
ARE was discovered in the late 1980s when xenobi�

otics that are ligands of aromatic hydrocarbon receptor

(AhR) and act via xenobiotic responsive element (XRE)

were investigated. Some xenobiotics were able to activate

enzymes involved in phases I and II of xenobiotic metab�

olism (biphasic inducers) or – independent from XRE –

only enzymes of the second phase (single�phase inducers)

[1]. Subsequent studies of the impact of electrophilic

compounds on cells revealed new regulatory structure that

was called antioxidant responsive element (ARE) since

most compounds inducing the structure belonged to the

group of phenolic antioxidants [2]. Fundamental differ�

ences in structure and chemical properties of XRE and

ARE inducers were found: while AhR activators are char�

acterized by planar structure, redox properties of a mole�

cule are important for the second ones [3]. Later the

action of biphasic inducers was explained by their ability

to initiate the synthesis of monooxygenase enzymes via

the XRE pathway and then to be metabolized in cells gen�

erating electrophilic compounds that activate ARE [1].

ARE motives have now been found in promoter regions of

many genes. In addition, among transcription factors such

as leucine zipper, which bind and activate these genes, the

leading role of Nrf2 (NF�E2�related factor 2) belonging to

the Cap’n’Collar family (CNC) was shown [4].

Nrf2/Keap1/ARE INDUCERS

A vast number of Nrf2/Keap1/ARE signal system

inducers were discovered among natural and synthetic

xenobiotics and products of the organism’s metabolism.

The inducers can be divided into 10 main categories [5,

6]: diphenols, phenylenediamines, and quinones;

Michael acceptors; isothiocyanates, thiocarbamates, and

related sulfur�containing compounds; 1,2�dithiol�3�
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thiones, oxathiolene oxides, alk(en)yl (poly)sulfides;

hydroperoxides; compounds of trivalent arsenic; heavy

metal ions (Cd, Co, Cu, Au, Hg, Pb); vicinal dimercap�

tans; carotenoids and their analogs; selenium�containing

compounds (particularly diselenides and selenols). In

addition, the following factors are able to activate expres�

sion of ARE�regulated genes: heme complexes, oxidized

lipoproteins; direct action of OH•, CO, NO•,

ONOO–/ONOOH, O3, HOCl, short wavelength UV,

radiation, ischemia/reperfusion, hyperoxia and hypoxia,

and shear stress [7].

In spite of differences in ARE inducer structures,

they share common properties of electrophilicity (for this

reason ARE is often called EpRE, electrophile response

element) and ability to modify SH�groups in proteins via

alkylation or oxidation [8]. Thus, Nrf2 activation by phe�

nol antioxidants (compounds containing two OH�groups

in ortho� or para�position only have this ability [2])

requires their primary transformation into corresponding

quinones, which, in turn, oxidize or electrophilically bind

to sulfhydryl groups of repressor protein Keap1 (Kelch�

like ECH associating protein 1) [9]. Fishbein and

Holland [10] proposed their classification of modifying

agents/Nrf2 inducers on the basis of the mechanism of

their reaction with SH�groups of cysteine residues in tar�

get proteins. They divided agents into six classes: mono�

functional electrophiles alkylating Keap1 by a mecha�

nism of nucleophilic substitution SN2; bifunctional mole�

cules possessing epoxide group (SN2�alkylating agent)

and Michael�acceptor structure; monofunctional

Michael acceptors; inducers modifying sulfhydryl groups

and forming thiocarbamates (isothiocyanates); thiol�oxi�

dizing compounds and reagents containing chemical ele�

ments from the fourth and lower periods. The main mem�

bers and mechanisms of action of different Nrf2 inducer

classes are presented in Table 1.

Group of agents

Diphenols, quinones,
and phenylenedi�
amines

Michael acceptors

Isothiocyanates

1,2�Dithiol�3�thiones

Hydroperoxides

Compounds 
of trivalent arsenic

Heavy metal ions

Vicinal dimercaptans

Carotenoids

Selenium�containing 
compounds

Table 1. Members and mechanism of action of different Nrf2 inducer classes

Mechanism of action

forming of quinones that 
oxidize or bind to SH�groups
in Keap1 and increase of
intracellular Н2O2 production
[9]

binding to SH�groups 
of Keap1 [11]

binding to SH�groups 
of Keap1 [12]

increase of Н2O2 intracellular
production [13]

oxidation of SH�groups 
in Keap1 [14]

binding to SH�groups 
of Keap1 [15], increase 
of intracellular Н2O2 produc�
tion [16]

increase of intracellular Н2O2

production [17]

not determined

not determined, preliminary
oxidation of compounds is
required [18]

not determined

Endogenous compounds

dopamine, 4�hydroxyestrol,
2�hydroxyestradiol, 4�
hydroxyestradiol, estradiol�
3,4�quinone

acrolein, 4�hydroxy�2,3�
nonenal, PGA2, 15d�PGJ2,
J2�isoprostane

–

–

Н2O2, lipid hydroperoxides

–

–

–

–

–

Xenobiotics and their metabolites

tBHQ, BHT, BHA, curcumin, resver�
atrol, quercetin, ethoxyquin, probu�
col, epigallocatechin�3�gallate

EPA, DHA, crotonic aldehyde,
methyl acrylate, methyl propionate,
methyl vinyl sulfone

sulforaphane, 3�morpholinopropyl
isothiocyanate

1,2�dithiolthione, oltipraz, 5�(para�
methoxyphenyl)�1,2�dithiol�3�thione

tert�butyl hydroperoxide, cumol
hydroperoxide, Н2O2

As2O3, AsO2

–
, As3+, phenylarsine oxide,

CH3As(OH)2

Cd2+, Co2+, Cu2+, Au1+, Hg2+, Pb2+

(±)�2,3�dimercapto�1�propanol, 
1,2�ethane dithiol

3�hydroxy�β�damascone, lycopene

ebselen, dialkyl diselenides, seleninic
acids, phenyl selenol

Members

Note: tBHQ, tert�butylhydroquinone; BHT, butylhydroxytoluene; BHA, butylhydroxyanisole; EPA, eicosapentaenoic acid; DHA, docosa�

hexaenoic acid; PGA2, prostaglandin A2; 15d�PGJ2, 15�deoxy�prostaglandin J2.
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GENES WITH ARE�CONTROLLED EXPRESSION

Mammalian cells contain several hundreds of ARE�

driven genes. Sixty�three genes (0.6% of determined

genes) whose expression reliably increased under the

action of tert�butylhydroquinone were detected by

oligonucleotide microanalysis in human neuroblastoma

cells [19]. Comparable analysis of changes in gene expres�

sion caused by 1,2�dithiol�3�thiones in liver of wild type

mice, knockouts in Nrf2 or double knockouts in Nrf2 and

Keap1 revealed 231 Nrf2/ARE�induced genes and 31

genes with inhibited transcription under Nrf2 activation

(1.8% and 0.25% among 12,400 analyzed genes, respec�

tively) [20]. Similar studies of action of effective ARE

inducer sulforaphane in murine small intestine cells with

genotype NRF2+/+ and NRF2–/– revealed 77 genes regu�

lated by Nrf2 (1.3% among 6000 analyzed genes) [21],

while there are 562 genes (11%) in liver cells [22]. After

different periods of hyperoxia (more than 95% O2), 175

genes with increased transcription and approximately 100

repressible genes were detected. Notably, the expression

in wild type mice increased more intensively than in Nrf2

knockouts [23]. Therefore, the redox�sensitive

Nrf2/Keap1/ARE system regulates from 1 up to 10% of

genes.

Nrf2/ARE�regulated genes encode enzymes and

regulatory and structural proteins that can be divided into

several groups according to their main function: enzymes

of detoxication and export of xenobiotics and products of

cellular metabolism from the cell as well as enzymes pro�

viding reparation (utilization) of damaged macromole�

cules; enzymes controlling redox status of the cell – pos�

sessing direct antioxidant activity or synthesizing endoge�

nous reducing agents (first of all, glutathione); regulators

of apoptosis, cell cycle, and differentiation; chaperones

and heat shock proteins; proteins of intercellular adhe�

sion, cytoskeleton, and intracellular transport; regulators

of ribosomal protein synthesis; regulators of immune

response and inflammation; and a wide group of enzymes

involved in cellular metabolism [7, 20, 24, 25]. The study

of the functions of proteins that are encoded by Nrf2�

induced genes showed that the main biological action of

the Nrf2/Keap1/ARE signaling system is maintenance of

intracellular homeostasis, cellular defense against poten�

tially dangerous chemical agents and physical exposure,

identification of damaged macromolecules and their

repair/utilization depending on possibility of their nor�

mal structure recovery, and, under significant degree of

damage –initiation of apoptosis. Due to this, the

Nrf2/Keap1/ARE signaling system prevents neoplastic

transformation of cells and arrests processes of cancero�

genesis [24].

At the same time, effects of Nrf2 activation can be

determined by its ability to inhibit transcription of various

genes. Thus, Nrf2 inducers suppress the activation of

transcription factor NF�κB, depressing expression of a

wide group of proinflammatory genes (in human mono�

cytes stimulated by lipopolysaccharide, among 88

induced genes of early response 90% are NF�κB�depend�

ent [26]). Thus, the Nrf2/Keap1/ARE signaling system

reduces intensity of acute inflammatory response and

intensifies its resolution preventing transition of the

pathological process into chronic form [27, 28]. Nrf2

activation in liver cells under the action of 1,2�dithiol�3�

thione decreases expression of genes encoding enzymes

of lipid and cholesterol biosynthesis and metabolism [20].

Nrf2, Keap1, AND ARE STRUCTURES

The DNA region containing nucleotide sequence 5′�
A/GTGAC/TnnnGCA/G�3′ (“core”) is an ARE regulatory

cis�activating element [29]; nuclear transcription factor

Nrf2, which belongs to CNC family, binds with this

region. Six factors from this family typical for mammals

(forming the NF�E2 subfamily) are now known: p45,

Nrf1, Nrf2, Nrf3, Bach1, and Bach2, as well as SKN�1

found in Caenorhabditis elegans and CNC found in

Drosophila melanogaster. All factors from the NF�E2 sub�

family can form regulatory active dimers, but depending

on ability to bind transcription cofactor they enhance or

inhibit expression of ARE�driven genes; therefore, their

shutdown or hyperproduction leads to different effects at

cellular or organismic levels [30]. 

Mutational analysis clarified the presence of ARE

structures located in promoters of different genes. Thus, it

has been found that the presence of the TA/CA sequence

located at the 5′�end at a distance of 2 base pairs from the

“core” is important for induction of gene transcription

[29]. Therefore, the length of functionally active ARE is

16 nucleotides, and five of them are variable, which

makes additional conditions for the diversity of ARE in

the genome (Fig. 1a). Some ARE contain a binding site

for AP�1 factor (5′�TGACTCA�3′; 12�O�tetradecanoyl�

forbol�13�acetate�responsive element, TRE) and for this

reason Jun� and Fos�proteins can take part in ARE�con�

trolled gene transcription [31]. According to discovered

differences in nucleotide sequence, all ARE can be divid�

ed into four structural–functional classes: 1) containing

5′�triplet TA/CA and TRE in the “core” (genes NQO1,

ACR1c2, and a gene of human ferritin light chain); 2)

containing only TA/CA sequence (genes GSTA1 and

GSTA2 in mouse and rat, respectively); 3) containing only

TRE (gene of mouse metallothionein�II), and 4) con�

taining neither of these structures (mouse gene of mul�

tidrug resistance protein�2). Genes with promoters con�

taining ARE of the first and the second classes exhibit

more prominent induction in response to Nrf2 activation

and are under less negative control of other transcription

factors from the bZIP family. Genes of ARE of the first

and the third classes also respond to activation of

transcription factor AP�1 [32]. It is important to note
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that certain genes, such as human and rodent heme oxy�

genase genes, contain several ARE sequences in their

promoters that belong to different classes. This allows

precise regulation of antioxidant enzyme expression in

response to stresses [32].

Mouse protein Nrf2 has molecular weight 66.9 kDa

and contains 597 amino acid residues (in human –

67.8 kDa and 605 amino acid residues) that form six high�

ly conservative domains Neh1�Neh6 (Nrf2�ECH homol�

ogy; ECH – chicken analog of Nrf2) (Fig. 1b) [25, 26].

The Neh2 N�terminal domain takes part in redox�

dependent regulation of protein stability due to its attach�

ment to Keap1 (Kelch�like ECH associating protein 1,

see below) and conjugation with ubiquitin [25]. Domains

Neh3, Neh4, and Neh5 mediate Nrf2 transactivating

effect by binding to histone acetyltransferases [33�35].

Domain Neh6 contains redox�independent degron limit�

ing the time of molecule existence under stress conditions

when Keap1 repressor function is impaired [36]. Neh1 is

the hydrophobic domain of the type of bZIP leucine zip�

per (basic region and leucine zipper) responsible for

dimerization and binding to ARE [25]. Due to Nrf2

Fig. 1. Structure of antioxidant�responsive element (a), human proteins Nrf2 (b) and Keap1 (c). a) Nucleotide sequences ARE and TRE are

presented; nucleotide sequence absolutely essential for Nrf2 binding is bolded in ARE, the region potentially containing site for transcription

factor AP�1 binding (TRE), whose structure is presented below, is underlined; b, c) domain position and functions, localization of cysteine

amino acid residues sensitive to oxidation/modification, and key phosphorylation sites are depicted. Physiologically relevant cysteine residues

are bolded (explanations are in the text).

a

b

c

binding to Keap1;
translocation into the

nucleus; redox�
dependent regulation

of protein stability

binding to
transcription
coactivators
CBP/p300,
BRG1, MOZ

nuclear export

redox�independ�
ent regulation of
protein stability

bZIP�domain;
binding to DNA and
other transcription

factors; nuclear
localization/export

binding to tran�
scription coactiva�

tors (CPB6);
translocation into

the nucleus

homodimerization; binding
to Cul3/Rbx3�ubiquitin

ligase; control of protein
stability

redox�sensitive
region; nuclear

export

binding to Nrf2,
cytoskeleton

proteins
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bZIP�domain structural features, which do not allow

forming homodimers, bZIP�containing partner proteins

are necessary for Nrf2 binding to ARE. Among them,

participation of transcription factors from the family of

small Maf  (musculoaponeurotic fibrosarcoma) and Jun

proteins in ARE�dependent gene induction is the most

studied [32]. In addition, Nrf2 carries several signals of

nuclear localization NLS and signals of nuclear export

NES responsible for the transcription factor translocation

to nucleus or cytoplasm, respectively [37, 38]. Nrf2 mol�

ecules contain a number of cysteine amino acid residues

(six in human and seven in mouse). Some of them are

conservative and are present in unrelated species: C119,

C191, C235, and C506 are common for bird, rat, mouse,

and human proteins, C316 and C414 – for mammalian

Nrf2, C311 – for rodents. This gives a reason to believe

that Nrf2 activation can also depend on modifications of

its own sulfhydryl groups.

Mouse Keap1 with molecular weight 69.5 kDa con�

tains 624 amino acid residues including 25 cysteine

residues (in human 69.7 kDa, 625 amino acid residues, 27

cysteine residues, respectively), which are sensors for a

wide range of compounds activating Nrf2 [39]. The pro�

tein consists of five domains (Fig. 1c): N�terminal region

(NTR); BTB domain responsible for dimerization and

interaction with Cul3�E3�ligase [40�42]; intermediate

domain IVR (intervening region) containing cysteine

residues sensitive to oxidation and NES motif [43];

Kelch�domain consisting of six repeats (KR1�KR6) and

possessing the structure of a six�bladed β�propeller that

mediates association of Keap1 with Nrf2 and cytoskele�

ton proteins actin and/or myosin VIIa [25, 44] (though

some authors did not discover Keap1/Nrf2 complexes

and actin colocalization [45]); and C�terminal region

(CTR).

Nrf2/Keap/ARE ACTIVATION MECHANISMS

Transcription and translation control of Nrf2/Keap1/
ARE signaling system activity. Originally, it was assumed

that NRF2 transcription did not change in response to the

impact of specific inducers [46]; however, later the pres�

ence of ARE sequence in promoter of this gene was dis�

covered. Moreover, the transcription factor is able to acti�

vate the synthesis of its own mRNA [47], which leads to

autoregulatory increase in the process of activation of this

signaling system in response to exposure of inducers (Fig.

2b). In addition, NRF2 promoter includes three XRE

sequences providing an increase in its transcription in

response to dioxins through activation of aryl hydrocar�

bon receptor and its binding to DNA [48]. Data proving

the participation of epigenetic mechanisms in regulation

of activation of the Nrf2/Keap1/ARE signaling system

were obtained in recent years. For example, hypermethy�

lation of CpG�rich islands in NRF2 promoter in cells of

mouse adenocarcinoma TRAMP (Transgenic Adeno�

carcinoma of Mouse Prostate) is accompanied with fail�

ures in RNA�polymerase II binding to DNA and with

repression of corresponding mRNA synthesis [49]. In this

case the treatment of these cells with DNA�methyltrans�

ferase and histone deacetylase inhibitors restores expres�

sion of Nrf2 and ARE�dependent genes. Interestingly,

KEAP1 expression also depends on degree of methylation

of its promoter [50].

An increase in the amount of Nrf2 in the cytoplasm

was also the result of enhancement of its mRNA transla�

tion induced by prooxidants [51] and due to the activa�

tion of corresponding mRNA cap�independent transla�

Fig. 2. The mechanism of Nrf2 activation (explanation in the

text). a) Regulation of Nrf2/Keap1/ARE activity under physio�

logical conditions; b) Nrf2/Keap1/ARE activation in response to

oxidative stress.

a

b

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA

mRNA
mRNA

oxidative
stress

oxidative
stress

oxidative
stress
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tion in addition to constitutive cap�dependent translation

occurring in cells [52]. This process is connected with the

presence of redox�sensitive internal ribosomal entry site

(IRES) in the untranslated 5′�end of Nrf2 mRNA [52].

IRESNrf2 consists of two rRNA binding regions, one of

which is highly conservative and is located near to

inhibitor element, which has hairpin structure and pre�

vents the interaction of IRESNrf2 with ribosomes under

normal physiological conditions. Under oxidative stress

(200 µН H2O2) or after treatment with ARE inducers

(50 µM sulforaphane) the suppression removes, IRESNrf2

activity rises, leading to enhancement of Nrf2 translation

(Fig. 2b).

Keap1 as a molecular sensor of electrophiles and
prooxidants. It is assumed that Nrf2 activation is mainly

controlled at posttranslational level through changing its

stability. Nrf2 is a short�lived protein: life time (t1/2) in

mouse hepatoma Hepa cells is 13 min [53], in human

HepG2 cells – 15 min [54], in African green monkey Cos�

7 cells – 7.5 min [40], in mouse peritoneal macrophages –

18.5 min [55]. Nrf2 stability is regulated by Keap1�

dependent ubiquitination and degradation in 26S protea�

somes (Fig. 2): Keap1 functions as an adaptor protein

mediating interaction between Nrf2 and Cullin�3�con�

taining ubiquitin�ligase E3 complex (referred to as Cul3�

E3�ligase) [40]. In HepG2 cells Nrf2 concentration and

its stimulatory effect increased after inhibition of protea�

somes activity [56]. It has been shown that Nrf2 activation

by prooxidants or electrophilic compounds is associated

with suppression of Keap1 ubiquitin�ligase activity [57].

It has been argued that Keap1 binds to actin

cytoskeleton in the cell [7, 58]. But recently Lo and

Hannink at the University of Missouri discovered that the

complex consisting of Nrf2, Keap1, and phosphoglycer�

ate mutase 5 (PGAM5) was localized at the outer mito�

chondrial membrane [59]. The formation of such com�

plex results in Nrf2 inhibition since expression of ARE�

dependent genes is enhanced in PGAM5–/– cells. It has

been shown that the same Keap1 amino acid residues take

part in its interaction with Nrf2 and PGAM5. But,

though phosphoglycerate mutase can act as a substrate for

Cul3�E3 ligase, ubiquitination of this protein anchored in

mitochondrial membrane with its N�terminal region does

not occur. In cells only a small part of Nrf2 molecules has

mitochondrial localization, but existence of

Nrf2/Keap1/PGAM5 complex can play an important

biological role transmitting the signal to the cell nucleus

under failures of mitochondrial functions [59]. This

hypothesis is proved by data indicating that changes in

redox balance in extracellular medium [60], tBHQ [61],

or curcumine [62] impact, and inhibition of respiratory

chain enzymes by rotenone [63] activate Nrf2 through an

increase in mitochondrial ROS production.

The processes of oxidative/electrophilic modifica�

tion of sulfhydryl groups of cysteine residues in the

inhibitor protein play a key role in Keap1�dependent

repression of Nrf2 transcription factor. It has been found

from experiments that cysteine residues in the Keap1

molecule interact with alkylating agents and prooxidants

with different rates. This is caused both by pKa value

depending on their amino acid environment and by

inducer nature (Table 2). In addition, differing physiolog�

ical relevance of individual cysteine residues has been

shown. The replacement of C273 and C288 with serine or

alanine does not influence Keap1 stability and intracellu�

lar distribution and does not change the constant of its

interaction with Cul3�E3�ligase and Nrf2 [40, 57, 77] but

breaks degradation of the transcription factor molecule

during transfection of cells with a mutant protein.

Synchronous transfection of KEAP1–/– cells with two

plasmids carrying KEAP1 with C273A and C288A muta�

tions in the ratio 1 : 1 restores repressor activity of the

corresponding protein [55]. On this basis a model of Nrf2

activation that implicates formation of intermolecular

disulfide interaction between C273 and C288 in Keap1

homodimer was proposed [78]. Transgenic mice synchro�

nously expressing mutant proteins Keap1 (C273A) and

Keap1 (C288A) are characterized by a high basal level of

Nrf2 activation. Therefore, Keap1 should contain both

cysteine residues for providing of the repression function

under physiological conditions [79].

C151 situated in the BTB domain of the repressor

protein is crucial for normal functioning of the

Nrf2/Keap1/ARE signaling system. Under oxidative

stress and electrophile action, different low molecular

weight compounds covalently bind to this residue. As a

result, Keap1 modifications resistant to reducing agents

[80] are formed or a disulfide bond between Keap1 mole�

cules in homodimer complex appears [14]. C151 residue

loss or modification does not affect the ability of Keap1 to

suppress the expression of Nrf2/ARE�dependent genes

under basal conditions but leads to the reduction of Nrf2

activation caused by tert�butylhydroquinone or sul�

foraphane [64, 79] due to conformational changes in the

repressor protein region (amino acids 125�127) and fail�

ures in Cul3�E3�ligase interactions [80, 81]. In addition,

C151 mutations promote and intensify Keap1 degrada�

tion after treatment of cells with tBHQ [82]. These data

indicate that C151, which is modified under oxidative

stress, can act as a “sensor” of redox balance and is

responsible for Nrf2/ARE�dependent gene activation. At

the same time, As(III) derivatives inhibit transfer of ubiq�

uitin residues to the Nrf2 molecule without Cul3�E3�lig�

ase dissociation from the repressor protein (by contrast,

their interaction straightens). They are also able to acti�

vate transcription factor affecting mutant Keap1 with

C151 replaced by serine [83]. Notably, sulforaphane, a

classical Nrf2 inducer, does not alkylate cysteine residues

C151, C273, and C288 in human recombinant Keap1

[84]. In addition, it has been found that Nrf2 activation

under oxidative stress is accompanied by formation of an

intramolecular disulfide bond between amino acid
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residues C226 and C613 in Keap1, though replacement of

these cysteines by serine does not affect repressor capaci�

ty of the mutant protein [14]. Cysteine residue C23 form�

ing an intramolecular disulfide bond with C38 after treat�

ment with oxidized glutathione is another physiologically

relevant site of Keap1 oxidative modification.

Replacement of C23 by tyrosine was discovered in human

cancer tumor cells with impaired Keap1�dependent Nrf2

ubiquitination [85].

It seems that the interaction of Keap1 with Nrf2 is

regulated not only by direct modification of cysteine

residues: for example, it was shown that zinc atoms are

incorporated in Keap1. Mouse Keap1 contains 0.9 Zn2+

ion per subunit; metal cations interact with sulfur atoms

in C273 and C288 residues and their removal lead to dis�

sociation of Nrf2–Keap1 complexes [86].

Until recently a model of dissociation of cytoplasmi�

cally anchored Nrf2/Keap1 complex via oxidative modifi�

cation and conformational changes in repressor protein

was considered as the conventional mechanism of activa�

tion of the Nrf2/Keap1/ARE signaling pathway. As a

result, released transcription factor Nrf2 translocates into

the nucleus where it interacts with ARE through accessory

proteins Maf and Jun and transcription coactivators and

thus activates gene expression; and Keap1 is ubiquitinated,

transferred to 26S proteasome by actin, and degraded. But

a number of experimental facts conflicts with the dissocia�

tion model: sulforaphane activates ARE in micromolar

concentrations (20�50 µM), while millimolar concentra�

tions of isothiocyanate are required for breaking the bind

between Keap1 and Nrf2 (this is 2000 times larger than the

Keap1 concentration in the cell) [43]. It has been shown in

many studies that a significant number of Nrf2/Keap1

complexes remain associated after induction of antioxi�

dant�responsive element by sulforaphane, tert�butylhydro�

quinone, and other electrophiles [39, 44, 78, 91].

Currently model of constitutive degradation of Nrf2

complex is widely discussed. According to this model a

mobile pool of transcription factor molecules is constitu�

tively present in the cell; the number of molecules in this

pool is regulated by Keap1. Detailed studies of the

polypeptide functional structure of Nrf2 and Keap1 per�

mitted Japanese scientists to propose a “hinge and latch”

model [42, 44], which is based on the presence in Neh2

(Keap1�binding domain of transcription factor Nrf2) two

sequences with high (Ka = 20·107 M–1; ETGE: Leu�Asp�

Glu�Glu�Thr�Gly�Glu) and low (Ka = 0.1·107 M–1;

DLG: Leu�Trp�Arg�Gln�Asp�Ile�Asp�Leu�Gly) affinity

to inhibitor, “hinge” and “latch”, respectively. Negatively

charged glutamate residues cause effective interaction of

the ETGE motif. These residues promote the interaction

of the ETGE motif with positively charged high conserva�

tive arginine triplet (R380, R415, R483) situated at the

bottom of the β�propeller Kelch�domain of Keap1.

Interestingly, among seven lysine residues forming nine

turns of α�helix that binds together motifs ETGE and

DLG, six are situated at one side [42]. This facilitates the

ubiquitination of Nrf2 by these residues in the “latch”

“locking” position (i.e. when low affinity DLG motif is

associated with Keap1). Studies conducted using high

resolution electron microscopy revealed the distance

between Nrf2�binding regions of Keap1 homodimers,

which is equal to 80 Å and accurately complies with cal�

culated distance between ETGE and DLG sequences in

the transcription factor [87].

According to the “hinge and latch” model, there is

constitutive synthesis of new Nrf2 molecules in the cell.

Newly synthesized molecules bind to Keap1 and are con�

stantly ubiquitinated and degraded in proteasomes, so the

concentration of free Nrf2 is low in homeostasis (Fig. 2a).

As a result of oxidative stress, Keap1 is modified mainly

due to oxidation of redox�sensitive cysteine residues in its

IVR and BTB domains. Such protein with modified con�

formation loses its affinity to DLG motif (the “latch”

jumps off and the Nrf2 hangs down on the “hinge” – high

affinity ETGE motif). It is possible that an intermolecu�

lar disulfide bond between Keap1 monomers is formed

after oxidation of C273 and C288. As a result, Nrf2 ubiq�

uitination and, therefore, its proteasome degradation (but

not the association with Keap1) is broken, the molecule

pool become saturated, and this leads to an increase in

the number of free Ntf2 molecules. In addition, Nrf2

transcription and translation activation under oxidative

stress explain seeming inefficiency in cellular resources

when the cell constantly synthesizes Nrf2 that is immedi�

ately degraded in proteasomes. Actually constitutive syn�

thesis is characterized by a moderate level that is essential

for maintaining basal antioxidant activity. When redox

balance is broken, the mechanisms of Nrf2 additional

synthesis are activated. Together with the mechanism of

retardation of transcription factor degradation they rap�

idly and effectively activate ARE (Fig. 2b).

Discovery of NRF2 mutations in cells of some tumor

cells and in cells of primary human carcinomas suffi�

ciently confirms this model. These mutations change

amino acid sequences in DLG or ETGE motifs [88, 89]

and as a result the stability of the transcription factor

molecule and expression of ARE�dependent genes are

anomalously increased. The cells with such mutations

possess stability toward oxidative stress and chemothera�

peutic agents, and the blocking of Nrf2 production by

corresponding siRNA reverses these undesirable advan�

tages [88].

Modification of cysteine residues in the Nrf2 mole�

cule is another mechanism of regulation of its stability. It

has been found that transcription factor molecules with

mutations C506A, C235A, and C191A have shorter time

of existence in cells (39, 66, and 58% compared with nor�

mal protein t1/2, respectively) due to intensive interaction

with Keap1 and ubiquitin, which leads to decrease in

their ability to activate expression of target genes [90].

ARE activators tBHQ, As(III), and phenylarsine oxide
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bind to cysteine sulfhydryl groups in Nrf2 resulting in sta�

bilization of Nrf2 [90]. 

Together with Keap1, other regulators of Nrf2 stabil�

ity are known. DJ�1 (product of gene PARK7) inhibits the

ubiquitination of the transcription factor increasing its

lifetime and enhancing spontaneous and stimulated

expression of ARE�dependent genes in mouse embryonic

fibroblasts [91]. In mesencephalon of DJ�1�deficient

mice the amounts of Nrf2 and β5�subunit of 20S protea�

some were decreased after administration of paraquat, a

well�known inducer of oxidative stress [92]. The severity

of clinical implications in the case of obstructive pul�

monary disease in smokers has an inverse relationship

with intracellular level of Nrf2 (though the amount of

appropriate mRNA does not change) and DJ�1. And

treatment of Beas2B human lung epithelium cells with

cigarette smoke results in oxidative modification and

accelerates proteasome degradation of DJ�1. The sup�

pression of DJ�1 expression leads to impairment in the

stability of Nrf2 and disturbs the transcription of its target

genes induced by cigarette smoke in mouse lung cells,

mouse embryonic fibroblasts, and in Beas2B cells [93].

Interestingly, preliminary treatment of DJ�1�deficient

cells with sulforaphane or suppression of Keap1 expres�

sion restores Nrf2�dependent expression of antioxidant

enzymes [93]. Though, on the other hand, it has been

shown that activation of the Nrf2/Keap1/ARE signaling

system in cortical neurons, striatum nerve cells, and

mouse astrocytes is DJ�1�independent [94].

Oncosuppressor protein p21Cip1/WAF1 stabilizes Nrf2,

competing with Keap1 for interaction with DLG� and

ETGE�sequences in the transcription factor. Therefore,

basal and induced levels of ARE�dependent gene expres�

sion are lowered in mice with p21–/– genotype in vivo

[95]. Due to such cooperation among signal systems, p21

induction in response to DNA damage (induced by UV�

irradiation, ROS, genotoxic compounds) results, on one

side, in cell cycle arrest and initiation of repair processes,

and, on the other side, in Nrf2�dependent activation of

antioxidant defense and detoxication systems, which

neutralize damaging agents [96].

Adapter protein p62 (sequestosome 1) performs a

range of important functions in cells: it facilitates pro�

tein–protein interactions due to many protein�binding

regions present in its structure; aggregates damaged and

unfolded proteins; transports polyubiquitinated proteins

to proteasomes and their aggregates to lysosomes, thus

participating in autophagy [97]. Like Nrf2, p62 contains

in its structure an ETGE sequence that mediates interac�

tion with an arginine triplet of the Keap1 Kelch�domain,

thus inhibiting enzymatic activity of ubiquitin�ligase

complex and increasing stability of the transcription fac�

tor [98]. Such protein–protein interaction leads to Keap1

aggregation, enhances its ubiquitination and proteasome

degradation [99, 100]; therefore, an increase in endoge�

nous (as a result of failure in autophagy) or ectopic p62

expression lowers the number of Keap1 molecules. Thus,

authors of these studies postulate the existence of a non�

conventional (not connected with modifications of cys�

teine residues) mechanism of Nrf2 de�repression.

CRIF1 (CR6�interacting factor 1) is another recent�

ly discovered regulator of Nrf2 stability. It (like Keap1)

enhances ubiquitination and proteasome degradation of

the transcription factor molecule. But, in contrast to

Keap1, this regulatory protein except for the Neh2

domain interacts with C�terminal bZIP region, is able to

bind mutant Nrf2 with modified ETGE sequence, and,

what is most important, repression mediated by this pro�

tein persists under oxidative stress conditions. Therefore,

CRIF1 is redox�independent negative regulator of ARE�

dependent gene expression that acts at the stage of Nrf2

posttranslational modification [101]. 

Role of protein kinase in Nrf2 activation. An impor�

tant mechanism regulating expression of ARE�dependent

genes is phosphorylation of Nrf2 and Keap1 molecules,

which is catalyzed by protein kinases from various fami�

lies.

One of the main kinases involved in ARE regulation

is protein kinase C, which phosphorylates a serine residue

in the Neh2 fragment of Nrf2 (S40 situated between

motifs ETGE and DLG) and it leads to disruption of its

interaction with Keap1 (Fig. 2b). Phosphorylation of S40

does not influence Nrf2 translocation to the nucleus or its

interaction with DNA regulatory region, but it increases

Nrf2 stability and lifetime in cells [102]. The main iso�

form of this enzyme phosphorylating Nrf2 is protein

kinase C�δ, which is classified as an atypical protein

kinase by the structure of its regulatory domain [82]. Both

phosphorylation of the transcription factor and modifica�

tion of cysteines in Keap1 repressor are necessary for full

activation of the Nrf2/Keap1/ARE signaling system.

Nrf2 is a substrate for PERK kinase (pancreatic eIF�

2α�related endoplasmic reticulum kinase), which is acti�

vated in response to production of unfolded proteins. In

addition, PERK�dependent phosphorylation leads to sta�

bilization of the transcription factor, inducing dissocia�

tion of the Nrf2/Keap1 complex and preventing its reas�

sociation, and increases expression of ARE�driven genes

[103, 104].

Protein kinase cascade PI3K/Akt triggers Nrf2 acti�

vation and expression of ARE�dependent genes in differ�

ent cells under the action of sulforaphane [105], phenol

antioxidant curcumine [106], triterpenoids [107], 15d�

PGJ2 [108], lipopolysaccharide [109], and peroxynitrite

[110]. PI3K/Akt�mediated Nrf2 activation regulates

redox status of aortal endothelial cells in mice in vivo and

prevents development of atherosclerotic plaques [111].

Nevertheless, in spite of a large number of experimental

data, the mechanism of PI3K/Akt�dependent Nrf2 acti�

vation remains unknown.

Mitogen�activated protein kinases ERK (extracellu�

lar signal�regulated kinase), JNK (c�Jun N�terminal pro�
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tein kinase), and p38 take part in the regulation of Nrf2

activity. An inhibition in their activity in different ways

leads to various effects – from full abrogation of Nrf2

activation to its multiple enhancement, according to

experimental conditions (the results are summarized in

the study of Sun et al. [112]). Nrf2 inducers – sul�

foraphane, tBHQ, and pyrrolidine thiocarbamate – acti�

vated ERK2 kinase in human HepG2 and mouse

Hepa1c1c7 hepatoma cells, and pharmacological inhibi�

tion or expression of functionally inactive mutant enzyme

decreased expression of ARE�dependent genes and Nrf2

binding to DNA [113]. In mouse keratinocytes ERK1/2

are the main enzymes mediating activation of NQO1

expression in response to Nrf2 inducers – 1,2�dithiol�3�

thione, sulforaphane, oltipraz, and Н2O2 [114]. The

activity of the chemoprotective agent phenethyl isothio�

cyanate in PC�3 prostate cancer cells increased expres�

sion of HO�1 through activation of JNK1/2 and ERK1/2.

In addition, it has been shown that these enzymes colo�

calize with Nrf2 in the nucleus and are able to phospho�

rylate transcription factor molecules in vitro [115].

Since MEK�kinases inhibitors reduce Nrf2 content

in HepG2 cells and phosphatase inhibitor okadaic acid

has an opposite effect, it is supposed that ERK�depend�

ent phosphorylation results in transcription factor stabi�

lization, weakening its interaction with Keap1 [4]. The

ubiquitous plant phenol curcumin [116] increases the

level of heme oxygenase�1 in epithelium cells via activa�

tion of p38 kinase. On the other hand, in study [117]

where macrophages RAW264.7 and embryonic mice

fibroblasts with p38–/– genotype were used, it was shown

that suppression of p38 protein kinase activity, its defi�

ciency, or hyperexpression of functionally inactive

mutant enzyme intensify Nrf2�dependent expression of

heme�oxygenase�1 gene. This may be associated with an

increase in ROS production and stimulation of phospho�

rylation of ERK�kinases. Moreover, p38�mediated phos�

phorylation of the transcription factor molecule promotes

stabilization of Nrf2/Keap1 complex, and induction of

ARE�dependent genes in response to sulforaphane is

associated with inhibition of MKK3/6, which is a direct

activator of p38 [118]. Provocative data about an interac�

tion between MAPK and Nrf2/ARE were obtained by Li

et al. They showed that the impact of tumor necrosis fac�

tor α or high glucose concentrations on vessel smooth

muscle cells in old (24�month�old) rats leads to predom�

inant activation of ERK1/2 (while JNKs are activated

under the same conditions in cells of six�month�old rats),

and inhibition of these enzymes is accompanied by an

increase in the number of Nrf2 molecules in the nucleus,

its binding to ARE, and GCLC expression [119].

Therefore, effects of different MAPK activations can, in

addition, depend on animal age.

At the same time, it has been shown that under Nrf2

activation in НEK293T human embryonic kidney cells

the protein is multiply phosphorylated by MAPK�family

enzymes at residues S215, S408, S558, T559, and S577.

This phosphorylation does not influence the interaction

of the transcription factor with Keap1 and its stability, but

it increases import into the nucleus. Only replacement of

all five of these amino acids by alanine leads to moderate

depression of ARE�dependent gene expression.

Therefore, the authors of this study believe hat MAPK

play a restricted part in regulation of the Nrf2/Keap1/

ARE signaling system under physiological conditions

[112].

Certain protein kinases participate in negative regu�

lation of signal transduction in the Nrf2/Keap1/ARE sys�

tem. Phosphorylation of serine/threonine residues in

Nrf2 transcription factor by calmodulin�dependent

casein kinase 2 decreases its stability and depresses ability

to bind to ARE [120]. Keap1 synthesized de novo is phos�

phorylated constitutively by tyrosine kinase at BTB�

domain Y141 position. Dephosphorylation of this amino

acid residue under oxidative stress promotes degradation

of the repressor protein. Mutant Keap1 (Y141A) also has

shorter lifetime and, even though it can form dimers, it is

functionally inactive [121].

Therefore, phosphorylation is one of the key steps in

Nrf2 activation, but the role of individual protein kinases

and phosphatases in the Nrf2/Keap1/ARE signal system

mainly depends on cell type as well as on inducer origin.

Regulation of Nrf2 transport into and out of the nucle�
us. Nrf2 contains three signals of nuclear localization

(NLS) in its structure and two signals of nuclear transport

(NES), which compensate each other under physiologi�

cal conditions. When homeostasis is disturbed the relative

activity of NLS prevails and due to it the transcription

factor accumulates in the nucleus. The NLSTA region was

identified as a redox�sensitive regulatory element. This

region contains amino acid residue Cys183, which is

extremely reactive and is modified by low doses of alky�

lating agents [44] (Fig. 2b). Modification of C183 in

response to oxidants (Н2O2, sulforaphane, and tBHQ)

dose�dependently leads to Nrf2 accumulation in nuclei of

cells with suppressed synthesis of Keap1. And mutations

resulting in replacement of cysteine by alanine in these

positions disturb induced Nrf2 translocation into the

nucleus and expression of target genes [37]. Therefore,

the action of Keap1 as a molecular sensor of oxidative

stress can play a permissive role in Nrf2 activation, while

direct oxidative modification of the transcription factor

regulates strength, speed, and duration of ARE�depend�

ent response in relation to intensity of the stress.

Nrf2 binding to Maf proteins forming heterodimer

complex via their interaction with bZIP�domains leads to

NESZip masking and decreases transport of the factor

from nucleus to cytoplasm [122]. Nuclear matrix protein

NRP/B (nuclear restricted protein/brain), which belongs

to the same family as Keap1, is able to bind to Nrf2. This

protein–protein interaction is intensified by Н2O2 and

leads to increase in ARE�dependent gene expression
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[123] through prevention of the transcription factor

transport to the cytoplasm and its accumulation in the

nucleus. NRP/B mutations altering its translocation from

nucleus to cytoplasm disturb induced expression of ARE�

dependent genes [124].

Posttranslational modification of exportin Crm1

suppresses reverse transport of Nrf2 to the cytoplasm in

response to oxidative/nitrative stress. S�Nitrosylation of

cysteine amino acid residues C528 and C585 in Crm1

arrests transport of target proteins to the cytoplasm

through failure of the interaction of Crm1 with NES

sequences. As a result of this process, nitric oxide donors

promote ARE�dependent gene expression via Nrf2 accu�

mulation in the nucleus [125].

Regulation of Nrf2 binding to DNA and transcription
coactivators. Nrf2 binding to DNA is controlled through

changing redox balance inside nucleus since transcription

factor effectively interacts with ARE when C506 in its

DNA�binding Neh1 domain is in reduced state (mutant

protein Nrf2C506S is functionally less active) [126]. As

C506 is modified in the cytoplasm under oxidative stress,

reduction of this amino acid residue is essential for nor�

mal Nrf2/Keap1/ARE signaling system functioning. It

has been shown that C506 is reduced by thioredoxin�1

[127], which is thus a coactivator of ARE�dependent gene

expression [128]. Apurine/apyrimidine endonuclease

APE/Ref�1 takes part in this process, acting as unique

“redox�chaperone” and enhancing Nrf2 binding to

thioredoxin [129]. C119 and C235 are other cysteine

residues participating in the interaction between Nrf2 and

ARE since their replacement by alanine (as well as

replacement of C506) significantly decreases the ability of

the mutant proteins to bind to NQO1 enhancer under

suppression of proteinase activity in comparison with the

wild type protein [90]. The same amino acid residues

were found to be necessary for interaction with transcrip�

tion coactivator p300/CBP [90]. DNA�binding ability of

Nrf2 is also regulated by acetylation of lysine residues in

the Neh1 domain. Under oxidative stress residues are

acetylated by histone acetyltransferase p300/CBP.

Acetylated Nrf2 increases expression of NQO1, TRXR,

and GSTA1 but not HO�1, therefore selectively interacting

with different promoters [130].

Under normal physiological conditions, ARE

sequences are associated with Bach1, which forms dimers

with Maf proteins. They do not possess transactivating

ability and prevent Nrf2 binding to DNA (Fig. 2a). Bach1

is a negative regulator of ARE�dependent gene expression

[131�133], and it has high affinity to HO�1 promoter

[133]. Induction of HO�1 expression by heme is accom�

panied by dissociation of Bach1/Maf complexes [134],

Crm1�dependent export of Bach1 to the cytoplasm, its

ubiquitination, and proteasomal degradation [135]. In

response to tBHQ, amino acid residue Y486 in Bach1 is

rapidly phosphorylated by an unknown tyrosine kinase.

This leads to dissociation of the protein from DNA and its

relocalization to the cytoplasm, and as a result, interac�

tion of Nrf2 with ARE becomes possible [136]. In addi�

tion, oxidation of amino acid residue C574 in the DNA�

binding domain of Bach1 is essential for switching off

redox�dependent Bach1 repressor action. The replace�

ment of this residue with serine results in loss of sensitiv�

ity to oxidative stress [137] (Fig. 2b). Bach2 and Nrf3

from subfamily NF�E2, short isoform p65 of Nrf1 factor

(in contrast to “full�sized” protein), as well as C�terminal

Nrf2 fragment formed after the transcription factor mol�

ecule degradation by caspase�3 also bind ARE but do not

have transactivating activity, and therefore these proteins

function as repressors of gene transcription [30, 138,

139]. Moreover, c�Fos, Fra1 (in complex with Jun pro�

teins), small Maf proteins (which form homodimers with

repressor properties), and c�Maf (in the form of het�

erodimers with small Maf) compete with Nrf2 for binding

sites [140�142].

Retinoic acids enhance translocation of RARα
(retinoic acid receptor α) to the nucleus where it forms

complexes with Nrf2, disrupting its interaction with

DNA. As a result ARE�dependent gene expression is

increased in cells of small intestine in mice with NRF2+/+

(but not NRF2–/–) genotype, which were kept on vitamin

A�poor diet [143].

NF�κB subunit p65 activated via phosphorylation of

its S276 residue competes with Nrf2 for binding tran�

scription coactivator CBP and facilitates interaction of

histone deacetylase 3 with Nrf2/Maf complex. As a

result, chromatin structure becomes more compact and

expression of ARE�dependent genes is complicated

[144]. Orphan receptor ERRβ (estrogen�related receptor

β), estrogen receptor α, and transcription factor ATF3

(activating transcription factor 3) containing bZIP�

domain form complexes with Nrf2 and thus diminish its

interaction with transcription coactivators [145�147].

This explains repression of ARE�dependent gene expres�

sion by 17β�estradiol (natural ligand of estrogen receptor

α) [145] and transforming growth factor β (activator of

ATF3 production) [148].

MECHANISMS OF Nrf2/Keap1/ARE

INACTIVATION

In spite of active study of Nrf2/Keap1 signaling

pathway activation mechanisms, its deactivation during

the post�induction period when redox balance is recov�

ered in the cells is poorly understood. In one of several

studies dedicated to investigation of downward

Nrf2/Keap1�mediated cellular response, it was shown

that Nrf2 export from nucleus to cytoplasm is directed by

Keap1 due to the NES motif in its structure [45, 149].

The authors suppose that Keap1 contains an unconven�

tional redox�sensitive NLS motif that is activated during

redox�homeostasis recovery and promotes protein mov�
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ing to the nucleus, where it binds to Nrf2 and transports

it back to the cytoplasm. However, it remains unclear how

Keap1 is released from interaction with actin. In addi�

tion, another mechanism was proposed. While previously

it was assumed that the Nrf2 molecule is ubiquitinated

only in the cytoplasm, it was then discovered that ubiqui�

tin–ligase complex associated with Keap1 is able to trans�

port to the nucleus together with prothymosin�α, which

competes with Nrf2 for binding to Kelch�domain and is

not exposed to Keap1�dependent ubiquitination [150]. In

the nucleus prothymosin�α is replaced with Nrf2, which

is accompanied by intranuclear ubiquitination of the

transcription factor with subsequent degradation in pro�

teasomes [151]. It has been supposed that this mechanism

mediates the end of Nrf2�dependent activation and

“switching off” of ARE�driven genes (Fig. 3, a and b).

As(III) compounds, which are strong Nrf2 inducers,

increase the life�time of the transcription factor from 21

to 200 min in mouse hepatoma cells Hepa1c1c7, disturb�

ing the forming and initiating dissociation of already

formed Keap1/Nrf2 complexes in the nucleus [152].

Therefore, this class of ARE�inducers acts at the “switch�

ing off” stage of the Nrf2 signaling effect.

Tyrosine kinase Fyn is another significant enzyme

that inactivates Nrf2. It phosphorylates the Y568 residue

in Nrf2 in the nucleus, and as a result its export to the

cytoplasm and Keap1�mediated degradation are intensi�

fied. Under oxidative stress Fyn is activated after phos�

phorylation of an unknown threonine residue by GSK�3β
kinase and thereby ARE�dependent gene expression is

negatively controlled (Fig. 3, a and b) [153].

Nrf2 shutdown is promoted by increase in expression

of BACH1, KEAP1, RBX1, and CUL3, as well as by

increase in expression of ubiquitin and components of the

26S proteasome that contain ARE sequences in their pro�

moters and regulate transcription factor activity by a

feedback mechanism [20, 136, 154, 155]. Thus, for exam�

ple, it has been shown that tBHQ inducing rapid Bach1

degradation also initiates synthesis of new repressor pro�

tein molecules. For this reason the level of the protein in

the nucleus recovers to the basal level already in 4 h after

Nrf2 inducer impact (Fig. 3a) [136].

More than 20 redox�sensitive transcription factors

containing easily oxidized amino acid residues have been

found in mammalian cells [156]. Several phosphatases

and kinases participating in intracellular signal transfer

also contain in their structure elements sensitive to oxida�

tion. Therefore, we face a complicated system of intracel�

lular redox regulation. A large number of cysteine

residues exposed to oxidative modifications, which

specifically response to different stimuli [66] and possibil�

ity of Nrf2 redox regulation at various stages, from

mRNA synthesis to binding to ARE sequences are differ�

ential characteristics of the Nrf2/Keap1/ARE system. On

one hand, it makes the system extremely sensitive to dif�

ferent inducers and, on the other, highly flexible and able

to respond to diverse stimuli. For this reason the

Nrf2/Keap1/ARE signaling system, though it is not vital,

determines the physiological level of changes in redox

balance whose increase leads to pathological changes and

induces “preventive” cellular response to disturbance of

homeostasis.

Fig. 3. Nrf2 inactivation mechanism (explanations in the text).

Early (a) and late (b) stages of switching off of Nrf2 signaling

action.

a

b

mRNA
mRNA

mRNA
mRNA



Nrf2/Keap1/ARE SIGNALING SYSTEM 419

BIOCHEMISTRY  (Moscow)   Vol.  76   No.  4   2011

This study was supported by the Russian Foundation

for Basic Research (projects No. 09�04�00600 and 11�04�

00640).

REFERENCES

1. Prochaska, H. J., and Talalay, P. (1988) Cancer Res., 48,

4776�4482.

2. Rushmore, T. H., Morton, M. R., and Pickett, C. B. (1991)

J. Biol. Chem., 266, 11632�11639.

3. Prochaska, H. J., De Long, M. J., and Talalay, P. (1985)

Proc. Natl. Acad. Sci. USA, 82, 8232�8236.

4. Nguyen, T., Sherratt, P. J., and Pickett, C. B. (2003) Annu.

Rev. Pharmacol. Toxicol., 43, 233�260.

5. Dinkova�Kostova, A. T., Fahey, J. W., and Talalay, P. (2004)

Meth. Enzymol., 382, 423�448.

6. Xiao, H., and Parking, K. L. (2006) Nutr. Cancer, 55, 210�

233.

7. Lyahovich, V. V., Vavilin, V. A., Zenkov, N. K., and

Menshchikova, E. B. (2006) Biochemistry (Moscow), 71,

962�974.

8. Dinkova�Kostova, A. T., Massiah, M. A., Bozak, R. E.,

Hicks, R. J., and Talalay, P. (2001) Proc. Natl. Acad. Sci.

USA, 98, 3404�3409.

9. Wang, X. J., Hayes, J. D., Higgins, L. G., Wolf, C. R., and

Dinkova�Kostova, A. T. (2010) Chem. Biol., 17, 75�85.

10. Fishbein, J. C., and Holland, R. (2010) Antioxid. Redox

Signal., [Epub ahead of print].

11. Dinkova�Kostova, A. T., Massiah, M. A., Bozak, R. E.,

Hicks, R. J., and Talalay, P. (2001) Proc. Natl. Acad. Sci.

USA, 98, 3404�3409.

12. Ahn, Y. H., Hwang, Y., Liu, H., Wang, X. J., Zhang, Y.,

Stephenson, K. K., Boronina, T. N., Cole, R. N., Dinkova�

Kostova, A. T., Talalay, P., and Cole, P. A. (2010) Proc. Natl.

Acad. Sci. USA, 107, 9590�9595.

13. Holland, R., Navamal, M., Velayutham, M., Zweier, J. L.,

Kensler, T. W., and Fishbein, J. C. (2009) Chem. Res.

Toxicol., 22, 1427�1434.

14. Fourquet, S., Guerois, R., Biard, D., and Toledano, M. B.

(2010) J. Biol. Chem., 285, 8463�8471.

15. He, X., and Ma, Q. (2010) J. Pharmacol. Exp. Ther., 332,

66�75.

16. Pi, J., Qu, W., Reece, J. M., Kumagai, Y., and Waalkes, M.

P. (2003) Exp. Cell. Res., 290, 234�245.

17. He, X., Chen, M. G., and Ma, Q. (2008) Chem. Res.

Toxicol., 21, 1375�1383.

18. Linnewiel, K., Ernst, H., Caris�Veyrat, C., Ben�Dor, A.,

Kampf, A., Salman, H., Danilenko, M., Levy, J., and

Sharoni, Y. (2009) Free Radic. Biol. Med., 47, 659�667.

19. Li, J., Lee, J.�M., and Johnson, J. A. (2002) J. Biol. Chem.,

277, 388�394.

20. Kwak, M.�K., Wakabayashi, N., Itoh, K., Motohashi, H.,

Yamamoto, M., and Kensler, T. W. (2003) J. Biol. Chem.,

278, 8135�8145.

21. Thimmulappa, R. K., Mai, K. H., Srisuma, S., Kensler, T.

W., Yamamoto, M., and Biswal, S. (2002) Cancer Res., 62,

5196�5203.

22. Hu, R., Hebbar, V., Kim, B.�R., Chen, C., Winnik, B.,

Buckley, B., Soteropoulos, P., Tolias, P., Hart, R. P., and

Kong, A.�N. T. (2004) J. Pharmacol. Exp. Ther., 310, 263�271.

23. Cho, H.�Y., Reddy, S. P., DeBiase, A., Yamamoto, M., and

Kleeberger, S. R. (2005) Free Radic. Biol. Med., 38, 325�

343.

24. Kensler, T. W., and Wakabayashi, N. (2009) Carcinogenesis,

31, 90�99.

25. Zhang, D. D. (2006) Drug Metab. Rev., 38, 769�789.

26. Carayol, N., Chen, J., Yang, F., Jin, T., Jin, L., States, D.,

and Wang, C. Y. (2006) J. Biol. Chem., 281, 31142�31151.

27. Kim, J., Cha, Y. N., and Surh, Y. J. (2009) Mutat. Res.,

690, 12�23.

28. Menshchikova, E. B., Zenkov, N. K., and Tkachev, V. O.

(2010) Mol. Biol. (Moscow), 44, 389�404.

29. Wasserman, W. W., and Fahl, W. E. (1997) Proc. Natl. Acad.

Sci. USA, 94, 5361�5366.

30. Sykiotis, G. P., and Bohmann, D. (2010) Sci. Signal., 3
(112):re3.

31. Turpaev, K. T. (2006) Mol. Biol. (Moscow), 40, 945�961.

32. Hayes, J. D., McMahon, M., Chowdhry, S., and Dinkova�

Kostova, A. T. (2010) Antiox. Redox Signal., May 6.

33. Zhang, J., Hosoya, T., Maruyama, A., Nishikawa, K.,

Maher, J. M., Ohta, T., Motohashi, H., Fukamizu, A.,

Shibahara, S., Itoh, K., and Yamamoto, M. (2007)

Biochem. J., 404, 459�466.

34. Ohta, K., Ohigashi, M., Naganawa, A., Ikeda, H., Sakai,

M., Nishikawa, J., Imagawa, M., Osada, S., and Nishihara,

T. (2007) Biochem. J., 402, 559�566.

35. Nioi, P., Nguyen, T., Sherratt, P. J., and Pickett, C. B.

(2005) Mol. Cell. Biol., 25, 10895�10906.

36. McMahon, M., Thomas, N., Itoh, K., Yamamoto, M., and

Hayes, J. D. (2004) J. Biol. Chem., 279, 31556�31567.

37. Li, W., Yu, S. W., and Kong, A. N. (2006) J. Biol. Chem.,

281, 27251�27263.

38. Jain, A. K., Bloom, D. A., and Jaiswal, A. K. (2005) J. Biol.

Chem., 280, 29158�29168.

39. Wakabayashi, N., Dinkova�Kostova, A. T., Holtzclaw, W.

D., Kang, M. I., Kobayashi, A., Yamamoto, M., Kensler, T.

W., and Talalay, P. (2004) Proc. Natl. Acad. Sci. USA, 101,

2040�2045.

40. Kobayashi, A., Kang, M. I., Okawa, H., Ohtsuji, M.,

Zenke, Y., Chiba, T., Igarashi, K., and Yamamoto, M.

(2004) Mol. Cell. Biol., 24, 7130�7139.

41. Zipper, L. M., and Mulcahy, R. T. (2002) J. Biol. Chem.,

277, 36544�36552.

42. Tong, K. I., Katoh, Y., Kusunoki, H., Itoh, K., Tanaka, T.,

and Yamamoto, M. (2006) Mol. Cell. Biol., 26, 2887�2900.

43. Dinkova�Kostova, A. T., Holtzclaw, W. D., Cole, R. N.,

Itoh, K., Wakabayashi, N., Katoh, Y., Yamamoto, M., and

Talalay, P. (2002) Proc. Natl. Acad. Sci. USA, 99, 11908�

11913.

44. Li, W., and Kong, A. N. (2009) Mol. Carcinog., 48, 91�104.

45. Velichkova, M., and Hasson, T. (2005) Mol. Cell. Biol., 25,

4501�4513.

46. Ishii, T., Itoh, K., Takahashi, S., Sato, H., Yanagawa, T.,

Katoh, Y., Bannai, S., and Yamamoto, M. (2000) J. Biol.

Chem., 275, 16023�16029.

47. Kwak, M. K., Itoh, K., Yamamoto, M., and Kensler, T. W.

(2002) Mol. Cell. Biol., 22, 2883�2892.

48. Miao, W., Hu, L., Scrivens, P. J., and Batist, G. (2005) J.

Biol. Chem., 280, 20340�20348.

49. Yu, S., Khor, T. O., Cheung, K. L., Li, W., Wu, T. Y.,

Huang, Y., Foster, B. A., Kan, Y. W., and Kong, A. N.

(2010) PLoS One, 5, e8579.



420 TKACHEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  76   No.  4   2011

50. Wang, R., An, J., Ji, F., Jiao, H., Sun, H., and Zhou,

D. (2008) Biochem. Biophys. Res. Commun., 373, 151�

154.

51. Purdom�Dickinson, S. E., Sheveleva, E. V., Sun, H., and

Chen, Q. M. (2007) Mol. Pharmacol., 72, 1074�1081.

52. Li, W., Thakor, N., Xu, E. Y., Chen, C., Yu, R., Holcik,

M., and Kong, A.�N. (2010) Nucleic Acids Res., 38, 778�

788.

53. Stewart, D., Killeen, E., Naquin, R., Alam, S., and Alam,

J. (2003) J. Biol. Chem., 278, 2396�2402.

54. Nguyen, T., Sherratt, P. J., Huang, H.�C., Yang, C. S., and

Pickett, C. B. (2003) J. Biol. Chem., 278, 4536�4541.

55. Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., O’Connor,

T., and Yamamoto, M. (2003) Genes Cells, 8, 379�391.

56. Jeong, W. S., Keum, Y. S., Chen, C., Jain, M. R., Shen, G.,

Kim, J. H., Li, W., and Kong, A. N. (2005) J. Biochem.

Mol. Biol., 38, 167�176.

57. Kobayashi, A., Kang, M. I., Watai, Y., Tong, K. I., Shibata,

T., Uchida, K., and Yamamoto, M. (2006) Mol. Cell. Biol.,

26, 221�229.

58. Holtzclaw, W. D., Dinkova�Kostova, A. T., and Talalay, P.

(2004) Adv. Enzyme Regul., 44, 335�367.

59. Lo, S. C., and Hannink, M. (2008) Exp. Cell. Res., 314,

1789�1803.

60. Imhoff, B. R., and Hansen, J. M. (2009) Biochem J., 424,

491�500.

61. Imhoff, B. R., and Hansen, J. M. (2010) Cell Biol. Toxicol.,

April 29.

62. McNally, S. J., Harrison, E. M., Ross, J. A., Garden, O. J.,

and Wigmore, S. J. (2007) Int. J. Mol. Med., 19, 165�172.

63. MacKenzie, E. L., Ray, P. D., and Tsuji, Y. (2008) Free

Radic. Biol. Med., 44, 1762�1771.

64. Luo, Y., Eggler, A. L., Liu, D., Liu, G., Mesecar, A. D.,

and van Breemen, R. B. (2007) J. Am. Soc. Mass. Spectrom.,

18, 2226�2232.

65. Hong, F., Sekhar, K. R., Freeman, M. L., and Liebler, D.

C. (2005) J. Biol. Chem., 280, 31768�31775.

66. Kobayashi, M., Li, L., Iwamoto, N., Nakajima�Takagi, Y.,

Kaneko, H., Nakayama, Y., Eguchi, M., Wada, Y.,

Kumagai, Y., and Yamamoto, M. (2009) Mol. Cell. Biol.,

29, 493�502.

67. Dinkova�Kostova, A. T., Holtzclaw, W. D., Cole, R. N.,

Itoh, K., Wakabayashi, N., Katoh, Y., Yamamoto, M., and

Talalay, P. (2002) Proc. Natl. Acad. Sci. USA, 99, 11908�

11913.

68. Liebler, D. C., Hong, F., Sekhar, K. R., and Freeman, M.

L. (2006) Adv. Mol. Toxicol., 1, 55�71.

69. Holland, R., Hawkins, A. E., Eggler, A. L., Mesecar, A. D.,

Fabris, D., and Fishbein, J. C. (2008) Chem. Res. Toxicol.,

21, 2051�2060.

70. Eggler, A. L., Liu, G., Pezzuto, J. M., van Breemen, R. B.,

and Mesecar, A. D. (2005) Proc. Natl. Acad. Sci. USA, 102,

10070�10075.

71. Eggler, A. L., Luo, Y., van Breemen, R. B., and Mesecar, A.

D. (2007) Res. Toxicol., 20, 1878�1884.

72. Dietz, B. M., Liu, D., Hagos, G. K., Yao, P., Schinkovitz,

A., Pro, S. M., Deng, S., Farnsworth, N. R., Pauli, G. F.,

van Breemen, R. B., and Bolton, J. L. (2008) Chem. Res.

Toxicol., 21, 1939�1948.

73. Copple, I. M., Goldring, C. E., Jenkins, R. E., Chia, A. J.,

Randle, L. E., Hayes, J. D., Kitteringham, N. R., and Park,

B. K. (2008) Hepatology, 48, 1292�1301.

74. Fujii, S., Sawa, T., Ihara, H., Tong, K. I., Ida, T., Okamoto,

T., Ahtesham, A. K., Ishima, Y., Motohashi, H.,

Yamamoto, M., and Akaike, T. (2010) J. Biol. Chem., 285,

23970�23984.

75. Sumi, D., Numasawa, Y., Endo, A., Iwamoto, N., and

Kumagai, Y. (2009) J. Toxicol. Sci., 34, 627�635.

76. Hong, F., Freeman, M. L., and Liebler, D. C. (2005) Chem.

Res. Toxicol., 18, 1917�1926.

77. Zhang, D. D., and Hannink, M. (2003) Mol. Cell. Biol., 23,

8137�8151.

78. Eggler, A. L., Liu, G., Pezzuto, J. M., van Breemen, R. B.,

and Mesecar, A. D. (2005) Proc. Natl. Acad. Sci. USA, 102,

10070�10075.

79. Yamamoto, T., Suzuki, T., Kobayashi, A., Wakabayashi, J.,

Maher, J., Motohashi, H., and Yamamoto, M. (2008) Mol.

Cell. Biol., 28, 2758�2770.

80. Rachakonda, G., Xiong, Y., Sekhar, K. R., Stamer, S. L.,

Liebler, D. C., and Freeman, M. L. (2008) Chem. Res.

Toxicol., 21, 705�710.

81. Eggler, A. L., Small, E., Hannink, M., and Mesecar, A. D.

(2009) Biochem. J., 422, 171�180.

82. Niture, S. K., Jain, A. K., and Jaiswal, A. K. (2009) J. Cell.

Sci., 122, 4452�4464.

83. Wang, X. J., Sun, Z., Chen, W., Li, Y., Villeneuve, N. F.,

and Zhang, D. D. (2008) Toxicol. Appl. Pharmacol., 230,

383�389.

84. Hong, F., Freeman, M. L., and Liebler, D. C. (2005) Chem.

Res. Toxicol., 18, 1917�1926.

85. Nioi, P., and Nguyen, T. (2007) Biochem. Biophys. Res.

Commun., 362, 816�821.

86. Dinkova�Kostova, A. T., Holtzclaw, W. D., and

Wakabayashi, N. (2005) Biochemistry, 44, 6889�6899.

87. Ogura, T., Tong, K. I., Mio, K., Maruyama, Y., Kurokawa,

H., Sato, C., and Yamamoto, M. (2010) Proc. Natl. Acad.

Sci. USA, 107, 2842�2847.

88. Shibata, T., Ohta, T., Tong, K. I., Kokubu, A., Odogawa,

R., Tsuta, K., Asamura, H., Yamamoto, M., and

Hirohashi, S. (2008) Proc. Natl. Acad. Sci. USA, 105,

13568�13573.

89. Kim, Y. R., Oh, J. E., Kim, M. S., Kang, M. R., Park, S.

W., Han, J. Y., Eom, H. S., Yoo, N. J., and Lee, S. H.

(2010) J. Pathol., 220, 446�451.

90. He, X., and Ma, Q. (2009) Mol. Pharmacol., 76, 1265�

1278.

91. Clements, C. M., McNally, R. S., Conti, B. J., Mak, T. W.,

and Ting, J. P. (2006) Proc. Natl. Acad. Sci. USA, 103,

15091�15096.

92. Yang, W., Chen, L., Ding, Y., Zhuang, X., and Kang, U. J.

(2007) Hum. Mol. Genet., 16, 2900�2910.

93. Malhotra, D., Thimmulappa, R., Navas�Acien, A.,

Sandford, A., Elliott, M., Singh, A., Chen, L., Zhuang, X.,

Hogg, J., Pare, P., Tuder, R. M., and Biswal, S. (2008) Am.

J. Respir. Crit. Care Med., 178, 592�604.

94. Gan, L., Johnson, D. A., and Johnson, J. A. (2010) Eur. J.

Neurosci., 31, 967�977.

95. Chen, W., Sun, Z., Wang, X. J., Jiang, T., Huang, Z., Fang,

D., and Zhang, D. D. (2009) Mol. Cell., 34, 663�673.

96. Kensler, T. W., Wakabayashi, N., Slocum, S. L., Skoko, J.

J., and Shin, S. (2010) Antiox. Redox Signal., [Epub ahead

of print].

97. Seibenhener, M. L., Geetha, T., and Wooten, M. W. (2007)

FEBS Lett., 581, 175�179.



Nrf2/Keap1/ARE SIGNALING SYSTEM 421

BIOCHEMISTRY  (Moscow)   Vol.  76   No.  4   2011

98. Komatsu, M., Kurokawa, H., Waguri, S., Taguchi, K.,

Kobayashi, A., Ichimura, Y., Sou, Y. S., Ueno, I.,

Sakamoto, A., Tong, K. I., Kim, M., Nishito, Y., Iemura,

S., Natsume, T., Ueno, T., Kominami, E., Motohashi, H.,

Tanaka, K., and Yamamoto, M. (2010) Nat. Cell. Biol., 12,

213�223.

99. Copple, I. M., Lister, A., Obeng, A. D., Kitteringham, N.

R., Jenkins, R. E., Layfield, R., Foster, B. J., Goldring, C.

E., and Park, B. K. (2010) J. Biol. Chem., 285, 16782�

16788.

100. Lau, A., Wang, X. J., Zhao, F., Villeneuve, N. F., Wu, T.,

Jiang, T., Sun, Z., White, E., and Zhang, D. D. (2010)

Mol. Cell. Biol., 30, 3275�3285.

101. Kang, H. J., Hong, Y. B., Kim, H. J., and Bae, I. (2010) J.

Biol. Chem., 285, 21258�21268.

102. Huang, H. C., Nguyen, T., and Pickett, C. B. (2002) J.

Biol. Chem., 277, 42769�42774.

103. Cullinan, S. B., and Diehl, J. A. (2004) J. Biol. Chem., 279,

20108�20117.

104. Cullinan, S. B., Zhang, D., Hannink, M., Arvisais, E.,

Kaufman, R. J., and Diehl, J. A. (2003) Mol. Cell. Biol.,

23, 7198�7209.

105. Wang, L., Chen, Y., Sternberg, P., and Cai, J. (2008)

Invest. Ophthalmol. Vis. Sci., 49, 1671�1678.

106. Kang, E. S., Woo, I. S., Kim, H. J., Eun, S. Y., Paek, K.

S., Kim, H. J., Chang, K. C., Lee, J. H., Lee, H. T., Kim,

J. H., Nishinaka, T., Yabe�Nishimura, C., and Seo, H. G.

(2007) Free Radic. Biol. Med., 43, 535�545.

107. Pitha�Rowe, I., Liby, K., Royce, D., and Sporn, M. (2009)

Invest. Ophthalmol. Vis. Sci., 50, 5339�5347.

108. Kim, J. W., Li, M. H., Jang, J. H., Na, H. K., Song, N. Y.,

Lee, C., Johnson, J. A., and Surh, Y. J. (2008) Biochem.

Pharmacol., 76, 1577�1589.

109. Pischke, S. E., Zhou, Z., Song, R., Ning, W., Alam, J.,

Ryter, S. W., and Choi, A. M. (2005) Cell. Mol. Biol.

(Noisy�le�grand), 51, 461�470.

110. Li, M. H., Cha, Y. N., and Surh, Y. J. (2006) Free Radic.

Biol. Med., 41, 1079�1091.

111. Dai, G., Vaughn, S., Zhang, Y., Wang, E. T., Garcia�

Cardena, G., and Gimbrone, M. A., Jr. (2007) Circ. Res.,

101, 723�733.

112. Sun, Z., Huang, Z., and Zhang, D. D. (2009) PLoS One,

4, e6588.

113. Yu, R., Lei, W., Mandlekar, S., Weber, M. J., Der, C. J.,

Wu, J., and Kong, A. N. (1999) J. Biol. Chem., 274, 27545�

27552.

114. Manandhar, S., Cho, J. M., Kim, J. A., Kensler, T. W., and

Kwak, M. K. (2007) Eur. J. Pharmacol., 577, 17�27.

115. Xu, C., Yuan, X., Pan, Z., Shen, G., Kim, J. H., Yu, S.,

Khor, T. O., Li, W., Ma, J., and Kong, A. N. (2006) Mol.

Cancer Ther., 5, 1918�1926.

116. Balogun, E., Hoque, M., Gong, P., Killeen, E., Green, C.

J., Foresti, R., Alam, J., and Motterlini, R. (2003)

Biochem. J., 371, 887�895.

117. Naidu, S., Vijayan, V., Santoso, S., Kietzmann, T., and

Immenschuh, S. (2009) J. Immunol., 182, 7048�7057.

118. Keum, Y.�S., Yu, S., Chang, P. P.�J., Yuan, X., Kim, J. H.,

Xu, C., Han, J., Agarwal, A., and Kong, A. N. (2006)

Cancer Res., 66, 8804�8813.

119. Li, M., Liu, R. M., Timblin, C. R., Meyer, S. G.,

Mossman, B. T., and Fukagawa, N. K. (2006) J. Cell.

Physiol., 206, 518�525.

120. Pi, J., Bai, Y., Reece, J. M., Williams, J., Liu, D.,

Freeman, M. L., Fahl, W. E., Shugar, D., Liu, J., Qu, W.,

Collins, S., and Waalkes, M. P. (2007) Free Radic. Biol.

Med., 42, 1797�1806.

121. Jain, A. K., Mahajan, S., and Jaiswal, A. K. (2008) J. Biol.

Chem., 283, 17712�17720.

122. Li, W., Yu, S., Liu, T., Kim, J. H., Blank, V., Li, H., and

Kong, A. N. (2008) Biochim. Biophys. Acta, 1783, 1847�

1856.

123. Seng, S., Avraham, H. K., Jiang, S., Yang, S., Sekine, M.,

Kimelman, N., Li, H., and Avraham, S. (2007) Cancer

Res., 67, 8596�8604.

124. Seng, S., Avraham, H. K., Birrane, G., Jiang, S., Li, H.,

Katz, G., Bass, C. E., Zagozdzon, R., and Avraham, S.

(2009) Oncogene, 28, 378�389.

125. Wang, P., Liu, G. H., Wu, K., Qu, J., Huang, B., Zhang,

X., Zhou, X., Gerace, L., and Chen, C. (2009) J. Cell Sci.,

122, 3772�3779.

126. Bloom, D., Dhakshinamoorthy, S., and Jaiswal, A. K.

(2002) Oncogene, 21, 2191�2200.

127. Hansen, J. M., Watson, W. H., and Jones, D. P. (2004)

Toxicol. Sci., 82, 308�317.

128. Kim, Y. C., Yamaguchi, Y., Kondo, N., Masutani, H., and

Yodoi, J. (2003) Oncogene, 22, 1860�1865.

129. Gurusamy, N., Malik, G., Gorbunov, N. V., and Das, D.

K. (2007) Free Radic. Biol. Med., 43, 397�407.

130. Sun, Z., Chin, Y. E., and Zhang, D. D. (2009) Mol. Cell

Biol., 29, 2658�2672.

131. Dhakshinamoorthy, S., Jain, A. K., Bloom, D. A., and

Jaiswal, A. K. (2005) J. Biol. Chem., 280, 16891�16900.

132. Hintze, K. J., Katoh, Y., Igarashi, K., and Theil, E. C.

(2007) J. Biol. Chem., 282, 34365�34371.

133. MacLeod, A. K., McMahon, M., Plummer, S. M.,

Higgins, L. G., Penning, T. M., Igarashi, K., and Hayes, J.

D. (2009) Carcinogenesis, 30, 1571�1580.

134. Sun, J., Brand, M., Zenke, Y., Tashiro, S., Groudine, M.,

and Igarashi, K. (2004) Proc. Natl. Acad. Sci. USA, 101,

1461�1466.

135. Zenke�Kawasaki, Y., Dohi, Y., Katoh, Y., Ikura, T., Ikura,

M., Asahara, T., Tokunaga, F., Iwai, K., and Igarashi, K.

(2007) Mol. Cell. Biol., 27, 6962�6971.

136. Kaspar, J. W., and Jaiswal, A. K. (2010) J. Biol. Chem.,

285, 153�162.

137. Ishikawa, M., Numazawa, S., and Yoshida, T. (2005) Free

Radic. Biol. Med., 38, 1344�1352.

138. Biswas, M., and Chan, J. Y. (2010) Toxicol. Appl.

Pharmacol., 244, 16�20.

139. Sankaranarayanan, K., and Jaiswal, A. K. (2004) J. Biol.

Chem., 279, 50810�50817.

140. Dhakshinamoorthy, S., and Jaiswal, A. K. (2000) J. Biol.

Chem., 275, 40134�40141.

141. Dhakshinamoorthy, S., and Jaiswal, A. K. (2002) Oncogen,

21, 5301�5312.

142. Venugopal, R., and Jaiswal, A. K. (1996) Proc. Natl. Acad.

Sci. USA, 93, 14960�14965.

143. Wang, X. J., Hayes, J. D., Henderson, C. J., and Wolf, C.

R. (2007) Proc. Natl. Acad. Sci. USA, 104, 19589�19594.

144. Liu, G. H., Qu, J., and Shen, X. (2008) Biochim. Biophys.

Acta, 1783, 713�727.

145. Ansell, P. J., Lo, S. C., Newton, L. G., Espinosa�

Nicholas, C., Zhang, D. D., Liu, J. H., Hannink, M., and

Lubahn, D. B. (2005) Mol. Cell. Endocrinol., 243, 27�34.



422 TKACHEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  76   No.  4   2011

146. Brown, S. L., Sekhar, K. R., Rachakonda, G., Sasi, S.,

and Freeman, M. L. (2008) Cancer Res., 68, 364�368.

147. Zhou, W., Lo, S. C., Liu, J. H., Hannink, M., and

Lubahn, D. B. (2007) Mol. Cell. Endocrinol., 278, 52�

62.

148. Bakin, A. V., Stourman, N. V., Sekhar, K. R., Rinehart,

C., Yan, X., Meredith, M. J., Arteaga, C. L., and

Freeman, M. L. (2005) Free Radic. Biol. Med., 38, 375�

387.

149. Sun, Z., Zhang, S., Chan, J. Y., and Zhang, D. D. (2007)

Mol. Cell. Biol., 27, 6334�6349.

150. Melnikov, S. V., Evstaf’eva, A. G., and Vartapetyan, A. B.

(2007) Mol. Biol. (Moscow), 41, 868�875.

151. Niture, S. K., and Jaiswal, A. K. (2009) J. Biol. Chem.,

284, 13856�13868.

152. He, X., Chen, M. G., Lin, G. X., and Ma, Q. (2006) J.

Biol. Chem., 281, 23620�23631.

153. Jain, A. K., and Jaiswal, A. K. (2007) J. Biol. Chem., 282,

16502�16510.

154. Lee, O. H., Jain, A. K., Papusha, V., and Jaiswal, A. K.

(2007) J. Biol. Chem., 282, 36412�36420.

155. Kaspar, J. W., and Jaiswal, A. K. (2010) J. Biol. Chem.,

285, 21349�21358.

156. Lukosz, M., Jakob, S., Buchner, N., Zschauer, T. C.,

Altschmied, J., and Haendeler, J. (2010) Antioxid. Redox

Signal., 12, 713�742.


