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Abstract

Human exposures to environmental toxicants have been associated with development of a number
of diseases. Animal experiments have identified a number of cytoprotective enzymes under the
transcriptional control of NF-E2-related factor 2 (Nrf2) including electrophile conjugation and
antioxidative enzymes and enzymes responsible for the production of antioxidants, reducing
equivalents and cofactors. The up-regulation of these enzymes represents an adaptive response which
occurs in the face of exposure to electrophilic or oxidative compounds thereby leading to enhanced
metabolism of these molecules or their reactive metabolites. This adaptive response is regulated by
an interaction between Keapl and Nrf2 in which the exposure to reactive molecules is sensed either
directly by Keapl or indirectly by cellular signaling cascades resulting in activation of Nrf2
transcriptional regulation. The Nrf2-mediated adaptive response has been shown to attenuate toxicity
and carcinogenesis during electrophile or oxidative stress as well as inflammation in rodent models.
The cytoprotective attributes of the Nrf2 signaling pathway have been targeted for chemoprevention
as administration of Nrf2-inducing agents has been shown to result in decreased carcinogenesis in
animal models and altered carcinogen metabolism in humans. On the other hand, polymorphisms in
the Nrf2 signaling pathway can lead to differential susceptibility to disease while mutations in the
Nrf2 signaling pathway have been shown to an effective mechanism for cancer cells to evade
chemotherapy. Overall, the Nrf2 cytoprotective adaptive response has evolved to be a powerful
protective strategy for organisms against exposure to environmental toxicants and may provide
insight into differential disease susceptibilities across populations and responses to therapies
designed to alleviate these conditions.

Humans are exposed to a diverse array of environmental toxicants associated with the
development of a number of diseases including cancer, acute organ toxicity, and chronic
inflammatory conditions. Many of these exposures are inadvertent while others are due to
certain lifestyle factors. Examples include carcinogenic and pro-inflammatory chemicals in
tobacco smoke and air pollution, pharmaceuticals, dietary carcinogens, and occupational
hazards. The transcription factor, Nrf2, has been shown to regulate the expression of a network
of cytoprotective enzymes resulting in protection against toxicity following exposure to
electrophilic and oxidative chemicals. This pathway is highly conserved across vertebrates
[1] and provides an excellent example of the evolution of a cytoprotective network of enzymes
under the control of a sensory switch.
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The present review will focus on the role of Nrf2 in protection against toxicity following
exposure to environmental toxins and toxicants. The importance of the Nrf2-regulated
cytoprotective adaptive response has been demonstrated in animal models of electrophile and
oxidative toxicity and carcinogenesis, as well as acute inflammation and inflammation-
associated carcinogenesis (Table 1). The role of Nrf2 induction of cytoprotective enzymes in
modulation of human disease is becoming clearer. Targeting Nrf2 for chemoprevention of
human environmental carcinogenesis has been shown to effectively modulate carcinogen
metabolism by favoring elimination of reactive carcinogen metabolites. On the other hand,
variant sequences of genes in the Nrf2 signaling pathway have been shown to adversely affect
susceptibility of human disease progression as well as favor the selection of chemoresistant
tumor cells.

The Nrf2 signaling pathway

Nrf2 is a member of the Cap-N-Collar transcription factor family and recognizes the
antioxidant response element (ARE) in the promoter of target genes[2]. Normally, under basal
conditions Nrf2 is bound to Keapl in the cytoplasm due to an interaction between a single Nrf2
protein and a Keapl dimer[3]. Keapl serves as a substrate linker protein for interaction of the
Cul3-based E3-ubiquitin ligase complex with Nrf2 leading to ubiquitination of Nrf2 and
proteosomal degradation[4].

Exposure to a number of stressors and inducing agents leads to dissociation of Nrf2 from Keapl
thereby rescuing Nrf2 from proteasomal degradation and allowing for entry into the nucleus
(Figure 1). These include both endogenous activators such as reactive oxygen species (ROS),
reactive nitrogen species, lipid aldehydes and 15-deoxy-D12:14-prostaglandin Jo; and
exogenous agents such as heavy metals and electrophilic xenobiotics and their metabolites
[5]. Experiments have demonstrated two separate mechanisms responsible for dissociation of
Nrf2 from Keapl. First, Keapl contains reactive cysteines that form protein-protein crosslinks
following reaction with electrophiles leading to disruption of the Keap1-Nrf2 interaction and
release of Nrf2[6]. The second mechanism involves secondary sensor proteins and the
activation of protein kinase signaling pathways resulting in phosphorylation of Nrf2, enhanced
stability and/or release of Nrf2 from Keapl[7].

Once inside the nucleus, Nrf2 dimerizes with small Maf proteins leading to binding of Nrf2 to
ARES present in the promoter of Nrf2-target genes and transcriptional activation of these genes
[8]. Additionally, other proteins have been identified that modulate Nrf2 transcription
activation illustrating the influence of multiple signaling pathways on Nrf2 responses.
Enhancement of Nrf2-mediated transcription has been demonstrated by CRE binding protein
following the activation of upstream mitogen activated protein kinase signaling pathways[9].
On the other hand, both CCAAT enhancer-binding protein alpha[10] and p53[11] have been
shown to negatively regulate the transcriptional activation of Nrf2 target genes.

Multiple microarray analyses of Nrf2 wild-type (WT) and Nrf2-deficient (NO) mice have
identified a battery of Nrf2-regulated cytoprotective enzymes. The classes of these Nrf2-
regulated genes include electrophile conjugating enzymes, antioxidative enzymes, glutathione
(GSH) homeostasis, production of reducing equivalents and components of the proteasome.
The protein products of these genes provide multiple layers of protection during cellular insults,
collectively favoring cell survival.

Exposure of WT and NO mice to Nrf2 inducing agents revealed that Nrf2 up-regulates the
expression of a number of electrophile conjugation enzymes. These include glutathione-S-
transferases (11, 2, and 3; a2 and 4; 1; and t2), epoxide hydrolase, NADPH-quinone
oxidoreductase, UDP-glucuronosyltransferase (1Al and 2B5), aldehyde dehydrogenase 1A1
and aldoketo reductase (1B7 and 1B8)[12-15]. Additionally, a number of Nrf2-regulated
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antioxidative enzymes have been identified including glutathione reductase, peroxiredoxin,
thioredoxin and thioredoxin reductase, catalase, copper/zinc superoxide dismutase and
glutathione peroxidase[12-15]. Interestingly, Nrf2 also has been shown to play a role in up-
regulating multiple components of the 20S proteasome catalytic core, responsible for ubiquitin-
independent degradation of oxidized proteins implicated in a number of chronic diseases[14].

Nrf2 also plays a role in controlling the inducible expression of a number of enzymes
responsible for the synthesis of GSH, direct acting antioxidants and reducing equivalents.
Treatment with Nrf2-inducing agents resulted in increased Nrf2-dependent transcription of
genes encoding glutamate cysteine ligase regulatory and catalytic subunits, heme oxygenase-1,
UDP-glucose dehydrogenase, malic enzyme, and glucose-6-phosphate dehydrogenase [14,
15]. In addition to the fact that some of the products of these enzymes have inherent
antioxidative or electrophile conjugating activity, a number of these products are necessary
cofactors for electrophile conjugating and antioxidative enzymes. Similarly, some of the
products of these Nrf2-regulated enzymes can activate Nrf2 signaling, thereby potentiating the
Nrf2 adaptive response. For example, Li, et al[16] demonstrated that carbon monoxide,
produced by heme oxygenase-1 during nitrosative stress due to peroxynitrite exposure,
activates Nrf2 resulting in increased expression of glutamate cysteine ligase catalytic subunit
and replenishment of cellular GSH. Therefore, up-regulation of these genes represents a broad-
based mechanism that ensures sustained activity of Nrf2-regulated cytoprotective enzymes in
the face of toxic insults.

Inaddition to controlling inducible expression of cytoprotective enzymes, Nrf2 has been shown
to regulate the basal expression of some electrophile conjugation and antioxidative enzymes.
Higher transcript levels of UDP gluronosyltransferase (2B5 and 1A6), epoxide hydrolase,
NADPH-quinone oxidoreductase, glutathione-S-transferase (ul and pu5), aldehyde
dehydrogenase 1A1 and carbonyl reductase have been demonstrated in WT compared to NO
mice. Also, the basal expression of glutathione peroxidase, glutathione-S-transferase o4 and
ferritin light chain subunit 1 has been shown to be higher in WT mice, compared to NO mice
[14,15]. Although not as extensive as the network of genes under inducible control by Nrf2,
the differential basal expression of some Nrf2-regulated genes may partially explain underlying
susceptibilities to toxicities from environmental insults due to an impaired initial capacity to
metabolize reactive molecules.

Nrf2-dependent attenuation of electrophile toxicity

The importance of Nrf2 in protection against reactive electrophiles was first demonstrated
using acetaminophen. NO mice displayed greater hepatotoxicity, manifested in increased serum
ALT values and altered hepatic histology, following acetaminophen exposure, relative to WT
mice[17,18]. The hepatoprotective effect of Nrf2 was shown to be due to both increased
expression of UDP-glucuronosyltransferase 1A6 presumably leading to increased
glucuronidation and excretion of acetaminophen, and the activation of an Nrf2-dependent
adaptive response[17].

Acetaminophen was also shown to activate the nuclear translocation of Nrf2 at non-toxic doses
thereby illustrating the role of Nrf2 in coordinating an adaptive response leading to attenuated
acetaminophen toxicity[19]. This adaptive response resulted in increased de novo synthesis of
GSH and conjugation and excretion of reactive acetaminophen metabolites[17,19]. This
observation was further confirmed by the use of hepatocyte-specific conditional Keapl
knockout mice, a model in which the inhibitory component of the Nrf2 signaling pathway is
absent resulting in elevated and sustained nuclear accumulation of Nrf2. These conditional
knockout mice were considerably more resistant to acetaminophen toxicity than WT mice due
to higher levels of Nrf2-regulated cytoprotective enzymes[20].
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The role of Nrf2 in protection against electrophilic stress has also been demonstrated using in
vitro models of exposure to electrophiles. Zhu, et al demonstrated that bone marrow stromal
cells from NO mice displayed increased cytotoxicity, relative to cells from WT mice, following
exposure to the electrophiles 4-hydroxynonenal, a reactive aldehyde formed during lipid
peroxidation, and 1,4-benzoquinone, a reactive molecule formed during the metabolism of
benzene[21]. Additionally, mouse embryonic fibroblast (MEF) cells from NO mice exhibited
increased cell death, compared to WT MEF cells, following exposure to menadione, an
electrophilic substrate for NQO1[22]. Therefore, the Nrf2-mediated cytoprotective adaptive
response represents a powerful mechanism for organisms and cells to cope with electrophile
stress.

Typically, genotoxic carcinogens are either inherently DNA reactive or bioactivated to
electrophilic, DNA-reactive species that can initiate the carcinogenic process by reacting with
DNA to form adducts, possibly leading to DNA mutations. Conjugating and electrophile
reduction enzymes regulated by Nrf2 can effectively metabolize reactive electrophiles into less
reactive or more readily excreted species. Animal studies have demonstrated the impact of
Nrf2-regulated genes in protecting against chemical carcinogenesis. Ramos-Gomez, et al[23]
demonstrated that loss of Nrf2 signaling in NO mice resulted in increased sensitivity to benzo
[a]pyrene (BaP)-induced forestomach tumorigenesis. This protective effect of Nrf2 appeared
to be due to up-regulation of cytoprotective enzymes as increased enzyme activity of
glutathione-S-transferases and NQO1 were detected in the forestomachs of WT mice relative
to NO mice. A follow-up study revealed that NO mice exposed to BaP displayed increased levels
of BaP-DNA adducts in the forestomach mucosa, relative to WT mice, and that the levels of
BaP adducts were positively correlated with tumor burden[24].

Also, a study by lida, et al[25] demonstrated that Nrf2-deficiency resulted in increased tumor
incidence in a mouse model of N-nitrosobutyl(4-hydroxybutyl)amine (BBN)-induced bladder
carcinogenesis by modulating the levels of carcinogenic metabolites. In this experiment, the
incidence of bladder tumors was greater in NO mice, relative to WT mice. BBN detoxication
is primarily accomplished by O-glucuronidation by UDP-glucuronosyltransferase (UGT)
enzymes. However, if BBN is not conjugated, the compound can undergo oxidation catalyzed
by aldehyde/alcohol dehydrogenase to form the proximate carcinogen, N-nitrosobutyl(3-
carboxypropyl)amine (BCPN). Interestingly, the researchers demonstrated that NO mice
exhibited decreased expression of UGTs and a decreased potential for O-glucuronidation of
BBN, which was manifested in increased urinary concentrations of BCPN. Therefore, it is
apparent that the Nrf2-mediated cytoprotective adaptive response is effective in inhibiting
chemical carcinogenesis through up-regulation of the transcription of cytoprotective genes and
represents a potential molecular target for chemoprevention of chemical carcinogenesis.

Importance of Nrf2 signaling in protection against oxidative toxicity

Increased oxidative stress has been implicated in the etiology of a number of acute and chronic
diseases linked to exposures to environmental toxicants. Reactive species can react with lipids,
protein and DNA. In vitro studies have illustrated the importance of the Nrf2-regulated
signaling pathway in protection against oxidative stress-mediated cytotoxicity following
exposure to oxidants. For example, mouse embryonic fibroblasts (MEF) from NO mice had
increased sensitivity to superoxide anion generated from diquat, relative to MEF cells from
WT mice[26]. Interestingly, MEF cells from WT and NO mice had similar basal expression of
antioxidative enzymes as well as similar levels of oxidative damage biomarkers. However,
increased levels of ROS and oxidative damage biomarkers were detected over time in MEF
cells from NO but not WT cells following exposure to diquat. The resistance of MEF cells from
WT mice to diquat-induced oxidative damage was due to a functional adaptive response
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resulting in increased expression of Nrf2-regulated antioxidative enzymes following exposure
to diquat.

Gong and Cederbaum[27] demonstrated that knockdown of Nrf2 in a variant line of HepG2
cells, a human liver cell line, exposed to increased ROS due to overexpression of CYP2EL,
resulted in decreased cell viability. The researchers compared the effects of sSiRNA directed
against Nrf2 in a normal HepG2 cell line not overexpressing CYP2E1 to the CYP2E1
overexpressing cell line. They found that knockdown of Nrf2 in the normal HEPG2 cells
resulted in minimally decreased expression of antioxidative enzymes and no changes in
biomarkers of oxidative damage. Meanwhile, knockdown of Nrf2 in the CYP2E1-
overexpressing HepG2 cells resulted in markedly decreased expression of antioxidative
enzymes resulting in increased levels of oxidative damage biomarkers. Therefore, under non-
stress situations the role of Nrf2 in combating basal levels of ROS is minimal. However, during
oxidative stress an effective Nrf2 cytoprotective adaptive response is vital.

Cho, et al[28]demonstrated the in vivo importance of Nrf2 in protection against oxidative stress
by demonstrating that NO mice displayed markedly increased pneumotoxicity following
exposure to hyperoxic concentrations of oxygen. While the expression of several antioxidative
enzymes, such as glutathione peroxidase 2 and heme oxygenase-1, were similar in normal air-
exposed WT and NO mice, exposure to hyperoxic oxygen concentrations resulted in increased
expression of these enzymes in the lungs of WT but not NO mice leading to protection against
hyperoxia-induced lung oxidative stress.

A number of researchers have demonstrated the ability of Nrf2 to control cytoprotective
adaptive responses in the brain using models of oxidative neurodegeneration. Intrastriatal
stereo-taxic injection of malonate or administration of 3-nitroproprionic acid (3-NP), both
mitochondrial complex Il inhibitors, resulted in increased neurotoxicity and lower motor
function performance in NO compared to WT mice[29,30]. Additionally, the neuroprotective
function of Nrf2 in protection against oxidative stress-mediated neurodegeneration was
demonstrated using the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model
of Parkinson’s disease. NO mice displayed an increased Parkinsonian phenotype represented
by increased tyrosine hydroxylase-positive cell death in the substantia nigra pars compacta
relative to WT mice[31]. Taken together, these studies demonstrated the in vitro and in vivo
importance of the Nrf2 signaling pathway in protection against oxidative stress.

Increased oxidative stress has been implicated in the carcinogenic process following exposure
to a number of carcinogens, such as metals, ashestos, benzo[a]pyrene, ionizing radiation, and
tobacco smoke[32,33]. Therefore, Nrf2-regulated antioxidative enzymes would be expected
to contribute to the anti-carcinogenic properties of the Nrf2 signaling pathway by reducing
levels of ROS-derived DNA adducts and redox sensitive signaling of tumor promotion.

Exposure to diesel exhaust particles has been postulated to be a probable risk factor for the
development of lung cancer partially attributed to an increase in oxidative DNA damage and
adduct formation[34]. Aoki, et al[34] sub-chronically exposed heterozygous WT and NO mice
to diesel exhaust particles and demonstrated an increase in the levels of 8-0xo-dG in bronchial
epithelial cells from NO mice only. This DNA damage was accompanied by an increase in the
thickness of the bronchial epithelium in NO mice representing greater epithelial hyperplasia in
the lungs of these mice.

Additionally, increased oxidative stress has been shown to have a non-genotoxic role in tumor
promotion by activating or inhibiting redox-sensitive signaling pathways resulting in
inappropriate cell proliferation and survival[32,33]. A study by auf dem Keller, et al[35]
demonstrated the role of the Nrf2 signaling pathway in protection against 12-O-tetradecanoyl-
phorbol-13-acetate (TPA)-promoted skin tumorigenesis The researchers showed that mice
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expressing biallelic dominant-negative Nrf2 (Nrf2-silenced mice) experienced increased skin
oxidative damage, relative to WT mice, during TPA promotion due to decreased expression
of Nrf2-regulated antioxidative enzymes. This resulted in a more powerful promoting stimulus
in Nrf2-silenced mice reflected by increased multiplicity of skin tumors in these mice. The
results of these studies illustrate the potential of an Nrf2-regulated antioxidative adaptive
response in protecting against oxidative stress-associated carcinogenesis by targeting both
initiating and promoting events in the carcinogenic process.

Anti-inflammatory role of Nrf2 signaling

Numerous in vivo studies have illustrated that Nrf2 plays an important role in modulating
inflammation in a variety of experimental models. NO mice have been shown to exhibit
increased susceptibility to tobacco smoke-[36] and elastase-[37] mediated emphysema,
allergen-driven airway inflammation[38], carrageenan-induced pleurisy[39] and dextran
sulfate sodium (DSS)-mediated colitis[40], compared to WT mice. For example, enlarged
alveoli and increased lung compliance was detected in the lungs of NO mice, indicative of the
development of emphysema, following exposure to tobacco smoke while the lungs of WT mice
were indistinguishable from normal air controls[36]. These effects were associated with a
prolonged infiltration of neutrophils in the lungs of NO mice compared to WT mice.

Increased expression of antioxidative enzymes and modulation of pro-inflammatory cytokine
signaling, in an Nrf2-dependent manner, has been demonstrated in these acute inflammation
animal models possibly explaining the decreased sensitivity to inflammatory oxidative damage
seen in WT animals. Inflammation-mediated oxidative stress represents a potential stimulus
for activation of the Nrf2-regulated cytoprotective response. For example, increased levels of
oxidized GSH were detected in the lungs of NO mice, relative to WT mice, following
administration of lipopolysaccharide (LPS), a model of pulmonary sepsis, illustrating the effect
of Nrf2-regulated antioxidative enzymes on inflammation-mediated oxidative stress[41].
Additionally, enhanced expression of Nrf2-regulated antioxidative enzymes and decreased
expression of pro-inflammatory mediators, such as Cox-2, interleukin-1p, interleukin-6 and
TNFa, was detected in colons from WT but not NO mice exposed to DSS, a model of colitis
[40]. Also, the Nrf2 signaling pathway has been shown to modulate NF-xB activation.
Increased activation of NF-xB has been demonstrated in NO mice, relative to WT mice,
following LPS administration[41]. Taken together, these studies show that the Nrf2 signaling
pathway can effectively attenuate pro-inflammatory stimuli leading to decreased inflammation
and inflammatory damage.

It has been estimated that approximately 20% of all human cancers are due to chronic
inflammation[42]. The Nrf2 adaptive response has already been shown to be protective against
acute inflammation. Therefore this adaptive response would be expected to provide protection
against cancers associated with chronic inflammation due to up-regulation of antioxidative
enzymes leading to decreased inflammatory signaling and oxidative damage, all important in
the progression of inflammation-associated carcinogenesis. It was recently demonstrated that
an active Nrf2 signaling pathway inhibited the development of aberrant crypt foci in a model
of colitis-associated colorectal cancer. Increased levels of aberrant crypt foci were detected in
NO mice following exposure to both azoxymethane (AOM) and dextran sulfate sodium (DSS)
compared to NO mice exposed to AOM only while no effect of DSS was demonstrated in WT
mice[43]. Severe mucosal damage, increased infiltration of inflammatory cells, up-regulated
pro-inflammatory cytokine signaling as well as increased oxidative damage was detected in
colons from NO but not WT mice during the DSS-mediated inflammatory component of the
model. These results demonstrated that the Nrf2 signaling pathway is a protective factor against
inflammation-associated tumorigenesis and illustrates a potential strategy for chemoprevention
of inflammation-associated carcinogenesis.
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Targeting the Nrf2 signaling pathway for chemoprevention

The activation of the Nrf2 signaling by administration of Nrf2-inducing small molecules has
been shown to be chemoprotective in a number of animal models of carcinogenesis and the
potential for this strategy in humans is beginning to be demonstrated. The cancer
chemopreventive activity of oltipraz, a drug originally developed for the treatment of
schistosomiasis, was first demonstrated by Wattenburg and Bueding. Oltipraz administration
resulted in decreased tumor formation in a mouse model of B[a]P-induced forestomach and
pulmonary carcinogenesis[44]. This was followed by demonstration of the chemopreventive
activity of oltipraz and other dithiolethiones against aflatoxin-mediated hepatocarcinogenesis
in rats[45]. These results led to human trials examining the effect of oltipraz on aflatoxin
metabolism. A study conducted in Qidong, People’s Republic of China, an area of endemic
high aflatoxin exposure, demonstrated that low-dose administration of oltipraz effectively
modulated the metabolism of aflatoxin by increasing the rate of excretion of aflatoxin-GSH
conjugation products[46]. Thus, the chemopreventive potential of oltipraz appears to be related
to the effect of up-regulation of cytoprotective enzymes on carcinogen metabolism in humans.

The consumption of cruciferous vegetables has consistently been associated with a decreased
risk of cancer development[47]. Sulforaphane, an isothiocyanate compound formed following
myrosinase-catalyzed metabolism of glucosinolates present in high concentrations in broccoli
sprouts and other crucifers, was found to be a potent inducer of the Nrf2-regulated
cytoprotective adaptive response[48]. Studies have demonstrated the chemopreventive activity
of sulforaphane in a number of rodent cancer models including 7,12-dimethylbenzanthracene
(DMBA) -mediated mammary tumorigenesis[49], B[a]P-induced forestomach carcinogenesis
[50] and DMBA/TPA-induced skin carcinogenesis[51]. These findings prompted the initiation
of human clinical trials investigating the effect of a glucosinolate-rich broccoli sprout hot water
extract on the genotoxicity of aflatoxin. Administration of this extract to study participants in
Qidong, People’s Republic of China was not shown, as a whole, to modulate urinary excretion
of aflatoxin-DNA adducts[52]. However, large inter-individual differences in the metabolism
of glucosinolates to sulforaphane were demonstrated across the study population. Therefore,
some individuals were being exposed to lower levels of sulforaphane due to decreased
metabolism of glucosinolates to sulforaphane or other factors affecting bioavailability or
disposition. When these differences were taken into account, a significant inverse relationship
between sulforaphane elimination and urinary aflatoxin-DNA adduct excretion was seen in
individual participants, thereby illustrating the capacity of sulforaphane to modulate aflatoxin
metabolism, possibly affecting the carcinogenic potential of aflatoxin exposure.

Nrf2 signaling pathway polymorphisms

Recently, Marzec, et al[53] identified a number of single nucleotide polymorphisms (SNP) in
the promoter region of Nrf2 present in human subjects across multiple ethnic groups. Functional
analysis of these polymorphisms showed that one of the SNPs resulted in decreased in vitro
binding of Nrf2 to an ARE promoter following exposure to Nrf2-inducing stresses[53].
Importantly, individuals with this SNP were found to be more likely to develop acute lung
injury, relative to individuals with a normal Nrf2 sequence, following major trauma[53]. This
was the first study to demonstrate the effect of abnormal Nrf2 activity on the risk of developing
acute disease in humans and additional experiments have documented SNPs in AREs present
in the promoter of a number of Nrf2-regulated cytoprotective genes[54], so Nrf2
polymorphisms may potentially adversely affect the progression of a host of other diseases.

Conversely, it is becoming apparent that constitutive activation of Nrf2 may also have negative
effects as it may provide a protective mechanism that can be highjacked by cancer cells to
evade chemotherapy. Variant Keapl gene sequences have been found in human lung tumor
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tissue that results in loss of Keapl repressor activity and constitutive Nrf2 transactivation.
Mutations in the Nrf2 binding region of Keapl were identified in lung tumor tissue removed
from lung cancer patients[3,55]. These mutations did not alter the protein levels of Keap1, but
instead resulted in loss of the ability of Keapl to repress Nrf2 activity leading to an
accumulation of Nrf2 in the nucleus and constitutive up-regulation of Nrf2-regulated
cytoprotective genes[3,55]. Singh, et al also identified lung tumor cell lines containing similar
mutations and they demonstrated that these cell lines had increased resistance to
chemotherapeutic drugs than normal lung cells[55]. Therefore, it appears that the protection
afforded by Nrf2-Keapl system is a double-edged sword[56]. On one hand, the Nrf2-mediated
cytoprotective effect protects against the progression of acute and chronic diseases, but on the
other hand, constitutive Nrf2 activation may provide a growth advantage to cancer cells in that
it can lead to chemoresistance. This necessitates careful consideration as to the context in which
strategies capitalizing on activation of the Nrf2 signaling pathway are to be utilized. It is worth
pointing out however that the inducers of clinical utility in chemoprevention do not induce
expression of Nrf2-regulated genes to the levels achieved by knocking out Keapl in cells or
mice, and exert no additional inductive response above the genotype-induced response when
administered to Keapl knockout mice. Thus, the cytoprotective actions of inducers may be
lost in cancer cells harboring Keapl mutations, but appears unlikely to provoke additional
harm.

Conclusions

Up-regulation of Nrf2 cytoprotective enzymes possesses great potential to effectively attenuate
toxicity following exposure to environmental toxicants. The protein products of Nrf2-regulated
cytoprotective genes can target multiple steps along the pathway of toxicity following exposure
to electrophilic and oxidative xenobiotics, as illustrated in Figure 2. This adaptive response is
energetically favorable in that enhanced transcription of cytoprotective genes only occurs
through the cellular sensing ability of the Keap1-Nrf2 complex when the organism needs a
greater capacity for electrophile or ROS metabolism. However, issues remain in regards to
translating these targets to improved public health. The main issue revolves around the ability
to deliver effective, non-toxic doses of Nrf2 inducing agents to the general population. Part of
this challenge was illustrated in the clinical trial in Qidong, People’s Republic of China with
broccoli sprouts. While no concerns with safety arose, large inter-individual differences in the
ability of study participants to convert the glucosinolates to suforaphane were found to exist.
Perhaps the development of more potent Nrf2-inducing agents will result in more effective
chemoprevention strategies. Indeed, an Nrf2-inducing synthetic triterpenoid, CDDO-Im, has
recently been identified with approximately 100-fold greater potency than dithiolethiones in
chemoprevention of aflatoxin-mediated hepatocarcinogenesis in rats[57]. Clinical
development of triterpenoids for disease prevention and treatment is just beginning. However,
due to the strong dependency of Nrf2 in protection against both electrophilic and oxidative
toxicities following environmental exposures, the development of strategies targeting the Nrf2
signaling pathway for attenuating environmental disease, in addition to cancer, is highly
warranted.
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Figure 1.
The Nrf2 signaling pathway.
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Figure 2.
Effect of Nrf2-regulated cytoprotective enzymes on the progression of cellular injury.
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Table 1
Exposures in which increased susceptibility of Nrf2-deficient mice to toxicity has been demonstrated.
Condition Agent Findings Reference
acetaminophen increased serum ALT values and centrilobular necrosis [17.18]
Hepatotoxicity increased centrilobular necrosis, and serum ALT, liver
pentachlorophenol TBARS and 8-0x0-dG levels [58]
BHT increased lethality and acute respiratory distress [59]
L syndrome
Pneumotoxicity bleomycin increased epithelial cell death and fibrosis [60]
hyperoxia enhanced epithelial injury and inflammation [28]
malonate increased neuronal cell death and motor deficits [29]
3-NP enhanced motor deficits and striatal lesions [30]
L increased parkinsonian phenotype — greater loss of
Neurotoxicity MPTP dopamine transporter activity [31]
P greater seizure severity and duration, hippocampal
kainic acid neuron death and mortality [61]
. . enhanced oxidative DNA adduct formation and
diesel exhaust particles epithelial hvperplasia [34]
B[a]P increased multiplicity of gastric neoplasias [23]
DMBA/TPA increased multiplicity of skin papillomas [35]
Carcinogenicity] increased incidence and invasiveness of bladder
BBN carcinoma [25]
2-amino-3-methylimidazo[4,5-f]-quinolone greater incidence and multiplicity of liver tumors [62]
increased multiplicity of aberrant crypt foci due to more|
AOM/DSS severe colitis [43]
tobacco smoke increased alveolar inflammation and emphysema [361
enhanced severity of pulmonary inflammation and
elastase emphysema [37]
ovalbumin greater airway hyperresponsiveness due to increased [38]
Inflammation THZ [ESPONSe ___ —
LPS !ncreased I_ung oxidative stress, NF-«xB activation and [41]
inflammation
carageenan increased and prolonged pleural cavity inflammation 39]
DSS greater colonic inflammation and pro-inflammatory [40]

cytokine signaling
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