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ABSTRACT
Nuclear transcription factor erythroid 2p45-related factor 2 (Nrf2) plays a crucial role in regulating phase-2 detoxifying/antioxidant gene induction.
Under physiological conditions, NRF2 is mainly located in the cytoplasm. However, in response to oxidative stress, NRF2 translocates to the nucleus
and binds to specific DNA sites, termed “antioxidant response elements” or “electrophile response elements,” to initiate the transcription of
numerous cytoprotective genes. Many structurally diverse antioxidants derived from various sources of dietary phytochemicals have been found to
activate this particular redox-sensitive transcription factor, thereby potentiating the cellular detoxification action of Nrf2.This review focuses on
known phytochemical inducers and the mechanism by which they regulate antioxidant responsive element (ARE)/Nrf2-dependent detoxification
genes.
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INTRODUCTION
Naturally occurring plant chemicals, known as phytochemicals, are
found in various foods and food products and have been shown to
play a protective role in the etiology of various diseases [1]. Upon
entering a cell, these phytochemicals directly scavenge free radicals,
leading to the generation of “chemical or electrophilic stress signals”
that regulate various downstream cellular signaling pathways [2, 3].
For example, these phytochemical-induced stress signals activate
the nuclear factor erythroid 2-related factor 2 (Nrf2).
Nrf2 is an oxidative stress-dependent transcription factor that
regulates numerous downstream targets, many of which are involved
in cytoprotection[4]. Moreover, Nrf2 has emerged as a key player in
the induction of a variety of detoxification enzymes, biotransformation
enzymes, and xenobiotic efflux transporters [5].Oxidative or
electrophilic stress signals activate Nrf2, which subsequently aids in
the detoxification and elimination of potentially harmful exogenous
chemicals and their metabolites [6]. Nrf2 is ubiquitously expressed in
many different human tissues, with high levels of expression found in
key detoxification organs, such as the liver [7, 8]. In these tissues, Nrf2
has been shown to be the most prominent nuclear erythroid 2-related
factor, compared to Nrf1 and Nrf3, functioning to activate and induce
antioxidant responsive element (ARE)-mediated genes [9, 10].
Further, Nrf2 regulates more than 200 genes, which act to
synergistically increase the efficiency of a cell’s defense system [11].
Structurally, Nrf2 is composed of six regions, called Neh (Nrf2-ECH
homology) 1–6 domains, which are highly conserved across different
species. The Neh1 domain contains the cap’n’collar (CNC) homology
region and basic-leucine zipper domain [12], which is also found in the
CNC family of transcription factors [12, 13]. Importantly, small
masculoaponeuroticfibrosarcoma (Maf) proteins form a hetrodimeric
complex with the Neh1 domain and bind to the AREs within gene
promoter regions [14]. Several lysine residues in the Neh1 domain are
acetylated by a co-transactivator, histone acetyltransferase
p300/cAMP response element binding (CREB)-binding protein (CBP),
which also regulates DNA binding [15]. Furthermore, overall protein
stability is partially regulated through the binding of the ubiquitinconjugating enzyme UbcM2 to cysteine (Cys) 136 in the Neh1 domain.
UbcM2 has a cysteine residue that functions as a redox sensor; by
binding to and stabilizing Nrf2, it enhances the transcriptional activity
of the protein during cellular stress [16].
Neh2 contains a degron that interacts with redox-sensitive Kelchlike ECH associated protein 1 (Keap1), an adaptor protein for the

Cullin 3-based E3 ubiquitin ligase complex that also functions as a
repressor of Nrf2. The interaction of these two proteins under
normal conditions results in rapid ubiquitylation and subsequent
degradation by the proteasome with a half-life of approximately 10
minutes [17]. Recently, it has been shown that two sites within the
Neh2 domain of Nrf2, termed the DLG and ETGE motifs, mediate
binding to the Keap1 double glycine repeats (DGRs) or Kelch repeats
region [18, 19].Neh3, in turn, consists of the carboxyl-terminal
region of the protein and is involved in the transcriptional activation
of ARE-dependent genes [20, 21]. The Neh4 and Neh5 domains act
cooperatively to bind another transcriptional coactivator, CBP [22].
Furthermore, a mutational study performed for the actin-related
motif, termed DME, in the Neh5 domain showed a selective decrease
in hemeoxygenase 1 (HO-1) expression; the expression of NAD(P)H
dehydrogenase quinone 1 (NQO-1) or the glutamate-cysteine ligase
modifier subunit (GCLM) was not affected [23]. While the Neh4 and
Neh5 domains are critical in coordinating the transcriptional
machinery necessary for ARE activation, other coactivators can also
selectively affect gene expression.
The Neh6 domain (amino acids 329–379) is essential in the Keap1independent degradation of Nrf2 that occurs in the nucleus of
oxidatively stressed cells [21]. However, to date, the most studied
regulatory mechanism of Nrf2 activation is its interaction with
Keap1, a repressor protein essential for the rapid turnover of Nrf2.
Under basal conditions, Nrf2 is sequestered in the cytoplasm by
Keap1, which functions as an adaptor protein between Nrf2 and the
N-terminal region of Cullin 3 (Cul3). This binding promotes the
constant proteasomal degradation of Nrf2 [24]. Under conditions of
cellular stress or in the presence of Nrf2 activating compounds, this
degradation is hindered and Nrf2 translocates to the nucleus. Here,
Nrf2 heterodimerises with small Maf proteins, which in turn
facilitate the binding of Nrf2 to the ARE, a cis-acting enhancer
sequence (TCAG/CXXXGC) in the promoter region of Nrf2-regulated
genes [25, 26]. Keap1 binds to the Neh2 domain of Nrf2 and was
initially identified by a yeast two-hybrid assay[20]. Keap1 protein is
a cytosolic protein and is composed of five different domains: an
amino-terminal region, a Broad complex, a Tram track and bric-abrac (BTB) domain, an intervening region (IVR), six Kelch/DGRs,
and a carboxy-terminal region (CTR) [27]. While each domain has a
specific purpose related to Keap1 function, the BTB domain plays
two important roles. It is thought to serve as a dimerization domain,
maintaining the dimer structure of Keap1 because mutation of
Ser140 in this domain leads to the dedimerization of Keap1 and
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subsequent release of Nrf2 [28]. Furthermore, the BTB domain also
contains the binding site for Cul3 [29].
The DGR/Kelch domain, composed of six Kelch motif repeats, is
required for the interaction of Keap1 with the actin cytoskeleton,
which anchors Keap1 in the cytoplasm [30, 31]. The Keap1
DGR/Kelch domain is also essential for Nrf2 binding as it interacts
with the amino-terminal Neh2 domain [32]. Two proteins, p62 [33]
and p21 [34], have been identified as inducers, which disrupt Keap1
repressor function by interrupting DRG/Kelch domain-Nrf2 binding.
p62 does this by binding to and/or interacting with eight amino
acids in the DGR motif of Keap1, including Y334, S363, N382, and
S602, leading to the separation of Nrf2 and Keap1 [33]. p21
competes with Keap1 to directly bind the DLG and ETGE motifs of
Nrf2 [34]. Additionally, some kinases can also be considered Nrf2
inducers. For example, MAPK, PI3K, and PKC can all phosphorylate
Nrf2 and change its conformation, preventing the association with
Keap1 [35]. It is not surprising that the proteins in the PI3K and
MAP kinase families lie upstream of Nrf2 activation as these proteins
are highly sensitive to cellular stress and often determine the
balance of pro-survival or apoptotic signaling cascades. By collaring
Nrf2 and phase II enzymes into the cellular response to stress, these
important signaling cascade proteins can help determine cellular
fate under conditions of injury. Importantly, many of these inducers
also function to block or modify active thiols. Keap1 contains many
cysteine residues, 25 in mouse Keap1 and 27 in the human form, of
which approximately one-third are cysteines with low predicted
pKa[10]. These reactive thiols are excellent targets for electrophiles
and can be modified in vitro by numerous different oxidants [36].
Indeed, several electrophilic reagents have also been shown to
modify the thiols directly [37-40]. Covalent modification of the
cysteine residues present in the Keap1 protein is believed to
constitute a stress-sensing mechanism, and the covalent binding of
several electrophiles, including sulforaphane, to the thiol group(s)
has been observed in vitro [41].
Based on electrophile-mediated modiﬁcation, location, and
mutational analyses, it appears that three cysteine residues, Cys151,
Cys273, and Cys288, are crucial for Keap1 activity [42]. Further,
forced expression of recombinant KEAP1 in various cell lines has
shown that mutants lacking these three cysteine residues are unable
to negatively regulate NRF2 [42-45]. As a nucleophile, Cys151 is
sensitive to many inducers and is therefore considered to be a stress
sensor [46] and is a critical residue for a subset of Nrf2 activators
[39, 47, 48]. Modification of Cys151 likely inhibits the Keap1-Cul3
interaction and prevents the ubiquitination of Nrf2, resulting in the
stabilization of Nrf2 [29]. Cys273 and Cys288, found in the IVR
domain along with numerous other cysteines, are also indispensable
for Keap1 activity [42, 46,47]. Oxidation of these cysteines changes
the structure of Keap and reduces its affinity for Nrf2 [43].
Additionally, Keap1 structural changes caused by oxidization of
these two cysteines may also dissociate Cul3 from Keap1, as the Nterminus of the IVR domain is also a Cul3 binding site [44]. A
relationship has been proposed whereby the conformational change
of Keap1 induced by Cys151 alkylation might expose Cys273 and
Cys288 for further alkylation, leading to total inactivation of Keap1
[42, 49], but additional investigation into this phenomenon is
necessary. Further, Keap1 Cys151 is the only cysteine consistently
and highly modified by all of the phytochemicals tested thus far,
including isoliquiritigenin, 10-shogaol, xanthohumol[50], and
sulforaphane [51].
Dietary phytochemicals activate Nrf2
Plants are an incredibly rich source of compounds that activate
cytoprotective genes. The development of a simple microtiter-platebased assay [52] to assess the induction of the cytoprotective
enzyme NAD(P)H): quinoneoxidoreductase 1 (QR1) in mouse
Hepa1c1c7 cells has greatly facilitated the ability to screen for and
identify cytoprotective phytochemicals. Furthermore, several plant
families important for human dietary nutrition are also particularly
rich in ARE inducers. These include curcumin, sulforaphane,
quercetin, and tert-butylhydroquinone.

Curcumin
Curcumin, a bioactive polyphenol, is present in the rhizome of the
plant Curcuma longa[53] and has been shown to be an effective
anticarcinogenic, antiviral, antioxidant [54-57], and antiinflammatory substance in human and animal models [58, 59].
Further, the effects of curcumin have been extensively investigated
in a number of cell culture models using liver cells [60], human
lymphocytes [61], endothelial cells [62], renal epithelial cells [63],
astrocytes [64], and murine splenocytes[65]. In the cell, curcumin
acts as a direct and an indirect antioxidant as it scavenges both
reactive oxygen and nitrogen species [66, 67] and has been shown to
attenuate oxidative stress, inflammation, and insulin resistance by
activating cytoprotective enzymes, such as glutathione-Stransferase[68][68], γ-glutamyl cysteine ligase (γ-GCL), and HO-1,
among others [69, 70]. Furthermore, the endogenous antioxidant
defense mechanisms and activation of detoxification enzymes
observed for curcumin have been shown to be modulated by
transcription factors, such as Nrf2 [56, 71-73].
Nrf2-regulated genes can be classified into phase II xenobioticmetabolizing antioxidant enzymes, molecular chaperones, DNA
repair enzymes, and anti-inflammatory response proteins [74].
These proteins reduce electrophiles and free radicals to less toxic
intermediates whilst also increasing the ability of the cell to repair
any subsequent damage [69, 74-76]. In this regard, curcumin is able
to induce protection and activate Nrf2-dependent protective
responses in cell lines or animal models exposed to oxidative
conditions [77].
Further, curcumin has been shown to induce GSTP1 expression with
the involvement of transcription factor Nrf2 in human hepatic cells
[78]. Dietary administration of curcumin elevated hepatic GST and
NQO1, resulting in increased detoxification of benzo(a)pyrenetreated mice [79]. Pretreatment with curcumin can also protect
against H2O2-induced cell death in retinal cell lines 661W and ARPE19 by upregulating HO-1 and thioredoxin via Nrf2 [80]. Moreover,
mice injected intraperatoneally with curcumin showed a twofold
increase in total brain glutathione levels after treatment with
buthioninesulfoximine[81]. Oral curcumin administration also
resulted in enhanced nuclear translocation, ARE-binding of Nrf2,
and a subsequent increase in the liver expression of HO-1,
suggesting that curcumin has hepatoprotection potential in
dimethylnitrosamine (DMN)–induced hepatotoxicity through Nrf2
activation [72]. Curcumin also activates ARE-mediated expression of
antioxidant defense genes in human monocytes via PKC-ᵹ,
p38MAPK, and Nrf2 [82]. The ability of curcumin to reverse
functional and structural alterations in rats with 5/6 nephrectomy
was clearly associated with enhanced translocation of Nrf2,
attenuation of oxidant stress, and preservation of the activity of
several antioxidant enzymes [57]. Moreover, Khor et al. [83]
demonstrated that curcumin, at least in part, had a chemopreventive
effect on prostate cancer through Nrf2, while Carmona-Ramírez et
al. [84] found that curcumin had a neuroprotective effect through
Nrf2 activation and increased superoxide dismutase and glutathione
peroxidase activity in rats with neurodegeneration.
Sulforaphane
Sulforaphane (SFN), 1-isothiocyanate-(4R)-(methylsulfinyl)butane,
is a dietary isothiocyanate produced by myrosinase activity on
glucopharanin, a 4-methylsulfinylbutyl glucosinolate present in
cruciferous vegetables of the genus Brassica, which includes
broccoli, Brussels sprouts, and cabbage [85]. SFN has garnered
particular interest as an indirect antioxidant due to its extraordinary
ability to induce expression of several enzymes via the KEAP1/Nrf2
pathway [86, 87]. In diabetic rats, the antioxidant and antiinflammatory effects of SFN appear to be mediated through
increased expression of Nrf2 and downstream targets HO-1 and
NQO-1 and the reduction of NF-κB expression [88]. Treatment with
SFN reduced the renal dysfunction and injury caused by ischemiareperfusion of the rat kidney. These effects were mediated by the
induction of phase II enzymes by decreasing the Keap1 protein
levels and increasing Nrf2 nuclear translocation [89]. A recent study
has also shown that after long-term treatment with SFN, diabetic
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mice exhibited significant renal prevention from nephropathy via
induction of NRF2-mediated antioxidant pathway [90].
Furthermore, treatment with SFN prevented oxidative stressinduced cytotoxicity in rat striatal cultures by increasing the
intracellular GSH content via an increase in γ-GCS expression
induced by the activation of the ARE/Nrf2 pathway [91]. SFN also
functions in the endothelium, where it induces protective genes
during injury and inhibits inflammatory genes via Nrf2 in vivo [92].
In the a rodent brain and microvasculature injury model, SFN has
been demonstrated to induce Nrf2-driven genes and reduce brain
damage following a traumatic brain injury [93]. Moreover, in a
model of neonatal hypoxia-ischemia, pretreatment with SFN
increased the expression of Nrf2 and HO-1 in the mouse brain and
reduced infarct ratio [94].

Alzheimer disease, through the activation of Nrt2 [111], and
provides effective prophylaxis against cerebral ischemia in vivo
[112].
CONCLUSION
It is apparent that phytochemicals play an important role in
combating oxidative stress. In this review, we have given a number
of examples wherein phytochemical stress signals initiate a cellular
response through Nrf2. Although our understanding of the
mechanism of action for dietary phytochemical is continually
expanding, there is much left to learn. Future work will ideally focus
on additional phytochemical isolation, characterization, and clinical
application.
REFERENCES

Bai et al. [95] investigated whether this compound can prevent
diabetic cardiomyopathy. To do this, type-1 diabetes was induced in
rats by intraperitoneal injections with low dose streptozotocin.
Following SFN treatment, these diabetic rats showed beneficial
results triggered by an upregulation in Nrf2 expression and
transcription activity that was reflected by increased accumulation
of nuclear Nrf2 and phosphorylation as well as increased mRNA and
protein expression of downstream Nrf2 antioxidants. In vitro, SFN
has also been shown to reduce the risk of tumorigenesis in breast
epithelial cells through Nrf2 activation [96].

1.

Notably, SFN increased both the mRNA and protein expressions of
Nrf2 as well as the expression of the downstream target gene NQO-1
in TRAMP C1 cells [97]. Baek et al. 2008 [98]further demonstrated
the protective effects of SFN and an extract of young radish
(Raphanussativus L.) cultivated with sulfur (sulfur-radish extract)
for carbon tetrachloride–induced liver injury in mice. They showed
that both SFN and the sulfur-radish extract ameliorated the carbon
tetrachloride induced increase in the serum level of alanine
aminotransferase, lipid peroxidation, and necrosis. This
hepatoprotective effect was associated with liver phase II enzyme
induction. Lii et al. 2010 [99] have shown that SFN also upregulates
the expression of GST through the Nrf2 pathway in rat Clone 9 liver
cells, while Ernst et al., 2011 have shown that SFN increases Nrf2dependent gene expression in murine cultured fibroblasts [100].

4.

Quercetin
Quercetin is a dietary polyphenol, predominantly present in citrus
fruits and buckwheat. It is a multi-potent bioflavonoid with immense
potential for the prevention and treatment of cancer [101].
Quercetin is capable of activating Nrf2 and upregulating phase II
enzymes, such as NQO1, in HepG2 cells with an EC50 of 15 mM as
measured using an ARE-luciferase reporter gene assay [102].
Interestingly, in hepatocytes, quercetin increased cellular Nrf2 level
not only by inhibiting ubiquitination of Nrf2 but also by increasing
the level of Nrf2 mRNA. Low levels (50 µM) of quercetin also
provided marked protection of RAW264.7 macrophages from H2O2induced apoptosis through the upregulation of Nrf2-directed
enzymes, including HO-1[103]. Recently, Yao et al. [104] observed
that HO-1 upregulation by quercetin also protects human
hepatocytes from oxidative stress. In this study, p38 and ERK, two
players in the MAPK signaling pathway, mediate the quercetinderived Nrf2 translocation into nuclei and subsequent induction of
HO-1 activity.

2.

3.

5.

6.

7.
8.

9.
10.

11.

12.

tert-Butylhydroquinone
tert-Butylhydroquinone (tBHQ) is a synthetic phenolic antioxidant
that is widely used as a preservative to extend the shelf life of
various foods. It has been well-established that tBHQ exerts its
antioxidant function by increasing Nrf2 protein stability [105, 106].
Interestingly, tBHQ, like SFN, activates Nrf2 via inhibition of Keap1mediated ubiquitination through the modification of Cys151 [42,
107]. Several studies have also used tBHQ as a positive control
treatment while investigating Nrf2 activation and cellular signaling
[108, 109]. Downstream genes, such as NQO1 and GST, are also
affected by tBHQ, which was found to induce the synthesis of these
factors in mouse liver and intestinal mucosa [110]. More recently, it
was found that tBHQ prevents the deposition of amyloid β-protein
after oxidative stress in NT2N neurons, a cell line model for

13.

14.
15.

Wu X, Zhou Q-h, Xu K. Are isothiocyanates potential anti-cancer
drugs? Acta Pharmacologica Sinica. 2009;30(5):501-12.
Kong A-NT, Yu R, Lei W, Mandlekar S, Tan T-H, Ucker DS.
Differential activation of MAPK and ICE/Ced-3 protease in
chemical-induced apoptosis. Restorative neurology and
neuroscience. 1998;12(2):63-70.
Finley JW, Kong A-N, Hintze KJ, Jeffery EH, Ji LL, Lei XG.
Antioxidants in foods: state of the science important to the food
industry. Journal of agricultural and food chemistry.
2011;59(13):6837-46.
Artaud-Macari E, Goven D, Brayer S, Hamimi A, Besnard V,
Marchal-Somme J, et al. Nuclear factor erythroid 2-related
factor 2 nuclear translocation induces myofibroblastic
dedifferentiation in idiopathic pulmonary fibrosis. Antioxidants
& redox signaling. 2013;18(1):66-79.
Hou Y, Xue P, Bai Y, Liu D, Woods CG, Yarborough K, et al.
Nuclear factor erythroid-derived factor 2-related factor 2
regulates transcription of CCAAT/enhancer-binding protein β
during adipogenesis. Free Radical Biology and Medicine.
2012;52(2):462-72.
Kawai Y, Garduño L, Theodore M, Yang J, Arinze IJ. Acetylationdeacetylation of the transcription factor Nrf2 (nuclear factor
erythroid 2-related factor 2) regulates its transcriptional
activity and nucleocytoplasmic localization. Journal of
biological chemistry. 2011;286(9):7629-40.
Bataille A, Manautou J. Nrf2&colon; A Potential Target for New
Therapeutics in Liver Disease. Clinical Pharmacology &
Therapeutics. 2012;92(3):340-8.
Bae SH, Sung SH, Oh SY, Lim JM, Lee SK, Park YN, et al. Sestrins
activate Nrf2 by promoting p62-dependent autophagic
degradation of Keap1 and prevent oxidative liver damage. Cell
metabolism. 2013;17(1):73-84.
Zhang DD. Mechanistic studies of the Nrf2-Keap1 signaling
pathway*. Drug metabolism reviews. 2006;38(4):769-89.
Copple IM, Goldring CE, Kitteringham NR, Park BK. The Nrf2–
Keap1 defence pathway: role in protection against druginduced toxicity. Toxicology. 2008;246(1):24-33.
Vargas MR, Johnson DA, Sirkis DW, Messing A, Johnson JA. Nrf2
activation in astrocytes protects against neurodegeneration in
mouse models of familial amyotrophic lateral sclerosis. The
Journal of Neuroscience. 2008;28(50):13574-81.
Moi P, Chan K, Asunis I, Cao A, Kan YW. Isolation of NF-E2related factor 2 (Nrf2), a NF-E2-like basic leucine zipper
transcriptional activator that binds to the tandem NF-E2/AP1
repeat of the beta-globin locus control region. Proceedings of
the National Academy of Sciences. 1994;91(21):9926-30.
Itoh K, Igarashi K, Hayashi N, Nishizawa M, Yamamoto M.
Cloning and characterization of a novel erythroid cell-derived
CNC family transcription factor heterodimerizing with the
small Maf family proteins. Molecular and cellular biology.
1995;15(8):4184-93.
Igarashi K, Kataokat K, Itoh K, Hayashi N, Nishizawa M,
Yamamoto M. Regulation of transcription by dimerization of
erythroid factor NF-E2 p45 with small Maf proteins. 1994.
Sun Z, Chin YE, Zhang DD. Acetylation of Nrf2 by p300/CBP
augments promoter-specific DNA binding of Nrf2 during the
antioxidant response. Molecular and cellular biology.
2009;29(10):2658-72.
13

Alrawaiq et al.
Int J Pharm Pharm Sci, Vol 6, Issue 5, 11-16
16. Plafker KS, Nguyen L, Barneche M, Mirza S, Crawford D, Plafker
SM. The ubiquitin-conjugating enzyme UbcM2 can regulate the
stability and activity of the antioxidant transcription factor
Nrf2. Journal of biological chemistry. 2010;285(30):23064-74.
17. Kobayashi M, Itoh K, Suzuki T, Osanai H, Nishikawa K, Katoh Y,
et al. Identification of the interactive interface and phylogenic
conservation of the Nrf2-Keap1 system. Genes to Cells.
2002;7(8):807-20.
18. McMahon M, Thomas N, Itoh K, Yamamoto M, Hayes JD. Redoxregulated turnover of Nrf2 is determined by at least two
separate protein domains, the redox-sensitive Neh2 degron
and the redox-insensitive Neh6 degron. Journal of Biological
Chemistry. 2004;279(30):31556-67.
19. McMahon M, Thomas N, Itoh K, Yamamoto M, Hayes JD.
Dimerization of substrate adaptors can facilitate cullin-mediated
ubiquitylation of proteins by a “Tethering” mechanism a two-site
interaction model for the Nrf2-Keap1 complex. Journal of
Biological Chemistry. 2006;281(34):24756-68.
20. Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, et al.
Keap1 represses nuclear activation of antioxidant responsive
elements by Nrf2 through binding to the amino-terminal Neh2
domain. Genes & development. 1999;13(1):76-86.
21. Nioi P, Nguyen T, Sherratt PJ, Pickett CB. The carboxy-terminal
Neh3 domain of Nrf2 is required for transcriptional activation.
Molecular and cellular biology. 2005;25(24):10895-906.
22. Katoh Y, Itoh K, Yoshida E, Miyagishi M, Fukamizu A, Yamamoto
M. Two domains of Nrf2 cooperatively bind CBP, a CREB
binding protein, and synergistically activate transcription.
Genes to Cells. 2001;6(10):857-68.
23. Zhang H, Court N, Forman HJ. Submicromolar concentrations of
4-hydroxynonenal induce glutamate cysteine ligase expression
in HBE1 cells. Redox Report. 2007;12(1-2):101-6.
24. Baird L, Dinkova-Kostova AT. The cytoprotective role of the
Keap1–Nrf2 pathway. Archives of toxicology. 2011;85(4):241-72.
25. Nguyen T, Sherratt PJ, Pickett CB. Regulatory mechanisms
controlling gene expression mediated by the antioxidant
response element. Annual review of pharmacology and
toxicology. 2003;43(1):233-60.
26. Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, et al.
An Nrf2/small Maf heterodimer mediates the induction of
phase II detoxifying enzyme genes through antioxidant
response elements. Biochemical and biophysical research
communications. 1997;236(2):313-22.
27. Uruno A, Motohashi H. The Keap1–Nrf2 system as an< i> in
vivo sensor for electrophiles. Nitric Oxide. 2011;25(2):153-60.
28. Ogura T, Tong KI, Mio K, Maruyama Y, Kurokawa H, Sato C, et
al. Keap1 is a forked-stem dimer structure with two large
spheres enclosing the intervening, double glycine repeat, and
C-terminal domains. Proceedings of the National Academy of
Sciences. 2010;107(7):2842-7.
29. Eggler A, Small E, Hannink M, Mesecar A. Cul3-mediated Nrf2
ubiquitination and antioxidant response element (ARE)
activation are dependent on the partial molar volume at
position 151 of Keap1. Biochem J. 2009;422:171-80.
30. Adams J, Kelso R, Cooley L. The kelch repeat superfamily of
proteins: propellers of cell function. Trends in cell biology.
2000;10(1):17-24.
31. Kim IF, Mohammadi E, Huang RCC. Isolation and
characterization of IPP, a novel human gene encoding an actinbinding, kelch-like protein. Gene. 1999;228(1):73-83.
32. Hayes JD, McMahon M. NRF2 and KEAP1 mutations: permanent
activation of an adaptive response in cancer. Trends in
biochemical sciences. 2009;34(4):176-88.
33. Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A,
Ichimura Y, et al. The selective autophagy substrate p62
activates the stress responsive transcription factor Nrf2
through inactivation of Keap1. Nature cell biology.
2010;12(3):213-23.
34. Chen W, Sun Z, Wang X-J, Jiang T, Huang Z, Fang D, et al. Direct
Interaction between Nrf2 and p21< sup> Cip1/WAF1</sup>
Upregulates the Nrf2-Mediated Antioxidant Response.
Molecular cell. 2009;34(6):663-73.

35. Taguchi K, Motohashi H, Yamamoto M. Molecular mechanisms
of the Keap1–Nrf2 pathway in stress response and cancer
evolution. Genes to Cells. 2011;16(2):123-40.
36. Kansanen E, Kivelä AM, Levonen A-L. Regulation of Nrf2dependent gene expression by 15-deoxy-Δ12,14-prostaglandin J2.
Free Radical Biology and Medicine. 2009;47(9):1310-7.
37. Holland R, Hawkins AE, Eggler AL, Mesecar AD, Fabris D,
Fishbein JC. Prospective type 1 and type 2 disulfides of Keap1
protein. Chemical research in toxicology. 2008;21(10):2051-60.
38. Satoh H, Moriguchi T, Taguchi K, Takai J, Maher JM, Suzuki T, et
al. Nrf2-deficiency creates a responsive microenvironment for
metastasis to the lung. Carcinogenesis. 2010;31(10):1833-43.
39. Kobayashi M, Li L, Iwamoto N, Nakajima-Takagi Y, Kaneko H,
Nakayama Y, et al. The antioxidant defense system Keap1-Nrf2
comprises a multiple sensing mechanism for responding to a
wide range of chemical compounds. Molecular and cellular
biology. 2009;29(2):493-502.
40. Sekhar KR, Rachakonda G, Freeman ML. Cysteine-based
regulation of the CUL3 adaptor protein Keap1. Toxicology and
applied pharmacology. 2010;244(1):21-6.
41. Dinkova-Kostova AT, Kostov RV. Glucosinolates and
isothiocyanates in health and disease. Trends in molecular
medicine. 2012;18(6):337-47.
42. Zhang DD, Hannink M. Distinct cysteine residues in Keap1 are
required for Keap1-dependent ubiquitination of Nrf2 and for
stabilization of Nrf2 by chemopreventive agents and oxidative
stress. Molecular and cellular biology. 2003;23(22):8137-51.
43. Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD, Kang M-I,
Kobayashi A, Yamamoto M, et al. Protection against
electrophile and oxidant stress by induction of the phase 2
response: fate of cysteines of the Keap1 sensor modified by
inducers. Proceedings of the National Academy of Sciences of
the United States of America. 2004;101(7):2040-5.
44. Kobayashi A, Kang M-I, Watai Y, Tong KI, Shibata T, Uchida K, et
al. Oxidative and electrophilic stresses activate Nrf2 through
inhibition of ubiquitination activity of Keap1. Molecular and
cellular biology. 2006;26(1):221-9.
45. Nioi P, Nguyen T. A mutation of Keap1 found in breast cancer
impairs its ability to repress Nrf2 activity. Biochemical and
biophysical research communications. 2007;362(4):816-21.
46. McMahon M, Lamont DJ, Beattie KA, Hayes JD. Keap1 perceives
stress via three sensors for the endogenous signaling molecules
nitric oxide, zinc, and alkenals. Proceedings of the National
Academy of Sciences. 2010;107(44):18838-43.
47. Yamamoto T, Suzuki T, Kobayashi A, Wakabayashi J, Maher J,
Motohashi H, et al. Physiological significance of reactive
cysteine residues of Keap1 in determining Nrf2 activity.
Molecular and cellular biology. 2008;28(8):2758-70.
48. Takaya K, Suzuki T, Motohashi H, Onodera K, Satomi S, Kensler
TW, et al. Validation of the multiple sensor mechanism of the
Keap1-Nrf2 system. Free Radical Biology and Medicine.
2012;53(4):817-27.
49. Rachakonda G, Xiong Y, Sekhar KR, Stamer SL, Liebler DC,
Freeman ML. Covalent modification at Cys151 dissociates the
electrophile sensor Keap1 from the ubiquitin ligase CUL3.
Chemical research in toxicology. 2008;21(3):705-10.
50. Luo Y, Eggler AL, Liu D, Liu G, Mesecar AD, van Breemen RB.
Sites of alkylation of human Keap1 by natural
chemoprevention agents. Journal of the American Society for
Mass Spectrometry. 2007;18(12):2226-32.
51. .Hu C, Eggler AL, Mesecar AD, van Breemen RB. Modification of
keap1 cysteine residues by sulforaphane. Chemical research in
toxicology. 2011;24(4):515-21.
52. Prochaska HJ, Santamaria AB, Talalay P. Rapid detection of
inducers of enzymes that protect against carcinogens.
Proceedings of the National Academy of Sciences.
1992;89(6):2394-8.
53. 53.Zhou H, Beevers CS, Huang S. Targets of curcumin. Current
drug targets. 2011;12(3):332.
54. González-Salazar A, Molina-Jijón E, Correa F, Zarco-Márquez G,
Calderón-Oliver M, Tapia E, et al. Curcumin protects from
cardiac reperfusion damage by attenuation of oxidant stress
and mitochondrial dysfunction. Cardiovascular toxicology.
2011;11(4):357-64.
14

Alrawaiq et al.
Int J Pharm Pharm Sci, Vol 6, Issue 5, 11-16
55. Correa F, Buelna-Chontal M, Hernández-Reséndiz S, R GarcíaNiño W, J Roldán F, Soto V, et al. Curcumin maintains cardiac
and mitochondrial function in chronic kidney disease. Free
Radical Biology and Medicine. 2013;61:119-29.
56. Tapia E, Soto V, Ortiz-Vega KM, Zarco-Márquez G, Molina-Jijón
E, Cristóbal-García M, et al. Curcumin induces Nrf2 nuclear
translocation and prevents glomerular hypertension,
hyperfiltration, oxidant stress, and the decrease in antioxidant
enzymes in 5/6 nephrectomized rats. Oxidative medicine and
cellular longevity. 2012;2012.
57. Tapia E, Zatarain-Barrón ZL, Hernández-Pando R, ZarcoMárquez G, Molina-Jijón E, Cristóbal-García M, et al. Curcumin
reverses glomerular hemodynamic alterations and oxidant
stress in 5/6 nephrectomized rats. Phytomedicine.
2013;20(3):359-66.
58. Epstein J, Sanderson IR, MacDonald TT. Curcumin as a
therapeutic agent: the evidence from in vitro, animal and
human
studies.
British
journal
of
nutrition.
2010;103(11):1545-57.
59. Sung B, Prasad S, Yadav VR, Aggarwal BB. Cancer cell signaling
pathways targeted by spice-derived nutraceuticals. Nutrition
and cancer. 2012;64(2):173-97.
60. Rukkumani R, Aruna K, Varma PS, Menon VP. Curcumin
influences
hepatic
expression
patterns
of
matrix
metalloproteinases in liver toxicity. The Italian journal of
biochemistry. 2004;53(2):61-6.
61. Wang H, Geng Q-R, Wang L, Lu Y. Curcumin potentiates
antitumor activity of L-asparaginase via inhibition of the AKT
signaling pathway in acute lymphoblastic leukemia. Leukemia
& lymphoma. 2012;53(7):1376-82.
62. .Jeong G-S, Oh G-S, Pae H-O, Jeong S-O, Kim Y-C, Shin M-K, et al.
Comparative effects of curcuminoids on endothelial heme
oxygenase-1 expression: ortho-methoxy groups are essential to
enhance heme oxygenase activity and protection. Experimental
& molecular medicine. 2006;38(4):393-400.
63. Balogun E, Foresti R, Green CJ, Motterlini R. Changes in
temperature modulate heme oxygenase-1 induction by
curcumin in renal epithelial cells. Biochemical and biophysical
research communications. 2003;308(4):950-5.
64. Scapagnini G, Foresti R, Calabrese V, Stella AG, Green C,
Motterlini R. Caffeic acid phenethyl ester and curcumin: a novel
class of heme oxygenase-1 inducers. Molecular pharmacology.
2002;61(3):554-61.
65. Khan S, Vala JA, Nabi SU, Gupta G, Kumar D, Telang AG, et al.
Protective effect of curcumin against arsenic-induced apoptosis
in murine splenocytes in vitro. Journal of immunotoxicology.
2012;9(2):148-59.
66. Trujillo J, Chirino YI, Molina-Jijón E, Andérica-Romero AC,
Tapia E, Pedraza-Chaverrí J. Renoprotective effect of the
antioxidant curcumin: recent findings. Redox biology.
2013;1(1):448-56.
67. Barzegar A, Moosavi-Movahedi AA. Intracellular ROS
protection efficiency and free radical-scavenging activity of
curcumin. PLoS ONE. 2011;6(10):e26012.
68. Bergström P, Andersson HC, Gao Y, Karlsson J-O, Nodin C,
Anderson MF, et al. Repeated transient sulforaphane
stimulation in astrocytes leads to prolonged Nrf2-mediated
gene expression and protection from superoxide-induced
damage. Neuropharmacology. 2011;60(2):343-53.
69. Dinkova-Kostova AT, Talalay P. Direct and indirect antioxidant
properties of inducers of cytoprotective proteins. Molecular
nutrition & food research. 2008;52(S1):S128-S38.
70. Reyes-Fermín LM, González-Reyes S, Tarco-Álvarez NG,
Hernández-Nava M, Orozco-Ibarra M, Pedraza-Chaverri J.
Neuroprotective effect of α-mangostin and curcumin against
iodoacetate-induced cell death. Nutritional neuroscience.
2012;15(5):34-41.
71. He H-J, Wang G-Y, Gao Y, Ling W-H, Yu Z-W, Jin T-R. Curcumin
attenuates Nrf2 signaling defect, oxidative stress in muscle and
glucose intolerance in high fat diet-fed mice. World journal of
diabetes. 2012;3(5):94.
72. Farombi EO, Shrotriya S, Na H-K, Kim S-H, Surh Y-J. Curcumin
attenuates dimethylnitrosamine-induced liver injury in rats

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.
87.

88.

89.

90.

through Nrf2-mediated induction of heme oxygenase-1. Food
and Chemical Toxicology. 2008;46(4):1279-87.
Lele R. Beyond reverse pharmacology: Mechanism-based
screening of Ayurvedic drugs. Journal of Ayurveda &
Integrative Medicine. 2010;1(4).
Bryan HK, Olayanju A, Goldring CE, Park BK. The Nrf2 cell
defence
pathway:
Keap1-dependent
and-independent
mechanisms of regulation. Biochemical pharmacology.
2013;85(6):705-17.
Gupta SC, Prasad S, Kim JH, Patchva S, Webb LJ, Priyadarsini IK,
et al. Multitargeting by curcumin as revealed by molecular
interaction
studies.
Natural
product
reports.
2011;28(12):1937-55.
Esatbeyoglu T, Huebbe P, Ernst I, Chin D, Wagner AE, Rimbach
G. Curcumin—from molecule to biological function.
Angewandte Chemie International Edition. 2012;51(22):530832.
Canales-Aguirre AA, Gomez-Pinedo UA, Luquin S, RamírezHerrera MA, Mendoza-Magaña ML, Feria-Velasco A. Curcumin
protects against the oxidative damage induced by the pesticide
parathion in the hippocampus of the rat brain. Nutritional
neuroscience. 2012;15(2):62-9.
Nishinaka T, Ichijo Y, Ito M, Kimura M, Katsuyama M, Iwata K,
et al. Curcumin activates human glutathione S-transferase P1
expression through antioxidant response element. Toxicology
letters. 2007;170(3):238-47.
Garg R, Gupta S, Maru GB. Dietary curcumin modulates
transcriptional regulators of phase I and phase II enzymes in
benzo [a] pyrene-treated mice: mechanism of its anti-initiating
action. Carcinogenesis. 2008;29(5):1022-32.
Mandal MNA, Patlolla JM, Zheng L, Agbaga M-P, Tran J-TA,
Wicker L, et al. Curcumin protects retinal cells from light-and
oxidant stress-induced cell death. Free Radical Biology and
Medicine. 2009;46(5):672-9.
Jagatha B, Mythri RB, Vali S, Bharath M. Curcumin treatment
alleviates the effects of glutathione depletion in vitro and in
vivo: therapeutic implications for Parkinson's disease
explained via in silico studies. Free Radical Biology and
Medicine. 2008;44(5):907-17.
Zhao CR, Gao ZH, Qu XJ. Nrf2–ARE signaling pathway and
natural products for cancer chemoprevention. Cancer
epidemiology. 2010;34(5):523-33.
Khor TO, Huang Y, Wu T-Y, Shu L, Lee J, Kong A-NT.
Pharmacodynamics of curcumin as DNA hypomethylation
agent in restoring the expression of Nrf2 via promoter CpGs
demethylation. Biochemical pharmacology. 2011;82(9):1073-8.
Carmona-Ramírez I, Santamaría A, Tobón-Velasco JC, OrozcoIbarra M, González-Herrera IG, Pedraza-Chaverrí J, et al.
Curcumin restores Nrf2 levels and prevents quinolinic acidinduced neurotoxicity. The Journal of nutritional biochemistry.
2013;24(1):14-24.
Magesh S, Chen Y, Hu L. Small Molecule Modulators of
Keap1-Nrf2-ARE Pathway as Potential Preventive and
Therapeutic
Agents.
Medicinal
research
reviews.
2012;32(4):687-726.
Fahey J, Talalay P. Antioxidant functions of sulforaphane: a
potent inducer of Phase II detoxication enzymes. Food and
Chemical Toxicology. 1999;37(9):973-9.
Clarke JD, Hsu A, Williams DE, Dashwood RH, Stevens JF,
Yamamoto M, et al. Metabolism and tissue distribution of
sulforaphane in Nrf2 knockout and wild-type mice.
Pharmaceutical research. 2011;28(12):3171-9.
.Negi G, Kumar A, S Sharma S. Nrf2 and NF-κB modulation by
sulforaphane counteracts multiple manifestations of diabetic
neuropathy in rats and high glucose-induced changes. Current
neurovascular research. 2011;8(4):294-304.
Yoon H-Y, Kang N-I, Lee H-K, Jang KY, Park J-W, Park B-H.
Sulforaphane protects kidneys against ischemia-reperfusion
injury through induction of the Nrf2-dependent phase 2
enzyme. Biochemical pharmacology. 2008;75(11):2214-23.
Zheng H, Whitman SA, Wu W, Wondrak GT, Wong PK, Fang D,
et al. Therapeutic potential of Nrf2 activators in streptozotocininduced diabetic nephropathy. Diabetes. 2011;60(11):3055-66.

15

Alrawaiq et al.
Int J Pharm Pharm Sci, Vol 6, Issue 5, 11-16
91. Mizuno K, Kume T, Muto C, Takada-Takatori Y, Izumi Y,
Sugimoto H, et al. Glutathione biosynthesis via activation of the
nuclear factor E2-related factor 2 (Nrf2)--antioxidant-response
element (ARE) pathway is essential for neuroprotective effects
of sulforaphane and 6-(methylsulfinyl) hexyl isothiocyanate.
Journal of pharmacological sciences. 2010;115(3):320-8.
92. Zakkar M, Van der Heiden K, Luong LA, Chaudhury H,
Cuhlmann S, Hamdulay SS, et al. Activation of Nrf2 in
endothelial cells protects arteries from exhibiting a
proinflammatory state. Arteriosclerosis, thrombosis, and
vascular biology. 2009;29(11):1851-7.
93. Zhao J, Moore AN, Redell JB, Dash PK. Enhancing expression of
Nrf2-driven genes protects the blood–brain barrier after brain
injury. The Journal of Neuroscience. 2007;27(38):10240-8.
94. Ping Z, Liu W, Kang Z, Cai J, Wang Q, Cheng N, et al.
Sulforaphane protects brains against hypoxic–ischemic injury
through induction of Nrf2-dependent phase 2 enzyme. Brain
research. 2010;1343:178-85.
95. Bai Y, Cui W, Xin Y, Miao X, Barati MT, Zhang C, et al. Prevention
by sulforaphane of diabetic cardiomyopathy is associated with
up-regulation of Nrf2 expression and transcription activation.
Journal of molecular and cellular cardiology. 2013;57:82-95.
96. Kang HJ, Hong YB, Kim HJ, Wang A, Bae I. Bioactive food
components prevent carcinogenic stress via Nrf2 activation in
BRCA1 deficient breast epithelial cells. Toxicology letters.
2012;209(2):154-60.
97. Zhang C, Su Z-Y, Khor TO, Shu L, Kong A-NT. Sulforaphane
enhances Nrf2 expression in prostate cancer TRAMP C1 cells
through epigenetic regulation. Biochemical pharmacology.
2013;85(9):1398-404.
98. Baek S-H, Park M, Suh J-H, Choi H-S. Protective effects of an
extract of young radish (Raphanus sativus L) cultivated with
sulfur (sulfur-radish extract) and of sulforaphane on carbon
tetrachloride-induced
hepatotoxicity.
Bioscience,
biotechnology, and biochemistry. 2008;72(5):1176-82.
99. Lii C-K, Liu K-L, Cheng Y-P, Lin A-H, Chen H-W, Tsai C-W.
Sulforaphane and α-lipoic acid upregulate the expression of the
π class of glutathione S-transferase through c-Jun and Nrf2
activation. The Journal of nutrition. 2010;140(5):885-92.
100. Ernst I, Wagner AE, Schuemann C, Storm N, Höppner W, Döring
F, et al. Allyl-, butyl-and phenylethyl-isothiocyanate activate
Nrf2 in cultured fibroblasts. Pharmacological Research.
2011;63(3):233-40.
101. Gibellini L, Pinti M, Nasi M, Montagna JP, De Biasi S, Roat E, et
al. Quercetin and cancer chemoprevention. Evidence-Based
Complementary and Alternative Medicine. 2011;2011.

102. Tanigawa S, Fujii M, Hou D-X. Action of Nrf2 and Keap1 in AREmediated NQO1 expression by quercetin. Free Radical Biology
and Medicine. 2007;42(11):1690-703.
103. Chow J-M, Shen S-C, Huan SK, Lin H-Y, Chen Y-C. Quercetin, but
not rutin and quercitrin, prevention of H2O2-induced
apoptosis via anti-oxidant activity and heme oxygenase 1 gene
expression in macrophages. Biochemical pharmacology.
2005;69(12):1839-51.
104. Yao P, Nussler A, Liu L, Hao L, Song F, Schirmeier A, et al.
Quercetin protects human hepatocytes from ethanol-derived
oxidative stress by inducing heme oxygenase-1 via the
MAPK/Nrf2 pathways. Journal of hepatology. 2007;47(2):25361.
105. Yan D, Dong J, Sulik KK, Chen S-y. Induction of the Nrf2-driven
antioxidant response by tert-butylhydroquinone prevents
ethanol-induced apoptosis in cranial neural crest cells.
Biochemical pharmacology. 2010;80(1):144-9.
106. Li J, Johnson D, Calkins M, Wright L, Svendsen C, Johnson J.
Stabilization of Nrf2 by tBHQ confers protection against
oxidative stress-induced cell death in human neural stem cells.
Toxicological Sciences. 2005;83(2):313-28.
107. Wang X-J, Sun Z, Chen W, Li Y, Villeneuve NF, Zhang DD.
Activation of Nrf2 by arsenite and monomethylarsonous acid is
independent of Keap1-C151: enhanced Keap1–Cul3 interaction.
Toxicology and applied pharmacology. 2008;230(3):383-9.
108. Lee J-M, Hanson JM, Chu WA, Johnson JA. Phosphatidylinositol
3-kinase, not extracellular signal-regulated kinase, regulates
activation of the antioxidant-responsive element in IMR-32
human neuroblastoma cells. Journal of Biological Chemistry.
2001;276(23):20011-6.
109. Ben-Dor A, Steiner M, Gheber L, Danilenko M, Dubi N, Linnewiel
K, et al. Carotenoids activate the antioxidant response element
transcription system. Molecular Cancer Therapeutics.
2005;4(1):177-86.
110. Prochaska HJ, De Long MJ, Talalay P. On the mechanisms of
induction of cancer-protective enzymes: a unifying proposal.
Proceedings of the National Academy of Sciences.
1985;82(23):8232-6.
111. Eftekharzadeh B, Maghsoudi N, Khodagholi F. Stabilization of
transcription factor Nrf2 by tBHQ prevents oxidative stressinduced amyloid β formation in NT2N neurons. Biochimie.
2010;92(3):245-53.
112. Shih AY, Li P, Murphy TH. A small-molecule-inducible Nrf2mediated antioxidant response provides effective prophylaxis
against cerebral ischemia in vivo. The Journal of neuroscience.
2005;25(44):10321-35.

16

