by Nrf2 in the regulation of metabolic processes is, at present, still unclear 

with much remaining to be elucidated about the contribution of the transcription factor to 

metabolism in vivo. Despite the limited availability of data on these topics, it has become 

clear that the contribution made to the regulation of many metabolic processes by Nrf2 is 

significant and that the field would benefit from further study in this area.

6. The varied contributions made by Nrf2 to degenerative disease

6.1. Nrf2 plays apparently contradictory roles in cancer

Nrf2 plays an important, but somewhat ambiguous, role in the initiation, promotion, and 

progression of cancer. Too little Nrf2 activity clearly results in loss of cytoprotection and 

therefore increased risk of chemical carcinogenesis. However, Nrf2-null mice do not 

spontaneously develop cancer. The Nrf2−/− mice succumb to carcinogenesis only if they are 

exposed to environmental carcinogens such as benzo[a]pyrene, 7,12-

dimethylbenz[a]anthracene, nitrosamines, or tobacco smoke [175]. The only exception to 

the general rule that Nrf2−/− mice are more sensitive than Nrf2+/+ mice to chemical 

carcinogenesis is provided by urethane and the incidence of lung cancer, in that wild-type 

mice suffer a higher tumor burden than mutant mice [381]; however, even in this situation, 

after urethane treatment, the Nrf2−/− mice develop far more early preneoplastic lesions than 

the wild-type mice, and it seems that postinitiation events prevent these early lesions from 

developing into tumors [182]. A large body of literature indicates that Nrf2 mediates the 

beneficial effects of many chemopreventive agents in rodents when administered before 

exposure to chemical carcinogens (defined as “blocking” agents [344]). Set against the 

general role of Nrf2 as an inhibitor of carcinogenesis, it is possibly counterintuitive that 

somatic mutations resulting in its constitutive activation are a prominent feature of many 

cancers, a characteristic that is often referred to as the “dark side” of Nrf2 [382] and implies 

that the transcription factor is capable of supporting tumorigenesis [383, 384]. This 

conclusion should, however, be tempered by the discovery that the long-lived naked mole 

rat, which enjoys an extremely low cancer incidence, has higher Nrf2 activity than shorter-

lived rodents [385, 386]. The dichotomy that Nrf2 mediates chemoprevention but is 

frequently upregulated in tumors is consistent with the notion that the dose-response curve 

for Nrf2 and cancer susceptibility is U-shaped [326, 327]. This nonlinear curve infers that 

upregulation of Nrf2 may be necessary for the promotion and progression of carcinogenesis 

in certain circumstances and is probably likely to depend on the context in terms of the 

carcinogenic stimulus involved, the somatic mutations that have arisen, and the 

microenvironment of the tumor.

6.1.1. Contribution of Nrf2 to cancer chemoprevention—Carcinogenesis is initiated 

by a series of DNA mutations, often caused by electrophiles or ROS insults, which lead to 

loss of normal growth control. Upregulation of enzymes involved in detoxification would be 

expected to reduce greatly the risk of chemical carcinogenesis, with the proviso that most 

detoxication enzymes will on occasions catalyze toxication reactions (for examples, see 

[345, 356, 371, 372]). In the vast majority of cases it has been found that chemopreventive 

Tebay et al. Page 34

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



agents that activate Nrf2 and induce phase II drug-metabolizing enzymes diminish 

tumorigenesis, especially when protection is compared between wild-type and Nrf2-

knockout mice [387]. It is well established that chemical activators of Nrf2 such as oltipraz, 

SFN, and TBE-31 reduce the likelihood of cancers developing when administered before 

challenge with carcinogens [95, 102, 180, 388]. In addition to decreasing the likelihood of 

tumorigenesis, activation of Nrf2 by pharmacological (SFN) or genetic (Keap1 knockdown) 

means has been shown to reduce the number of harmful DNA-damaging effects of estrogens 

in MCF-10A cells [389].

The fact that phenolic antioxidants, such as BHA, are capable of inhibiting the initiation of 

chemical carcinogenesis was one of the discoveries that helped establish the cancer 

chemoprevention field [390–392]. It was, however, later reported that BHA and other 

phenolic antioxidants may promote tumorigenesis in the forestomach of some rodent species 

(reviewed in [393, 394]). Specifically, among F344 rats in which cancer had been initiated 

by injection of N-methyl-N-nitrosourea over a period of 4 weeks, subsequent feeding of a 

diet containing 2% BHA over the next 32 weeks resulted in 92 and 88% of animals 

developing forestomach papillomas and carcinomas, respectively, whereas among rats that 

had similarly received N-methyl-N-nitrosourea but were subsequently placed on a regular 

chow diet, only 36% developed forestomach papillomas and none had carcinomas [395]. 

BHA has also been reported to promote N-methyl-N-nitrosourea-initiated adenoma of the 

thyroid in F344 rats, but in this case the incidence increased from 0 to 16% [395]. It should 

be noted that similar findings have not to our knowledge been reported in the mouse. The 

significance for human health of the findings that BHA can promote forestomach cancer and 

thyroid cancer in the rat is uncertain because humans do not possess an anatomical 

equivalent to the rodent forestomach and because the dose of BHA used in the study was 

extremely high. Most importantly in the context of this article, it is not known if the ability 

of BHA to promote tumorigenesis is mediated by Nrf2.

In view of the ability of high doses of BHA to promote forestomach cancer in the rat, 

coupled with the fact that Nrf2 is a cell survival factor, it is reasonable to question whether 

activation of the transcription factor by chemopreventive agents once carcinogenesis has 

been initiated might serve to accelerate tumorigenesis rather than inhibit it. Most 

importantly, the available evidence does not support such a hypothesis. Thus in experiments 

using UV-irradiation (35% UVA and 65% UVB) to initiate skin carcinogenesis in SKH-1 

mice over a period of 20 weeks, the subsequent topical application of an SFN-enriched 

broccoli sprout extract (containing 0.3 μmol SFN or 1.0 μmol SFN) for 5 days/week over 11 

weeks was found to reduce significantly the tumor burden in a dose-dependent fashion 

[396]. In chemically initiated lung cancer in A/J mice, using two doses of vinyl carbamate 

given 1 week apart, the subsequent administration of the oleanane triterpenoids CDDO-ethyl 

amide (80 mg/kg in the diet) and CDDO-methyl ester (800 mg/kg in the diet) for 15 weeks, 

starting 1 week after the second injection of vinyl carbamate, modestly decreased the 

number of tumors and markedly inhibited their growth [397]. The vinyl carbamate lung 

carcinogenesis experiment has been extended more recently using the potent Nrf2 activator 

CDDO-Im and the weak Nrf2 activator dimethyl fumarate, and like CDDO-ethyl amide and 

CDDO-methyl ester, CDDO-Im was found to inhibit lung carcinogenesis but, unexpectedly, 
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the weak Nrf2 activator dimethyl fumarate was found to increase lung carcinogenesis [398]. 

In the mouse breast cancer-associated gene 1 (BRCA1) genetic model of mammary 

carcinogenesis, using BrcaCo/Co::MMTV-Cre ::p53+/− mice, administration of CDDO-Me 

(50 mg/kg diet), starting at 12 weeks of age and continuing for approximately 25 weeks, 

inhibited constitutive phosphorylation of ErbB2, induced G0/G1 arrest, and delayed tumor 

development in the mice by 5.2 weeks [399]. Using the LSL-KrasG12D/+::LSL-

Trp53R127H/+ ::Pdx-1-Cre genetic model of pancreatic cancer, administration of CDDO-Me 

(60 mg/kg in diet) after 4 weeks of age increased survival by about 3 weeks [400]. 

Collectively, the above findings indicate that in a variety of mouse cancer models the 

administration of potent Nrf2 activators, such as SFN and oleanane triterpenoids, after 

carcinogenesis has been initiated decreases tumor burden. However, it remains to be 

established why the weak Nrf2 activator dimethyl fumarate increases lung tumorigenesis 

and whether it involves the CNC-bZIP transcription factor.

6.1.2. Upregulation of Nrf2 in tumors—Nrf2 seems to be commonly upregulated in 

cancer. It was first reported that cell lines and tumors from patients with non-small-cell lung 

carcinoma contain somatic mutations that inactivate Keap1, thereby causing constitutive 

Nrf2 activation [249, 401]. Since this discovery, other somatic mutations that are believed to 

activate Nrf2 have been reported in lung, breast, gall-bladder, kidney, bladder, esophagus, 

and skin cancers [182, 249, 255, 383, 402–405]. In addition to somatic mutations in Keap1, 

“hot-spot” mutations in the NFE2L2 gene in regions encoding the ETGE and DLG motifs in 

Nrf2 that bind to Keap1 have also been reported [383, 406–410]. Recent profiling by The 

Cancer Genome Atlas (TCGA) research network and other consortia has documented the 

high frequency of mutations in these genes, with Nrf2 being estimated to be upregulated in 

25–35% of lung cancers [384, 411, 412], 8% of bladder carcinomas [413], and 5% of head 

and neck squamous cell carcinomas [414]. Most remarkably, TCGA found that somatic 

mutations in Keap1 are the second most common genetic lesion in lung adenoma carcinoma 

and the fourth most common in lung squamous cell carcinoma, whereas gain-of-function 

DLG and ETGE hot-spot mutations in NFE2L2 are the sixth most common in lung 

squamous cell carcinoma [415]. In addition to mutations in Keap1 and NFE2L2, Nrf2 is 

likely to be upregulated in human KRAS mutant tumors (Fig. 14), because in mouse cancer 

models mutant KrasG12D drives transcriptional upregulation of the Nfe2l2 gene by both Jun–

Fos and Myc [137, 236]. Moreover, Nrf2 is upregulated as a consequence of PTEN 

mutations [299, 416], presumably through its ability to activate the PI3K–Akt pathway and 

consequently inhibit GSK-3 [74].

Other mutations that increase Nrf2 activity include fumarate hydratase (FH)-inactivating 

mutations, which are found in hereditary type-2 papillary renal cell carcinoma (PRCC2). 

These mutations cause the accumulation of fumarate, leading to the activation of ARE-

driven gene expression, with loss of FH producing a gene expression signature that 

significantly overlaps with that observed after Keap1 knockdown [417]. Notably, addition of 

dimethyl fumarate was shown to cause direct stabilization of Nrf1 and Nrf2, whereas 

knockdown of the CNC-bZIP factors resulted in loss of fumarate-stimulated ARE-driven 

gene expression. Complementary reconstitution of cells with functional FH resulted in 

restoration of basal Nrf2 levels and decreased fumarate concentration [417, 418]. The 

Tebay et al. Page 36

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanism by which fumarate affects Nrf2 upregulation is via succination of Keap1 Cys 

residues, which abrogates its ability to bind and ubiquitylate Nrf2 [418]. Sporadic PRCC2 

has also been shown to be linked to sustained activation of Nrf2 through mutations of CUL3 

and NFE2L2, which render it insensitive to Keap1-mediated repression, indicating a central 

role for the dysregulation of Nrf2 in PRCC2 [408].

6.1.3. Consequence of Nrf2 upregulation during tumorigenesis—The above data 

suggest that although the upregulation of Nrf2 in cancer seems paradoxical, it is not an 

inconsequential observation or artifact—the mutations seen are specifically targeted to 

activate and cause accumulation of Nrf2, either by increasing stability of the transcription 

factor (by inhibiting its primary negative regulator Keap1 or suppressing repression by β-

TrCP) or by increasing transcription of NFE2L2. From this, it is apparent that in vivo 

regulation of Nrf2 is a careful balancing act. The evidence suggests acute activation of Nrf2 

allows chemopreventive agents to confer beneficial cytoprotective effects on normal cells; 

however, if Nrf2 activation is high and sustained for a prolonged period it may in certain 

tissues and in certain contexts promote carcinogenesis [326].

Two principal hypotheses have been advanced to account for the fact that Nrf2 is 

upregulated in cancer. First, it has been proposed that Nrf2 upregulation increases the 

antioxidant capacity of tumors and thus prevents activation of apoptosis or senescence 

caused by high levels of ROS produced by certain oncogenes [236]. As mentioned 

previously, Nrf2 might influence oncogenic pathways once cancer has been initiated by 

supporting the survival of cells harboring particular oncogenes, such as KrasG12D[182]. Key 

to this proposal is the fact that upregulation of Nrf2 should prevent excessive levels of ROS 

from stimulating apoptosis, possibly via ASK1 signaling. Support for this hypothesis comes 

from the finding that knockout of the Nrf2-target gene Gclm in mice decreases GSH levels 

to just 20% with respect to wild-type mice and this is sufficient to prevent malignant 

transformation in murine tumorigenesis models, including mammary cancer produced in 

MMTV-PyMT mice, lymphomas produced in Pten+/− mice, and sarcomas induced by Cre 

recombinase in KrasLSL–G12D/+::Trp53fl/fl mice [419]. Second, Nrf2 upregulation increases 

cell proliferation and this is accompanied by hyperphosphorylation of retinoblastoma 

protein, possibly brought about by increased activity of the cyclin D1/CDK4/CDK6 

complex and the cyclin E/CDK2 complex that has been speculated to be a consequence of 

repression of p21 expression [420]; this contrasts with the G2/M cell cycle arrest arising 

from hypophosphorylation of retinoblastoma protein and mislocalization of cyclin B1 and 

CDK1 in Nrf2-null cells [155]. It has been proposed that the increase in cell proliferation 

observed upon Nrf2 upregulation is supported by higher synthesis of NADPH and the 

redirection of glucose metabolism toward NADPH generation and anabolic pathways that 

are required for synthesis of macromolecules [121, 375]. Increased Nrf2 activity might also 

increase the supply of ATP, required for the synthesis of macromolecules, by improving 

mitochondrial function [149, 174], and this would be expected to contribute to the ability of 

cells to proliferate rapidly.

In addition to the contribution that Nrf2 might make to promotion of tumorigenesis by 

suppressing apoptosis and increasing cell proliferation, it is also possible that it contributes 

to cancer by increasing the likelihood of certain xenobiotics producing mutations. 
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Specifically, in humans, upregulation of Nrf2 induces AKR and NQO1 enzymes that are 

capable of activating certain carcinogens. Thus human AKR1A1, AKR1C1, AKR1C2, and 

AKR1C3 are all capable of metabolically activating PAH carcinogens by their dihydrodiol 

dehydrogenase activity, through which they catalyze the NADP+-dependent oxidation of 

PAH-trans-dihydrodiols to create redox-active and electrophilic PAH ortho-quinones [421, 

422]. Not only are the ortho-quinones capable of reacting with macromolecules, but they 

also undergo one- and two-electron enzymatic reductions, thereby creating ROS. Thus 

AKR1A1 and AKR1C family members can facilitate futile redox cycling of PAH ortho-

quinones (Fig. 15A). Once formed, the PAH ortho-quinones can stimulate Nrf2-mediated 

gene induction and further exacerbate PAH activation [234, 421, 422]. This sequence of 

events has been demonstrated in human lung cells and shown to lead to an increase in the 

mutagenic lesion 8-oxo-dG [423]. Furthermore, AKR1C1 and AKR1C2 also reduce 

tobacco-specific nitrosamines such as nicotine-derived nitrosamine ketone (NNK) to 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanol ((S)-NNAL), which is the stereoisomer that 

cannot be eliminated by glucuronidation [424–426]. In the absence of glucuronidation, S-

NNAL represents a pool from which α-hydroxylation leading to the formation of DNA 

adducts can still occur (Fig. 15B). In a similar manner, human NQO1 has been identified as 

the major nitroreductase involved in the metabolic activation of nitroarene carcinogens, such 

as 3-nitobenzanthrone, present in diesel exhaust, to form DNA adducts [427, 428]. 

Metabolic activation also leads to the generation of ROS, suggesting that nitroarenes may 

stimulate their own genotoxicity by inducing NQO1 (Fig. 15C). Additionally, AKR1B10, 

AKR1C1, and AKR1C2 have been identified as part of a gene battery that is induced by 

cigarette smoke in lung epithelial and buccal cells and reduced in smokers who quit, 

suggesting that these genes are induced as part of a stress response to inhaled toxicants, but 

that an undesirable consequence of its activation could be a contribution to cancer initiation 

[429]. Unlike AKR1C1 and AKR1C2, AKR1B10 is a retinal reductase and converts retinal 

to retinol [430], thereby depriving the retinoic acid receptor of its ligand and preventing 

cellular differentiation. AKR1B10 can reduce NNK, the antiemetic 5-HT3 receptor agonist 

dolasetron, and the anticancer drug daunorubicin [431].

In the clinical setting, Nrf2 upregulation is likely to contribute to tumor cell survival. Thus, 

acquired resistance to chemotherapeutic drugs is a major obstacle that must be overcome 

during the treatment of cancer. Unfortunately, a significant number of chemotherapeutic 

agents are carcinogenic or mutagenic, resulting in a higher frequency of mutations in the 

tumor, which leads to drug resistance [432]. Many tumors with acquired drug resistance 

have high levels of GSH and TXN that are accompanied by overexpression of TXNRD1, 

GST, AKR, and NQO1 drug-metabolizing enzymes as well as several multidrug efflux 

pumps [433–437]. As the synthesis of GSH and the expression of some of these proteins are, 

at least in part, regulated by Nrf2, it seems probable that upregulation of the transcription 

factor may confer acquired drug resistance on tumors. Indeed, it has recently been reported 

by Donna Zhang and colleagues that in a KrasG12D-driven lung cancer model, cotreatment 

with the Nrf2 inhibitor brusatol increased the efficacy of cisplatin treatment and in so doing 

reduced tumor burden and increased survival [137].
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In addition to the mechanisms proposed above by which induction of Nrf2-target genes 

might accelerate the promotion and progression of cancer, a convincing case could be 

argued that upregulation of Nrf2 during tumorigenesis provides cancer cells with additional 

diversity, possibly by allowing them to be reprogrammed toward pluripotency, which might 

increase their ability to evolve further. According to this view, the upregulation of Nrf2 

would allow cancer cells to escape from being locked into proscribed developmental 

programs, in the sense of being obliged to follow a particular predetermined “epigenetic 

landscape,” as originally hypothesized by Waddington [438–440]. The idea that 

upregulation of Nrf2 could allow reprogramming of initiated cells is consistent with the 

evidence that the transcription factor is expressed at high levels in stem cells [156] and also 

that it controls self-renewal and pluripotency in human embryonic stem cells [441].

In summary, the above findings suggest that the ascending slope in the proposed U-shaped 

susceptibility to cancer curve that occurs at high levels of Nrf2 activity might arise as a 

consequence of the CNC-bZIP transcription factor’s contribution to inhibition of apoptosis, 

increase in cell proliferation (in part by directing metabolism toward NADPH generation 

and improving ATP synthesis for the synthesis of macromolecules), and activation of PAH 

and nitrosamine chemical carcinogens, as well as its possible influence on dedifferentiation 

that might allow developmental reprogramming during oncogenesis.

6.2. The interplay between Nrf2 and diabetes mellitus

DM is a metabolic disease characterized by chronic hyperglycemia and the development of 

associated complications, particularly in the microvasculature owing to changes in myogenic 

tone, leading to injury of the retina, renal glomerulus, and peripheral nerves [442, 443]. 

Obesity is a common risk factor for development of DM. The role Nrf2 plays in 

obesogenesis is likely to attenuate the initiation of diabetes; pharmacological activation of 

Nrf2 has been shown to inhibit weight gain and increase energy expenditure in wild-type but 

not Nrf2−/− mice fed on a high-fat diet [444]. Similarly, genetic activation of Nrf2 by 

knockdown of Keap1 in leptin-deficient obese (Lepob/ob) mice also results in a decrease in 

weight gain, food intake, and lipogenesis relative to wild-type animals [445]. The initial 

stages in the development of DM, as well as the pathogenesis of the disease itself, are 

thought to involve excessive production of ROS and reactive nitrogen species due to 

sustained hyperglycemia, which will in turn exacerbate redox dysfunction [446]. Nrf2 is 

thought to marshal cellular defenses against these oxidative insults, with loss of Nrf2 

causing mitochondrial dysfunction, further ROS generation, insulin resistance, and diabetic 

complications [443, 446, 447].

Nrf2 contributes to the regulation of blood glucose content, with Nrf2-null mice shown to 

have lower basal insulin levels and longer periods of hyperglycemia than their wild-type 

counterparts, whereas mice with genetically or pharmacologically activated Nrf2 have lower 

blood glucose, improved insulin secretion, and improved insulin sensitivity [114, 229]. The 

increased levels of glucose-derived ROS also act as signaling molecules for glucose-

stimulated insulin secretion (GSIS) in pancreatic β-cells. Nrf2 plays a paradoxical role in the 

regulation of GSIS in that its activation protects β-cells from injury by oxidative stress but in 

turn blunts the stimulatory signal, resulting in reduced GSIS [448]; this paradoxical role is 
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seen clearly under conditions of metabolic stress. Lepob/ob::Keap1-knockdown mice display 

prolonged hyperglycemia and induced insulin resistance [445, 449], but on a high fat-diet 

Nrf2−/− mice have been shown to display improved insulin sensitivity relative to their wild-

type counterparts [162]. The impaired insulin signaling in Lepob/ob::Keap1-knockdown mice 

may arise from the quenching of ROS-based signal transduction required for insulin 

signaling [9], by upregulation of GSH, and/or because of increased PTP1B activity [199], as 

a consequence of upregulation of the TXN1-TXNRD1-SRXN1 pathway.

In addition to its context-dependent effects on insulin resistance, Nrf2 has also been shown 

to protect against microvascular complications resulting from diabetes; in streptozotocin-

induced diabetic models, Nrf2−/− mice have been found to experience more profound 

nephropathy, retinopathy, and cardiomyopathy as a result of oxidative stress than their wild-

type counterparts [450–452]. Conversely, pharmacological activation of Nrf2 by SFN or 

cinnamic aldehyde is protective in these models [453–456]. A recent study has reported 

increased promoter DNA methylation, mRNA, and protein levels of Keap1, and 

corresponding decreased Nrf2 levels, in myocardial biopsies of diabetic patients [457]. 

Taken together, these data suggest a protective role for Nrf2 in the development and 

progression of DM and indicate that Nrf2-activating agents may be of value in the treatment 

of complications caused by the disease [453, 458].

The global changes in the levels of and sensitivity to insulin will themselves cause changes 

to Nrf2 signaling during DM. Insulin signaling has been shown to decrease the level of 

translation taking place in the cell through interactions with the mTOR pathway, which 

feeds into the regulation of Nrf2 protein stability (Fig. 11). Stimulation of mTOR through 

insulin signaling has been shown in Caenorhabditis elegans to lead to the induction of 

SKN-1 and DAF-16 (the mammalian orthologs of which are Nrf2 and FOXO, respectively) 

target genes that protect cells by diminishing metabolic stress [459]. Both mTORC1 and 

mTORC2 have been shown to be dysregulated during the development and progression of 

DM through independent signaling mechanisms; mTORC1 plays a role in the initiation of 

DM with inhibition of the transcriptional regulator p70S6K, an mTORC1 target, leading to 

glucose intolerance, loss of insulin sensitivity to glucose secretion, and hypoinsulinemia 

[460]. In the case of mTORC2, existing DM causes disruption to its signaling pathways. 

High glucose levels seen in DM can cause a loss of sirtuin-1 signaling, resulting in 

decreased RICTOR expression, leading to attenuated mTORC2 signaling, which in turn has 

downstream consequences on signaling through Akt-GSK-3 causing changes in Nrf2 protein 

stability.

6.3. The role of Nrf2 in neurodegenerative disease

Nrf2 status has been linked to many kinds of neurodegenerative disorders, such as Parkinson 

disease, multiple sclerosis, Huntington disease, Alzheimer disease, and amyotrophic lateral 

sclerosis (reviewed in [461, 462]). The common themes associated with these conditions are 

inflammation and oxidative stress; it has been shown previously that loss of Nrf2 increases 

sensitivity to oxidative insults and proinflammatory stimuli, indicating that Nrf2 is likely to 

play a significant role in many neurodegenerative conditions [60, 183, 463]. In addition to 
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this, activators of Nrf2 such as carnosic acid have been shown to have in vivo 

neuroprotective function [464].

Parkinson disease (PD) is a condition characterized by deposition of Lewy bodies within the 

brain and progressive loss of dopaminergic neurons in the substantia nigra, leading to 

movement-related issues such as tremor and rigidity of movements [465]. Approximately 5–

10% of Parkinson cases show a monogenic component with mutations in PARK1, PARK4, 

PARK5, PARK8, PARK11, and PARK13 associated with an autosomal dominant form, 

whereas mutations in PARK2, PARK6, and PARK7/DJ-1 are associated with an autosomal 

recessive form [466]. Another gene that is mutated in hereditary early-onset parkinsonism is 

PTEN-induced putative kinase 1 (PINK1) [467] encoding the mitochondrial serine/

threonine-protein kinase, which, together with PARKIN, plays a role in mitochondrial 

function and quality control [468]. The remaining 90–95% of cases are considered sporadic; 

however, oxidative stress is believed to play a role in the development and progression of 

the disease. The beneficial effects of Nrf2 in PD have been shown in Drosophila, with 

upregulation of the CNC-bZIP factor or downregulation of one of its negative regulators, 

Keap1, partially restoring locomotor function lost in the PD model [469]. In parkinsonian 

mouse models induced by the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) or 6-hydroxydopamine, compared to wild-type, Nrf2−/− mice showed greater loss 

of dopaminergic neurons in the substantia nigra [470–472] and more severe astrogliosis and 

microgliosis [471, 473]; comparatively, pharmacological (e.g., by 1,2-dithiole-3-thione, 

SFN, triterpenoids, or licochalcone E) or genetic (by astrocytic Nrf2 overexpression or 

Keap1 knockdown) upregulation of Nrf2 in wild-type, but not in Nrf2−/− mice, showed a 

protective effect against MPTP-induced neuronal damage [470, 474–483]. In addition, 

overexpression of Nrf2 in astrocytes has been shown to be sufficient to protect mice against 

MPTP-induced toxicity, suggesting that modulation of the Nrf2 pathway is a promising drug 

target for treatment of PD [470]. Interestingly, SFN restores the compromised mitochondrial 

membrane potential in PINK1-deficient cells and protects them against dopamine toxicity 

[484], suggesting that the role of Nrf2 in mitochondrial function [149, 174] may constitute 

part of the protective mechanism of pharmacological Nrf2 activators in Parkinson disease. 

The link between Nrf2 and Parkinson disease is also seen in humans, with evidence to 

suggest that variation in the Nrf2 haplotype is associated with changes in Parkinson disease 

risk and age of onset [485, 486].

Multiple sclerosis (MS) is a chronic autoimmune and inflammatory disease that causes 

damage to white matter and the spinal cord. The exact cause of MS is not known; however, 

it is widely accepted that dysregulation of immune cells causes damage to oligodendrocytes 

and axons. The overactivation of immune cells results in secondary damage through 

oxidative stress. In a mouse model of MS, it has been shown that Nrf2−/− mice experience 

an earlier onset and faster progression of the disease, in addition to greater demyelination of 

neurons and more robust activation of immune cells within the brain, than Nrf2+/+ mice 

[487]. Administration of the Nrf2 inducer dimethyl fumarate in MS models showed reduced 

levels of oxidative stress and preservation of nerve fiber myelination, which is lost in 

Nrf2−/− mice [488, 489]. The anti-inflammatory effects exhibited by Nrf2 may also be 
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involved in its protective role in MS. To date, dimethyl fumarate that is used to treat MS is 

the only Nrf2 activator used in clinical practice.

7. Concluding comments and perspective

In this article we have provided an overview of the processes such as redox status, cell 

differentiation, ER stress, mitochondrial function, drug metabolism, inflammation, tissue 

regeneration, and signal transduction that are altered in Nrf2-null mice and cells. It is 

curious how little is understood about the processes that Nrf2 controls under normal basal 

conditions, possibly because Nrf2−/− mice have most frequently been used as controls in 

experiments designed to establish the contributions made by the transcription factor to 

combatting oxidative stress. It does, however, now seem clear that Nrf2−/− cells have their 

own phenotype, at least with regard to heightened activity of some signal transduction 

pathways. An important gap in current knowledge is a lack of understanding of tissue-

specific effects of Nrf2, and this is of particular importance in metabolic and inflammatory 

disease. Shyam Biswal and colleagues have reported the generation of an Nrf2-floxed mouse 

[490] that will allow the tissue-specific roles of the transcription factor to be investigated.

Whereas humans lacking Nrf2 have not been reported, polymorphisms exist that entail 

interindividual variations in the promoter of the human NFE2L2 gene that influence its 

expression [491, 492]. Therefore it will be important in the future to explore whether 

humans that are “Nrf2-low expressors” exhibit alterations in the pathways we have 

described. It should, for example, be possible to subject human volunteers to physiological 

and metabolic challenge and examine whether the NFE2L2 genotype influences the stress 

and signaling pathways that are perturbed in Nrf2-null mice.

Herein we have described the mechanisms by which Nrf2 is regulated by CRLKeap1 and 

SCFβ-TrCP with a view to providing a better understanding of how redox status, growth 

factors, nutrient availability, and energy levels modulate the activity of the transcription 

factor and thus induction of its target genes. It is, however, unclear how these two systems 

are integrated and whether there is cross talk between them. Further experiments are 

required to determine whether CRLKeap1 and SCFβ-TrCP repress Nrf2 in different organs, 

cell types, or subcellular compartments, and whether either principally controls the 

magnitude or the duration of Nrf2 activation. It is also not known whether the β-TrCP1 and 

β-TrCP2 isoforms regulate Nrf2 differently, nor is it clear why Nrf2 contains two binding 

sites for β-TrCP1/2. Evidence exists that certain xenobiotics activate Nrf2 by antagonizing 

GSK-3 [299, 306], but further work is required to establish the spectrum of chemicals that 

work through this mechanism and how they compare with those that activate Nrf2 by 

inhibiting Keap1. Moreover, a complex signal transduction network exists upstream of 

GSK-3, including Akt, PI3K, and mTORC2, which enables growth factors and nutrients to 

increase Nrf2 activity. Additional studies are required to establish the extent to which 

xenobiotics and endobiotics control Nrf2 through this network.

We have also described the ambiguous role played by Nrf2 in cancer insofar that although in 

rodents it mediates the benefits of cancer-chemopreventive agents against many chemical 

carcinogens, it also seems to support KrasG12D-driven carcinogenesis in mouse tumor 
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models and it is constitutively upregulated in many human tumors through somatic loss-of-

function mutations in Keap1 and PTEN and gain-of-function mutations in NFE2L2 and 

KRAS. Future research should possibly be directed toward determining a better 

understanding of how constitutive Nrf2 upregulation supports tumorigenesis by suppressing 

proapoptotic signaling pathways, by mediating overexpression of AKR isoenzymes that 

promote redox cycling of PAH metabolites, and by providing an environment that facilitates 

the establishment of oncogenic pathways that are particularly malignant. Knowledge of the 

genes regulated by Nrf2 that are responsible for supporting tumorigenesis will allow 

alternative chemotherapeutic strategies to be devised.
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Fig. 1. 
Mechanism of action of endogenous small protein antioxidants. (A) The biosynthesis of 

glutathione involves two steps. First (i), glutamate-cysteine ligase (GCL) conjugates 

cysteine (Cys) with glutamate (Glu), in a rate-limiting reaction that requires ATP, to produce 

γ-glutamyl-cysteine (γGC). Second (ii), glutathione synthetase (GSS) attaches glycine (Gly) 

to the C-terminal cysteine of γGC to produce the tripeptide glutathione (GSH). In turn, GSH 

may be oxidized by ROS (shown as H2O2), generating a disulfide bridge between two 

glutathione molecules, resulting in the formation of GSSG. The GSSG can be reduced back 

to two GSH molecules by the action of GSR1, an enzyme that utilizes NADPH as the 

electron donor. (B) The small protein dithiol TXN is oxidized, producing an intermolecular 
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disulfide that is reduced by the flavoprotein TXNRD1, using NADPH as the electron donor. 

(C) The typical 2-Cys PRDX isoenzymes 1, 2, 3, and 4 reduce H2O2 through a catalytic 

cycle (shown on the left-hand side) that involves oxidation of the – SH group in an active-

site Cys residue to sulfenic acid (–S–OH) in one subunit of the dimeric proteins. The 

oxidized thiol then forms an intermolecular disulfide bridge with a Cys residue in the other 

subunit before it is reduced by TXN; the resulting oxidized TXN is reduced by TXNRD1 in 

an NADPH-dependent manner. During reduction of H2O2, the active-site Cys in a small 

fraction of PRDX is hyperoxidized to sulfinic acid (–SO2H) (shown on the right-hand side). 

Overoxidation of the peroxidatic Cys to sulfinic acid inactivates PRDX, but it can be 

reactivated by SRXN1 through a mechanism that involves a transient covalent linkage 

between the two proteins, followed by a thiol-mediated reduction that is likely to involve 

GSH.
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Fig. 2. 
Chemical structures of dietary antioxidant compounds. Polyphenol family members that 

exhibit indirect antioxidant activity include resveratrol, a stilbenoid found in red wine; 

quercetin, a flavonol found in red and yellow onions; curcumin, a curcuminoid found in 

turmeric and mustard; and luteolin, a flavone found in celery, parsley, and thyme. 

Glucosinolate breakdown products that have indirect antioxidant properties include the 

isothiocyanates sulforaphane and phenethyl isothiocyanate and the epithionitriles 1-

cyano-2,3-epithiopropane and 1-cyano-3,4-epithiobutane: glucosinolates that give rise to 

these compounds are found in cruciferous vegetables, such as broccoli.
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Fig. 3. 
Domain structure of human Nrf2. The relative positions of the Neh domains of transcription 

factor Nrf2 are shown. The degrons responsible for targeting of Nrf2 protein by Keap1 and 

β-TrCP for proteasomal degradation are indicated above the domains, and the region of Nrf2 

through which it is inhibited by RXRα is indicated. The numbering of amino acids is based 

on the human sequence and is shown below the cartoon.
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Fig. 4. 
Structure of CNC-bZIP family members. By definition, all family members contain both 

CNC and bZIP sequences, which together comprise the Neh1 domain. The Neh2 or the 

Neh2-like (Neh2L) domain is present in mammalian Nrf1 and Nrf2 as well as the 

Drosophila CNC protein. The Neh3, Neh5, and Neh6 domains are common to all family 

members. The Neh4 domain is represented only in Nrf2 and CNC. The Neh7 domain has to 

date been identified only in Nrf2. An N-terminal domain (NTD) is found in Nrf1, Nrf3, and 

CNC, which directs them to the endoplasmic reticulum.
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Fig. 5. 
The antioxidant response element. The characteristics of ARE sequences across human and 

rodent genes, and Nrf2-binding profiles, have been assessed using bioinformatics. (A) The 

ARE consensus sequence as usually reported in the literature on the basis of mutation 

analyses of gene reporter plasmids based primarily on rat, mouse, and human GST and 

NQO1 genes. (B and C) The positional matrices for the human and murine ARE sequences, 

Jasper IDs MA0150.1 and MA0150.2, respectively, which have been generated by the 

frequency at which these sites have been found experimentally to be occupied by Nrf2.
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Fig. 6. 
Model to explain the influence of Nrf2 on ROS-dependent ASK1 signaling. Intracellular 

levels of ROS represent a major regulator of ASK1 activity, as the kinase is repressed by 

reduced TXN but not by oxidized TXN. Transcription factor Nrf2 is predicted to modulate 

the sensitivity of ASK1 to ROS-dependent activation by its ability to increase GSH-based 

and TXN-based antioxidant systems, its ability to suppress production of ROS by 

modulating mitochondrial function, and possibly also its ability to repress the expression of 

NOX2 and NOX4. (A) In wild-type cells, Nrf2 negatively controls expression of NOX2 and 

NOX4, which produce ROS (top), with inhibition depicted by a blunt-headed arrow. 

Moreover, Nrf2 supports inactivation of ROS by increasing the expression of GCL (upper 

right-hand side), which catalyzes the rate-limiting step in GSH synthesis; by increasing the 

expression of GPX2, which reduces H2O2 using GSH as a cofactor; and by increasing the 

expression of PRDX1, which reduces H2O2 in a TXN-dependent manner (all are shown as 

arrows). Nrf2 maintains TXN in a reduced state by increasing expression of TXNRD1 and 

SRXN1 (middle and lower right-hand side), and TXN, TXNRD1, and SRXN1 contribute to 

the reduction of H2O2 by PRDX1 (Fig. 1). Last, by improving the efficiency of oxidative 

phosphorylation, Nrf2 limits production of ROS by mitochondria (left-hand side). (B) In 

Nrf2-null cells, production of ROS by NOX2 and NOX4 is increased (top), as is the 

production by mitochondria (left-hand side). In addition, the GSH-based antioxidant and 

TXN-based antioxidant systems are diminished through decreased expression of GPX2, 

GCL, PRDX1, TXNRD1, and SRXN1 that results from loss of Nrf2 (right-hand side). The 

increased production of ROS and the diminished antioxidant capacity in Nrf2-null cells 

combine to cause the redox status of TXN to be shifted toward oxidation, and therefore its 

inhibition of ASK1 will be less effective. As a consequence, the downstream p38MAPK and 

JNK kinases are more readily activated in Nrf2-null cells. Moreover, the increase in ROS in 

Nrf2-null cells will increase inhibition of MKP enzymes, and this will decrease the ability of 

the phosphatases to inhibit JNK and p38MAPK.
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Fig. 7. 
Domain structure of human Keap1. The Keap1 protein can be divided into five domains, the 

N- and C-terminal NTR and CTR sequences and the BTB, IVR, and DGR sequences. The 

BTB domain is responsible for dimerization and also the recruitment of cullin-3 to the 

CRLKeap1 complex. The DGR domain along with the CTR form the β-propeller structure to 

which Nrf2 binds, with the DLG motif in the Neh2 domain of Nrf2 docking onto one Keap1 

subunit and the ETGE motif docking onto the other Keap1 subunit. Cysteine residues that 

are functionally important or unusual are highlighted: Cys-151 is crucial for the ability of 

tBHQ and SFN to inhibit the substrate adaptor activity of Keap1 [250], and it forms a 

transient disulfide bridge with Cys-151 in the other Keap1 subunit [251]; Cys-273 and 

Cys-288 recognize alkenals and cyclopentanone prostaglandins [252, 253]; Cys-434 

recognizes 8-nitro-cGMP [254]; Cys-226 and Cys-613 recognize metals such as Zn2+, Cd2+, 

As3+, and Se4+[253], and they form a transient disulfide bridge upon exposure to H2O2 [113, 

251], which is represented by a horizontal two-headed arrow. Mutation of Cys-23 to tyrosine 

has been shown to impair the ability of Keap1 to ubiquitylate Nrf2 in breast cancer cells 

[255, 256]. The three amino acids at the C-terminus of human, mouse, and rat Keap1 

comprises a distinctive CTC motif but its functional significance is obscure.
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Fig. 8. 
Inducers of Nrf2-target genes. Many small molecules that induce ARE-driven gene 

expression are indirect antioxidants or share structural similarity with indirect antioxidants. 

Examples shown include the metabolite of butylated hydroxyanisole, tert-butyl 

hydroquinone (tBHQ), the diethyl ester of fumaric acid and the related compound diethyl 

maleate, the synthetic triterpenoid 1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-

oyl]imidazolide (CDDO-Im), the acetylenic tricyclic bis (cyanoenone) designated TBE-31, 

and 15-deoxy-Δ12,14-prostaglandin J2.
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Fig. 9. 
Regulation of Nrf2 by Keap1 under basal and stressed conditions. Under unstressed 

conditions, newly synthesized Nrf2 protein is short lived, being sequestered in the cytoplasm 

by Keap1 and targeted immediately for proteasomal degradation by CRLKeap1. Under such 

circumstances, Nrf2 is rapidly ubiquitylated and degraded, leaving the Keap1 homodimer 

free to sequester and process newly translated Nrf2 for degradation. A small fraction of the 

Nrf2 escapes degradation and translocates to the nucleus, maintaining a low basal level of 

ARE-driven gene expression even under normal homeostatic circumstances. Under stressed 

conditions, modification of Keap1 causes a conformational change that prevents the 

CRLKeap1 protein complex from ubiquitylating Nrf2. In this situation, Keap1 is unable to 

turn over bound Nrf2, and as “free-Keap1” cannot be regenerated, it is unable to bind newly 

translated Nrf2. Thus under stressed conditions, newly synthesized Nrf2 evades Keap1 

capture and translocates directly to the nucleus where it heterodimerizes with sMaf proteins, 

and together they bind ARE sequences to transactivate target genes.
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Fig. 10. 
Degradation of Nrf2 by β-TrCP-mediated ubiquitylation. In addition to ubiquitylation of 

Nrf2 by CRLKeap1, Nrf2 is also targeted for proteasomal degradation by SCFβ-TrCP through 

sequences in its Neh6 domain. (A) Sequence alignment of human, mouse, and rat Nrf2 

(hNrf2, mNrf2, and rNrf2, respectively) using Clustal Omega shows that the two β-TrCP 

binding sites, and the surrounding residues in the Neh6 domain of Nrf2, are highly 

conserved across species. (B) The SCF complex mediates ubiquitylation of Nrf2 via the 

substrate receptor β-TrCP. Through its WD40 domain, β-TrCP binds to the DSGIS and 

DSAPGS peptide sequences in Nrf2. Phosphorylation of at least one of the Ser residues in 

the DSGIS motif by GSK-3 leads to increased activity of the degron.
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Fig. 11. 
Posttranslational mechanisms that regulate Nrf2. The Nrf2 transcription factor is repressed 

under normal homeostatic conditions by the dual actions of β-TrCP and Keap1, thereby 

ensuring that the expression of antioxidant proteins and detoxication systems is restricted 

when the cell is not exposed to stress. However, numerous signaling processes allow 

derepression of Nrf2 by β-TrCP and Keap1, and this ensures the induction of ARE-driven 

genes to enable the elimination of electrophiles and oxidative stressors as well as metabolic 

adaptation to nutrients and growth cues. Thus, from the top left, the binding of insulin and 

growth factors to their cognate receptors will activate PI3K, which in turn increases Akt and 

mTORC2 activity while decreasing that of mTORC1 (not shown, but see Fig. 12). Increases 

in the PI3K–Akt–mTORC2 signaling system will inhibit GSK-3 activity, causing a decrease 

in the rate of β-TrCP-mediated Nrf2 turnover through reduced formation of the DSGIS-

containing phosphodegron. In addition to insulin and growth factor signaling, the activity of 

mTORC1 is also decreased under conditions of low nutrient availability by the activation of 

AMPK. As shown top center, the activity of mTORC1 increases competitive inhibition of 

Keap1 by p62/SQSTM1 because it phosphorylates the STGE motif in the autophagy cargo 

receptor, which increases the affinity of p62/SQSTM1 for Keap1 and stimulates elimination 

of Keap1 by autophagy. Thus, during fasting, phosphorylation by mTORC1 of the STGE 

motif in p62/SQSTM1 is diminished and Keap1 is able to repress Nrf2 more effectively. As 

shown top right, signaling from autophagy, mitochondria, and inflammation pathways will 

diminish Keap1-mediated degradation of Nrf2 via competitive binding by p62/SQSTM1, 

PGAM5, and IKKβ to Keap1. Electrophiles and ROS also antagonize Keap1 substrate 

adaptor activity by modifying its sensor Cys-151, Cys-273, Cys-288, Cys-226/Cys-613, and 

Cys-434 residues. When small-molecule inducers inactivate Keap1, the conformation and/or 

orientation of the Keap1 dimer relative to other proteins within the Cul3–RBX1 complex is 

altered, producing a stalling of ligase activity that traps bound Nrf2 within CRLKeap1. As a 

consequence, newly translated Nrf2 evades degradation by CRLKeap1. This free fraction of 

Nrf2 accumulates and translocates to the nucleus where it heterodimerizes with sMaf 

proteins before binding to the ARE sequences in the promoters of target genes, causing 

induction of cytoprotective proteins. The increased expression of ARE-driven genes results 
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in the synthesis and recycling of antioxidants, detoxification of harmful agents, and 

excretion of drugs. The physiological consequence of the induction of ARE-driven genes is 

the restoration of cellular redox homeostasis, through a negative feedback loop that 

ultimately allows Keap1 repression of Nrf2 to be reinstated through a variety of mechanisms 

that may include reactivation of oxidized Keap1 by TXNRD1, the induction of p62/

SQSTM1 leading to increased degradation of electrophile-modified Keap1 by autophagy, 

and increased synthesis of Keap1.
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Fig. 12. 
Complexity of the direct and indirect effects of mTOR on signaling pathways. Metabolic 

signaling through insulin receptor substrate-1 (IRS) leads to activation of PI3K and 

subsequent recruitment of phosphoinositide-dependent kinase-1 (PDK1) to the cell 

membrane. Here, PDK1 phosphorylates Akt at Thr-308, which in turn triggers 

phosphorylation of Akt at Ser-473 by mTORC2. Upon its activation, Akt becomes capable 

of inhibiting the TSC1/2 complex, leading to the stimulation of mTORC1 and its 

downstream targets 4EBP1 and p70S6K1. The resulting stimulation of p70S6K1 activity can 

then cause negative feedback of the mTOR signaling cascade at several points of the 

pathway. Thus, increased p70S6K1 activity can lead to phosphorylation of IRS, leading to 

degradation of the receptor. Active p70S6K1 also negatively regulates Akt signaling through 

inhibition of PDGFR and ERK/MAPK signaling. The two mTOR complexes are also able to 

regulate each other in an inter-complex feedback loop, as activation of p70S6K1 stimulates 

phosphorylation of the RICTOR subunit of mTORC2, causing a decrease in Akt signaling 

thorough impaired phosphorylation of Ser-473. In addition, mTORC2, via p70S6K1, also 

inhibits IRS, leading to a reduction in Akt signaling.

Tebay et al. Page 84

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 13. 
Potential role of PPARα in the activation of Nrf2 in response to fasting. During fasting, 

triglyceride stores are mobilized and broken down to glycerol and free fatty acids (FFA). 

Once formed, the FFA act as ligands for PPARα, activating it and causing transcription of 

genes involved in their β-oxidation. Upon activation, PPARα could induce the NFE2L2 gene 

encoding Nrf2, which could in turn suppress PPARα mRNA levels. Another possibility is 

that the β-oxidation of fatty acids, which occurs in a PPARα-dependent manner, causes the 

production of ROS and lipid peroxides that indirectly cause activation of Nrf2 by 

antagonizing Keap1 and/or β-TrCP. It is also possible that a combination of both 

mechanisms is responsible for the activation of Nrf2 seen during fasting.
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Fig. 14. 
Somatic mutations that upregulate Nrf2. Mutations that result in gain of function are 

depicted in octagonal shapes outlined in blue, and those that result in loss of function are 

outlined in red. (A) Transcription of the NFE2L2 gene is increased by mutant KRAS and 

Myc. (B) Inhibition of GSK-3 and failure to form the DSGIS phosphodegron is likely to 

occur from mutations in EGFR, PIK3CA and PTEN. (C) Mutations in Keap1 or mutations in 

the DLG or ETGE motifs in Nrf2 result in failure of CRLKeap1 to ubiquitylate and repress 

Nrf2. (D) Accumulation of Nrf2 in tumors induces ARE genes, leading to increases in ROS 

scavenging, increases in metabolic detoxication, and efflux of endogenous electrophiles.
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Fig. 15. 
Metabolic activation of carcinogens by inducible human reductases encoded by genes that 

are regulated via ARE sequences. AKR1C family members and NQO1 are capable of 

activating carcinogens. The AhR and Nrf2 transcription factors are depicted in red letters 

(toward the left-hand side) with an arrow pointing to their cognate cis-elements through 

which they regulate their target genes; a blunted red arrow above the transcription factors 

indicates circumstances when it might be desirable to inhibit their activity. To the right of 

the enzymes (depicted in blue boxes, shown slightly left of center), reactions representing 

the activation of carcinogens are shown linked to individual isoenzymes, and the 

consequences of carcinogen activation on DNA adduct formation are presented on the far 

right-hand side. The blue lines leading from carcinogen metabolites and ROS toward AhR 

and Nrf2 refer to pathways that result in transcription factor activation. The individual 

pathways are described below. (A) PAHs, e.g., tobacco and environmental carcinogens, are 
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activated by AKR1C isoenzymes through NADP+-dependent oxidation of PAH-trans-

dihydrodiols to their PAH ortho-quinones. In turn, PAH ortho-quinones are unstable and 

spontaneously generate ROS. Furthermore, PAH ortho-quinones are ligands for the AhR, 

and both PAH ortho-quinones and ROS induce Nrf2-target gene expression, which further 

exacerbates activation of PAHs. (B) NNK is a tobacco carcinogen that is converted by 

AKR1C isoenzymes to S-NNAL, which cannot be glucuronidated and as a consequence 

provides an additional source of DNA adducts. The induction of Nrf2-target gene expression 

by tobacco smoke further exacerbates the conversion of NNK to S-NNAL. (C) Nitroarenes, 

a carcinogenic component of diesel exhaust, undergo an NQO1-catalyzed six-electron 

reduction to yield aminoarenes, resulting in DNA adducts and ROS formation. The 

generation of ROS can induce Nrf2-target gene expression, which further exacerbates 

nitroarene activation. It is likely that Nrf2 is activated by diesel exhaust exposure.

Tebay et al. Page 88

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tebay et al. Page 89

T
ab

le
 1

E
xa

m
pl

es
 o

f 
ge

ne
s 

re
gu

la
te

d 
by

 N
rf

2 
an

d 
th

ei
r 

bi
ol

og
ic

al
 f

un
ct

io
ns

.

P
ri

m
ar

y 
ro

le
G

en
e

P
ro

te
in

F
un

ct
io

n
C

el
lu

la
r 

pr
oc

es
se

s
R

ef
er

en
ce

s

R
ed

ox
 h

om
eo

st
as

is
G

C
L

C
G

lu
ta

m
at

e–
cy

st
ei

ne
 li

ga
se

 c
at

al
yt

ic
 s

ub
un

it
C

at
al

yt
ic

 s
ub

un
it 

of
 th

e 
en

zy
m

e 
re

sp
on

si
bl

e 
fo

r 
th

e 
ra

te
-l

im
iti

ng
 

st
ep

 in
 s

yn
th

es
is

 o
f 

th
e 

ce
llu

la
r 

an
tio

xi
da

nt
 g

lu
ta

th
io

ne

M
ai

nt
en

an
ce

 o
f 

ce
llu

la
r 

re
do

x 
ho

m
eo

st
as

is
[3

6,
 3

7,
 4

0,
 4

1]

R
ed

ox
 h

om
eo

st
as

is
G

L
C

M
G

lu
ta

m
at

e–
cy

st
ei

ne
 li

ga
se

 m
od

if
ie

r 
su

bu
ni

t
M

od
if

ie
r 

su
bu

ni
t o

f 
th

e 
en

zy
m

e 
re

sp
on

si
bl

e 
fo

r 
th

e 
ra

te
-l

im
iti

ng
 

st
ep

 in
 s

yn
th

es
is

 o
f 

th
e 

ce
llu

la
r 

an
tio

xi
da

nt
 g

lu
ta

th
io

ne

M
ai

nt
en

an
ce

 o
f 

ce
llu

la
r 

re
do

x 
ho

m
eo

st
as

is
[3

6–
38

, 4
0,

 1
23

]

R
ed

ox
 h

om
eo

st
as

is
G

P
X

2
G

lu
ta

th
io

ne
 p

er
ox

id
as

e 
2

D
et

ox
if

ic
at

io
n 

of
 H

2O
2 

an
d 

an
 

im
po

rt
an

t c
el

lu
la

r 
an

tio
xi

da
nt

M
ai

nt
en

an
ce

 o
f 

ce
llu

la
r 

re
do

x 
ho

m
eo

st
as

is
[1

26
, 1

27
]

R
ed

ox
 h

om
eo

st
as

is
P

R
D

X
1

Pe
ro

xi
re

do
xi

n 
1

R
ed

uc
es

 p
er

ox
id

es
, r

eg
ul

at
es

 
ce

llu
la

r 
co

nc
en

tr
at

io
ns

 o
f 

H
2O

2

M
ai

nt
en

an
ce

 o
f 

ce
llu

la
r 

re
do

x 
ho

m
eo

st
as

is
[3

6–
38

, 4
1,

 1
17

]

R
ed

ox
 h

om
eo

st
as

is
SR

X
N

1
Su

lf
ir

ed
ox

in
C

on
tr

ib
ut

es
 to

 th
e 

th
io

re
do

xi
n-

ba
se

d 
an

tio
xi

da
nt

 s
ys

te
m

 th
at

 
re

du
ce

s 
ox

id
iz

ed
 p

ro
te

in
 th

io
ls

; 
re

du
ce

s 
su

lf
in

ic
 a

ci
d 

in
 p

ro
te

in
s

T
hi

ol
 m

ai
nt

en
an

ce
, m

ai
nt

en
an

ce
 o

f 
ce

llu
la

r 
re

do
x 

ho
m

eo
st

as
is

[3
6,

 3
7,

 4
0,

 4
1]

R
ed

ox
 h

om
eo

st
as

is
T

X
N

1
T

hi
or

ed
ox

in
 1

R
ev

er
si

bl
e 

ox
id

at
io

n 
of

 a
ct

iv
e 

ce
nt

er
 a

llo
w

s 
pa

rt
ic

ip
at

io
n 

in
 

di
th

io
l–

di
su

lf
id

e 
ex

ch
an

ge
 

re
ac

tio
ns

; r
ed

uc
es

 s
ul

fe
ni

c 
ac

id
 in

 
pr

ot
ei

ns

T
hi

ol
 m

ai
nt

en
an

ce
, m

ai
nt

en
an

ce
 o

f 
ce

llu
la

r 
re

do
x 

ho
m

eo
st

as
is

[3
6,

 3
7,

 3
9–

41
, 

11
7]

D
et

ox
if

ic
at

io
n

A
B

C
B

6
A

T
P-

bi
nd

in
g 

ca
ss

et
te

 B
6 

(M
D

R
/T

A
P)

M
ito

ch
on

dr
ia

l t
ra

ns
po

rt
er

; 
tr

an
sp

or
ts

 h
em

e 
an

d 
po

rp
hy

ri
n 

in
 

an
 A

T
P-

de
pe

nd
en

t m
an

ne
r,

 c
ru

ci
al

 
fo

r 
he

m
e 

m
et

ab
ol

is
m

Ph
as

e 
II

I 
dr

ug
 m

et
ab

ol
is

m
, h

em
e 

m
et

ab
ol

is
m

[3
7,

 4
1]

D
et

ox
if

ic
at

io
n

A
B

C
C

2
A

T
P-

bi
nd

in
g 

ca
ss

et
te

 C
2 

(M
R

P2
)

B
ili

ar
y 

tr
an

sp
or

t/h
ep

at
ic

 e
xc

re
tio

n;
 

in
vo

lv
ed

 in
 th

e 
ex

tr
us

io
n 

of
 c

er
ta

in
 

an
ti-

ca
nc

er
 d

ru
gs

 a
nd

 im
pl

ic
at

ed
 

in
 m

ul
tid

ru
g 

re
si

st
an

ce

Ph
as

e 
II

I 
dr

ug
 m

et
ab

ol
is

m
[3

6,
 3

8,
 3

9,
 4

1,
 

12
0]

D
et

ox
if

ic
at

io
n

A
K

R
1B

10
A

ld
o-

ke
to

 r
ed

uc
ta

se
 1

B
10

C
on

ve
rt

s 
re

tin
al

 to
 r

et
in

ol
; r

ed
uc

es
 

ar
om

at
ic

 a
nd

 a
lip

ha
tic

 a
ld

eh
yd

es
Ph

as
e 

I 
dr

ug
 m

et
ab

ol
is

m
 a

nd
 r

et
in

al
 

m
et

ab
ol

is
m

[3
6,

 3
8–

40
]

D
et

ox
if

ic
at

io
n

A
K

R
1C

1
A

ld
o-

ke
to

 r
ed

uc
ta

se
 1

C
1

C
on

ve
rt

s 
4-

hy
dr

ox
y-

2-
no

ne
na

l t
o 

1,
2-

di
hy

dr
ox

y 
no

ne
ne

; i
na

ct
iv

at
es

 
pr

og
es

te
ro

ne

Ph
as

e 
I 

dr
ug

 m
et

ab
ol

is
m

[3
6,

 3
9,

 4
0,

 1
28

]

D
et

ox
if

ic
at

io
n

A
K

R
1C

3
A

ld
o-

ke
to

 r
ed

uc
ta

se
 1

C
3

T
yp

e 
5 

17
β-

hy
dr

ox
ys

te
ro

id
 

de
hy

dr
og

en
as

e 
an

d 
pr

os
ta

gl
an

di
n 

F2
α

 s
yn

th
as

e

Ph
as

e 
I 

dr
ug

 m
et

ab
ol

is
m

[1
29

–1
31

]

D
et

ox
if

ic
at

io
n

C
E

S1
G

C
ar

bo
xy

l e
st

er
as

e 
1G

C
at

al
yz

es
 th

e 
tr

an
s-

es
te

ri
fi

ca
tio

n 
of

 x
en

ob
io

tic
s,

 h
yd

ro
ly

si
s 

of
 lo

ng
-

ch
ai

n 
fa

tty
 a

ci
d 

es
te

rs

Ph
as

e 
I 

dr
ug

 m
et

ab
ol

is
m

, f
at

ty
 a

ci
d 

ox
id

at
io

n,
 f

at
ty

 a
ci

d 
de

gr
ad

at
io

n
[1

23
]

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tebay et al. Page 90

P
ri

m
ar

y 
ro

le
G

en
e

P
ro

te
in

F
un

ct
io

n
C

el
lu

la
r 

pr
oc

es
se

s
R

ef
er

en
ce

s

D
et

ox
if

ic
at

io
n

C
E

S1
H

C
ar

bo
xy

l e
st

er
as

e 
1H

C
at

al
yz

es
 th

e 
tr

an
s-

es
te

ri
fi

ca
tio

n 
of

 x
en

ob
io

tic
s,

 h
yd

ro
ly

si
s 

of
 lo

ng
-

ch
ai

n 
fa

tty
 a

ci
d 

es
te

rs

Ph
as

e 
I 

dr
ug

 m
et

ab
ol

is
m

, f
at

ty
 a

ci
d 

ox
id

at
io

n,
 f

at
ty

 a
ci

d 
de

gr
ad

at
io

n
[1

23
]

D
et

ox
if

ic
at

io
n

G
ST

A
1

G
lu

ta
th

io
ne

 S
-t

ra
ns

fe
ra

se
 A

1
D

et
ox

if
ic

at
io

n 
an

d 
m

et
ab

ol
is

m
 o

f 
el

ec
tr

op
hi

lic
 c

om
po

un
ds

; 
m

et
ab

ol
is

m
 o

f 
bi

lir
ub

in
 a

nd
 

ce
rt

ai
n 

an
ti-

ca
nc

er
 d

ru
gs

; a
ls

o 
di

sp
la

ys
 g

lu
ta

th
io

ne
 p

er
ox

id
as

e 
ac

tiv
ity

Ph
as

e 
II

 d
ru

g 
m

et
ab

ol
is

m
, 

cy
to

pr
ot

ec
tio

n
[3

8,
 4

1,
 5

8]

D
et

ox
if

ic
at

io
n

G
ST

M
1

G
lu

ta
th

io
ne

 S
-t

ra
ns

fe
ra

se
 M

1
D

et
ox

if
ic

at
io

n 
an

d 
m

et
ab

ol
is

m
 o

f 
el

ec
tr

op
hi

lic
 c

om
po

un
ds

Ph
as

e 
II

 d
ru

g 
m

et
ab

ol
is

m
[3

8,
 4

1,
 5

8]

D
et

ox
if

ic
at

io
n

N
Q

O
1

N
A

D
(P

)H
 q

ui
no

ne
 o

xi
do

re
du

ct
as

e 
1

R
ed

uc
es

 q
ui

no
ne

s 
to

 
hy

dr
oq

ui
no

ne
s 

an
d 

pr
ev

en
ts

 th
e 

on
e-

el
ec

tr
on

 r
ed

uc
tio

n 
of

 q
ui

no
ne

s 
th

at
 w

ou
ld

 o
th

er
w

is
e 

pr
od

uc
e 

fr
ee

 
ra

di
ca

ls

Ph
as

e 
I 

dr
ug

 m
et

ab
ol

is
m

[3
6,

 3
7,

 4
0]

H
em

e 
m

et
ab

ol
is

m
F

E
C

H
Fe

rr
oc

he
la

ta
se

C
at

al
yz

es
 th

e 
in

se
rt

io
n 

of
 F

e2+
 in

to
 

pr
ot

op
or

ph
yr

in
 I

X
 d

ur
in

g 
he

m
e 

sy
nt

he
si

s;
 lo

ca
liz

ed
 in

 
m

ito
ch

on
dr

ia

H
em

e 
m

et
ab

ol
is

m
[3

7,
 4

0]

H
em

e 
m

et
ab

ol
is

m
H

M
O

X
1

H
em

e 
ox

yg
en

as
e 

1
C

le
av

es
 h

em
e 

to
 p

ro
du

ce
 

bi
liv

er
di

n 
du

ri
ng

 h
em

e 
ca

ta
bo

lis
m

H
em

e 
m

et
ab

ol
is

m
[3

6–
41

]

L
ip

id
 m

et
ab

ol
is

m
A

W
A

T
1

A
cy

l-
C

oA
 w

ax
 a

lc
oh

ol
 a

cy
ltr

an
sf

er
as

e 
1

C
at

al
yz

es
 th

e 
pr

od
uc

tio
n 

of
 w

ax
 

es
te

rs
 f

ro
m

 lo
ng

-c
ha

in
 a

lc
oh

ol
s 

an
d 

ac
yl

-C
oA

-d
er

iv
ed

 f
at

ty
 a

ci
ds

; 
en

ri
ch

ed
 in

 s
ki

n

L
ip

id
 m

et
ab

ol
is

m
[1

23
]

L
ip

id
 m

et
ab

ol
is

m
F

A
B

P
1 

↓
Fa

tty
 a

ci
d 

bi
nd

in
g 

pr
ot

ei
n 

1
B

in
ds

 lo
ng

-c
ha

in
 f

at
ty

 a
ci

ds
, t

he
ir

 
C

oA
 d

er
iv

at
iv

es
, a

nd
 b

ile
 a

ci
ds

 in
 

th
e 

cy
to

pl
as

m
 f

or
 in

tr
ac

el
lu

la
r 

tr
an

sp
or

t

L
ip

id
 u

pt
ak

e 
an

d 
in

tr
ac

el
lu

la
r 

tr
an

sp
or

t
[1

16
]

L
ip

id
 m

et
ab

ol
is

m
L

IP
H

L
ip

as
e 

H
M

em
br

an
e-

bo
un

d 
tr

ig
ly

ce
ri

de
 

lip
as

e 
th

at
 h

yd
ro

ly
ze

s 
ph

os
ph

at
id

ic
 

ac
id

 to
 p

ro
du

ce
 2

-a
cy

l 
ly

so
ph

os
ph

at
id

ic
 a

ci
d,

 w
hi

ch
 is

 a
 

po
te

nt
 b

io
ac

tiv
e 

lip
id

 m
ed

ia
to

r

Pl
at

el
et

 a
gg

re
ga

tio
n,

 s
m

oo
th

 m
us

cl
e 

co
nt

ra
ct

io
n,

 c
el

l p
ro

lif
er

at
io

n 
an

d 
m

ot
ili

ty

[1
23

]

L
ip

id
 m

et
ab

ol
is

m
P

P
A

R
γ

Pe
ro

xi
so

m
e 

pr
ol

if
er

at
or

-a
ct

iv
at

ed
 r

ec
ep

to
r 

γ
T

ra
ns

cr
ip

tio
n 

fa
ct

or
 th

at
 

or
ch

es
tr

at
es

 li
pi

d 
m

et
ab

ol
is

m
; k

ey
 

re
gu

la
to

r 
of

 a
di

po
cy

te
 

di
ff

er
en

tia
tio

n 
an

d 
gl

uc
os

e 
ho

m
eo

st
as

is

L
ip

id
 m

ob
ili

za
tio

n,
 β

-o
xi

da
tio

n 
of

 
fa

tty
 a

ci
ds

, a
di

po
cy

te
 d

if
fe

re
nt

ia
tio

n,
 

gl
uc

os
e 

m
et

ab
ol

is
m

[3
7,

 1
16

]

L
ip

ol
ys

is
A

C
O

T
7

A
cy

l-
C

oA
 th

io
es

te
ra

se
 7

C
at

al
yz

es
 th

e 
hy

dr
ol

ys
is

 o
f 

pa
lm

ito
yl

-C
oA

 a
nd

 o
th

er
 lo

ng
-

ch
ai

n 
fa

tty
 a

ci
ds

 to
 f

or
m

 f
re

e 
fa

tty
 

ac
id

 a
nd

 C
oA

Fa
tty

 a
ci

d 
ox

id
at

io
n,

 f
at

ty
 a

ci
d 

de
gr

ad
at

io
n

[1
15

]

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tebay et al. Page 91

P
ri

m
ar

y 
ro

le
G

en
e

P
ro

te
in

F
un

ct
io

n
C

el
lu

la
r 

pr
oc

es
se

s
R

ef
er

en
ce

s

L
ip

ol
ys

is
A

C
O

X
2

A
cy

l-
C

oA
 o

xi
da

se
 2

C
at

al
yz

es
 p

er
ox

is
om

al
 d

eg
ra

da
tio

n 
of

 lo
ng

 b
ra

nc
he

d-
ch

ai
n 

fa
tty

 a
ci

ds
 

an
d 

bi
le

 a
ci

d 
in

te
rm

ed
ia

te
s

Fa
tty

 a
ci

d 
ox

id
at

io
n,

 f
at

ty
 a

ci
d 

de
gr

ad
at

io
n

[1
23

]

L
ip

og
en

es
is

A
C

L
Y

 ↓
A

T
P 

ci
tr

at
e 

ly
as

e
C

at
al

yz
es

 th
e 

pr
od

uc
tio

n 
of

 a
ce

ty
l-

C
oA

 a
nd

 o
xa

lo
ac

et
at

e 
fr

om
 C

oA
 

an
d 

ci
tr

at
e 

us
in

g 
A

T
P

L
ip

og
en

es
is

, c
ho

le
st

er
ol

 s
yn

th
es

is
, 

gl
uc

on
eo

ge
ne

si
s

[1
15

, 1
16

, 1
18

]

L
ip

og
en

es
is

F
A

SN
 ↓

Fa
tty

 a
ci

d 
sy

nt
ha

se
G

en
er

at
io

n 
of

 lo
ng

-c
ha

in
 f

at
ty

 
ac

id
s 

su
ch

 a
s 

pa
lm

ita
te

 f
ro

m
 

m
al

on
yl

-C
oA

 a
nd

 a
ce

ty
l-

C
oA

 
us

in
g 

N
A

D
PH

L
ip

og
en

es
is

[1
15

, 1
16

, 1
18

]

L
ip

og
en

es
is

SC
D

1 
↓

St
ea

ro
yl

-C
oA

 d
es

at
ur

as
e 

1
C

at
al

yz
es

 th
e 

in
tr

od
uc

tio
n 

of
 a

 
do

ub
le

 b
on

d 
in

to
 s

te
ar

oy
l-

C
oA

 to
 

cr
ea

te
 th

e 
m

on
o-

un
sa

tu
ra

te
d 

fa
tty

 
ac

id
 o

le
ic

 a
ci

d

L
ip

og
en

es
is

[1
15

, 1
22

]

L
ip

og
en

es
is

SR
E

B
F

1 
↓

St
er

ol
-r

eg
ul

at
or

y 
el

em
en

t b
in

di
ng

 tr
an

sc
ri

pt
io

n 
fa

ct
or

 1
T

ra
ns

cr
ip

tio
n 

fa
ct

or
 th

at
 c

on
tr

ol
s 

ex
pr

es
si

on
 o

f 
th

e 
L

D
L

 r
ec

ep
to

r,
 

an
d 

ge
ne

s 
in

vo
lv

ed
 in

 g
lu

co
se

 
m

et
ab

ol
is

m
 a

nd
 li

pi
d 

sy
nt

he
si

s

L
ip

og
en

es
is

, g
lu

co
se

 m
et

ab
ol

is
m

[1
16

]

G
lu

co
se

 m
et

ab
ol

is
m

F
G

F
21

 ↓
Fi

br
ob

la
st

 g
ro

w
th

 f
ac

to
r 

21
St

im
ul

at
es

 g
lu

co
se

 u
pt

ak
e 

in
 

ad
ip

oc
yt

es
, i

nv
ol

ve
d 

in
 r

eg
ul

at
io

n 
of

 in
su

lin

G
lu

co
se

 u
pt

ak
e 

an
d 

cl
ea

ra
nc

e,
 in

su
lin

 
si

gn
al

in
g

[1
32

]

C
ho

le
st

er
ol

 s
yn

th
es

is
H

M
G

C
S1

 ↓
3-

H
yd

ro
xy

-3
-m

et
hy

lg
lu

ta
ry

l-
C

oA
 s

yn
th

as
e 

1
C

at
al

yz
es

 th
e 

co
nd

en
sa

tio
n 

of
 

ac
et

yl
-C

oA
 a

nd
 a

ce
to

ac
et

yl
-C

oA
 

to
 p

ro
du

ce
 H

M
G

-C
oA

, t
he

 
su

bs
tr

at
e 

fo
r 

H
M

G
-C

oA
 r

ed
uc

ta
se

C
ho

le
st

er
ol

 s
yn

th
es

is
[1

15
, 1

16
]

N
A

D
PH

 g
en

er
at

io
n

G
6P

D
G

lu
co

se
-6

-p
ho

sp
ha

te
 d

eh
yd

ro
ge

na
se

G
en

er
at

es
 N

A
D

PH
 in

 th
e 

pe
nt

os
e 

ph
os

ph
at

e 
pa

th
w

ay
; m

ai
nt

ai
ns

 
ce

llu
la

r 
gl

ut
at

hi
on

e 
re

do
x 

st
at

us

Pe
nt

os
e 

ph
os

ph
at

e 
pa

th
w

ay
, N

A
D

PH
 

ge
ne

ra
tio

n,
 m

ai
nt

en
an

ce
 o

f 
ce

llu
la

r 
re

do
x 

ho
m

eo
st

as
is

[3
6,

 3
8–

41
, 1

15
]

N
A

D
PH

 g
en

er
at

io
n

ID
H

1
Is

oc
itr

at
e 

de
hy

dr
og

en
as

e 
1

C
at

al
yz

es
 th

e 
ox

id
at

iv
e 

de
ca

rb
ox

yl
at

io
n 

of
 is

oc
itr

at
e 

to
 α

-
ke

to
gl

ut
ar

at
e,

 u
si

ng
 N

A
D

P+
 a

s 
a 

co
fa

ct
or

, o
ut

si
de

 th
e 

co
nt

ex
t o

f 
th

e 
ci

tr
ic

 a
ci

d 
cy

cl
e 

in
 th

e 
cy

to
pl

as
m

 
or

 in
 p

er
ox

is
om

es

N
A

D
PH

 g
en

er
at

io
n

[3
8,

 4
1,

 1
15

]

Pe
nt

os
e 

sy
nt

he
si

s
T

A
L

D
O

1
T

ra
ns

al
do

la
se

 1
In

vo
lv

ed
 in

 p
ro

du
ct

io
n 

of
 r

ib
os

e 
5′

-p
ho

sp
ha

te
 r

eq
ui

re
d 

fo
r 

nu
cl

ei
c 

ac
id

 s
yn

th
es

is

Pe
nt

os
e 

ph
os

ph
at

e 
pa

th
w

ay
[3

6,
 3

7,
 3

9,
 1

15
]

Pe
nt

os
e 

sy
nt

he
si

s
T

K
T

T
ra

ns
ke

to
la

se
C

ha
nn

el
s 

ex
ce

ss
 s

ug
ar

s 
fr

om
 th

e 
pe

nt
os

e 
ph

os
ph

at
e 

pa
th

w
ay

 to
 

gl
yc

ol
ys

is
 b

y 
th

e 
cr

ea
tio

n 
of

 
gl

yc
er

al
de

hy
de

 3
-p

ho
sp

ha
te

Pe
nt

os
e 

ph
os

ph
at

e 
pa

th
w

ay
, 

gl
yc

ol
ys

is
[3

6]

Sc
av

en
ge

r 
re

ce
pt

or
C

D
36

C
D

36
 m

ol
ec

ul
e/

fa
tty

 a
ci

d 
tr

an
sl

oc
as

e
M

aj
or

 p
la

te
le

t g
ly

co
pr

ot
ei

n 
th

at
 

bi
nd

s 
lo

ng
-c

ha
in

 f
at

ty
 a

ci
ds

 a
nd

 
fu

nc
tio

ns
 in

 th
e 

tr
an

sp
or

t a
nd

 
re

gu
la

tio
n 

of
 tr

an
sp

or
t o

f 
fa

tty
 

ac
id

s

Fa
tty

 a
ci

d 
tr

an
sp

or
t, 

ad
he

si
on

[1
33

]

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tebay et al. Page 92

P
ri

m
ar

y 
ro

le
G

en
e

P
ro

te
in

F
un

ct
io

n
C

el
lu

la
r 

pr
oc

es
se

s
R

ef
er

en
ce

s

A
ut

op
ha

gy
p6

2/
SQ

ST
M

1
Se

qu
es

to
so

m
e 

1
R

eq
ui

re
d 

fo
r 

fo
rm

at
io

n 
an

d 
au

to
ph

ag
ic

 d
eg

ra
da

tio
n 

of
 

po
ly

ub
iq

ui
tin

-c
on

ta
in

in
g 

bo
di

es
; 

us
ed

 a
s 

a 
sc

af
fo

ld
 p

ro
te

in

A
ut

op
ha

gy
, i

nf
la

m
m

at
io

n
[1

34
]

T
is

su
e 

re
ge

ne
ra

tio
n

N
O

T
C

H
1

N
ot

ch
 1

T
ra

ns
m

em
br

an
e 

pr
ot

ei
n 

co
nt

ai
ni

ng
 

m
ul

tip
le

 e
pi

de
rm

al
 g

ro
w

th
 f

ac
to

r-
lik

e 
re

pe
at

s 
th

at
 is

 in
vo

lv
ed

 in
 

si
gn

al
in

g 
pr

oc
es

se
s 

du
ri

ng
 

de
ve

lo
pm

en
t a

nd
 ti

ss
ue

 
re

ge
ne

ra
tio

n

C
el

l f
at

e 
de

te
rm

in
at

io
n,

 
de

ve
lo

pm
en

ta
l s

ig
na

lin
g

[1
35

]

R
eg

ul
at

io
n 

of
 x

en
ob

io
tic

 
re

sp
on

se
A

H
R

A
ry

l h
yd

ro
ca

rb
on

 r
ec

ep
to

r
T

ra
ns

cr
ip

tio
n 

fa
ct

or
 th

at
 b

in
ds

 
pl

an
ar

 a
ro

m
at

ic
 c

om
po

un
ds

 a
nd

 
up

re
gu

la
te

s 
ge

ne
s 

in
vo

lv
ed

 in
 

xe
no

bi
ot

ic
 m

et
ab

ol
is

m
, i

nc
lu

di
ng

 
C

Y
P 

fa
m

ily
 m

em
be

rs

X
en

ob
io

tic
 m

et
ab

ol
is

m
[1

24
]

E
3 

lig
as

e 
su

bs
tr

at
e 

ad
ap

to
r

K
ea

p1
K

el
ch

-l
ik

e 
E

C
H

 a
ss

oc
ia

te
d 

pr
ot

ei
n 

1
E

3 
ub

iq
ui

tin
 li

ga
se

 s
ub

st
ra

te
 

ad
ap

to
r 

th
at

 ta
rg

et
s 

pr
ot

ei
ns

 f
or

 
de

gr
ad

at
io

n 
by

 th
e 

26
S 

pr
ot

ea
so

m
e;

 k
no

w
n 

ne
ga

tiv
e 

re
gu

la
to

r 
of

 N
rf

2

T
ar

ge
tin

g 
fo

r 
ub

iq
ui

tin
at

io
n,

 N
rf

2 
re

pr
es

si
on

, r
eg

ul
at

io
n 

of
 a

nt
io

xi
da

nt
 

re
sp

on
se

[3
7]

H
et

er
od

im
er

ic
 b

in
di

ng
 p

ar
tn

er
M

A
F

G
M

us
cu

lo
ap

on
eu

ro
tic

 f
ib

ro
sa

rc
om

a 
G

T
ra

ns
cr

ip
tio

na
l r

eg
ul

at
or

; f
or

m
s 

he
te

ro
di

m
er

s 
w

ith
 a

 n
um

be
r 

of
 

tr
an

sc
ri

pt
io

n 
fa

ct
or

s,
 in

cl
ud

in
g 

N
rf

2,
 a

llo
w

in
g 

th
ei

r 
ac

tiv
at

io
n;

 
al

so
 f

or
m

s 
ho

m
od

im
er

s 
re

st
ri

ct
in

g 
th

e 
ac

tiv
at

io
n 

of
 o

bl
ig

at
e 

he
te

ro
di

m
er

ic
 p

ar
tn

er
 m

ol
ec

ul
es

T
ra

ns
cr

ip
tio

na
l a

ct
iv

at
io

n,
 r

eg
ul

at
io

n 
of

 a
nt

i-
ox

id
an

t r
es

po
ns

e
[3

7,
 4

0,
 4

1,
 1

23
]

R
eg

ul
at

io
n 

of
 a

nt
io

xi
da

nt
 

re
sp

on
se

N
F

E
2L

2
N

F-
E

2 
p4

5-
lik

e 
2

T
ra

ns
cr

ip
tio

n 
fa

ct
or

 th
at

 r
eg

ul
at

es
 

ge
ne

s 
in

vo
lv

ed
 in

 th
e 

ox
id

at
iv

e 
st

re
ss

 r
es

po
ns

e;
 m

ai
nt

ai
ns

 c
el

lu
la

r 
re

do
x 

ho
m

eo
st

as
is

 a
nd

 
de

to
xi

fi
ca

tio
n 

an
d 

co
nt

ri
bu

te
s 

to
 

lip
id

 a
nd

 c
ar

bo
hy

dr
at

e 
m

et
ab

ol
is

m

D
ru

g 
m

et
ab

ol
is

m
, x

en
ob

io
tic

 
m

et
ab

ol
is

m
, m

ai
nt

en
an

ce
 o

f 
ce

llu
la

r 
re

do
x 

ho
m

eo
st

as
is

[1
19

]

R
eg

ul
at

io
n 

of
 li

pi
d 

m
et

ab
ol

is
m

P
P

A
R

α
 ↓

Pe
ro

xi
so

m
e 

pr
ol

if
er

at
or

-a
ct

iv
at

ed
 r

ec
ep

to
r 

α
T

ra
ns

cr
ip

tio
n 

fa
ct

or
, k

ey
 r

eg
ul

at
or

 
of

 li
pi

d 
m

et
ab

ol
is

m
; a

ct
iv

at
or

 o
f 

N
rf

2

L
ip

id
 m

ob
ili

za
tio

n,
 f

at
ty

 a
ci

d 
ox

id
at

io
n,

 li
po

ge
ne

si
s,

 
gl

uc
on

eo
ge

ne
si

s,
 k

et
og

en
es

is

[1
16

, 1
25

]

T
ra

ns
cr

ip
tio

na
l r

eg
ul

at
or

R
X

R
α

R
et

in
oi

d 
X

 r
ec

ep
to

r 
α

T
ra

ns
cr

ip
tio

na
l r

eg
ul

at
or

; m
ed

ia
te

s 
th

e 
bi

ol
og

ic
al

 e
ff

ec
t o

f 
re

tin
oi

ds
 b

y 
fo

rm
in

g 
ho

m
o-

 o
r 

he
te

ro
di

m
er

s 
an

d 
bi

nd
s 

to
 ta

rg
et

 g
en

e 
se

qu
en

ce
s;

 k
no

w
n 

ne
ga

tiv
e 

re
gu

la
to

r 
of

 N
rf

2;
 k

no
w

n 
bi

nd
in

g 
pa

rt
ne

r 
an

d 
ac

tiv
at

or
 o

f 
PP

A
R

α

T
ra

ns
cr

ip
tio

na
l a

ct
iv

at
io

n,
 N

rf
2 

re
pr

es
si

on
, r

eg
ul

at
io

n 
of

 a
nt

io
xi

da
nt

 
re

sp
on

se
, P

PA
R

α
 a

ct
iv

at
io

n

[3
7,

 4
1]

A
 s

el
ec

tio
n 

of
 N

rf
2-

ta
rg

et
 g

en
es

 ta
ke

n 
fr

om
 th

e 
lit

er
at

ur
e 

is
 s

ho
w

n.
 G

en
es

 th
at

 a
re

 in
 b

ol
d 

(w
ith

 a
n 

ad
ja

ce
nt

 d
ow

n 
ar

ro
w

) 
ar

e 
th

os
e 

th
at

 h
av

e 
be

en
 r

ep
or

te
d 

to
 b

e 
do

w
nr

eg
ul

at
ed

 b
y 

N
rf

2.

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tebay et al. Page 93

T
ab

le
 2

H
um

an
, r

at
, a

nd
 m

ur
in

e 
A

K
R

 g
en

es
 w

ith
 A

R
E

 s
eq

ue
nc

es
 in

 th
ei

r 
pr

om
ot

er
 r

eg
io

ns

Sp
ec

ie
s

G
en

e 
na

m
e

N
on

sy
st

em
at

ic
 n

am
e

N
o.

 o
f 

A
R

E
s 

ba
se

d 
on

 N
rf

2 
co

ns
en

su
s 

se
qu

en
ce

P
os

it
io

na
l m

at
ri

x 
hu

m
an

 L
D

 
<6

P
os

it
io

na
l m

at
ri

x 
m

ou
se

 L
D

 
<6

H
um

an
A

K
R

1A
1

A
ld

eh
yd

e 
re

du
ct

as
e;

 d
ih

yd
ro

di
ol

 d
eh

yd
ro

ge
na

se
 (

D
D

) 
3

6
5

0

H
um

an
A

K
R

1B
1

A
ld

os
e 

re
du

ct
as

e
1

3
1

H
um

an
A

K
R

1B
10

R
et

in
al

de
hy

de
 r

ed
uc

ta
se

; s
m

al
l-

in
te

st
in

e-
lik

e 
al

do
se

 r
ed

uc
ta

se
4

2
0

H
um

an
A

K
R

1B
15

3-
K

et
o-

ac
yl

 C
oA

 r
ed

uc
ta

se
; 1

7β
-h

yd
ro

xy
st

er
oi

d 
de

hy
dr

og
en

as
e 

(H
SD

)
4

5
0

H
um

an
A

K
R

1C
1

3(
20

α
)-

H
SD

; D
D

1
10

16
5

H
um

an
A

K
R

1C
2

T
yp

e 
3 

3α
-H

SD
; D

D
2

15
24

7

H
um

an
A

K
R

1C
3

T
yp

e 
5 

17
β-

H
SD

; p
ro

st
ag

la
nd

in
 F

 s
yn

th
as

e;
 D

D
X

4
6

2

H
um

an
A

K
R

1C
4

T
yp

e 
1 

3α
-H

SD
; D

D
4;

 c
hl

or
de

co
ne

 r
ed

uc
ta

se
2

2
0

H
um

an
A

K
R

1D
1

St
er

oi
d 

5β
-r

ed
uc

ta
se

11
27

0

H
um

an
A

K
R

1E
2

1,
5-

A
nh

yd
ro

-D
-f

ru
ct

os
e 

re
du

ct
as

e
6

3
0

H
um

an
A

K
R

6A
5

Sh
ak

er
 c

ha
nn

el
 β

-s
ub

un
it 

(K
vb

2)
26

8
1

H
um

an
A

K
R

7A
2

A
fl

at
ox

in
 a

ld
eh

yd
e 

re
du

ct
as

e;
 s

uc
ci

ni
c 

se
m

ia
ld

eh
yd

e 
re

du
ct

as
e

9
10

0

H
um

an
A

K
R

7A
3

A
fl

at
ox

in
 a

ld
eh

yd
e 

re
du

ct
as

e
4

4
0

R
at

A
K

R
1A

3
A

ld
eh

yd
e 

re
du

ct
as

e
1

3
0

R
at

A
K

R
1B

4
A

ld
os

e 
re

du
ct

as
e

3
2

1

R
at

A
K

R
1B

13
A

ld
os

e 
re

du
ct

as
e-

lik
e

3
3

1

R
at

A
K

R
1B

14
A

ld
os

e 
re

du
ct

as
e-

re
la

te
d 

pr
ot

ei
n

2
2

0

R
at

A
K

R
1C

9
3α

-H
SD

, D
D

4
4

0

R
at

A
K

R
1C

17
R

at
 A

K
R

 D
2

5
1

R
at

A
K

R
1D

2
St

er
oi

d 
5β

-r
ed

uc
ta

se
1

2
0

R
at

A
K

R
6A

2
Sh

ak
er

 c
ha

nn
el

 β
-s

ub
un

it 
(K

vb
2)

11
14

0

R
at

A
K

R
7A

1
A

fl
at

ox
in

 a
ld

eh
yd

e 
re

du
ct

as
e

4
2

0

R
at

A
K

R
7A

4
A

fl
at

ox
in

 a
ld

eh
yd

e 
re

du
ct

as
e

3
4

0

M
ou

se
A

K
R

1A
4

A
ld

eh
yd

e 
re

du
ct

as
e

2
2

0

M
ou

se
A

K
R

1B
3

A
ld

os
e 

re
du

ct
as

e
0

3
0

M
ou

se
A

K
R

1B
7

A
ld

os
e 

re
du

ct
as

e-
re

la
te

d 
pr

ot
ei

n
3

0
0

M
ou

se
A

K
R

1B
8

Fi
br

ob
la

st
 g

ro
w

th
 f

ac
to

r-
in

du
ce

d 
pr

ot
ei

n
0

5
2

M
ou

se
A

K
R

1C
6

E
st

ra
di

ol
 1

7β
-H

SD
; p

ro
st

ag
la

nd
in

 F
 s

yn
th

as
e

0
6

0

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tebay et al. Page 94

Sp
ec

ie
s

G
en

e 
na

m
e

N
on

sy
st

em
at

ic
 n

am
e

N
o.

 o
f 

A
R

E
s 

ba
se

d 
on

 N
rf

2 
co

ns
en

su
s 

se
qu

en
ce

P
os

it
io

na
l m

at
ri

x 
hu

m
an

 L
D

 
<6

P
os

it
io

na
l m

at
ri

x 
m

ou
se

 L
D

 
<6

M
ou

se
A

K
R

1C
12

3α
/β

-H
SD

0
8

1

M
ou

se
A

K
R

1C
13

In
te

rl
eu

ki
n-

3-
re

gu
la

te
d 

A
K

R
0

6
1

M
ou

se
A

K
R

1C
14

3α
/β

-H
SD

2
4

1

M
ou

se
A

K
R

1C
18

20
α

-H
SD

1
3

0

M
ou

se
A

K
R

1C
19

3(
20

α
)-

H
SD

4
6

0

M
ou

se
A

K
R

1C
21

D
D

2
1

0

M
ou

se
A

K
R

1E
1

M
ou

se
 li

ve
r 

ke
to

 r
ed

uc
ta

se
1

1
0

M
ou

se
A

K
R

6A
4

Sh
ak

er
 c

ha
nn

el
 β

-s
ub

un
it 

(K
vb

2)
11

13
0

M
ou

se
A

K
R

6A
8

Sh
ak

er
 c

ha
nn

el
 β

-s
ub

un
it 

(K
vb

2)
23

30
2

M
ou

se
A

K
R

6A
14

Sh
ak

er
 c

ha
nn

el
 β

-s
ub

un
it 

(K
vb

2)
4

7
0

M
ou

se
A

K
R

7A
5

A
fl

at
ox

in
 a

ld
eh

yd
e 

re
du

ct
as

e:
 s

uc
ci

ni
c 

se
m

ia
ld

eh
yd

e 
re

du
ct

as
e

2
2

0

T
he

 s
pe

ci
es

, g
en

e,
 a

nd
 o

ri
gi

na
l n

on
sy

st
em

ic
 n

am
e 

of
 e

nz
ym

es
 a

re
 s

ho
w

n.
 I

de
nt

if
ic

at
io

n 
of

 p
ut

at
iv

e 
A

R
E

 s
eq

ue
nc

es
 w

ith
in

 A
K

R
 g

en
es

 w
as

 p
er

fo
rm

ed
 u

si
ng

 th
e 

T
es

s 
PW

M
 s

ea
rc

h 
so

ft
w

ar
e,

 th
e 

so
ur

ce
 c

od
e 

fo
r 

w
hi

ch
 is

 a
va

ila
bl

e 
at

 h
ttp

://
w

w
w

.c
bi

l.u
pe

nn
.e

du
/d

ow
nl

oa
ds

. T
hi

s 
so

ft
w

ar
e 

im
pl

em
en

ts
 a

 s
ea

rc
h 

al
go

ri
th

m
 o

f 
th

e 
ta

rg
et

 g
en

e 
se

qu
en

ce
 u

si
ng

 a
 p

os
iti

on
al

/p
ar

tia
l w

ei
gh

t m
at

ri
x 

to
 d

es
cr

ib
e 

th
e 

A
R

E
. 

PW
M

s 
en

co
de

 a
 r

an
ke

d 
re

pr
es

en
ta

tio
n 

of
 b

as
e 

va
lu

es
 a

cc
om

m
od

at
in

g 
so

m
e 

le
ve

l o
f 

fl
ex

ib
ili

ty
 f

or
 c

er
ta

in
 p

os
iti

on
s 

in
 th

e 
se

qu
en

ce
 w

hi
le

 m
an

da
tin

g 
th

at
 o

th
er

 p
os

iti
on

s 
m

at
ch

 e
xa

ct
ly

 [
13

9]
. F

ro
m

 le
ft

 to
 

ri
gh

t, 
th

e 
A

R
E

 s
eq

ue
nc

es
 in

cl
ud

ed
 in

 o
ur

 s
ea

rc
h 

in
cl

ud
ed

 th
e 

se
qu

en
ce

 5
′-

G
-T

G
A

C
-N

N
N

-G
C

-3
′, 

th
e 

m
at

ri
ce

s 
as

si
gn

ed
 th

e 
Ja

sp
er

 I
D

s 
M

A
01

50
.1

 (
hu

m
an

 N
rf

2,
 N

FE
2L

2)
 a

nd
 M

A
01

50
.2

 (
m

ou
se

 N
rf

2,
 

N
fe

2l
2)

. G
en

e 
se

qu
en

ce
s 

fo
r 

ea
ch

 o
f 

th
e 

hu
m

an
, r

at
, a

nd
 m

ou
se

 A
K

R
 g

en
es

 w
er

e 
do

w
nl

oa
de

d 
fr

om
 th

e 
E

ns
em

bl
 d

at
ab

as
e.

 I
n 

th
e 

se
ar

ch
, w

e 
in

cl
ud

ed
 7

00
0 

fl
an

ki
ng

 b
as

es
 u

ps
tr

ea
m

 a
nd

 d
ow

ns
tr

ea
m

 f
ro

m
 

ea
ch

 g
en

e.
 F

or
 f

ur
th

er
 d

et
ai

ls
 v

is
it 

th
e 

A
K

R
 W

eb
 s

ite
 a

t h
ttp

://
w

w
w

.m
ed

.u
pe

nn
.e

du
/a

kr
/.

Free Radic Biol Med. Author manuscript; available in PMC 2016 November 01.

http://www.cbil.upenn.edu/downloads
http://www.med.upenn.edu/akr/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tebay et al. Page 95

Table 3

Examples of PPARα target genes and the biological processes in which they are involved

Gene Protein Function Cellular processes

ACACA Acetyl-CoA carboxylase α Catalyzes the rate-limiting step 
in fatty acid synthesis; 
carboxylation of acetyl-CoA to 
malonyl-CoA

Lipogenesis

GPAM Glycerol-3-phosphate acyltransferase, mitochondrial Catalyzes the first step in 
synthesis of glycerolipids; plays 
a role in the level of available 
cellular triglycerides

Lipogenesis, glycerolipid synthesis

SLC27A4 Solute carrier family 27a4 Translocates long-chain fatty 
acids across the plasma 
membrane

Lipid transport

ABCD2 ATP-binding cassette D2 Peroxisomal import of fatty 
acids and fatty acyl-CoA

Lipid transport, peroxisomal β-
oxidation

ACOX1 Acyl-CoA oxidase 1, palmitoyl Catalyzes first desaturation step 
in β-oxidation of fatty acids; 
donates electrons to O2 leading 
to production of H2O2

Peroxisomal β-oxidation

CPT1A Carnitine palmitoyltransferase 1A Transport of long-chain fatty 
acids across the mitochondrial 
membrane

Mitochondrial β-oxidation

CPT2 Carnitine palmitoyltransferase 2 Mitochondrial oxidation of long-
chain fatty acids

Mitochondrial β-oxidation

FXR Farnesoid X-activated receptor Bile acid receptor that regulates 
the expression of genes involved 
in bile acid transport and 
synthesis

Bile acid transport, bile acid synthesis

LXR Liver X receptor Obligate heterodimeric binding 
partner of RXRs; involved in 
cholesterol homeostasis and 
innate immunity

Cholesterol homeostasis, innate 
immunity, RXR activation

Modified from [379].
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