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Preface

Environmental toxins generated by modern industry significantly influence human
health. Many of these toxins, when entering cells, can damage macromolecules
including DNA, proteins, and lipids, either directly by themselves or indirectly via
producing reactive oxidative species (ROS). Excess ROS levels can also be caused
by dysfunctions of intracellular programs. It is believed that the oxidative and xeno-
biotic stimuli in different tissues account for the pathogeneses of many human dis-
eases. Cellular factors that can respond to and eliminate oxidative and xenobiotic
stresses are essential protective machineries against the environment toxin-induced
pathogeneses.

Inflammation is a combinatory process that protects cells against the injuries
caused by physical damage, bacterial/viral infections, or chemical toxins. This pro-
cess includes recruitment of immune cells and release of molecular mediators such
as cytokines. Unlike acute inflammation as a short-term natural healing process,
chronic inflammation lasts for months or years and results in many diseases, includ-
ing cardiovascular dysfunctions, metabolic syndrome and diabetes, neurodegenera-
tion, cancer, and respiratory diseases. One mechanism whereby chronic inflammation
leads to these pathologies is the enhanced ROS levels caused by the recruited mono-
nuclear immune cells such as macrophages, neutrophils, and lymphocytes at the
injured tissue. Chronic inflammation can also be directly induced by prolonged
exposure to some environmental toxins. Therefore, oxidative and xenobiotic
response pathways are important anti-inflammation mechanisms.

The NF-E2-related factor 2 (Nrf2) transcription factor is a central regulator that
mediates transcriptional responses to oxidative and xenobiotic stimuli. Nrf2 can
bind to antioxidant response elements (AREs), and it activates a battery of antioxi-
dant and detoxifying genes. Most of the Nrf2-target genes code for enzymes that
catalyze the metabolism or removal of ROS and other toxins. These include phase I
enzymes (e.g., SOD, GPx), phase II enzymes (e.g., GST, NQO1), phase III trans-
porters (e.g., MRP1), and other antioxidant proteins such as HO-1. The key regula-
tor for Nrf2 activity in response to oxidative/xenobiotic stresses is kelch-like
ECH-associated protein 1 (Keapl). Keapl interacts with Nrf2 and induces its ubig-
uitination and degradation in the cytoplasm. According to the conventional models,
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modification of cysteines on Keapl by oxidative and xenobiotic compounds inter-
feres with the Keap1-Nrf2 interaction and blocks Nrf2 degradation, which leads to
nuclear accumulation of Nrf2 and activation of Nrf2-target genes.

Dysfunctions of Nrf2 and/or Keap!l were found to be related to many human
diseases as well as inflammation. It is generally accepted that these pathogeneses
are mediated by an imbalance redox hemostasis that are caused by the defected
Keap1-Nrf2 pathway. However, the pathological roles of Nrf2 are complicated and
sometimes paradoxical. For example, Nrf2 can both prevent and promote oncogen-
esis. Several models state that the levels of Nrf2 are critical for the distinct functions
of Nrf2 in different aspects. Studies in the last 20 years have revealed a number of
novel Nrf2-target genes and functions that are independent of redox regulation and
detoxification, illuminating that Nrf2 can act more than a detoxifying factor. Studies
in different model systems have identified the novel functions of Nrf2 in develop-
mental programs, including cell proliferation, stem cell self-renewal and differen-
tiation, apoptosis, autophage, lipid metabolism and adipogenesis, glucose
metabolism, steroid hormone synthesis and responses, etc. It is likely that Nrf2
activates antioxidant and detoxifying genes in an inducible and global manner, and
atthe same time regulating developmental genes in a basal and tissue-specific manner.

Nrf2 also interacts with many other proteins and pathways, placing Nrf2 in a
multi-layer network that regulates redox homeostasis as well as other cellular pro-
grams. The proteins that can directly interact with Nrf2 include small Mafs, NF-kB,
AP-1, CBP/p300, MED16, CFTR, ATF3, ATF4, Bachl, ERa, PPARY, RARa, p62,
AREF, Brgl, CHD6, SMRT, p21, DJ-1, and PGAMS. These proteins can activate or
suppress the Nrf2-mediated transcription through mechanisms such as dimerizing
with Nrf2 at ARE or competing Nrf2 interaction with other proteins. Nrf2 can also
be covalently modified by phosphorylation and acetylation, which could regulate
Nrf2 stability, localization, and activity. In recent years, epigenetic functions of
Nrf2 have been noticed. Nrf2 is able to interact with chromatin modifiers including
ATP-dependent chromatin remodeling complexes, HATs, and HDACs. Cooperative
roles of Nrf2 and some of its interacting proteins have been identified in a number
of pathogeneses. Taken together, it is believed that the multiple interacting partners
and biological functions of Nrf2 to some extent account for the complicated roles of
Nrf2 in different diseases.

With the contributions from the experts in the field of Nrf2, this book compre-
hensively reviews the up-to-date discoveries for the roles of Nrf2 in several human
diseases in the context of inflammation. In particular, the molecular mechanisms
that mediate the functions of Nrf2 in inflammation and pathogenesis are explicated.
Many of the chapters also summarize the research and therapeutic applications of
Nrf2 activators and inhibitors as well as compounds that target Nrf2—protein inter-
actions in different diseases.

In Chap. 1, Wang and Perez review the molecular functions of Nrf2 in inflamma-
tion, including the Nrf2-ARE-mediated antioxidant pathway, crosstalk between
Nrf2 and the NF-kB inflammatory pathway, and Nrf2-target cytokine genes. In
Chap. 2, Hohmann et al. in Verri’s team describe the roles of Nrf2 in immune
response during inflammation. This chapter demonstrates the molecular
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mechanisms that mediate Nrf2 functions in both innate immunity and adaptive
immunity, as well as the role of Nrf2 in different immune cells and relevant dis-
eases. In Chap. 3, Carlson and Price in Deng’s team review the roles of Nrf2 in
airway inflammation and respiratory diseases. This chapter comprehensively sum-
marizes the multiple regulatory proteins that interact with Nrf2 and the diverse tar-
get genes that mediate the novel functions of Nrf2, as well as the roles of Nrf2 and
its interacting partners in respiratory diseases. In Chap. 4, Yamazaki and Itoh
describe the molecular mechanisms that regulate Nrf2 activity in vascular endothe-
lial cells, and the cofactors and target genes that mediate Nrf2 functions in protect-
ing endothelial cells against ROS and inflammation, as well as the relevant
endothelial dysfunctions, diseases, and aging. In Chap. 5, Mathis and Cui compre-
hensively review the roles of Nrf2 in the cardiovascular system and diseases, espe-
cially atherosclerosis, focusing on Nrf2 functions in apoptosis/necrosis, autophagy,
proteasomal degradation, and other signaling pathways in the cardiovascular cells.
In Chap. 6, Sarkar et al. in Sil’s team discuss the complicated roles of Nrf2 in both
the promotion and the suppression of inflammation-triggered carcinogenesis. This
chapter reviews the multiple molecular mechanisms that control Nrf2 activity in
normal cells versus cancer cells and that mediate the roles of Nrf2 in inflammation,
genomic stability, and chemoprotection. In Chap. 7, Bayliak and Abrat focus on the
role of N1f2 in oxidative and inflammatory processes in obesity and metabolic dis-
eases. This chapter describes the relationship between oxidative stress and inflam-
mation in obesity, the functions of Nrf2 network in the regulation of adipocyte and
energy metabolism, and the dual role of Nrf2 in the prevention and the aggravation
of obesity and obesity-related inflammation. In Chap. 8, Braidy comprehensively
summarizes the compounds that target Nrf2 or Nrf2—Keap1 interaction, including
both Nrf2 activators and inhibitors. This chapter also reviews the mechanisms, func-
tions, and therapeutic potential of these compounds in inflammation and diseases.

We believe that these chapters will fit together a puzzle to create a complete map
for the established molecular mechanisms underlining Nrf2-associated inflamma-
tion and diseases. This book is expected to be a valuable reference for worldwide
researchers conducting both mechanistic and therapeutic studies of Nrf2 and rele-
vant factors. Finally, I wish to thank all the authors for kindly contributing their
precious time and expertise to this book.

Duluth, MN, USA Huai Deng

The original version of this book was revised. This book was initially published with incorrect
ISSN numbers which are corrected now. A correction to this chapter can be found at https://doi.
org/10.1007/978-3-030-44599-7_9
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Molecular Mechanisms of Nrf2
in Inflammation: Interactions Between
Nrf2 and Inflammatory Mediators

Rong Wang and Viviana 1. Perez

Abstract Inflammation is a common feature of chronic age-related diseases.
Therefore, controlling inflammation by manipulation in the molecular mechanisms
that cause the inflammatory process becomes critical to improve human health by
preventing various diseases such as cancer, metabolic syndrome, neurodegenerative
diseases, and many others. The transcription factor Nrf2 is essential for protection
against oxidative/xenobiotic stress. However, Nrf2 also decreases inflammation
through a cross talk with the NFxB signaling pathway. Although the mechanism by
which Nrf2 mediates anti-inflammatory response is not fully elucidated, new
insights have identified that in addition to regulating the expression of cytoprotec-
tive genes that have an established and well-known “antioxidant response element,
ARE,”, Nrf2 can also regulate over six hundred additional genes that do not have an
ARE sequence, including genes coding for proinflammatory cytokines. In this chap-
ter, we summarize and discuss the direct and indirect role of Nrf2 in the regulation
of inflammatory response and the development of therapeutic targets by identifying
new molecular mechanisms.

1 Introduction

Inflammation is a very complex response that underlies a variety of pathological and
physiological processes, including the protection against pathogen invasion as well
as participation in the development of metabolic disorders and diseases [1, 2]. In
general, there are two types of inflammatory response, acute and chronic [3]. The
better characterized acute inflammation is induced by noxious stimuli (infection or
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injury); however, chronic inflammation is not induced by the classic instigators of
acute inflammation, but rather it is believed to be induced by a variety of cellular and
tissue malfunctions that with time shift negatively the homeostatic balance of several
physiological systems. This type of inflammation is also known as “sterile inflam-
mation,” and in the case of age-related chronic inflammation, “inflamaging” [4].

While the molecular mechanisms involved in the development of acute inflam-
mation are well known, the mechanisms involved in the induction of chronic inflam-
mation are still poorly understood. In fact, some of the molecular participants are
shared between them, for example, the production of cytokines and proinflamma-
tory peptides. Moreover, although the pathological drivers of inflammation are well
known, i.e., infection and tissue injury trigger the recruitment of leukocytes and
plasma proteins to the affected tissue site, the physiology of inflammation is much
less known. In general, we know that chronic inflammation is triggered by tissue or
cell stress or malfunction, which induces an adaptive inflammatory response, and
ultimately this is responsible for the chronic inflammatory conditions that are asso-
ciated with most human diseases and aging [3].

Several molecular pathways that are activated by stress or cellular damaged are
strongly linked to chronic inflammation. In this chapter, we will focus on the role of
the Nrf2 molecular pathway in the regulation of chronic inflammation.

2 Nrf2 Signaling Pathway

The nuclear factor-erythroid-2 (NFE2)-related factor 2 (Nrf2), a member of the
cap‘n’collar (CNC) subfamily of basic region leucine zipper (bZip) transcription
factors, was originally found to regulate the expression of a set of detoxification
enzymes that metabolized drugs, e.g., glutathione S-transferase (GST) and NAD(P)
H:quinoneoxidoreductase | (NQO1) [5] by binding to a common DNA sequence
called antioxidant response element (ARE) that resembles the NFE2-binding
motif [6].

Molecular and structural analyses of Nrf2 signaling revealed that Nrf2 activation
is suppressed under basal conditions through binding to Keap! protein in the cyto-
plasm, and it is activated by modification of critical cysteine thiols of Keapl,
induced by oxidants and electrophiles; this results in the release of Nrf2 from Keapl
allowing its activation and translocation to the nucleus [7]. It is well known that by
binding to the antioxidant redox element (ARE), Nrf2 regulates the expression of a
wide variety of antioxidant stress genes and phase II detoxifying enzymes [8], and
this appears to be the default mechanism by which Nrf2 regulates inflammation. A
genomic-scale search for Nrf2 target genes identified a number of ARE-containing
genes, so that it has been described that Nrf2 can regulate the induction of over 200
genes, including genes that regulate the synthesis and utilization of glutathione
(GSH), the thioredoxin and peroxiredoxin systems, NADPH generation systems,
iron metabolism, and an array of antioxidant and detoxification enzymes [9]. This is
known as the cytoprotective role of Nrf2.
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3 Nrf2 Signaling Pathway and Inflammation

Several lines of evidence coming from the use of Nrf2-deficient mice (Nrf2KO)
have shown that Nrf2 also plays an anti-inflammatory function. For example,
Nrf2KO mice tend to develop age-dependent autoimmune disease (lupus-like auto-
immune nephritis), inflammatory lesions, and elevated cytokine levels in multiple
tissues [10, 11]. Besides, increased inflammation is commonly observed in chemi-
cally induced pathology in Nrf2-deficient mice [12—17]. Also, numerous drugs or
natural products that activate Nrf2 are potent anti-inflammatory agents, and their
potency for induction of ARE genes correlates well with their potency for inhibition
of inflammation [18-20].

The molecular events that underlie the interaction between Nrf2 and inflamma-
tory response are still unclear; however, the accumulation of several lines of evi-
dence in which the interaction of Nrf2 with different pathways associated with
inflammation have been described, and here we will summarize each of them.

4 Nrf2 and the NFxB Signaling Pathway

The nuclear factor-kB (NFxB) is a family of transcription factors consisting of
dimers of different proteins forming a complex, including RelA, RelB, p50, and p52
proteins [21]. NFkB regulates several pathways including aspects of development
and cell proliferation; however, it’s best characterized function is as a key mediator
of the immune response to pathogens and inflammation [22]. Indeed, several proin-
flammatory cytokines such as tumor necrosis factor (TNF) «, interleukin (IL)-1p
and IL-6, as well as bacterial lipopolysaccharide (LPS) are among the most potent
NFkB activators [23]. Abnormal activation of NFkB has been connected to several
inflammatory diseases, e.g., theumatoid arthritis, asthma, and inflammatory bowel
disease [24]. In the presence of an inflammatory stimuli, NFkB activation provides
a rapid response by inducing a prompt activation of mitochondrial activity and
NADPH oxidase expression, both of which represent the main source of free radi-
cals in the cell [25, 26]. This provides the molecular link between NFkB and Nrf2.

Earlier studies indicated that activation of the Nrf2 pathway mediates the inhibi-
tion of both inflammation and the NFkB pathway; however, the molecular mecha-
nism underlying these effects was blurred until recently. It is now clear that both
pathways, NFxB and Nrf2, are essential for maintaining a coordinated cellular
response involving initiation and resolution of the inflammatory status of the cell by
multiple molecular interactions [27]. Many observations about the role of Nrf2 and
NF«kB interaction come from the use of Nrf2 knockout (KO) mice, where the lack
of Nrf2 is associated with an increment of cytokine production [28]. Furthermore,
different cell culture experiments in embryonic fibroblasts, astrocytes, and microg-
lia from Nrf2KO mice showed a higher activation of the NFkB pathway after LPS
treatment, compared with similar cells from wild-type mice, which results in the
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elevation of cytokine production [29-31]. Since both transcription factors, NFkB
and Nrf2, are redox sensitive, the absence of Nrf2 will increase oxidative and nitro-
sative stress which will allow the amplification of NFxB activation and increase the
production of cytokines [32]. Furthermore, pre-activation of Nrf2 in primary perito-
neal macrophages using sulforaphane, dampens the production of several cytokines
(including TNFa, IL1f) in response to LPS; this effect was not observed in macro-
phages obtained from Nrf2KO mice [33].

Currently, we know that NFxB and Nrf2 can coordinate their respective activities
at three stages; (1) Keapl (the partner of Nrf2 in the cytosol) degrades IKKp (the
activator of NFxB) by ubiquitination, thus inhibiting the activity of NFxB [34]; (2)
Also, inflammatory intermediaries, such as cycooxygenase2 (COX2), react with
Keap1 releasing and activating Nrf2 and inhibiting NFxB pathway [35, 36]; (3) p65,
a subunit of the NFkB complex, competes for the same transcriptional co-activator
of Nrf2, CBP (CREB-binding protein); therefore, higher level of expression of p65
will decrease the availability of CBP for Nrf2 transcription, prioritizing the tran-
scription of the NFkB-driven genes [27].

Another layer of Nrf2 and NFxB co-regulation has been described at the level of
RACI, a small GTPase protein that mediates the execution of the inflammatory
response of the innate immune system by activating the NFkB pathway [37-39].
However, RAC1 also regulates Nrf2 activation via a completely independent path-
way involving its partner Keapl. This regulation is through the activation of PI3K/
AKT, which inhibits NFkB in a regulatory feedback loop [40, 41]. Although several
other interactions and cross talk between Nrf2 and NFxB have been described, these
interactions need further investigation to identify a clear mechanism. From this, we
can conclude that the anti-inflammatory actions of many natural phytochemicals
such sulforaphane and curcumin, might rely in their dual capacity to both activate
the Nrf2 pathway and inhibit NFxB [27].

5 Nrf2 and the Inflammasome

The inflammasome is a multiple molecular pathways platform required for a func-
tional innate immune system [42]. The inflammasome consists of a multi-protein
complex of pathogen recognition receptors mainly NLRP3, which senses a wide
variety of damage signals, such as pathogen-associated molecular patterns (PAMPs),
damage-associated molecular patterns (DAMPs), and oxidative stress (ROS).
Activation of the inflammasome pathway via NLRP3 activation triggers the activa-
tion of pro-caspase 1 and subsequently the secretion of proinflammatory cytokines
such as IL-1p and IL-18 that ultimately induces a cell death process known as
pyroptosis, which protects from further propagation of the pathogen [43]. Also, the
inflammasome pathway can be activated by protein misfolding events that can occur
in several diseases that involve proteinopathy, including well-characterized ones
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such as Parkinson’s disease and Alzheimer’s disease, but also other diseases such as
type 2 diabetes, atherosclerosis, and cancer [44—47].

Recently, observations from Dr. Hu’s laboratory have indicated that activation of
Nrf2 is negatively correlated with activation of the inflammasome, whereas Nrf2
inhibits NLRP3 in macrophages through the expression of NQO1 protein [48].
Similarly, a well-known activator of the Nrf2 pathway, tert-butylhydroquinone
(tBHQ) negatively regulated NLRP3 transcription in an Nrf2-dependent manner
[48]. Furthermore, a series of reports using mouse models of lupus disease have
shown that other compounds that activate the Nrf2 pathway result in decreased
NLRP3 activity [49, 50], with a consequent decrease in caspase-1, IL-1f, and TNFa
expression [51].

In contrast to those studies, it has been observed that during atherogenesis, cho-
lesterol crystals engulfed by macrophages initiate an inflammatory response medi-
ated by inflammasomes [52]; interestingly, it was also observed that the cholesterol
crystals activate the Nrf2 pathway, and this process is required for the cholesterol
crystal-induced inflammasome response [53]. Therefore in this specific scenario,
Nrf2 was activated as an adaptive response that enhances the activation of the
inflammasome. Similarly, observations from studies done in macrophages obtained
from Nrf2KO mice indicate that the Nrf2 pathway is necessary for the activation of
NLPR3, but not the NLRC4 inflammasome. Overall, it is becoming increasingly
clear that activation of Nrf2 and the inflammasome are tightly co-regulated, but the
direction of this regulation appears to be context- and perhaps cell-dependent.
Further studies are needed to reveal the exact role of Nrf2 in the regulation of the
inflammasome pathway.

6 Nrf2 and the Activation of Heme Oxygenase 1 (HO-1)

Nrf2 is the main transcription factor responsible for inducing heme oxygenase-1
(HO-1) expression, and in fact HO-1 expression is widely used as one of the core
control proteins to test Nrf2 activation. HO-1 levels are usually elevated in acute
inflammatory disorders, and it has been suggested that increased HO-1 production
confers strong anti-inflammatory effects against cellular or tissue injury [54].
Upregulation of HO-1 attenuates skin inflammation and accelerates wound healing
after epithelial injury in mice [55, 56]. Several studies have demonstrated the anti-
inflammatory effect of Nrf2-mediated HO-1 and its metabolites. HO1 is the rate-
limiting enzyme in the pathway that catalyzes the degradation of heme, a toxic
compound because it catalyzes an iron-dependent Fenton reaction that causes oxi-
dative damage to macromolecules [57]. In this pathway, HO-1 catalyzes the degra-
dation of heme moieties into carbon monoxide and free iron, which is rapidly
sequestered by ferritin, a storage protein whose expression is also Nrf2 dependent.
During the process, the reminder of the heme group, biliverdin is also converted into
bilirubin, a potent antioxidant [58]. Therefore, the degradation of heme, a proin-
flammatory compound, and the generation of anti-inflammatory compounds, such
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as carbon monoxide and bilirubin [59], represent the major protective effects of
HO-1, having both antioxidant and anti-inflammatory properties.

Experiments using a rat liver transplantation model showed that HO-1 expres-
sion leads to an inhibition of NFkB, which is associated with a reduction in intesti-
nal ischemia-reperfusion injury and tight-junction dysfunction [60]. Moreover, in
mouse-derived C2C12 myoblasts, HO-1 expression protects against hydrogen per-
oxide cytotoxicity [61]. Using immune cells such as monocytes (RAW?264.7 and
mouse peritoneal macrophage-derived foam cells), expression of HO-1 reduced the
inflammatory response induced by LPS, suggesting HO-1 might play an important
role in the progression of atherosclerosis [62]. Similar results were observed in BV2
microglial cells and hippocampal Ht22 cells treated with LPS, where HO-1 helps
against cell death [63]. Finally, using a smoke-induced inflammatory model, HO-1
activity influences regulatory T cells (Tregs) in the lungs and prevents smoke-
induced B cell infiltrates [64]. HO-1 also increases IL10 (an anti-inflammatory
cytokine) and TGF-f, leading to attenuation of airway inflammation [65].

In addition, by-products of HO-1 activity, such CO and bilirubin, have been
shown to suppress autoimmune encephalomyelitis and hepatitis [66, 67] and protect
mice and rats against endotoxin shock by preventing the generation of nitric oxide
(NO) and inducible nitric oxidase synthase (iNOS) [68, 69]. Bilirubin was shown to
protect against experimental autoimmune encephalomyelitis and autoimmune hepa-
titis [66, 67]. Furthermore, an increase in HO-1 activity in endothelial cells leads to
the inhibition of NFxB-mediated transcription of adhesion molecules such as
E-selectin and vascular cell adhesion 1 (VCAM-1), through the action of bilirubin
and possibly by the decrease in free intracellular iron ions [70]. So in summary,
several lines of evidence point to HO-1, a major downstream effector of Nrf2, as an
important player in various anti-inflammatory processes.

7 Nrf2 and the Regulation of Expression of Cytokines
and Other Proinflammatory Molecules

Different types of cells secrete cytokines in response to a stress. Cytokines are small
proteins and polypeptides originally described as modulators of immune function
and inflammation, but now well known to also regulate cell growth, cell differentia-
tion, and wound healing [59]. While the list of known cytokines continues to grow,
major groups include interleukins (ILs), interferons, tumor necrosis factor (TNF),
growth factors, and chemokines. Chemokines are small cytokines whose major role
is to guide the migration of inflammatory cells including leukocytes, monocytes,
and neutrophils, to the site of inflammation. There are cytokines with proinflamma-
tory functions (IL6, TNFa), while others have anti-inflammatory functions
(IL10) [59].

As we discussed above, oxidative stress (oxidative or nitrosative stress) is able to
activate the NFxB pathway, which will activate the secretion of proinflammatory
cytokines, but activation of Nrf2 will dampen this response by inhibiting the NFxB
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pathway and decrease the proinflammatory cytokine secretion [71]. For example, it
is well known that Nrf2KO mice are more susceptible to a variety of oxidants,
showing a higher inflammatory response [10, 11], and Nrf2 activation prevents
LPS-induced transcriptional upregulation of proinflammatory cytokines [71]. In the
case of Nrf2KO mice, the anti-inflammatory effect does not occur [72] and as a
result, peritoneal neutrophils from Nrf2KO mice treated with LPS have significantly
higher levels of proinflammatory cytokines (TNF-a and IL6) and chemokines
(MCP1 and MIP20) than wild-type cells [72]. On the other hand, overexpression of
Nrf2 protein in endothelial cells inhibits the overproduction of proinflammatory
cytokines and chemokines, as well as the activation of NFkB [73, 74].

Upon stimulation of cytokine production, there is an increase in cell adhesion
molecules (CAMs) in vascular endothelium and immune cells [59]. CAMs, such as
ICAM-1 and VCAM-1, are proteins that bind to the cell surface, and they are
involved in the recognition of the triggering signals that lead to cell activation, sig-
nal transduction, cell proliferation, and differentiation in response to inflammatory
stimuli. For example, VCAM-1 mediates the adhesion of lymphocytes, monocytes,
eosinophils, and basophils to the vascular endothelium and contributes to leukocyte
recruitment, which ultimately will lead to tissue damage due to oxidative stress [59,
75]. The expression of several CAMs is significantly higher in Nrf2KO mice [76].
It has been observed that Nrf2 represses the promotor of VCAMI [31], and it is
believed that this process is mediated by the expression of HO-1 [36, 71, 74, 77].
Similarly, upregulation of Nrf2 in human retinal pigment epithelial cells by lyco-
phene is involved in the inhibition of TNFa, ICAMI, and NFkB expression [78].

Other factors involved in the inflammatory response are the metalloproteinase
(MMPs), proteolytic enzymes that are involved in multiple physiological and patho-
logical processes such as cell migration, wound healing, angiogenesis, apoptosis,
and tumor metastasis. It has been observed that Nrf2 inhibits the expression of
MMP9 and MMP7 in macrophages and epithelial cells, which is beneficial in the
treatment of inflammatory bowel disease [79, 80]. Similarly, the protective effect of
Nrf2 against UV damage in skin cells is mediated by the inhibition of both MPP9
expression and the NFkB pathway [81].

Therefore, so far it is evident that the Nrf2 pathway is essential for the control of
inflammation, which is involved in the regulation of cytokines and MMPs expres-
sion. This regulation can be mediated by a direct action of the Nrf2 pathway, e.g.,
via increased expression of Nrf2 target genes through the ARE, and the elimination
of ROS through expression of antioxidant proteins, or indirectly by the influence of
Nrf2 on the NFkB pathway.

However, several reports have shown that Nrf2 regulates the expression of
macrophage-specific genes that do not belong to the “anti-oxidative response ele-
ments, ARE.” For instance, work from Harvey et al. [82] and Ishii et al. [83] has
shown that genes encoding for MARCO (a scavenger receptor which is required for
bacteria phagocytosis) and CD36 (a receptor for oxidized low-density lipoprotein
related to atherosclerosis) are targets of Nrf2 but are not ARE-regulated genes.
These data indicate that Nrf2 may regulate the expression of genes involved in
inflammation in an ARE-independent manner. A recent report by Koboyashi et al.
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[71] has demonstrated that indeed Nrf2 can regulate the expression of several genes,
including IL6 and IL1b in an ARE-independent manner. Using microarrays and
Nrf2 chromatin immunoprecipitation (ChIP) seq analysis in Nrf2 activated and
Nrf2-depleted macrophages, they observed that Nrf2 binds to the proximity of pro-
inflammatory cytokine genes and inhibits LPS-induced expression of these genes.
This transcriptional interference mediated by NRf2 is not dependent of ARE
sequences but rather by a disruption of the binding of RNA polymerase II to the
corresponding cytokine loci (IL6 and IL1p). A similar observation was found using
in vivo imaging analysis, where Nrf2 activation inhibits IL6 induction and alleviates
the inflammatory phenotype in WIM-6 mice, a murine inflammatory model [71].
This data indicate that the Nrf2 pathway can regulate inflammatory responses in
several ways, some of which are independent of the traditional ARE sequence.

8 Nrf2, Aging, and Cellular Senescence

Nrf2 has been described to play a role in slowing aging processes by mediating the
beneficial effects of many manipulations that extend longevity and health span [84,
85]. There is an inverse correlation between aging and Nrf2 expression in several
animal models [86, 87] and expression of several Nrf2 target genes decreases with
aging as well, e.g., the levels of GSH and several antioxidant enzymes decrease with
age [88-90]. Similarly, evidence has been found in vitro during replicative cellular
senescence. For example, a decrease in both Nrf2 protein and mRNA levels (~65%
and 45%, respectively) was found in senescence fibroblasts relative to their pre-
senescent counterparts [91].

Cellular senescence is defined as an irreversible cell cycle arrest state where cells
cannot divide but are still viable and metabolically active. Nowadays, it is well rec-
ognized that cellular senescence has an active role in aging, and it has been impli-
cated in a number of pathologies including several age-related diseases [92, 93].
One characteristic of senescent cells is that they secrete a set of proinflammatory
factors, including proteases, chemokines, proinflammatory cytokines, and miRNAs,
which are believed to have a strong impact on the function of cells in their vicinity.
It is believed that these secreted factors, better known as the senescence-associated
secretory phenotype (SASP), disrupt the cellular microenvironment and alter the
ability of adjacent cells to function properly, resulting in a compromised tissue
structure and function [94, 95].

At a young age, Nrf2-KO mice show a diminished ability to respond to a wide
variety of stressors and show symptoms associated with several age-related chronic
diseases including emphysema, cancer, gastritis, retinopathy, and increased inflam-
mation [96-98]. While the anti-aging effect of Nrf2 has been linked mostly to cyto-
protection against stress and cancer prevention, silencing the Nrf2 pathway in
human embryonic fibroblasts leads to premature cellular senescence [90]. Our own
studies also demonstrated that human fibroblasts (WI38) that are deficient in Nrf2
have increased levels of senescent cells compared to wild-type cells, similar to what
we found in vivo using the Nrf2KO mouse, where an increase in p16 (a marker of
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senescent cells) and proinflammatory cytokines were found in tissues and
plasma [99].

Likely, the decrease of Nrf2 levels with age and the downregulation of both its
target genes and its direct regulation of inflammatory mediators (NFxB, cytokines
expression) are contributing factors to the exacerbation of disease underlined by
chronic inflammation observed during aging.

9 Nrf2 and Diseases

The first insights into the role of Nrf2 on disease came from the study of Nrf2
knockout mice, which exhibited symptoms of inflammation, tissue damage, and
neurodegeneration [7, 8, 59]. Also, these animals are more susceptible to a series of
inflammatory diseases, including models of emphysema, gastritis, colitis, cardio-
vascular disease, liver damage, and neurodegenerative disease [12, 59, 96]. Using
ovalbumin complex to induce airway inflammation, it was observed that ablation of
the Nrf2 pathway increased the allergen-mediated airway inflammation and asthma
[14, 96, 100]. These studies demonstrated that Nrf2-mediated signaling pathways
limit airway eosinophilia, mucus hypersecretion, and prevent airway hyper-
reactivity that prevents the development of asthma [100].

Deficiency or alteration of the Nrf2 pathway has been directly linked to several
inflammatory diseases, such as pleurisy [101], atherosclerosis and myocarditis
[102, 103], sickle cell disease [104], arthritis [105], LPS-induced uveitis [106], skin
damage [107], and pneumonia, [31]. Also, neurodegenerative diseases such as
Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis (ALS) dis-
ease, LPS-induced encephalitis [108—110] in all these diseases, activation of the
Nrf2 signaling pathway reduces the inflammatory injury, alleviates the burden of
inflammatory factors such as proinflammatory cytokines, and boosts the expression
of detoxifying enzymes that help to minimize the inflammatory response.

Although the list of diseases where Nrf2 seems to be important is extensive, we
will focus this review solely on what is known about the role of the Nrf2 signaling
pathway in two major diseases, neurodegenerative diseases and cancer, which are
among the most serious and prevalent health concerns in our society.

10 Nrf2 and Neurodegenerative Diseases

In general, most of the neurodegenerative diseases, if not all, are characterized by
increased oxidative stress, mitochondrial dysfunction, and neuroinflammation; and
the common molecular feature between them is a dysregulation of Nrf2 signaling
pathway. As we described before, a significant amount of research has been dedi-
cated to investigate the role of Nrf2 in inflammatory diseases. From this work, it has
been identified that Nrf2 is a promising target to treat several neurodegenerative
diseases that include a significant inflammatory component, such as amyotrophic
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lateral sclerosis (ALS), multiple sclerosis, Parkinson’s diseases (PD), Alzheimer’s
disease (AD), and Huntington’s disease (HD) [27, 59].

In general, it has been observed that in these diseases, Nrf2 can reduce the num-
ber of overactive microglia and astrocytes, which are substantial contributors to
central nervous system pathology [111-113]. It has been described that oxidative
damage, mitochondrial dysfunction, and chronic inflammation are common patho-
logical mechanisms observed in neurodegenerative diseases, and Nrf2 regulates all
of them tightly [114]. Furthermore, in many of these diseases, Nrf2 levels are dimin-
ished. For example, in postmortem brains of AD patients the levels of Nrf2 protein
were lower in hippocampal neurons, compared to age-matched controls [115].
Similarly, mouse transgenic AD models expressing mutated human APP and PS1
genes showed reduced expression of Nrf2 and target genes such as NQO/1, glutathi-
one synthetic enzymes, and HO-1 in hippocampal neurons [116]. Importantly, over-
expression of Nrf2 in AD transgenic mice protects against the toxic effect of Ap
deposition and improves cognition [117]. Furthermore, it was discovered that
GSK3b, a kinase that sensitizes neurons to oxidative stress and increases neuronal
death, can phosphorylate Nrf2, inducing it exclusion from the nucleus and decreas-
ing its activity [118, 119].

Similar features are found in other neurodegenerative diseases. For example,
postmortem brain tissue from PD patients shows lower levels of Nrf2 signaling
pathway [115], and one of the earliest parameters observed in PD is the depletion of
GSH in the substantia nigra [120], which leads to a decrease in mitochondrial com-
plex I activity, causing an increased in ROS, a-synuclein aggregation, and the death
of dopaminergic neurons [121]. As for Huntington’s disease, an increase in oxida-
tive stress and mitochondrial dysfunction are observed in HD patients [122, 123]. In
both cases, activation of the Nrf2 pathway protects against neurotoxicity in animal
models for PD (neurotoxicity induced by 6-OHDA and MPTP) and HD (neurotox-
icity induced by malonate) [122, 124].

In the case of ALS, a vast set of data have identified that mutations in SOD1 is
the source of oxidative stress that causes mitochondrial dysfunction. This appears to
be a major mechanism underlying the development of ALS [125-128]. Postmortem
studies have shown that expression of Nrf2 (mRNA and protein levels) in motor
neurons expressing mutant SOD1 from spinal cord from ALS patients are lower
than those from healthy patients [129, 130], suggesting that deficiency of Nrf2
might play a role in this disease. In vitro studies using astrocytes overexpressing a
disease-relevant mutant SOD1 showed that the expression of Nrf2 and related genes
are downregulated [131, 132], and that induction of Nrf2 activity increases the sur-
vival of these cells. Some reports also indicate that induction of Nrf2 activity
improves the survival of the ALS mouse model [133].

Activation of the Nrf2 signaling pathway has been pointed as a key potential
target for the development of new drugs to treat/prevent neurodegenerative diseases.
Following this venue, a flourishing number of natural products and polyphenolic
compounds that activate Nrf2 pathway have been widely studied as possible thera-
peutic tools against these diseases. For example, curcumin has been used to treat
AD in drosophila and mouse models of the disease [134, 135]. Ursolic acid and
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oleanolic acid, members of the triterpenoid family, are being extensively studied as
drugs to treat AD and PD [136, 137]. Another well-known Nrf2 activator is sulfora-
phane, a compound found in cruciferous vegetables, which has been widely used
not only for neurodegenerative diseases [138, 139], but also for other diseases that
involve increased oxidative stress, i.e., cancer (see below). Naringenin, a flavonoid
found in grapefruit, activates the Nrf2 pathway, and it has been used to treat mouse
models of AD and PD for its neuroprotective effects [124, 140, 141]. Also, an epi-
demiological study has linked a flavonoid-rich dietary intake with reduced PD risk
[142]. Many of these compounds and derivatives have already been tested in both
in vitro and in vivo (mouse models) and some of them are in clinical trials. For fur-
ther review, please see Buendia et al., [114].

11 Nrf2 and Cancer

One of the most notorious phenotypes observed in Nrf2KO mice is the high suscep-
tibility of these animals to develop cancer at young age [143]. From this initial
study, the role of Nrf2 in carcinogenesis has been massively studied, and the evi-
dence that Nrf2 has an anti-carcinogenesis effect is abundant [144—146]. For exam-
ple, several chemopreventive drugs (i.e., sulforaphane, dithiolethiones) have the
ability to activate the Nrf2 pathway, which activates several cytoprotective path-
ways including the expression of antioxidant enzymes and inhibition of proinflam-
matory pathways [147]. The effect of chemopreventive drugs is abolished in
Nrf2KO mice, while mice that overexpress Nrf2 showed improved resistance to cell
metastasis [148]. Many natural products that activate Nrf2, such as sulforaphane
have been intensively studied as chemopreventive agents. Several putative protec-
tive mechanisms that might imply Nrf2 have been described, including activation of
cytoprotective factors (antioxidant enzymes) as well as downregulation of the
NFkB signaling pathway, and oncogenes fos and jun of the APl complex [149,
150]. The importance of Nrf2 activation mediated by chemopreventive agents has
been reinforced multiple times, not only for cancer prevention but also in other
diseases and conditions such as diabetes [151], obesity [152], and neurodegenera-
tion [122].

However, activation of the Nrf2 pathway does not always have a good connota-
tion, and in fact a higher activity of the Nrf2 pathway has been found in some cancer
cells [147]. It has been discovered that specific mutations in Nrf2 itself can lead to
its overactivation, and cancer cells that have this mutated version of Nrf2 have
higher cytoprotection. Therefore, in this case, oncogenes can promote tumorogen-
esis in part through an Nrf2-induced favorable intracellular environment, enhancing
cancer cell survival, and promoting tumor growth [153]. Moreover, common onco-
genes such as KRAS, BRAF, and MYC, all increase the transcription of Nrf2, lead-
ing the cytoprotective activity in cancer cells, resulting in cells being more resistant
to standard treatment. Therefore, it seems that an increase in Nrf2 activity is desir-
able in a premalignant state, when a cellular response to the developing
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carcinogenesis might halt further progress in that direction, but is undesirable in
later stages of tumorigenesis, when cells may become more resistant to treatment.

12 Conclusions

It is very clear that the Nrf2 signaling pathway regulates inflammation, notably by
increasing the expression of cytoprotective genes whose expression is driven by
binding to ARE sequences. However, new evidence has demonstrated that Nrf2 can
also regulate the inflammatory response through cross talk with the NFxb pathway,
and by a direct regulation of gene expression of cytokine genes that do not have an
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Fig. 1 Nrf2 and the regulation of inflammatory pathway. The activation of Nrf2 pathway allows
Nrf2 transcription factor to translocate to the nucleus. In the nucleus, Nrf2 is able to bind to the
ARE sequence and activate the expression of cytoprotective genes, such as antioxidant enzymes
[peroxiredoxin (PRX); thioredoxin, TRX; glutaredoxin, (GPX)], key enzymes for synthesis of
glutathione (GSH), heme oxygenase 1, and (HO-1) among others. HO-1 has anti-inflammatory
action itself by modulating NfkB pathway (p65/p50 subunits) directly or indirectly by increasing
the levels of carbon monoxide (CO), bilirubin, biliverdin that together decreases the oxidant levels.
Data on literature indicate that peroxiredoxin (Prx), thioredoxin (Trx) and glutathione peroxidase
(Gpx) are key enzymes to inhibit the activity of cellular adhesion proteins (CAMs) that participate
in inflammation. On the other hand, Nrf2 also can bind directly to the DNA sequence of cytokines
(IL6 and IL1-o) and inhibits their expression by impeding the binding of polymerase II to the DNA
and inhibiting their transcription. At the cytosolic level, it has been described that Nrf2 can directly
regulate NFkB pathway by redox-sensitive mechanism
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ARE sequence. In fact, current studies using more advanced techniques, such ChIP-
seq and big data analysis, have shown that N1f2 regulates over 200 genes that encode
for cytoprotective proteins [154], but also control the expression of other 600 addi-
tional genes associated with inflammation, cancer, neurodegeneration, and other
major diseases [155].

Dimethyl fumarate (Tecfidera®), an Nrf2 activator that is approved by the FDA
to treat the inflammatory disease multiple sclerosis is the best example of the poten-
tial of Nrf2 manipulation as a means to regulate inflammation [156]. Many ongoing
studies targeting the Nrf2 pathway are devoted to develop specific therapeutic
agents to control the symptoms of inflammation and prevent and treat many dis-
eases, such as cancer, neurodegeneration, and other age-related chronic diseases.
With this new data available, new highly specific activators of Nrf2 can be designed
to minimize its pleiotropic effects, avoiding the pro-cancer effects, and probably
extending the healthy portion of the human life span (Fig. 1).
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Abstract One of the most studied functions of Nrf2 is its role in the maintenance
of redox homeostasis in cells during oxidant stress. However, the role of Nrf2 in
tissue and organism homoeostasis goes far beyond protection during oxidative
conditions. In this chapter, we provide an overview of the regulation of inflamma-
tion and immune responses by Nrf2. We discuss the regulatory functions and
mechanisms of action of Nrf2 on innate and adaptive immune responses, immune
surveillance, and immune response in inflammatory diseases, and experimental
models of disease. We also summarize the consequences of the deficiency or
deregulation of Nrf2 axis and how they are related to the development and aggrava-
tion of diseases.

1 Introduction

The nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) is a member of the cap
‘n’ collar (CNC) subfamily of basic region leucine zipper (bZip) transcription fac-
tors that play a key role in the redox homeostatic gene regulatory network [1-4].
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The expression of Nrf2 is observed in many tissues, especially those exposed to the
external environment (skin, lungs, and gastrointestinal tract) or associated with
detoxification (liver and kidneys) [5]. Under basal condition, Nrf2 is suppressed
within the cytosol by an adaptor protein, Kelch-like erythroid cell-derived protein
with CNC homology- (ECH-) associated protein 1 (Keapl) and can be activated by
oxidants and electrophiles via modification of critical cysteine thiols of Keapl and
Nrf2 [5, 6]. Cysteine residues within Keap1 serve as primary sensors of stress sig-
nals, and their modification leads to conformational changes in Keapl, thereby
inhibiting ubiquitination of Nrf2 [7]. As a result, stabilized Nrf2 can translocate into
the nucleus and bind to its target genes [2]. Nrf2 translocation to the nucleus can
also be modulated by the activation of protein kinase C (PKC), phosphoinositide
3-kinase (PI3K), and mitogen-activated protein kinase (MAPK) ERK1/2, which
phosphorylate and stabilize Nrf2 [8—11]. Further, down-regulation of Nrf2 tran-
scription can also occur. For instance, glycogen synthase kinase 3-beta (GSK-3f)
and p38 MAPK induce proteasome degradation of Nrf2 in a Keap-1 independent
and dependent manner, respectively [12, 13].

Perhaps one of the most studied functions of Nrf2 is its role in resistance to oxi-
dant stress [3, 9, 14]. Nrf2 binding to antioxidant response elements (ARE) in the
nucleus drives the expression of Nrf2 target genes such as antioxidant and detoxifi-
cation enzymes [15, 16] NAD(P)H:quinone oxidoreductase-1 (NQO1), heme oxy-
genase-1 (HO-1), glutamate cysteine ligase (GCL), glutathione peroxidase (GPx),
catalase, superoxide dismutase (SOD), glutathione S-transferase (GST), and thiore-
doxin UDP-glucuronosyltransferase [16, 17]. Accordingly, Nrf2 knockout (7-)
(Nrf27-) mice show substantially increased susceptibility to chemical toxicity and
disease conditions associated with oxidative stress [2, 3, 18]. Whereas pharmaco-
logical boosting of Nrf2 activity protects animals from oxidative damage and devel-
opment of diseases [19]. Nonetheless, the role of Nrf2 in tissue and organism
homoeostasis goes far beyond its protective role during oxidative conditions. In this
chapter, we will discuss the emerging role of Nrf2 in the regulation of inflammation
and the immune response during inflammation. We will focus on the regulatory role
and mechanisms of action of Nrf2 on innate and adaptive immune responses,
immune surveillance, and immune response in inflammatory diseases and experi-
mental models of disease.

2 Nrf2 and Inflammation

2.1 Overview of Inflammation

Inflammation is the most common feature of many chronic diseases and complica-
tions. It is an adaptive response triggered by harmful stimuli and conditions (e.g.,
infection and tissue injury) in tissues that is orchestrated by immune cells and medi-
ators of varied structures/classes derived from plasma proteins or secreted by
immune and organ parenchymal cells [20, 21]. Acute inflammation is the initial
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response toward noxious stimuli, which are sensed by innate immune receptors
expressed by tissue-resident cells including macrophages and mast cells [22]. The
activation of these receptors triggers signaling pathways (e.g., nuclear factor kappa
B (NF-xB), MAPK, janus kinase (JAK), signal transducers, and activators of tran-
scription (STAT)) [23, 24], which ultimately culminate in the production and release
of various pro-inflammatory molecules such as chemokines, cytokines, vasoactive
amines (histamine and serotonin), and eicosanoids (prostaglandins and leukotri-
enes) [25]. These mediators elicit local inflammatory exudate, a hallmark of acute
inflammation. Plasma proteins and leukocytes (mainly neutrophils) gain access to
the extravascular tissue and migrate to the site of inflammation [26]. At the inflam-
matory foci, neutrophils are activated and release reactive oxygen species (ROS)
and enzymes as a mechanism to eliminate pathogens and necrotic tissue. Although
this response is directed at containing tissue damage, collateral damage to the host
may occur [25]. Thus, if inflammation is deregulated or inappropriately directed
against self-organs, it can become detrimental and the cause of injury and disease
[20, 25].

When the immune response is successful at eliminating the pathogen or dam-
aged tissue, inflammation is followed by a resolution and repair phase. However, if
the inflammatory stimulus persists, pathogen-specific immunologic effector path-
ways, i.e., adaptive immune responses to these stimuli, are put into place, and acute
inflammation can progress to chronic inflammation. Adaptive immunity involves a
tightly regulated interplay between antigen-presenting cells (APCs) and T and B
lymphocytes. Recruited neutrophils are progressively replaced by macrophages and
lymphocytes. Moreover, proliferation of blood vessels, fibrosis, and tissue destruc-
tion may also be present [21]. Considerable progress has been made in understand-
ing the cellular and molecular events involved in the inflammatory response present
during host defense, and the causes and mechanisms of localized and systemic
chronic inflammation that occur in many diseases (including, chronic infection,
autoimmune and cardiovascular diseases, type 2 diabetes, obesity, among others)
[25]. However, current clinical therapies still need improvement and to find balance
between the inhibition of inflammation and infection susceptibility increase, tissue
damage, and drug side effects. Nevertheless, control of inflammation and the
immune response is critical to prevent various chronic diseases [25].

2.2 Regulation of Inflammation by Nrf2

In addition to the central role in redox homeostasis, Nrf2 has been shown to attenu-
ate inflammation [27-29]. Nrf2 activation in myeloid leukocytes alleviates inflam-
mation [30]. Increased Nrf2 expression inhibits the expression of pro-inflammatory
genes through down-regulation of the NF-xB pathway [31]. Nrf2-deficiency, on the
other hand, causes an exacerbation of inflammation directed at inflammatory stim-
uli (e.g., lipopolysaccharide [LPS]), in sepsis, pleurisy, emphysema [29, 32-34],
and autoimmune phenotypes in mice [35, 36]. In human clinical studies, an Nrf2
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Table 1 Nrf2 activity in immune cells

Cell types Activity

Neutrophils Reduces ROS production and TNF-a, IL-6, MCP-1, and MIP-2 expression
induced by LPS stimulus [33]

Macrophages Mitigates LPS-induced TLR4 surface expression, NF-«kB activation, ROS
production, IL-6, TNF-a, and IFN-f expression [30]

Enhances clearance of bacteria by modulating bacterial binding and
phagocytosis [66]

Inhibits TLR4 pathway activation by promoting PI3K/Akt and inactivating
Foxol signaling [80]

Dendritic cells | Regulates GSH levels, co-stimulatory receptor expression, phagocytic
functions, and antigen-specific CD8 T cell stimulation capacity [103]
Regulates basal ROS levels, and MAPK and NF-kB signaling [103]
Regulates the expression of MHC class II and cell surface co-stimulatory
molecules CD86 and CD80 (94)

T lymphocytes | Promotes Th2 skewing of CD4*, i.e., suppression of IFN-y production while
concurrently promoting the secretion of Th2 cytokines IL-4, IL-5, and IL-13,
by repressing T-bet DNA binding and inducing GATA-binding protein 3 DNA
binding [83]

Reduces the sensitivity to apoptosis mediated by Fas and TNF-a by
fine-tuning the intracellular redox equilibrium [108]

Impairs the activation of primary human T helper by decreasing the
expression of the activation makers CD25 and CD69 and IFN-y and IL-2
levels [110]

Regulatory T Promotes Treg by increasing fatty acid oxidation [96, 117]

lymphocytes Enhances Treg activation via GPx, thioredoxin, NQO1, and HO-1 expression
[118, 119]

Increases Treg survival by conferring cellular protection against oxidants and
other insults [113, 114, 117, 120]

inducer is being used in the treatment of multiple sclerosis [37, 38], in part due to
its anti-inflammatory effect. These observations indicate that Nrf2 is essential for
the control of inflammation [39].

In the past decade, numerous studies have demonstrated the role of Nrf2 in the
regulation of immune cells and responses (Overview in Table 1). Immune cells and
the immunological response are pivotal to orchestrating inflammation; therefore, in
the next sections of this chapter we will discuss how Nrf2 regulates innate and adap-
tive immunity and how it can modulate acute and chronic inflammation.

3 Role of Nrf2 in Innate Immunity

3.1 Overview of Innate Immunity

Infection and injury have been defying the survival of species throughout evolution
[40]. Innate immunity is an evolutionary ancient defensive frontline against infec-
tions and tissue lesions found in most multicellular organism [41, 42]. This early
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recognition system possesses a repertoire of conserved pattern-recognition recep-
tors (PRRs) encoded in the genome [40]. The PRRs are expressed on the cell sur-
face, intracellular compartments, or secreted in bloodstream or tissue fluids [43].
Several families of PRRs compose the innate immunity, including Toll-like receptor
(TLR), NOD-like receptor (NLR), and RIG-I-like receptor (RLR) [44], which are
responsible for recognizing pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs), presented in microbial infections
or released after injury, respectively [43, 45]. PAMPs or DAMPs activate innate
immunity, calling into action an appropriate metabolic, hemodynamic, immuno-
logical response to eliminate infections, facilitate healing, and initiate the transition
to adaptive immunity [40].

PRRs recognize PAMPs expressed by microorganism that have been phagocy-
tized by immune cells (mainly macrophages and neutrophils). The clearance of
these microorganisms occurs in the phagolysosome via the oxidative burst, which is
the production of ROS and nitrogen species (RNS) through NADPH oxidase and
nitric oxide synthase [46—48]. In addition to the mechanism of phagocytosis, the
activation of neutrophils induces the release of structures similar to a fibrous net-
work composed of DNA fragments, chromatin and neutrophilic granule proteins,
known as NETs (neutrophil extracellular traps). NETs are present in large amounts
in inflammatory and infectious sites, acting directly on microorganisms, promoting
an efficient extracellular microbicidal mechanism [49]. In the same line, tissue
injury and necrosis release DAMPs that activate PRRs. HMGB-1, which is a DAMP,
is a highly conserved and evolutionary protein that activates the immune response
during sterile inflammation [40]. It activates leukocytes through TLR4 and receptor
for advanced glycation end products (RAGE), activating NADPH oxidase to pro-
duce ROS, and inducing TNF-a production [40, 50-52].

Oxidative stress is the imbalance between oxidants and antioxidants. ROS and
RNS react with macromolecules inducing damage to biomolecules, such as DNA,
protein, and lipids [53, 54]. NF-kB is a redox-sensitive transcriptional factor, and its
activation leads to the expression of cell adhesion molecules, receptors, cytokines,
and chemokines [55-57]. NF-kB activation contributes to the production of free
radicals and pro-inflammatory response [58, 59]. For cells to maintain the redox
balance, a series of cytoprotective and antioxidant defense mechanisms, such as
Nrf2 and its downstream targets are in play [60, 61]. The transcriptional factor Nrf2
appears to be an important regulator of innate immunity and subsequent inflamma-
tory response by modulating oxidative/inflammatory stress (Overview in Fig. 1a).

3.2 Nrf2 and Innate Immunity

Innate immunity is responsible for early recognition and processing of pathogens.
During many types of viral infection, ROS levels are found to be increased [62]. In
Dengue virus (DENV) and respiratory syncytial virus (RSV) infections, similar
observations have been made [63]. Besides oxidative stress, during DENV
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Fig.1 Nrf2 in innate immunity. (a) Under physiological conditions: Pathogen-associated molecu-
lar patterns (PAMPs) expressed by viruses and bacteria and damage-associated molecular patterns
(DAMPs) released during tissue damage activate pattern-recognition receptors (PRRs) to induce
superoxide production. Superoxide anion, in turn, can produce other reactive oxygen species
(ROS) and reactive nitrogen species (RNS). Simultaneously, PAMPs and DAMPs, via PPRs, also
activate IkB kinase (IKK) complex, which phosphorylates IkBa, resulting in the ubiquitination and
dissociation of IkBa from NF-kB. Activated NF-kB subunits (p50/p65) translocate to the nucleus
and increase the expression of PRRs and pro-inflammatory cytokines. Superoxide anion induces
Keap-1 inactivation, releasing Nrf2 from its inhibitor. Nrf2 activates PI;K/AKT pathway, leading
to the inhibition of Foxol translocation to the nucleus. Stabilized Nrf2 translocates to the nucleus
and binds to antioxidant response element (ARE) gene promoter, inducing the expression of anti-
oxidant enzymes and macrophage receptor with collagenous structure (MARCO) receptors. (b)
Pharmacological induction of Nrf2 or conditional deletion of Keap-1: Pharmacological induction
of Nrf2 or conditional deletion of Keap-1 increases the levels of activated Nrf2. Stabilized Nrf2
translocates to the nucleus and binds to ARE gene promoter, inducing the expression of antioxidant
enzymes, which decrease ROS and RNS levels, and MARCO receptor. (¢) Nrf2 disruption: The
disruption of Nrf2 favors the translocation of Foxol to nucleus and enhances NF-kB-induced
PRRs and pro-inflammatory cytokines expression. Additionally, there is reduced translocation of
Nrf2 to the nucleus and subsequent expression of antioxidant enzymes and MARCO receptor.
Thus, Nrf2 disruption increases the levels of PRRs, pro-inflammatory cytokines, ROS, and RNS

infection, inflammatory (IFIT1, RSAD2, DDX58, CXCLI10, and IFNb) and apop-
totic (NOXA, BCLX, and RIPKI) gene expression are also upregulated [63-65].
Studies have shown that Nrf2 is also central to maintaining adequate immune and
apoptotic response. Proof of this is that slightly silencing Nrf2 increases DENV
mRNA accumulation and DENV infectivity [63]. On the other hand, viral infections
can inhibit Nrf2 activity, increasing oxidative stress and inflammation. RSV induces
the deacetylation of Nrf2 and posterior degradation through the proteasome [64]. In
RSV infection, Nrf27~ mice present greater bronchoalveolar injury and
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inflammation (i.e., increased leukocyte recruitment, notably neutrophils and eosino-
phils and IL-6, IL-13, and IL-18 production in bronchoalveolar lavage) compared to
wild-type (WT) (Nrf2**) mice [65]. Blocking histone deacetylase activity inhibits
Nrf2 degradation, restoring Nrf2 activation and Nrf2-dependent gene transcription
of NQO-1, superoxide dismutase (SOD)-1, and catalase in A549 epithelial cells and
human small airway epithelial cells [64]. Treatment with Nrf2 inducer butylated
hydroxyanisole inhibits oxidative stress in RSV infection in vivo and in vitro by
increasing NQO1, SOD, catalase, and Nrf2 protein expression [64]. Sulforaphane,
another Nrf2 inducer, inhibits RS V-induced oxidative stress and recruitment of neu-
trophils and eosinophils and increases the expression of Nif2, NQOI, glutathione
S-transferase P1 (GST-P1), HO-1, and GPx2 in mice [65]. Induction of Nrf2 by
sulforaphane also reduces viral load during RSV infection [65], demonstrating that
regulation of oxidative balance by Nrf2 is important for adequate response to viral
infection.

During bacterial infection, Nrf2 disruption increases the susceptibility to infec-
tion and sepsis in mice [30, 66—68]. Nrf2~~ mice present more severe Streptococcus
pneumonia-induced pneumonia, increased neutrophil recruitment, and TNF-« pro-
duction in the lung when compared to WT mice [68]. Additionally, defect in bacte-
rial clearance, systemic dissemination of the bacteria, increased disease score,
severity of illness, and higher mortality rate were also observed in Nrf2~/~ mice
[68]. In agreement with these data, the disruption of Nrf2 inhibitor Keap-1 in
myeloid leukocytes in mice increases peritoneal macrophage bacterial phagocytic
activity when compared to macrophages from mice with conditional Nrf2~~ disrup-
tion in myeloid leukocytes [30]. Of note, Nrf2 up-regulates the expression of mac-
rophage receptor with collagenous structure (MARCO) [66] (Fig. 1a), which is
responsible for the recognition and clearance of bacteria [69]. Treatment with the
Nrf2 inducer, sulforaphane, increases MARCO receptor expression (Fig. 1b), result-
ing in increased pulmonary clearance of Haemophilus influenzae and Pseudomonas
aeruginosa by alveolar macrophages in WT mice but not in Nrf2~~ mice exposed to
cigarette smoke [66].

The activation of the LPS/TLR4 signaling pathway increases ROS production
in an NADPH oxidase-dependent manner [33]. ROS, on the other hand, can
induce cytokine and chemokine expression by activating NF-xB [58, 59]. In
Nrf2~~ peritoneal macrophages, the activation of TLR signaling pathways are
increased when compared to WT macrophages. The TLR ligands (LPS-TLR4;
LTA-TLR2, CpG-TLRY9, and Poly[I:C]-TLR3) induce significantly greater
expression of IL-6, TNF-a, and MCP-1 in the Nrf27~ peritoneal macrophages
[30] (Fig. 1c). LPS activation of TLR4 increases ROS production and augments
TNF-a, IL-6, MCP-1, and MIP-2 gene expression in Nrf2~~ peritoneal neutro-
phils [33] (Fig. 1c). Additionally, ROS production appears to control TLR4 intra-
cellular traffic between the Golgi and plasma membrane [30]. In fact, in
Nrf2~/~ peritoneal macrophages, LPS induces TLR4 transport from the Golgi to
plasma membrane in an ROS-dependent manner [30]. Corroborating the effect of
Nrf2 deficiency, the disruption in Keap-1, which enhances Nrf2 activity, inhibits
TLR4 transport [30] (Fig. 1b). In the same line, treatment with CDDO-Im
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(1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole), a potent inducer
of Nrf2, protects WT, but not Nrf2~~ mice from LPS-induced septic shock by
attenuating TNF-a, IL-6, MCP-1, and MIP-2 gene expression in the lung [33].
Moreover, the conditional disruption of Keap-1 in myeloid leukocytes decreases
the mortality, lung injury, circulating levels of TNF-a, IL-6, MCP-1, and bactere-
mia induced by cecal ligation and puncture-induced sepsis compared to floxed
WT mice, and increases all these parameters in mice with conditional disruption
of Nrf2™~ in myeloid leukocyte [30]. Therefore, Nrf2 seems to regulate the innate
immune response during bacterial infection by modulating leukocyte activity,
host inflammatory response, and bacterial clearance.

In addition to regulating host response during infections, Nrf2 also plays an
important role in sterile inflammatory conditions such as ischemia/reperfusion (I/R)
injury [70]. TLR4 signaling is involved in several models of hepatic [71-74], pul-
monary [75], brain [76, 77] myocardial [78], and renal [79] I/R injury. In hepatic I/R
injury, the HMGB-1/TLR4 signaling pathway also seems to be involved [71].
During hepatic I/R injury in Nrf27~ mice, liver injury and inflammation was exac-
erbated, as observed by increased neutrophil and macrophage recruitment and
TNF-a and IL-1p production [80]. Treatment with cobalt protoporphyrin (CoPP)
inhibits liver injury and inflammation in WT mice, but not Nrf2~~ mice, and acti-
vates PI;K/AKT pathway that inhibits Foxol [80]. In bone marrow-derived macro-
phages (BMDM) CoPP induces Nrf2 in LPS-stimulated WT BMDM but not
Nrf2~= BMDM. CoPP also induces PI;K/AKT/Foxol pathway, decreasing Foxol,
TLR4, and NF-kB protein levels in LPS-stimulated WT BMDM [80], suggesting
that Nrf2 regulates TLR4 pathway through PI;K/AKT/Foxol [80, 81] (Fig. 1a).

Collectively, the data in the literature suggest that Nrf2 is a major player in innate
immunity and the control of oxidative/inflammatory stress in infectious and non-
infectious diseases (Table 2). The redox balance is held through Nrf2 activation and
the expression of its downstream targets. Besides, Nrf2 controls the expression of
PRRs, down-regulates the expression of TLR4 activating PI;K/AKT/Foxol signal-
ing pathway, and up-regulates the MARCO receptor expression, which enhances
bacterial clearance.

4 Nrf2 in Adaptive Immunity: Role of Dendritic Cells, Thl,
Th2, Th17, and Tregs

Unlike the innate immune system, the adaptive immune system is highly specific to
provide long-lasting protection in mammals. The adaptive immune response relies
on white blood cells to carry out its tasks: B cells and T cells. Both B cells and T
cells are lymphocytes derived from stem cells in the bone marrow and each type of
cell follows different pathways to their final mature forms [82].

Focusing on subtypes of T cells, they can express the surface protein marker
CD4 and are referred to as CD4* T cells or T “helper” (Th). These cells have no
cytotoxic or phagocytic properties, but they can manage the immune response by



Nrf2 in Immune Responses During Inflammation

31

Table 2 Outcomes of pharmacological induction of Nrf2 or conditional deletion of Keap-1 and

Nrf2 disruption

Pharmacological induction of Nrf2 or
conditional deletion of Keap-1

Nrf2 disruption

Butylated hydroxyanisole increases NQO1,
SOD, and catalase mRNA expression, and
Nrf2 protein expression in A549 epithelial
cells and human small airway epithelial cells
(SAECs) [64];

Sulforaphane inhibits RSV-induced oxidative
stress, neutrophil and eosinophil recruitment,
and increases the expression of Nrf2, NQOI,
glutathione S-transferase P1 (GST-P1), HO-1,
and GPx2 in the lung of mice. Additionally, it
reduces viral load during RSV infection [65];
Sulforaphane increases pulmonary clearance
of Haemophilus influenzae and Pseudomonas
aeruginosa in WT but not in Nrf2~~ mice. It
also increases MARCO receptor gene
expression in alveolar macrophages
transfected with mock siRNA, but not in Nrf2
siRNA [66];

CDDO-Im (1-[2-cyano-3-,12-dioxooleana-
1,9(11)-dien-28-oyl]imidazole) protects WT,
but not Nrf2~~ mice from LPS-induced septic
shock by attenuating TNF-a, IL-6, MCP-1,
and MIP-2 gene expression in the lung [33];
Keap-1 deletion in myeloid leukocytes
decreases the mortality, lung injury, circulating
levels of TNF-«a, IL-6, MCP-1, and bacteremia
in mice with cecal ligation and puncture-
induced sepsis [30];

The disruption of Nrf2 inhibitor Keap-1 in
myeloid leukocytes in mice decreases
LPS-induced ROS levels and TLR4 expression
in peritoneal macrophages, when compared to
conditional Nrf2 deletion in myeloid
leukocytes and floxed peritoneal macrophage
[23];

CoPP inhibits ischemia and reperfusion-
induced liver injury and inflammation in WT
mice but not Nrf2~/~ mice [80]

In bone marrow-derived macrophages
(BMDM), CoPP treatment induces PI;K/AKT/
Foxol pathway, decreasing Foxol, TLR4, and
NF-kB protein levels [80]

In Nrf2~'~ mice, respiratory syncytial virus
(RSV) infection induces greater
bronchoalveolar injury and increased neutrophil
and eosinophil recruitment and IL-6, IL-13, and
IL-18 production in the bronchoalveolar lavage
compared to wild-type (WT) mice [65];

In Nrf27~ mice, Streptococcus pneumonia
induces more severe pneumonia, increased
mortality rate, neutrophil recruitment, TNF-o
production in the lung, defect in bacterial
clearance, and systemic dissemination when
compared to WT mice [68];

In Nrf2~~ peritoneal macrophages, TLR ligand
stimuli induce significantly greater expression
of IL-6, TNF-a, and MCP-1 (30);

In Nrf2~"~ peritoneal neutrophils, LPS/TLR4
stimulus increases ROS production and
augments TNF-a, IL-6, MCP-1, and MIP-2
gene expression [33];

Conditional Nrf2 deletion in myeloid
leukocytes increases the mortality, lung injury,
circulating levels of TNF-a, IL-6, MCP-1, and
bacteremia in mice with cecal ligation and
puncture-induced sepsis [30];

Peritoneal macrophages from mice with
conditional Nrf2 deletion in myeloid leukocytes
after LPS stimulus increases TLR4 transport
from the Golgi to plasma membrane in an
ROS-dependent manner [30];

In Nrf2~~ mice, ischemia and reperfusion-
induced liver injury and inflammation is
exacerbated, as observed by increased
neutrophil and macrophage recruitment and
TNF-a and IL-1p production [80]

directing other cells to perform these actions [82]. For this reason, Th1/Th2 differ-
entiation of CD4*T cells is a critical process in tailoring an adaptive response to a
specific pathogen or disease, which allows for flexibility in T cell function and
downstream immune activity [83]. Besides the classical biphasic differentiation of
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Thl and Th2 cells, unexpected increases in the number of CD4*T cells subsets,
including Th17 and T regulatory (T reg) cells, have been recognized [84].

The pattern of activation in subtypes of CD4*T cells in the adaptive immune
system is a highly orchestrated process dictated by multiple cues from the immune
system [85]. Differentiation of naive Th cells into Thl, Th2, or Th17 effector cells
occurs within a few days of a direct contact with APC in lymph nodes [82, 86]. Of
note, APCs seem to have essential roles in both trafficking and presentation of
immunogenic peptides via major histocompatibility (MHC) class II to shape the
specific T cells response in accordance with the nature of invading pathogen or
peptide [87]. The optimal activation of T cells requires a double signal that involves
the engagement of the CD3-T cell receptors (TCRs) in association with co-stimula-
tory molecules such as B7, which interacts with CD28 on T cells [87-89].

In order to fully achieve the process of naive Th cell decision-making, it is impor-
tant to consider in a short term a variety of signaling cascade and molecular mecha-
nisms that establish the draft of Th phenotype [87]. Cytokines are the most influential
factor involved in T cell polarization [90, 91]. Nevertheless, the molecular mecha-
nisms including control of gene expression by intracellular signaling cascades,
chromatin remodeling, epigenetic molecules, and transcription factors have also
been described [87, 92].

In parallel, T cell activation and proliferation is strongly dependent on the redox
potential of the microenvironment [93, 94]. The phenotypes of Th cells appear to
essentially build on the activation of redox-sensitive signaling cascades, where oxi-
dative conditions support Thl development while antioxidant conditions drive to
Th2-type immune response [92, 93]. In this context, some studies suggest that Nrf2
activation may alter the shift in Th1/Th2 balance [83] (Fig. 2).

The pro-inflammatory cytokine IFN-y plays a central role in the Thl-type
immune response. IFN-y signaling starts pathogen and tumor protection mecha-
nisms in target cells and elicits ROS formation during the respiratory burst reaction
[92, 95]. A pro-oxidant environment in the initial phase of an immune response
might facilitate priming of Th1 cells. Conversely, regulation of the cellular redox
level by Nrf2 in diseases models protect against a steep Thl response by reducing
the recruitment of immune cells and cytokine production, including TNF-a and
IFN-y [96]. This finding was substantiated by enhancing Nrf-2 pathway through
generation of mice with genetic deletion of Keapl [94].

In line with this proposition, acommon food preservative, tert-butylhydroquinone
(tBHQ), is able to activate Nrf2 in T cells and suppress IFN-y production while
concurrently promoting the secretion of Th2 cytokines IL-4, IL-5, and IL-13. This
outcome is related to the Nrf2 repression of T-bet DNA binding and induction of
GATA-binding protein 3 DNA binding [83]. Both intersecting T cell transcriptional
factors enabled to define the genetic modules that control T cell polarity. The dif-
ferentiation of Th1 and Th2 cells is regulated by the transcription factors T-bet and
GATA3, respectively [97]. Further, CD4*T cells from Nrf2~'~ mice display a stron-
ger ability to secret IFN-y and restricted IL-4, IL-5, and IL-13 output compared to
T cells from WT mice [83] (Fig. 2).
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Fig. 2 Nrf2 in adaptive immunity: Role of dendritic cells, Th1, Th2, Th17, and Tregs. The activa-
tion of Nrf2 may alter the shift in Th1/Th2 balance in disease models by impairing Th1-driven
response and reducing the recruitment of immune cells and cytokine production, including TNF-a,
IFN-vy, and IL-12. This outcome is linked to the Nrf2 repression of T-bet DNA binding and induction
of GATA-binding protein 3 DNA binding. Thus, the interrelationship of these molecules favors the
secretion of Th2 cytokines IL-4, IL-5, and IL-13 in an antioxidant milieu. Besides the Th1/Th2
dichotomy, Nrf2 also modulates Th17 and Treg responses depending on the redox setting. Elevated
oxidative damage exacerbates the differentiation of Th17 cells in the absence of Nrf2. Peculiarly,
Nrf2 alters Th17 differentiation and related cytokines IL-17 and IL-6 by upregulating the expression
of suppressor of cytokine signaling 3 (Socs3). Nrf2, in turn, decreases the phosphorylation of Th17
transcription factor STAT3. Further, the effect of Nrf2 on the Th17 phenotype transcription factor
ROR-yT is currently still unknown. There is a link between Th17 and Treg cells, pharmacological
or genetic induction of Nrf2 in disease models evinces the reciprocal suppression of Th17 and
expansion of Foxp3-expressing T cells, possibly in an IL-16R signaling-dependent manner. These
populations are related to TGF-f3 and IL-10 secretion. In addition, the role of Nrf2 on Treg activation
seems to be dependent on genes coding for antioxidants, such as GPx, thioredoxin, NQO1, and
HO-1 and bestows to Tregs a reducing profile. Even with enhanced reducing properties, Tregs have
high lipid oxidation mediated at least, in part, by Nrf2 through fatty acid oxidation and energy and
power supply. Nrf2 can also modulate the T cell response by regulating oxidative stress-induced
activation of dendritic cells (DCs). Specifically, Nif2~"~ DCs present augmented expression of MHC
class II and the cells surface expression of co-stimulatory molecules CD86 and CD-80, which work
in tandem to influence the behavior of Th cells

L

Assessment of disease severity in Nrf2~/~ mice revealed that Nrf2 is able to regu-

late cellular redox level and molecular events that readily alter Th1/Th2 balance
[98]. In an attempt to understand the role of Nrf2 in experimental autoimmune
encephalomyelitis (EAE), mice were immunized with the myelin oligodendrocyte
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glycoprotein peptide (MOG 35-55). The disruption of Nrf2 resulted in a more
severe clinical course and rapid onset of the disease with glial cell activation via Th1
cytokines (IFN-y, TNF-a, and IL-12) [99]. Similarly, Nrf2 has a protective role
against the development of bleomycin-induced pulmonary inflammation and fibrotic
response by attenuating the events that readily alter the Th1/Th2 commitment [98].

Regarding the ability of Nrf2 to respond to low levels of oxidative stress, Nrf2
plays an essential role in the response to environmental insults (e.g., airborne pol-
lutants), indicating that it could be determinant to the susceptibility of developing
Th2-related diseases [27, 28, 100]. Nrf2 is a critical determinant of susceptibility to
allergen-induced asthma [27, 28], M. tuberculosis-induced granuloma development
at the late stage and atopic dermatitis [101]. These findings support a pleiotropic
role for Nrf2 in maintaining a balance between ROS production, antioxidant capac-
ity, and T helper functions since most studies show that Nrf2 activation skews
CD4*T cells toward Th2 commitment [83].

Nrf2 can also modulate T cell response by regulating oxidative stress-induced
activation of dendritic cells (DCs). DCs are a type of APC formers of a singular cel-
lular network that shapes T helper response [102]. Nrf2 inhibition markedly alters
the phenotype or murine DCs. In fact, Nrf2~~ DCs have impaired glutathione (GSH)
levels, reduced phagocytic activity, and enhanced T cells stimulatory capacity [103].
Disrupting Nrf2 in DCs leads to an environment of oxidative stress associated with
Th2-like response against endotoxin-free ambient particulate matter. Specifically,
Nrf2~~ DCs present augmented expression of MHC class II and the cells surface
expression of co-stimulatory molecules CD86 and CD80, which work in tandem to
influence the behavior of Th cells [94] (Fig. 2).

The redox state of DCs plays an important role in the decline of Thl immune
response [104]. One possible explanation is that oxidative stress diminishes IL-12
and subsequent IFN-y production in Thl cells. Thus, restoring Nrf2 activity up-
regulates Th1 response in aging through a restoration of redox equilibrium [104]. A
possible explanation is that Nrf2 via its effects on GSH synthesis and phase II
detoxification enzymes could distort the signaling pathways that are required for
DC maturation, cytokine production, and co-stimulatory receptor expression [104—
107]. This could favor DC survival in an oxidative stress environment, in addition to
contributing to increased viability in bystander T cells [104].

Evidence suggests that Nrf2 deficiency enhances the sensitivity to apoptosis
mediated by Fas and TNF-« by fine-tuning the intracellular redox equilibrium [108].
In human T helper cells, some studies have assessed the expression and activity of
Nrf2 at transcriptional levels [109]. In response to tBHQ, Nrf2 impairs the activa-
tion of primary human T helper by decreasing the expression of the activation mak-
ers CD25 and CD69 and IFN-y and IL-2 levels [110].

The discovery of an IL-17-producing population of CD4*T cells, termed Th17
cells, provided exciting new insights into adaptive immune regulation [111].
Recently, authors have shown that elevated oxidative damage exacerbates the dif-
ferentiation of Th17 cells in the absence of Nrf2. Specifically, Nif2 affects Th17
differentiation and related cytokines by upregulating suppressor of cytokine signal-
ing 3 (Socs3) expression. Nrf2 in turn decreases the phosphorylation of Th17
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transcription factor STAT3. In this sense, Nrf2 is a key modulator of Th17 by regu-
lating SOCS3/pSTAT3 axis [112] (Fig. 2). Moreover, pharmacological or genetic
induction of Nrf2 in experimental models focused on studying Th17 response show
the reciprocal suppression of Th17 and expansion of Foxp3-expressing T cells
[113]. Specifically, the Nrf2 nuclear translocation and subsequently increased
HO-1 expression directly converted the differentiation of naive T cells from Th17
cells to Treg cells, possibly in a dependent manner of IL-16R signaling [114].
However, the effect of Nrf2 on the Th17 phenotype transcription factor ROR-yT is
still unknown.

The notion that T cells could suppress the function of other cells was popularized
by Gershon and Kondo [115]. The detailed description for this T cell population
called suppressor or regulatory T cell (Treg) came later in studies describing that
Treg are generated from CD4+ T cells via activation of forkhead box P3 (FoxP3)
transcription factor upon TGF-f stimulation [116]. However, it is still not com-
pletely understood how Tregs control other cells at the molecular level. The Nrf2
pathway may have a significant role in Treg function and activity since this pathway
is involved in cell survival signaling and in response to oxidants and other insults to
confer cellular protection [117].

The role of Nrf2 on Treg activation seems to be dependent on genes coding for
antioxidants, such as GPx, thioredoxin, NQOI1, and HO-1 [118, 119]. Such mole-
cules would settle redox switches in a reduced (e.g., thiol or R—-SH) position [93,
118]. In this context, some studies have shown that thiol levels are significantly
greater in Treg populations with increased reducing power profile [118]. Consistent
with this proposition, in models of autoimmune diseases such arthritis, uveitis, and
acute kidney injury (AKI) disease, Nrf2 activity limits the break of immunological
tolerance possibly by increasing Treg activity and the intracellular redox potential
in this hostile milieu for lymphocytes [113, 114, 120] (Fig. 2). Another important
point is that instability associated with Treg in inflammatory condition is closely
linked to alterations in its metabolism [116].

Even with enhanced reducing properties, Tregs have high lipid oxidation rates
in vitro and express low levels of Glutl, a glucose transporter, that facilitates entry
of glucose into these cells, and low rated off fatty acid synthesis for this energy
requirement. Further, these studies indicate that fatty acid oxidation is the essential
metabolic process utilized for the generation of energy in Treg. A recent work pro-
posed that Nrf2 increases fatty acid oxidation and it could explain, at least in part,
the Nrf2 mechanism on Treg expansion [117]. Furthermore, Nrf2 alongside with
mTOR and AMP kinase pathway could determine the metabolic pathway to be exe-
cuted when T lymphocytes are activated [118].

Differentiation of T cells into effector versus regulatory pathways may be dic-
tated by the intracellular redox potential, and this may be set to a large degree by
Nrf2-sensitive genes [118]. The Nrf2 may affect the physiology and metabolism
of CD4* cells by adjusting the redox balance. This issue is of cardinal importance
since dysfunction in T cells physiology is presumed to be causative of autoim-
mune and inflammatory diseases that could be modulated by targeting the Nrf2
pathway.
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5 Role of Nrf2 in Immune Surveillance

In addition to protecting against pathogen infections, the immune system also plays
an important role in protecting the host from cancer [121]. The prevention of tumor
development by the immune system can occur in three different manners. The
immune system can protect the host from virus-induced tumors by eliminating or
suppressing viral infections; it is able to eliminate pathogens and induce resolution
of inflammation, preventing tumorigenesis; and can recognize and eliminate cancer
cells according to the expression of tumor-specific antigens or cellular stress, a cru-
cial process called immune surveillance [121]. Oxidative stress plays a role in can-
cer initiation and progression by inducing DNA damage, genome instability, and
cell proliferation survival and migration [122].

Nrf2 plays a dual role in cancer surveillance acting as a tumor suppressor and as
proto-oncogene. In early stages, Nrf2 is pivotal in the protection against chemical-
induced carcinogenesis since it is capable of inhibiting ROS-induced DNA damage
and tumor initiation and progression [123]. This protection is attributed to the
increased expression of detoxifying enzymes that enhance the chemical hydrophi-
licity and elimination of the carcinogens, the removal of ROS, and the clearance of
ROS-induced damage. Moreover, Nrf2 prevents oxidative stress during carcino-
genesis by the regulation of antioxidant genes, such as glutamate cysteine ligase
catalytic subunit (GCLC) and glutamate cysteine ligase modifier subunit
(GCLM) [124].

Nrf2 protection against chemical carcinogen-induced tumor has been demon-
strated in several studies. Nrf2~~ mice develop more gastric neoplasia induced by
benzo(a)pyerene compared to WT mice [125]. Nrf2~~ mice also present greater
incidence and size of colorectal cancers induced by azoxymethane. Moreover, more
prolapsed rectum and rectal bleeding was observed in Nrf2~/~ mice, indicating that
Nrf2 also plays a critical role in diminishing the inflammation associated to this
type of cancer [126]. Similar findings were observed for other types of tumors
induced by chemical carcinogens, for example, bladder tumor induced by
N-nitrosobutyl(4-hydroxybutyl)amine [127] and skin cancer after exposure to
7,12-dimethylbenz(a)anthracene or 12-O-tetradecanoylphorbol-13-acetate [128].

Nrf2 can also prevent cancer metastasis by maintaining the redox balance in the
hematopoietic and immune systems. In the Lewis lung carcinoma model, Nrf2-
deficient mice exhibit higher number of pulmonary metastatic nodules and an
increase in inflammatory cells when compared with control [129]. The anti-cancer
effect of Nrf2 may also be through immune-dependent pathways, mainly the
IL-17D-dependent recruitment of NK cells. The Nrf2-mediated induction of IL-17D
activates antitumor immunity to eliminate the tumor before Nrf2 shows its pro-
tumor activity [130]. Moreover, the protective effect of Nrf2 has also been attributed
to single-nucleotide polymorphism (SNP) in a promoter region of the Nrf2 gene.
Individuals with a single-nucleotide polymorphism in NRF2 upstream promoter
region (rs6721961) showed reduced NRF2 gene expression and higher risk of lung
cancer [131].
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Although Nrf2 has been shown to have a protective role in cancer, Nrf2 can also
act as a proto-oncogene. Similarly to the protective effect on normal cells, Nrf2 also
promotes the survival and growth of cancer cells under unfavorable conditions, i.e.,
chronic oxidative stress, by inducing antioxidant pathways [130, 132]. In fact,
higher expression of Nrf2 is indicative of a poor prognosis due to its ability to
increase cancer cell proliferation and promote chemo-resistance and radio-resistance
[133]. The overexpression of Nrf2 enhances antioxidant defenses, promoting cancer
resistance to chemotherapies. In fact, patients who show high levels of Nrf2 are less
responsive to common chemotherapeutic agents such as etoposide, carboplatin, cis-
platin, 5-fluorouracil, and doxorubicin [134, 135]. In human type II endometrial
cancer, Nrf2 overexpression was also implicated in the aggressiveness, resistance,
and poor prognosis of the disease [135]. In agreement, ovarian cancer cells resistant
to doxorubicin presented elevated levels of Nrf2 compared with controls and drug
sensitivity was restored by the depletion of Nrf2 [136]. Nrf2 overexpression has
also been observed in lung, breast, head, and neck carcinomas [133]. Moreover,
Nrf2 pathway is necessary for the expression of Multidrug Resistance-Associated
Protein 1 (MRP1) in H69 lung cancer cells [137]. Considering that resistance to
chemotherapeutic treatment represents a major difficulty in the treatment of cancer,
combined therapy using an Nrf2 inhibitor could be a new promising approach in
cancer therapy.

Nrf2 regulates cancer cell proliferation by enhancing anabolic metabolism,
maintenance of redox homeostasis, and activation of PI3K—Akt signaling and Nrf2-
PI3K-Akt pathway positive feedback [138]. The loss of function of Keapl also
seems to favor Nrf2-mediated cancer cell growth. Several studies suggest that the
loss of function of Keap! prolongs Nrf2 activation and consequently promotes can-
cer cell growth [132].

It is noteworthy that increased Nrf2 expression is commonly observed in cancer.
This can be attributed to several mechanisms, including somatic mutations in
KEAPI1, CUL3, or NRF2; epigenetic silencing of Keapl; aberrant accumulation of
proteins that disrupt the interaction between Nrf2 and Keapl; transcriptional up-
regulation of NRF2 through oncogene-dependent signaling; and modification of
Keapl by metabolic intermediates, which were widely discussed by Mitsuishi et al.
(2012) [138].

Therefore, Nrf2 has a dual role in cancer: Nrf2 can reduce inflammation-associ-
ated induction of cancer, as well as protect cancer cells once cancer has developed.

6 Diseases and Experimental Models in Which Nrf2-
Mediated Immune Response Plays an Important Role

Due to the broad action spectrum, Nrf2 is a valuable tool to assess tissue antioxidant
capacity and inflammation in different diseases and inflammatory contexts. In most
cases, Nrf2 deficiency is related to the aggravation of several pathologies in which
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Table 3 Diseases and experimental models in which Nrf2-mediated immune response plays an

important role

Disease
Diseases Experimental model Approach outcome | Reference
Acute kidney I/R-induced T cells from 1 [96]
injury Keapl~'~ mice
Alzheimer APP/PS1 transgenic Nrf2-ARE induction by || [152]
mice tert-butylhydroquinone
activation and adenoviral
Nrf2 target genes
Amyotrophic hSODI toxicity GFAP-Nrf2 transgenic | | [153]
lateral sclerosis mice
Asthma Irritant-induced airway | Nrf2~~ mice 1 [149]
hyperresponsiveness
Allergen-induced Nrf2~~ mice T [27]
Atherosclerosis Age-accelerated LDLR~~ mice T [156]
atherosclerosis
COPD Elastase-induced Nrf2~~ mice 1 [29]
Emphysema N/A Assessment of the N/A [140]
expression of Nrf2
protein in human
pulmonary tissue
samples and alveolar
macrophages from
patients with/without
emphysema
Fibrosis Bleomycin-induced Nrf2~~ mice T [150]
Liver injury CCl,-induced Nrf2~~ mice 1 [155]
Lupus nephritis Pristine-induced Nrf2~~ mice 1 [145]
Parkinson MPTP-induced Nrf2~~ mice T [151]

oxidative stress has a pivotal contribution. Thus, the role of this transcription factor
has been studied in varied disease contexts in order to elucidate the paradoxical
dysfunction of Nrf2 in non-malignant diseases and its relation with the immune
system. This section will focus on discussing the role of Nrf2 in diseases and its
relevance in immune cells (Table 3).

Ishii et al. (2005) have demonstrated the importance of Nrf2 in the protection
against elastase-induced pulmonary inflammation and emphysema. The develop-
ment of emphysema and depletion in antioxidant expression are exacerbated in
Nrf2~~ mice. Macrophage infiltration is pivotal to the pathophysiology of this
model, thus Nrf2~~ mice were transplanted with WT mouse bone marrow cells. The
presence of Nrf2** macrophages markedly ameliorated inflammation and disease
[29], highlighting the importance of this transcription factor in the front line immune
system cells, regulating inflammation and oxidative stress.
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Another stimulus that induces oxidative stress in the lungs is cigarette smoke.
Long-term exposure leads to chronic obstructive pulmonary diseases (COPD) char-
acterized by the presence of emphysema and/or chronic bronchitis. Nrf2~~ mice
have been shown to be more susceptible to COPD development when chronically
exposed to cigarette smoke. On the other hand, the exposure of WT mice to cigarette
smoke combined to a pharmacological-inducer of Nrf2 activation ameliorates the
outcome of COPD [139]. Corroborating these data, lung biopsies from patients with
cigarette smoke-induced emphysema revealed increased levels of Keep 1 and Bachl
and decreased expression of Nrf2 and downstream ARE genes (HO-1, GPX2, and
NQO1). Similar abnormalities in Nrf2, Keapl, and Bachl expression and increased
lipid peroxidation were found in the alveolar macrophages of these patients [140].
This evidence shows translational data supporting therapies to improve Nrf2 activity.

AKT is a kidney pathology with a high mortality rate [141]. T lymphocyte infil-
tration, inflammation, intense oxidative stress, apoptosis, and epithelial and endo-
thelial cell dysfunction have been implicated in the pathophysiology of this disease
[142, 143]. In order to study the relevance of T lymphocytes expressing Nrf2 in the
context of the disease, Noel et al. (2015) chose I/R-induced AKI model in mice.
Thereunto, Keapl was knocked out exclusively in T cells. Enhanced Nrf2 expres-
sion in T lymphocytes promoted Treg population and decreased number of macro-
phages and pro-inflammatory cytokine (TNF-a, INF-y, and IL-17) levels, which
ameliorated functional and histological alterations in the kidney [96].

As discussed above, Treg cells have an important role in self-tolerance, avoiding
the development of autoimmune diseases, and controlling the inflammatory pro-
cess. Scurf mice (Treg-deficient mice) develop severe multi-organ inflammation
with hyperactivation of autoreactive effector T cells and lethality of mice by 4 weeks
of age. Systemic activation of Nrf2, through Keap1 knockdown, reduces the number
of activated effector T cells, cytokines production and increase survival rate of scurf
mice in a Treg-independent manner [144]. Moreover, in pristine-induced lupus
nephritis, Nrf2~~ mice suffer from more renal damage and structural and functional
pathological alterations in the kidney. Interestingly, treatment with the Nrf2
pharmacological-inducer sulforaphane also ameliorates renal function, oxidative
injury, and the activation of NF-xB and TGF-f signaling pathway. Thus, Nrf2 plays
an important role in preventing the progression and severity of immune response-
mediated pathologies [145].

The integrity and adequate function of Nrf2 is age dependent [146]. Studies
have investigated the decrease in Nrf2 expression in aging and the increase in
susceptibility to oxidative stress and diseases. For example, aged Nrf2~~ female
mice develop lupus-like autoimmune nephritis [35]. In this study, the animals
were maintained in recommended conditions and no stimuli were used to generate
the pathology. At 60 weeks of life glomeruli lesions could be observed in these
mice [35]. In a similar context, Ma et al. (2006) assessed the manifestation of a
lupus-like systemic autoimmune syndrome, characterized by multi-organ inflam-
matory lesions in Nrf2~~ mice. The syndrome predominantly affects females and
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courses with the presence of anti-double-stranded DNA antibodies, intravascular
deposition of immunoglobulin complexes, and premature death. The mechanism
behind this syndrome is the increase in oxidative tissue lesions, enhanced prolif-
eration of T CD4" cells and unbalanced ratios of CD4" and CD8" cellular popula-
tion [36].

In humans, lower expression of Nrf2 was also observed in liver tissue of older
donors, and this was attributed to the increased susceptibility to I/R injury. The
decrease in Nrf2 expression during aging and its inhibition, secondary to Nf-kB
activation during inflammation, leads to a paradoxical suppression of Nrf2 activity
at a time the organism most needs its total functionality [147].

In contrast to previous studies revealing the positive effects of increasing Nrf2
activity, Keapl™~ mice show weaning-age (postnatal) lethality. The absence of
Keepl leads to the accumulation of Nrf2 in the cell’s nucleus, therefore, increasing
the expression of ARE genes. Although, increased Nrf2 activity is beneficial in most
diseases settings, its constitutive activation leads to morphological alterations in the
esophagus and forestomach, showing hyperkeratotic lesions. Two major conclu-
sions were made. First, there is a subset of genes responsible for squamous cells
differentiation in the ARE region; therefore, Nrf2 activates its transcription. Second,
during desquamation, keratin oxidation increases the susceptibility of keratins to
proteinases and the high amount of antioxidant proteins expressed constitutively
through Nrf2, minimizes this processes, avoiding desquamation of these areas
[148]. Therefore, it needs to be taken into account that induced Nrf2 and its coun-
terparts are essential to regulate the antioxidant response and prevent disease.
However, constitutive activation of Nrf2 can be prejudicial. Although
pharmacological-induced expression of Nrf2 is largely used in murine experimental
models, the side effects of this intervention need to be clarified, in order to be used
for therapeutic purpose.

The most common experimental tool used to study Nrf2 consists in the employ-
ment of murine KOs for its encoding gene, nrf2. Mice lacking Nrf2 shows complete
development, however high sensitivity to oxidative insults [146]. The use of Nrf2~/~
mice allowed a deeper understanding of Nrf2 and its role in pulmonary diseases,
such as asthma [27, 149], emphysema [140], fibrosis [150], and COPD [139]; neu-
rodegenerative diseases, such as Parkinson [151], Alzheimer [152], and amyo-
trophic lateral sclerosis [153]; inflammatory disorders, bowel diseases [154], liver
toxicity [155], atherosclerosis [156], autoimmune encephalomyelitis [157], and
autoimmune inflammation [144] (Table 3 and Fig. 3).

The majority of studies with Nrf2-based experimental models are focused in
determining the relationship between this transcription factor and the outcomes of
the disease replicated in this model. In contrast, those models are also employed in
the elucidation of pharmacological mechanisms using Nrf2 as a pivotal transcrip-
tion factor in the reduction of determined phenomena. Therefore, as broad as the
action spectrum of Nrf2 is the possibilities of its evaluation in a variety of experi-
mental models.
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Fig. 3 Role of Nrf2 in the regulation of oxidative stress, inflammation, immune responses and
surveillance, and diseases. Redox homeostasis: Cysteine residues within Keapl sense stress sig-
nals (reactive oxidants and electrophilic agents), and their modification leads to conformational
changes in Keap1, thereby inhibiting ubiquitination of Nrf2 by Keap1. Stabilized Nrf2 translocates
into the nucleus and binds to the antioxidant response elements (ARE) and enhances transcription
of antioxidants and detoxification enzymes responsible for restoring redox balance. Inflammation:
Increased Nrf2 expression in leukocytes inhibits the expression of pro-inflammatory genes through
down-regulation of the NF-kB pathway and inflammatory cell recruitment to the site of inflamma-
tion. Immune responses: Nrf2 is a major player in innate immunity and the control of oxidative/
inflammatory stress in infectious and non-infectious diseases. Nrf2 controls the expression of
pattern-recognition receptors (PRRs), clearance of pathogens, and activation of multiple intracel-
lular pathways, for example, PI;K/AKT/Foxol signaling pathway. In adaptive immunity, Nrf2 can
modulate T cell differentiation by regulating oxidative stress-induced activation of dendritic cells
(DCs). Additionally, Nrf2 displays important role in skewing Th responses, i.e., Th1, Th2, Th17,
and T regulatory (Treg). Nrf2 activation impairs Th1- and favors Th2-driven responses. There is
also a link between the induction of Nrf2 and suppression of Th17 and expansion of Foxp3-
expressing T cells (Treg cells). Immune surveillance: Nrf2 has a dual role in cancer. Nrf2 is impor-
tant to reduce reactive oxygen species (ROS), viral infection, and inflammation-induced
tumorigenesis. However, upon the development of cancer, similarly to the protective effect on
normal cells, Nrf2 also promotes the survival and growth of cancer cells under unfavorable condi-
tions, i.e., chronic oxidative stress, by inducing antioxidant pathways. Diseases and other condi-
tions: Due to the broad action spectrum, Nrf2 deficiency is related to the aggravation of diseases
and conditions in which oxidative stress is pivotal, for example, chronic obstructive pulmonary
diseases (COPD), asthma, kidney disease, and auto-immunity, and aging

7 Conclusion

Although Nrf2 is best known for its role in resistance to oxidant stress, it is also
critical to the regulation of inflammation and immune responses. Varied immune
cells express Nrf2 and its activation is essential to the regulatory role in inflamma-
tion and innate and adaptive immunity displayed by Nrf2 during infectious and
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non-infectious diseases. Most of the regulatory functions exerted by Nrf2 involve
the activation of its downstream targets and maintenance of redox homeostasis in
cells. Due to the broad action spectrum, deficiency or deregulation of Nrf2 axis is
related to the development and aggravation of several pathologies in which oxida-
tive stress has a pivotal contribution. While it is tempting to propose pharmacologi-
cal induction of Nrf2 as a potential therapeutic tool in diseases, adverse and off-target
effects of this intervention still need to be clarified. In cancer, for example, Nrf2 has
conflicting functions. Although it is an important protective mechanism in prevent-
ing the development of cancer, once it occurs, Nrf2 confers antioxidant protection
to cancer cells and favors their proliferation. Moreover, constitutive activation of
Nrf2 has been shown to be prejudicial to development. Therefore, further studies are
still necessary in order to understand the consequences of modulating Nrf2 activity
and propose it as a therapeutic target.
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Abstract Atmospheric pollutants and cigarette smoke influence the human respira-
tory system and induce airway inflammation, injury, and pathogenesis. Activation
of the NF-E2-related factor 2 (Nrf2) transcription factor and downstream antioxi-
dant response element (ARE)-mediated transcriptions play a central role in protect-
ing respiratory cells against reactive oxidative species (ROS) that are induced by
airway toxins and inflammation. Recent studies have revealed that Nrf2 can also
target and activate many genes involved in developmental programs such as cell
proliferation, cell differentiation, cell death, and metabolism. Nrf2 is closely regu-
lated by the interaction with kelch-like ECH-associated protein 1 (Keapl), while
also directly interacts with a number of other proteins, including inflammatory fac-
tors, transcription factors, autophagy mediators, kinases, epigenetic modifiers, etc.
It is believed that the multiple target genes and the complicated interacting network
of Nrf2 account for the roles of Nrf2 in physiologies and pathogeneses. This chapter
summarizes the molecular functions and protein interactions of Nrf2, as well as the
roles of Nrf2 and the Nrf2-interacting network in respiratory inflammation and dis-
eases, including acute lung injury (ALI), asthma, chronic obstructive pulmonary
disease (COPD), pulmonary fibrosis (PF), cystic fibrosis (CF), viral/bacterial infec-
tions, and lung cancers. Therapeutic applications that target N1f2 and its interacting
proteins in respiratory diseases are also reviewed.

1 Introduction

Environmental toxins generated by modern industry significantly influence human
health. The respiratory system is most susceptible to pollutants as it is directly
exposed to atmospheric toxins such as airborne chemicals, Os, particulate matter
(PM), and cigarette smoke (CS). Respiratory diseases and relevant secondary symp-
toms, including ALI, asthma, COPD, bacterial/viral infections, lung fibrosis, and
lung cancers, are among the most common causes of severe illness and death world-
wide [1].
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Most of the airway pathogeneses are related to xenobiotic and oxidative stresses
occurring in different types of respiratory cells. These stresses can be triggered
directly by the inhaled toxins (xenobiotics) or by excess reactive oxygen species
(ROS) that are induced by many of these toxins. Intracellular accumulation of ROS
may damage macromolecules including DNA, proteins, and lipids, thereby induc-
ing cell defects or death. Imbalanced redox homeostasis and cell damage lead to
inflammatory responses, which further enhance oxidative stress. Cellular factors
that can respond to and reduce oxidative/xenobiotic stresses are essential protective
machinery against airway pathogenesis.

NF-E2-related factor 2 (Nrf2), a cap ‘n’ collar (CNC)-bZIP family transcription
factor, is a central regulator that protects cells against ROS and xenobiotics [2, 3].
Activated by oxidative and xenobiotic stimuli, Nrf2 binds to antioxidant response
elements (AREs) and activates a battery of antioxidant and detoxifying genes [4].
Nrf2 also activates many developmental genes, allowing Nrf2 to regulate programs
that are related with cell proliferation, cell differentiation, cell death, and metabo-
lism [4]. In addition, Nrf2 interacts with many other proteins and pathways, provid-
ing a complicated regulatory network for redox homeostasis and other cellular
programs. Nrf2 is identified as the key player and important drug target for a num-
ber of human diseases including respiratory diseases [5]. Fully understanding the
molecular partners and downstream functions of Nrf2 will significantly aid in the
development of Nrf2-targeting therapies. This chapter first reviews the molecular
mechanisms of Nrf2, focusing on the multiple interacting partners of Nrf2. Next,
the molecular functions and therapeutic applications of Nrf2 and the Nrf2-interacting
network in respiratory inflammation and diseases are summarized.

2 Molecular Mechanisms of the Nrf2 Network

2.1 Keapl-Nrf2 Pathway

The key regulator of Nrf2 activity in response to oxidative and xenobiotic stimuli
is kelch-like ECH-associated protein 1 (Keapl). As an adaptor of the Cul3-based
E3 ligase, Keapl confines Nrf2 to the cytoplasm through mediating Nrf2 ubiqui-
tination and degradation [6]. The Keapl-Nrf2 interaction is mediated by the
Kelch repeats of the Keapl dimer and the N-terminal DLG and ETGE motifs of
Nrf2. Cysteine residues (e.g., C151, C273, C288) on Keapl can be modified by a
broad range of oxidative and xenobiotic compounds [7, 8]. According to the
established model, cysteine modifications alter the conformation of the Keapl
dimer and interfere with the Keap1-Nrf2 interaction, thereby blocking the protea-
somal degradation of Nrf2. The stabilized Nrf2 proteins accumulate in the nucleus
and activate transcriptions [9, 10]. After induction, Keapl can enter the nucleus
and shuttle Nrf2 back to the cytosol [11]. The genetic interaction of Keapl and
Nrf2 has been verified in vivo. Keapl~~ mice die before weaning due to a severe
dysfunction of keratinocytes, while co-knockout of Nrf2 significantly rescues the
viability of Keapl~~ mice [12].
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2.2 Nrf2-Downstream Genes and Functions
2.2.1 Antioxidant and Detoxifying Genes

Microarray analyses based on Nrf2 activators and Nrf2 knockout mice have identi-
fied many antioxidant and detoxifying genes that are controlled by Nrf2-ARE [4,
13-15]. Most of these genes code for enzymes that catalyze the metabolism or
removal of ROS and other toxins, including: (1) phase I antioxidant enzymes such
as superoxide dismutases (SODs), glutathione peroxidase (GPx), and glutathione
reductase (GR); (2) phase II detoxifying enzymes such as glutathione-S-transferase
(GST), NADP(H):quinone oxidoreductase-1 (NQO1), glutamate-cysteine ligases
(GCLM/GCLC); (3) phase III xenobiotic transporters such as multidrug resistance
protein 1 (MRP1); and (4) other stress response proteins such as heme oxygenase-1
(HO-1). Protective roles of some of these enzymes against respiratory inflammation
and damages have been demonstrated by several studies. For example, the lungs of
Sod2 mutant mice have enhanced sensitivity to hyperoxia [16], while overexpres-
sion of Sod?2 in the mouse airway reduces the hyperoxia-induced lung inflammation
and injury [17]. Activation of the Nrf2-ARE antioxidant pathway is believed to be
an efficient therapeutic strategy for redox-related lung diseases.

2.2.2 Other Nrf2-Target Genes and Functions

Recent studies in different model systems have revealed that Nrf2 can target genes
independent of oxidative and xenobiotic responses, demonstrating that Nrf2 can act
as more than just a detoxifying factor. For examples, a ChIP-seq study combining
microarray assays using mouse embryonic fibroblasts with either enhanced or
reduced levels of Nrf2 identified around 1000 Nrf2-target genes, more than half of
which were involved in cell proliferation [4]. Nrf2 can control adipogenesis through
binding to and activating peroxisome proliferator-activated receptor y (PPARY), reti-
noid X receptor a (RXRa), and small heterodimer partner (SHP) nuclear receptor
genes as well as some lipid metabolism genes [18-21]. The Nrf2-activated RXRa
can also control the differentiation of acute myeloid leukemia cells [22]. In addition,
Nrf2 can regulate neuronal stem cell fate through activating genes that inhibit self-
renewal or promote differentiation [23]. Another essential Nrf2-target gene is p62,
which mediates the role of Nrf2 in the regulation of autophagy [24]. In a human lung
cancer cell line, NRF2 activates transcripts of anti-apoptotic factor Bcl-2 and glu-
cose metabolic enzymes [25, 26], indicating the promotive role of Nrf2 in cancer
cell proliferation. It is notable that Nrf2 can target and inhibit some proinflammatory
cytokine genes such as IL6 through an ARE-independent manner, revealing a novel
mechanism that mediates the anti-inflammation function of Nrf2 [27].

Structural and functional conservation of the Keapl-Nrf2 signaling has been
revealed in mammals, zebrafish, and Drosophila [8, 28]. Studies using non-mamalian
model organisms provide additional insights into the biological functions of Nrf2.
In Drosophila, CncC and dKeap1 (homologs of Nrf2 and Keapl1, respectively) regu-
late metamorphosis through targeting and activating ecdysteroid biosynthetic genes
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and response genes in a tissue-specific manner [29], indicating a potential role of
Nrf2 family proteins in the regulation of steroid hormones. CncC and dKeapl also
regulate intestinal stem cell proliferation in Drosophila [30]. It is believed that mul-
tiple developmental functions of Nrf2 and Keapl in specific tissues contribute to
their complicated roles in diseases [31, 32]. How Nrf2 selectively targets and acti-
vates developmental genes remains to be elucidated, but it is likely that it acts
through mechanisms that differ from the classic ARE-dependent antioxidant path-
way. Notably, recent studies showed that dKeap]1 can directly bind to chromatin and
function as a transcription coactivator with CncC through interaction with CncC at
specific genomic loci [29, 33].

2.3 Other Nrf2-Interacting Proteins

Besides Keapl, a number of proteins that interact with Nrf2 have been identified.
These protein partners can regulate the activity, subcellular localization, degrada-
tion, and chromatin-binding specificity of Nrf2. This places Nrf2 in the center of a
multi-layer regulatory network for redox homeostasis and other cellular programs
(Fig. 1). These interactions are believed to mediate the complicated roles of Nrf2 in
pathogeneses, including respiratory diseases.
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Fig. 1 Nrf2-interacting network and its correlation with respiratory inflammation and diseases.
Nrf2 plays a protective role against respiratory inflammation and respiratory diseases through
mediating the transcriptional responses to oxidative and xenobiotic stresses. Nrf2 can also promote
lung oncogenesis through activating genes that facilitate cell proliferation. In addition, Nrf2 inter-
acts with many proteins and pathways, placing Nrf2 in the center of a network that controls redox
homeostasis, inflammation, and pathogenesis. The ovals represent proteins that can interact with
Nrf2. The positive and negative regulators of Nrf2 activity are colored in green and red, respec-
tively. Proteins in blue ovals can either activate or inhibit Nrf2 activity. The identified roles of Nrf2
and some of the Nrf2-interacting proteins in respiratory inflammation and diseases are represented
with line connections
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2.3.1 Inflammatory Factors

Nuclear factor kappa light chain enhancer of activated B cells (NF-kB) and activator
protein 1 (AP-1) are classic transcription factors that induce inflammation in
response to oxidative stress through the activation of genes encoding proinflamma-
tory cytokines and chemokines. The essential roles of NF-kB and AP-1 proteins in
inflammation and chronic lung diseases (e.g., asthma, IPF, and COPD) have been
identified by many studies [34-36]. It is noted that oxidative stress can co-activate
NF-kB and Nrf2 pathways. For example, PM exposures co-induce NF-xB and
Nrf2-HO-1 in both mouse lungs and human bronchial epithelial cells [37, 38].
NF-xB can inactivate Nrf2 by competing with the CBP-Nrf2 interaction or by
recruiting the transcription repressor HDAC3 to ARE [39]. The AP-1 subunit c-Jun
can dimerize with Nrf2 at AREs and co-activate Nrf2-induced transcription, while
another AP-1 subunit c-Fos can suppress Nrf2-induced transcription [40, 41].
Crosstalk between Nrf2 and these inflammatory factors establishes a mechanism
whereby Nrf2 regulates inflammation.

2.3.2 Small Maf Transcription Factors

Nr1f2 can form heterodimers with small Maf (sMaf) transcription factors, including
MafF, MafG, and MafK [42]. These interactions are mediated by their leucine zip-
per domains. It has been well established that the Nrf2-sMaf complexes recognize
ARE and the sMaf proteins can support Nrf2-mediated transcriptional activation
[43]. Combinatory knockouts of MafF and MafG can rescue the lethality of Keap!
null mice, suggesting the cooperative roles of sMaf proteins with Nrf2 in vivo [44].
ChIP-Seq analyses of Nrf2-MafG-binding sites indicate that Nrf2-sMaf heterodi-
mers globally regulate antioxidant and metabolic genes [45].

2.3.3 ATF/CREB Transcription Factors and Cofactors

A number of transcription factors, coactivators, and mediators can form complexes
with Nrf2 at AREs and control Nrf2-mediated transcription. The mediator MED16
directly interacts with Nrf2 and mediates 75% of Nrf2-dependent transcription [46].
CREB-binding protein (CBP) and its cofactor p300 can bind the Neh4/5 domains of
Nrf2. It was observed that p300 and Nrf2 can be co-recruited to ARE in response to
oxidative stress [47, 48]. The Nrf2—CBP interaction can be regulated by a C1//HCO3~
channel protein cystic fibrosis transmembrane conductance regulator (CFTR), which
also interacts with Nrf2 and promotes Nrf2-dependent transcription in human bron-
chial epithelial cells [49]. Activating transcription factor 4 (ATF4) can dimerize with
Nrf2 at ARE and co-activate HO-1 [50]. Formation of the ATF3-Nrf2 dimer can com-
pete with the Nrf2—CBP interaction at ARE and suppress Nrf2-induced transcription
[51]. On the other hand, ATF3 depletion in human bronchoalveolar epithelial cells
enhances NRF2 degradation through KEAP1 and DJ-1 pathways [52]. Therefore,
ATF3 can either positively or negatively control Nrf2 activity.
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2.3.4 Nuclear Receptors

Several nuclear receptors can enhance or inhibit Nrf2 activity through interactions
with Nrf2. PPARY can directly bind to Nrf2 [53], while Nrf2 and PPARY also regu-
late the transcription of each other in the lungs of hyperoxia-induced mice [54, 55].
Estrogen receptor a (ERa) can form a complex with Nrf2 and suppress the Nrf2
pathway in a ligand-dependent manner [56]. Retinoic acid receptor o (RARa) can
inhibit Nrf2 binding to ARE [57]. Direct interactions between DNA-binding
domains of RAR« and the Neh7 domain of NRF2 have been reported recently in
acute promyelocytic leukemia, in which RARa fuses with promyelocytic leukemia
protein (PML) [58].

2.3.5 p62 and Autophagy

Nrf2 can directly activate gene expression of p62, a selective adaptor that targets
ubiquitinated cargos to the autophagosome during autophagy [24, 59]. In addition,
phosphorylated p62 can interact with the Kelch repeats domain of Keapl and com-
pete with the Keap1-Nrf2 interaction, resulting in stabilization of Nrf2 and activa-
tion of antioxidant genes [24, 60, 61]. Inhibition of autophagy by arsenic can induce
accumulation of autophagosomes and p62, resulting in prolonged activation of Nrf2
[62]. On the other hand, since p62 is an autophagy target, induction of autophagy
can enhance the degradation of p62-Keapl complexes, thereby activating the Nrf2
pathway [63].

2.3.6 Kinases and Nrf2 Phosphorylation

In response to specific compounds, Nrf2-ARE activity can be controlled by protein
kinases such as PKC, Akt, ERK, and p38 MAPK in specific cell types, including
pulmonary epithelial cells [64]. Nrf2 can be directly phosphorylated by PKC and
MAP kinases [65, 66]. How this phosphorylation controls Nrf2 function remains to
be elucidated. ERK/MAPK is required for the oxidative-induced NRF2 nuclear
localization in HepG2 cells [67]. However, another study indicates that phosphory-
lation of Nrf2 by MAPK at multiple sites only moderately enhances Nrf2 nuclear
accumulation [66]. The p38 MAPK inhibits Nrf2-mediated HO-I expression in
HepG2 and MEF cells [68, 69]. In C. elegans, phosphorylation of the Nrf2 homolog
SKN-1 by p38 MAPK or by Akt have opposite effect on SKN-1 nuclear accumula-
tion and transcription activity [70, 71]. In Drosophila, CncC functions downstream
of the Ras/ERK pathway to activate ecdysone-synthetic genes in the prothoracic
gland [29, 72]. In addition, the constitutively activated Ras¥'?> modulates CncC
binding at specific chromatic loci, indicating that MAPK may directly control the
chromatin binding specificity of Nrf2 [29].
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2.3.7 Acetylation of Nrf2

Nrf2 can be acetylated by CBP/p300 [48]. Upon oxidative stimuli, acetylation of
Nrf2 at Lys-588/591 by CBP/p300 enhances the binding of Nrf2 to ARE promoters,
supporting CBP/p300 as a coactivator of Nrf2 in oxidant responses [48]. Alternative
reading frame (ARF), a tumor suppressor that triggers apoptosis, directly interacts
with Neh1/3 domains of NRF2 in a human non-small cell lung carcinoma cell line
[73]. It was proposed that the ARF-Nrf2 interaction prevents acetylation of NRF2
by CBP and suppresses Nrf2-mediated transcription [73, 74]. Males absent on the
first (MOF), a histone acetyltransferase, can acetylate Nrf2 at Lys-588 and is
required for Nrf2-induced transcription [75]. Nrf2 can be de-acetylated by sirtuin 1
(SIRT1) at Lys-588/591, which suppresses Nrf2-dependent transcription [76].
These studies indicate acetylation as a positive regulatory mechanism for Nrf2
activity. Alternatively, since both CBP/p300 and MOF are histone acetyltransfer-
ases [75, 77], these proteins may cooperate with Nrf2 indirectly through the epigen-
etic regulation of chromatin structure.

2.3.8 Epigenetic Machinery

Increasing lines of evidences reveal the interactions of Nrf2 with epigenetic modi-
fiers. Brahma-related gene 1 (Brgl), the ATPase of SWI/SNF complex, forms a
complex with Nrf2 selectively at the HO-1 promoter and activates HO-1 transcrip-
tion through Brgl-mediated Z-DNA formation [78, 79]. Chromodomain helicase
DNA-binding protein-6 (CHD®6) interacts with the Neh3 domain of Nrf2 and facili-
tates Nrf2-induced NQO! expression [80]. Silencing mediator for retinoid and thy-
roid hormone receptor (SMRT), a transcriptional repressor that mediates histone
deacetylation, can interact with Nrf2 Neh4/5 domains and inhibit Nrf2-induced
GSTA2 expression [81]. Notably, a recent study in Drosophila showed that deple-
tion of CncC or dKeap! suppresses pericentric silencing and decreases the level of
heterochromatin marker H3K9me?2, providing direct evidence in support of the epi-
genetic role of Keapl/Nrf2 family proteins in chromatin remodeling [82].

2.3.9 Other Nrf2-Interacting Proteins

BTB domain and CNC homolog 1 (Bach1) is a CNC family transcription factor that
is essential in controlling heme level through the inhibition of HO-1 gene. Bachl
can dimerize with sMaf and compete with the Nrf2—sMaf interaction at ARE sites
and inhibit the activation of HO-1 [83]. NRF2-induced HO-1 expression requires
inactivation of BACH1 [84]. BACH1 can promote invasion and metastasis by acti-
vating metastatic genes [85, 86]. Recent studies showed that Nrf2 activation can
inhibit the F-box Protein 22 (Fbx022)-induced Bach1 degradation, revealing a novel
mechanism whereby the Nrf2-Bach1 pathway promotes carcinogenesis [87, 88].
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The p21 tumor suppressor can interact with the DLG and ETGE motifs of Nrf2,
compete with the Keapl1-Nrf2 interaction and stabilize Nrf2 [89]. This discovery
adds one more mechanism to the multiple functions of the p53-p21 pathway in
cytoprotection and cell survival, indicating a potential role of the Nrf2-p21 network
in oncogenesis [90].

DJ-1/PARK?7 is a protein that plays multiple antioxidant and cytoprotective
functions and is associated with cancer and neurodegeneration. DJ-1 can stabilize
Nrf2 by inhibiting the Keapl-Nrf2 interaction and proteasomal degradation of
Nrf2 [91]. High levels of both DJ-1 and NRF2 were seen in a large set of lung
carcinomas [92].

Phosphoglycerate mutase 5 (PGAMS) is a mitochondrion-binding protein whose
ESGE motif can interact with the Kelch domain of Keap1 [93]. It was proposed that
a Keapl dimer can simultaneously interact with one Nrf2 and one PGAMS5 mole-
cule. This PGAMS-Keap1-Nrf2 complex can be anchored to mitochondrial surface
and likely serve as an antioxidant mechanism specifically targeting ROS leaked
from mitochondria [94].

3 The Roles of Nrf2 and Nrf2-Interacting Proteins
in Respiratory Diseases

3.1 ALI/ARDS

Acute lung injury (ALI) is a syndrome manifesting as lung edema, inflammation,
and alveolar hemorrhaging. If not treated, ALI can progress into its severe form,
acute respiratory distress syndrome (ARDS). ALI can be induced by aspiratory
injuries caused by various stimuli. For example, mechanical ventilation (MV) along
with hyperoxia is used as a therapy for patients with respiratory dysfunction, but can
induce lung inflammation and ventilator-induced lung injury (VILI), which directly
causes or exacerbates ALI. ROS play a central role in the pathogenesis of lung
injury and ALI/ARDS [95]. Protective roles of Nrf2-ARE-activated genes against
respiratory injury have been revealed in mouse models with induced lung injury. For
examples, overexpression of SOD2 in airways of mice can reduce the hyperoxia-
induced lung injury and inflammation [17, 96]. In support of a protective role of
Nrf2 in the lungs, enhanced lung injuries and inflammatory responses to MV were
found in Nrf27~ mice compared with wild-type mice, and these responses can be
restored by supplementing Nrf2~~ mice with antioxidant N-acetylcysteine (NAC)
[97]. Sulforaphane (SFN), an activator of Nrf2, can reduce pulmonary injury in
wild-type mice but not in Nrf27~ mice [98]. CDDO-imidazolide (CDDO-Im),
another Nrf2 activator, protects the lungs of mice against CS-induced oxidative
stress and alveolar damage through the Nrf2 pathway [99]. These studies support
the use of Nrf2-activating antioxidant therapeutics as a way to attenuate pulmonary
inflammation and damage in ALI/ARDS patients.
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Cooperative roles of Nrf2 with several interacting partners, including ATF3,
PPARY, Brgl, p62, and Akt, in lung inflammation and injury have been revealed.
ATF3-deficient mice have enhanced susceptibility to ALI and VILI, which is associ-
ated with the recruitment of inflammatory cells and loss of junctions among resident
cells [52, 100]. It was proposed that ATF3 can reduce lung injury through inhibiting
Nrf2 degradation via Keapl and DJ-1 pathways [52]. The protective role of Nif2 in
hypoxia-induced ALI can also be mediated by PPARY, which can be transcription-
ally induced by Nrf2 and activate several anti-inflammatory and antioxidant genes
[55]. In a hepatic ischemia/reperfusion (HIR)-induced ALI mouse model, overex-
pression of Brgl increases Nrf2 activity and reduces ROS and inflammatory factors
in lung tissues [101]. Autophagy plays both a positive and negative role in ALI, and
this dual role is suggested to be mediated by the Keap1-Nrf2-p62 pathway [102].
The protective role of the PI3K/Akt-dependent activation of the Nrf2-HO-1 path-
way against lipopolysaccharide (LPS)-induced lung inflammation and injury was
revealed in mice treated with desoxyrhapontigenin [103].

3.2 Asthma

Asthma is a lung disorder that is characterized by the swelling of airways, which
causes breathing difficulty, coughing, wheezing, and chest tightness. The swelling
of the airways can be initiated or exacerbated by environmental allergens (pollen,
mold, etc.) and irritants (smoke, dust, gas, etc.). In a mouse model, challenging by
the allergen ovalbumin increases inflammation and asthma symptoms by inducing
the expression of proinflammatory factors and increasing mucus secretion and
airway hyperresponsiveness. In these allergen-challenged mice, Nrf2 knockout
resulted in a worsening of asthma symptoms, represented by a higher number of
inflammatory cells in bronchoalveolar lavage (BAL) fluid and an increase in
mucus-producing cells in the proximal airways [104]. When being exposed to
acetylcholine, a molecule involved in asthma pathogenesis, the lungs of Nrf27~
mice are more prone to asthmatic symptoms than the wild-type mice, represented
by the less stretch and the greater resistance of air passage through the airways
[104]. In humans, a recent study on childhood bronchial asthma in Egyptian chil-
dren found that children with lower levels of NRF2 in the serum had more severe
asthma [105].

Given the role of Nrf2 in protection against asthma, a number of drugs targeting
Nrf2 have been tested in rats and mice and been found to reduce asthma symptoms.
For example, polydatin treatment of asthmatic mice showed upregulated Nrf2 sig-
naling and reduced oxidative stress in the lungs as well as attenuation of asthma
symptoms [ 106]. Treatment of asthmatic rats with methanolic extract from Artemisia
pallens increased Nrf2 levels in the lungs and reduced oxidative stress and inflam-
mation [107]. Taken together, these studies suggest that Nrf2 plays an important
role in protecting the lungs against asthma and can be a target for asthma treatment.
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3.3 CcopD

Chronic obstructive pulmonary disease (COPD) is usually caused by exposure to
cigarette smoke (CS) or occupational exposure to various chemicals and smoke, and
characterized by airway inflammation and emphysema. Emphysema is mainly caused
by damage to alveolar walls and enlargement of air sacs, making it difficult to exhale
and inhale. Several studies in mice and humans have indicated that Nrf2 appears to
play a protective role against emphysema, and the loss of Nrf2 activity correlates
with the progression of COPD. Emphysema can be induced in mice by elastase,
which is an enzyme that breaks down elastin, a protein that is vital to the elasticity of
the lungs. Although both wild-type and Nrf2~~ mice have alveolar wall damage and
enlarged airspaces upon elastase treatment, these symptoms are exacerbated in the
Nrf27/~ mice [108]. Elastase-treated mice had a significant increase in expression of
Nrf2-regulated antioxidant genes in the alveolar macrophages. Transplantation of
wild-type bone marrow to Nrf2~~ mice significantly reduced emphysema symptoms,
indicating that the Nrf2-induced antioxidant pathway in alveolar macrophages plays
a protective role against lung inflammation and emphysema [108]. In Drosophila,
drug-induced increase in Nrf2/CncC activity partially rescued the flies that had been
chronically exposed to CS [109]. Fisetin, a plant flavonoid compound, has been sug-
gested as a potential therapeutic to COPD since it can activate the Nrf2 pathway and
reduced the oxidative stress, inflammation, and lung damage caused by CS exposure
to rats [110]. In human studies, it has been found that initial exposure to CS results in
activation of NRF?2 in alveolar macrophages. However, in older smokers with COPD,
NRF2 expression was reduced in alveolar macrophages [111]. Genetic polymor-
phisms in NRF2-regulatory genes or NRF2-target genes have also been found to
contribute to COPD [112]. These studies demonstrate the importance of Nrf2 in pro-
tecting the lungs against oxidative stress and damage from CS while suggesting Nrf2
as a potential therapeutic target in COPD treatment.

The role of Nrf2 dysfunction in COPD is likely mediated by the loss of DJ-1. In
support of this model, DJ-1 overexpression activates Nrf2 and inhibits apoptosis of
alveolar type II cells that are treated with CS extract, suggesting the protective role
of the DJ-1-Nrf2 pathway against the CS-induced oxidative stress and inflammatory
response [113]. Crosstalk of Nrf2 and NF-«B in inflammation and COPD have been
revealed by many studies [35]. In particular, a number of nature products or phar-
macological compounds that can simultaneously activate the Nrf2 pathway and
inhibit the NF-kB pathway have shown therapeutic potency against respiratory
inflammation and COPD [114-119].

3.4 Lung Fibrosis/IPF

Lung fibrosis is generally caused by the proliferation of fibroblasts from profibro-
blasts and the subsequent accumulation of extracellular matrix proteins. Idiopathic
pulmonary fibrosis (IPF) is a disease that is characterized by progressive scarring
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of the lung tissue around the alveoli. This results in thickening and stiffness of the
alveolar walls and makes it difficult for oxygen to penetrate into the bloodstream,
leading to symptoms that include dry coughing, breathing difficulty, and finger
clubbing. Although the causes of IPF remain to be fully understood, oxidative
stresses that are induced by stimuli such as CS are thought to be a contributing
factor [120]. IPF patients have higher than normal levels of ROS in the BAL fluid
and lower than normal levels of antioxidant enzymes (e.g., SOD) and antioxidants
in the lungs. Bleomycin-induced pulmonary injury, inflammation, and fibrosis in
mice has been used as a model to study lung fibrosis. Nrf2~~ mice have signifi-
cantly higher sensitivity to the bleomycin-induced fibrogenesis than wild-type
mice [121], suggesting that Nrf2 plays a protective role against pulmonary
fibrosis.

It is well-known that the herbicide paraquat (PQ) can cause pulmonary fibrosis
in animals and human [124]. Rapamycin is known to protect against PQ-induced
lung injury and has been suggested as a potential treatment for pulmonary fibrosis
[122]. Treatment of rats or mice with rapamycin led to an increase in Nrf2 levels and
adecrease of PQ-induced ROS and fibrosis-related factors, and the effect of rapamy-
cin can be reversed by an Nrf2 knockdown [123, 124]. In several in vitro assays, the
PQ-induced fibroblast-to-myofibroblast transition (FMT) or epithelial-mesenchymal
transition (EMT), both important cellular processes in fibrosis, were inhibited by
treatment with rapamycin or Nrf2 activator [123, 124]. Rosavin, emodin, and pir-
fenidone are other drugs that have recently been proposed as treatments for pulmo-
nary fibrosis [125-127]. Treatment of mice or rats with these compounds increases
the expression and/or activity of Nrf2 and reduces the bleomycin-induced lung
fibrosis. It is also noticed that these drugs can simultaneously inhibit NF-kB or
Bachl, suggesting that the unbalanced Nrf2/NF-kB or Nrf2/Bach1 equilibrium may
contribute to the development of IPF.

3.5 Cystic Fibrosis

Cystic fibrosis (CF) is a genetic disease caused by mutations in the gene that encodes
the cystic fibrosis transmembrane conductance regulator (CFTR), a cAMP-
dependent and ATP-gated chloride channel that regulates epithelial surface fluid
secretion in respiratory and gastrointestinal tracts. In the lung of a CF patient, the
mucus blocks the airways and traps bacteria, leading to infections, inflammation,
and respiratory dysfunctions. CF is commonly associated with the F508del muta-
tion of CFTR. It was found that CFTR interacts with Nrf2 in human bronchial epi-
thelial (hBE) cells, and that CFTR-NRF2 interaction decreases in CF hBE cells
[49]. VX809 and VX661, the approved correctors for CFTR-F508del, restores Nrf2
phosphorylation and its interaction with CBP [49]. Excessive inflammation trig-
gered by the activation of NF-kB by oxidative stress is highly related with the mor-
bidity and mortality of CF [128]. Roles of CBP-Nrf2-NF-kB network in CF have
been revealed in airway epithelial cells both in vitro and in vivo. Dramatic decrease
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of Nrf2 activity is detected in CF cell lines as well as lungs and excised nasal epi-
thelia of CF mice [129]. The defective Nrf2 in CF cells is associated with cAMP
signaling, and inhibition of cAMP signaling can interfere in CBP interactions with
Nrf2 and NF-kB, resulting in enhanced Nrf2 activity and reduced NF-kB activity in
CF cells [130]. Combined, these studies implicate that reducing inflammation in CF
by strengthening CBP-Nrf2 or weakening CBP-NF-xB interactions might be
potential therapies for CF.

3.6 Respiratory Infections

There are many different viral and bacterial infections that can occur in airways.
The most common pathogens are viruses, including respiratory syncytial virus
(RSV), influenza A virus (IAV), adenovirus, coronavirus, etc. The less common but
very present bacterial pathogens include Streptococcus pneumoniae, Haemophilus
influenzae, and Mycobacterium tuberculosis (TB). Both viral and bacterial infec-
tions occur in the upper and lower respiratory tract as well as the esophagus.
Infection-induced symptoms such as coughing and mucus build up can cause dam-
age to the epithelial tissue and create ROS.

RSV targets the epithelial airway tissues and has been found to activate deacety-
lation and proteasomal degradation of Nrf2 [131]. Nrf2”~ mice that are infected
with RSV show more severe lung inflammation and injury as well as attenuated
viral clearance than wild-type mice [132]. IAV mainly targets the epithelial tissue
and specifically alveolar type I and II epithelial cells. An in vitro study shows that
infection of these cells by IAV increases NRF2/HO-1 level. NRF2 knockdown
causes these cells to be more sensitive to [AV-induced injury, while overexpression
of NRF2 shows a protective effect against IAV [133]. It was found that a NRF2
knockdown is correlated with an increase in viral entry and replication while SFN-
induced activation of NRF2 in human nasal epithelial cells significantly decreases
TAV entry and replication, directly supporting a protective role of Nrf2 against IAV
infection [134]. The effectiveness of entry and replication of a virus can be altered
with the cleavage of viral HA surface proteins, which allows the virus to enter the
targeted host cell. It has been shown that an increase in NRF2 expression correlates
with a lowered expression of the viral HA gene [134]. Several Nrf2 activators have
shown protective effect against RSV and IAV. For example, SFN or emodin treat-
ment significantly reduces virus-induced lung inflammation and viral replication
[132, 135].

Streptococcus pneumoniae is the most common cause of pneumonia and sep-
sis. Nrf2 knockout has an increase of proinflammatory mediators and neutrophils
present in lung digests from mice treated with Streptococcus [136]. Activation of
NRF2 by resveratrol significantly reduced oxidative stress in human lung epithe-
lial cells infected by Streptococcus [137]. Another common bacterium that
infects the lungs is Tuberculosis (TB). The Nrf2 activator NAC has been shown
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to decrease the bacteria counts and lung injury in guinea pig model infected by
TB, suggesting that NAC could be used as an optional aid along with treat-
ment [138].

3.7 Lung Cancers

The double-sided sword roles of Nrf2 in carcinogenesis has been revealed in many
studies and discussed in several reviews [10, 139]. On the one hand, Nrf2-deficient
mice treated with different carcinogens show increased severities of inflammation-
associated carcinogenesis such as the AOM/DSS-induced colonic tumor [140]. On the
other hand, enhanced levels of NRF2 or mutations that are predicted to activate NRF2
are found in many human cancers especially lung cancers [10, 141-144]. In support
of the promotive role of Nrf2 in lung cancer, targeted deletion of Nrf2 reduces ure-
thane-induced lung tumorigenesis in mice [145]. NRF2 depletion increases chemo-
sensitivity of human lung cancer A549 cells both in vitro and in vivo [146]. Lung
tumorigenesis induced by constitutively active K-Ras®'?P is suppressed in Nrf2-
deficient mice [147]. It is proposed that Nrf2 facilitates cancer cell resistance to che-
motherapeutic drugs and radiation through the activation of the antioxidant pathway.
Enhanced NRF2-HO-1 pathway is increasingly seen in lung adenocarcinoma [148].
In addition, Nrf2 can promote cancer cell proliferation through activating proliferat-
ing and metabolic genes [139]. In human lung cancer cell lines, NRF2 activates tran-
scriptions of anti-apoptotic factor Bcl-2 and glucose metabolic enzymes [25, 26],
which to some extent accounts for the role of NRF2 in promoting Iung cancers.

Recent studies have revealed that the Nrf2-interacting networks also contribute
to the oncogenic role of Nrf2 in lung cancers. For example, single nucleotide poly-
morphisms (SNPs) in MAF-G have been found to be associated with lung cancers
or airway transcription response to CS [149]. Enhanced levels of both MOF and
NRF2-target transcriptions were revealed in human non-small cell lung cancer [75].
Co-upregulation of both DJ-1 and NRF2 were observed in a large set of lung carci-
nomas [92]. Depletion of KEAP1 in human non-small cell lung carcinomas cell
lines increases their sensitivity to chemotherapeutic agents, which is likely medi-
ated by enhanced PPARY levels and its activation of differentiation genes [150].
Novel mechanisms of the Nrf2-Bach1 pathway in lung cancer metastasis has been
recently identified [87, 88]. In normal cells, free heme inhibit Bach1 activity through
Fbxo22-mediated ubiquitination. In cells with enhanced Nrf2, activation of HO-1
decreases the cellular level of heme thus stabilizing Bachl. Enhanced Bachl pro-
motes lung cancer metastasis through the activation of metastatic genes and gly-
colysis genes. Another protein that cooperates with Nrf2 in the promotion of lung
cancer is ATF4. Nrf2-ATF4 dimer can directly target and activate HO-1 gene [50].
Cooperative activations of HO-1 by Nrf2 and ATF4 promotes fibrosarcoma lung
colonization [151]. Nrf2 and ATF4 can also co-activate biosynthetic enzyme genes
involved in serine/glycine metabolism, which plays a promotive role in non-small
cell lung cancer [152].
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4 Lung Disease Therapies Targeting
Nrf2-Interacting Network

Given the protective role of Nrf2 in airway inflammation, injury and pathogenesis,
designing drugs that target Nrf2 and its essential regulator Keapl is valuable for
lung disease therapies. Many nature products and pharmaceutical compounds have
been identified as activators or inhibitors of Nrf2 and Keap1 [153]. Protective roles
of these drugs against lung inflammation, injuries, and diseases have been verified
in mouse models, and some drugs are in clinical trials. For example, SFN (an iso-
thiocyanate isolated from cruciferous plants) treatment enhances bacteria removal
and phagocytosis in the alveolar macrophages from both mice and COPD patients,
supporting the therapeutic effect of SFN in treating COPD [154, 155]. A drug screen
in human lung fibroblasts identified a group of synthetic small molecules (HPP-4382)
that induced Nrf2-dependent HO-1 expression [156]. Among these compounds,
HPP971 has completed phase 1 studies and shown potential therapeutic benefits in
diseases, including respiratory injuries (vTv Therapeutics).

The roles of Nrf2 in respiratory inflammation and diseases can be mediated by
many other proteins that interact with Nrf2 (Fig. 1). Therefore, based on knowledge
of the molecular functions of the Nrf2 network in pathogeneses, drugs targeting the
Nrf2-interacting networks can increase the efficiency and selectivity of therapies.
Scientists are screening for compounds that directly target Nrf2-associated protein
complexes especially the Keap-Nrf2 complex. In addition, compounds that simul-
taneously target Nrf2 and its interacting partners have shown therapeutic potency
for lung diseases.

4.1 Compounds Targeting Nrf2—Keapl Interaction

Several groups have successfully identified compounds that directly interfere with
the Nrf2—Keap1 interaction. These include ML334 by Hu and colleagues and mono-
acidic compounds by GlaxoSmithKline Pharmaceuticals [157, 158]. These com-
pounds have been shown to induce the expression of NRF2-regulated genes in
bronchial epithelial cells derived from COPD patients and reverse ozone-induced
lung inflammation in rats [158].

4.2 Compounds Co-Targeting Nrf2 and NF-xB

NF-xB is an essential factor and therapy target for airway inflammation and
chronic lung diseases [159]. Natural products that have both antioxidant and anti-
inflammatory effects were seen in recent studies as potential therapies for
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inflammation-related lung injuries and diseases. For example, tyrosol (a natural
phenolic antioxidant) treatment of LPS-induced ALI mice significantly inhibited
NF-kB and AP-1 and reduced inflammatory cytokines, while at the same time
activating Nrf2 and HO-1 [160]. Oridonin (isolated from Rabdosia rubescens)
and bardoxolone (a synthetic triterpenoid based on oleanolic acid) inhibit the
NF-kB pathway and activate the Nrf2 pathway in LPS-induced ALI mice [161,
162], supporting the antioxidant and anti-inflammatory effects of these com-
pounds for ALI protection and therapy. Investigations of several compounds tar-
geting the Nrf2-NF-kB network in both mouse and rat models have shown their
potential therapeutic effects against CS-induced inflammation, emphysema, and
COPD. These include natural products such as forsythiaside (a hydroxycinnamic
acid from Forsythia suspensa) [114], eucalyptol (a monoterpenoid oil isolated
from Eucalyptus) [115], platycodin D (a saponin from the root of Platycodon
grandiflorus) [116], and isoliquiritigenin (a flavonoid from Glycyrrhizae species)
[117], as well as pharmacological compounds such as Sul-121 [118] and 15d-
PGJ2 [119]. All these drugs can reduce respiratory inflammation and CS-induced
emphysema through both the activation of the Nrf2 pathway and the down-regu-
lation of the NF-kB pathway. In addition, rosavin (found in Rhodiola rosea) and
emodin (isolated from rhubarb Rheum palmatum), nature products that activate
Nrf2 and inhibit NF-«xB, have recently been proposed as treatments for pulmonary
fibrosis [125, 126]. Dimethyl fumarate (DMF) was approved by the FDA for the
treatment of multiple sclerosis. It was found that DMF can both activate Nrf2 and
inhibit the NF-kB pathway and prevent the development of bleomycin-induced
lung fibrosis in mice [163]. Notably, DMF can control Nrf2 activity in a dose-
dependent manner. In several cancer cells, low concentrations of DMF activate
Nrf2, while high concentrations of DMF reduce the nuclear Nrf2 level, likely
through the down-regulation of the Nrf2 stabilizer DJ-1 [164].

4.3 Compounds Targeting Nrf2 Phosphorylation Pathways

Desoxyrhapontigenin (isolated from rhubarb plants), a compound that shows sig-
nificant anti-inflammatory and antioxidant effects, can inhibit MAPK, Akt, and
NF-xB and activate Nrf2 [103, 165]. It was found that desoxyrhapontigenin pre-
treatment reduces LPS-induced lung inflammation and injury in mice through the
PI3K/Akt-dependent activation of the Nrf2-HO-1 pathway [103]. Metformin
reduces the risk of lung cancer during anti-diabetic treatment [166]. A recent
study showed that metformin suppresses proliferation and induces apoptosis of
the human lung carcinoma A549 cells through the inhibition of the Akt and
ERK1/2 signaling pathways and activation of Nrf2 [167]. These studies indicate
the potency of Nrf2 phosphorylation pathways as therapeutic targets for lung
diseases.
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4.4 Other Compounds Targeting Nrf2 Network

Interacting with the Keapl-Nrf2 pathway, autophagy can play both positive and
negative roles in chronic lung diseases, CS exposure, and ALI [102]. It was found
that vitamin D can protect against PM-induced lung injury in mice through the deg-
radation of p62 and Keap1 and the activation of the Nrf2 pathway [168]. Pirfenidone
(PFD), an approved drug for IPF treatment, can suppress bleomycin-induced lung
fibrosis through both the activation of the Nrf2 pathway and the inhibition of Bachl
[127, 169].

5 Conclusions

As a master antioxidant factor, the protective roles of Nrf2 against respiratory
inflammation and pathogenesis, as well as the brilliant potency of Nrf2-targeting
therapies for lung diseases, have been verified and supported by numerous stud-
ies. However, with the revealing of more and more Nrf2-interacting proteins/path-
ways and Nrf2-targeting genes/functions, the complexity of the Nrf2 network in
physiology and pathology needs to be considered when designing therapies tar-
geting Nrf2. On the bright side, selectively targeting Nrf2-related protein interac-
tions or regulatory networks could increase the efficiency and specificity of
therapies. On the negative side, off-target effects that are related to the multiple
interacting partners and biological functions of Nrf2 need to be considered when
modifying Nrf2 level or activity in different types of cells. Many recent studies
have focused on the potential application of natural antioxidant-rich foods that
have limited side effects. Although the protective effects of many of the natural
products against lung inflammation and pathogenesis have been verified in animal
models, their therapeutic efficiency for lung diseases as well as long-term biologi-
cal effects in humans remain to be evaluated.

Given that activation of the Nrf2 pathway is a strategy for treating most of the
respiratory diseases, we should be mindful of the tumorigenic risk of Nrf2 activa-
tors. Chemoprevention effects of some Nrf2 inducers, such as SFN and CDDO-Im,
have been studied in both animal models and clinical trials [170, 171]. It is neces-
sary to determine the safe thresholds of Nrf2 level in specific cells as well as the
safe doses of Nrf2 activators that will not induce oncogenesis. It would also be
useful to design therapies that differentially target the oncogenic role and protec-
tive role of Nrf2, which may be achieved by targeting specific Nrf2-related protein
interactions in the future. Doubtlessly, revealing the complete range of molecular
mechanisms and biological functions of the Nrf2 network will contribute to the
development of Nrf2-targeting therapies.
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Nrf2 in the Regulation of Endothelial Cell
Homeostasis During Inflammation
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Abstract Vascular endothelial cells line the inner surface of blood vessels, func-
tioning as the selective barrier between the blood and internal organs. Inflammation
in endothelial cells impairs vascular functions, such as barrier function and the con-
trol of blood pressure, and enhances the recruitment of leukocytes, resulting in car-
diovascular disease or cerebrovascular disease. Vascular inflammation is often
initiated by enhanced generation of reactive oxygen species (ROS) and provokes
additional oxidative stress. The transcription factor Nrf2 (nuclear factor erythroid
2-related factor 2) coordinately activates the expression of antioxidant and xenobi-
otic detoxifying genes, thereby protecting the vascular cells from oxidative stress. A
number of studies have investigated the role of Nrf2 in endothelial cells and revealed
that endothelial Nrf2 is activated not only by well-known electrophilic Nrf2 induc-
ers such as sulforaphane in broccoli but also by mechanical shear stress and by cir-
culating insulin-like growth factor (IGF)-1. Nrf2 is activated in the endothelial cells
of straight segments of vessels that are exposed to unidirectional laminar flow
(L-flow), thus contributing to the atheroprotective property of these areas. In con-
trast, Nrf2 activation is defective and unactivated in cells in branched segments that
are exposed to disturbed flow; these areas are atheroprone. We review the mecha-
nisms for endothelial Nrf2 activation via physiological stimuli and its effects on
vascular biology, and we discuss the roles of Nrf2 target genes.

1 Function of Endothelial Cells

Vascular endothelial cells are a type of epithelial cells that line the cardiovascular
system from the heart to the capillaries. A defective function of the endothelium is
a key risk factor for cardiovascular disease (CVD) and initiates the development of
atherosclerosis [1-3]. Endothelial cells have unique functions in vascular biology,
as described below (Fig. 1).
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Fig. 1 Endothelial functions. The functions of normal endothelial cells and cells involved in
inflammation are shown. See text for details

1.1 Barrier Functions

Endothelial cells form a physical barrier that separates blood from each tissue.
Communication between blood and tissue occurs through the delivery of molecules
and circulating substances across a single layer of endothelial cells by bidirectional
transport, either through endothelial transporters or the interspace between cells [4].

1.2 Control of Blood Pressure

Endothelial cells produce and secrete endothelium-derived relaxing factor (EDRF)
(i.e., nitric oxide (NO)) and endothelium-derived contracting factor (EDCF) (i.e.,
endothelin) in response to various stimuli to adjust blood pressure [5-7]. In particu-
lar, NO is generated by the conversion of the amino acid L-arginine to NO and
L-citrulline by the endothelial NO synthase (eNOS) [8, 9]. Once produced, NO
rapidly diffuses across smooth muscle cells and induces relaxation by activating
guanylate cyclase to produce cGMP [8, 9]. NO also protects against vascular injury,
inflammation, and thrombosis, as mentioned below.
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1.3 Thrombosis and Fibrinolysis

Endothelial cells are normally anticoagulant and antithrombotic because they pro-
duce and secrete antiplatelet agents, such as prostacyclin and NO [10]. Endothelial
cells express heparan sulfate on the cell surface, which acts as a cofactor for activat-
ing antithrombin [11]. Endothelial cells are also involved in fibrinolysis by secreting
tissue-type plasminogen activator that converts plasminogen to the active enzyme
plasmin through constitutive and regulated pathways [10].

1.4 Angiogenesis

Vascular endothelial growth factor (VEGF) is an inducer of angiogenesis [12].
VEGF binds to the tyrosine kinase receptor VEGE receptor 2 (VEGFR2) of endo-
thelial cells and stimulates the production of factors that increase vessel permeabil-
ity (eNOS), proliferation/survival and migration. The repair of damaged organ and
wound healing are achieved by regulated angiogenesis.

1.5 Leukocyte Recruitment

The interaction of endothelial cells and leukocytes is usually inhibited by basal
levels of endothelial NO but activated in response to various stimuli, such as infec-
tion, certain mechanical stress, and ischemia reperfusion through the downregula-
tion of NO or upregulation of adhesion molecules [2, 3, 13]. Proper leukocyte
recruitment is necessary for regulated inflammation, while excessive or persistent
reactions result in tissue-damaging inflammation that associated with the dysfunc-
tion of endothelial cells.

2 Inflammation in Endothelial Cells

2.1 Triggers of Inflammation in Endothelial Cells

Inflammation of endothelial cells is evoked by various pathological states, such as
dyslipidemia, hypertension, and hyperglycemia, which are closely linked with life-
style as well as infection (Fig. 1) [1-3]. In dyslipidemia, low-density lipoprotein
(LDL) undergoes oxidative modification and is converted to oxidized LDL (oxLDL).
oxLDL elicits the recruitment of leukocytes to the endothelial cells by decreasing
intracellular NO, inducing the expression of adhesion molecules, chemokines, and
proinflammatory cytokines [1-3]. On the other hand, the overexpression of angio-
tensin II (AII) is the cause of vascular dysfunction in renovascular hypertension. AIl
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induces the production of superoxide anion (O,~) and activates the expression of the
proinflammatory cytokines, monocyte chemoattractant protein-1 (MCP-1), and vas-
cular cell adhesion molecule-1 (VCAM-1). In the case of hyperglycemia, advanced
glycation end products (AGEs) bind to receptors for AGEs (RAGEs) and induce the
production of proinflammatory cytokines in endothelial cells by activating the tran-
scription factor NF-kB, the master regulator of inflammation. Hyperglycemia also
promotes oxidative stress by enhancing the generation of reactive oxygen species
(ROS) by multiple mechanisms [1-3, 14—17]. Importantly, the greater amount of
glucose influx to endothelial cells results in increased flux of mitochondrial respira-
tion substrates, leading to production of mitochondrial O, [14-16] (Fig. 2). O,~
activates poly (ADP-ribose) polymerase (PARP) by inducing DNA double-strand
break to inhibit the activity of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), one of glycolytic enzyme, by polyADP-ribosylation resulting in the pro-
duction of AGEs, activation of PKC, and polyol pathway. Importantly, ROS such as
O,™ reduces NO bioavailability by directly reacting with NO leading to peroxyni-
trite (ONOOQO~™) production or inducing eNOS uncoupling [18, 19].

2.2 Consequences of Inflammation in Endothelial Cells

Inflammation in endothelial cells is accompanied by the activation of NF-kB. NF-xB
transcriptionally activates several genes such as cell adhesion molecules, chemo-
kines and cytokines, resulting in recruitment of monocyte and cell proliferation [3].
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Inflammation in endothelial cells promotes macromolecular transport by decreasing
cell-to-cell and cell-to-matrix adhesion and by increasing centripetally directed ten-
sion (i.e., cell shrinkage), resulting in the formation of intercellular gaps [4].
Inflammation may also increase the selective transport of macromolecules through
cells [4]. Such dysfunction of endothelial cells in coronary arteries results in dimin-
ished NO production, leading to impaired vasodilation and myocardial perfusion,
which cause myocardial ischemia [1, 2].

3 Shear Stress

The vascular endothelial cells are constantly exposed to hemodynamic forces.
Endothelial cells can sense hemodynamic forces because they have receptors that
sense the flow and transduce mechanical signals [20-23]. The nature of the endothe-
lial mechanical stress that occurs from the exposure to blood flow varies depending
on the arterial architecture [21-24]. Steady laminar flow (L-flow) or pulsatile flow
that occurs in the straight segments of the arterial tree is atheroprotective, whereas
disturbed oscillatory flow (O-flow) in branch points are atheroprone because the
respective shear stress has different effects on endothelial cells. L-flow confers pro-
survival, cell-statics, and barrier function on endothelial cells, and it suppresses
coagulation and leukocyte adhesion. On the other hand, O-flow gradually alters the
endothelial cells toward proliferative and procoagulant properties, reduces barrier
function, and increases the adhesion of leukocytes to endothelial cells. These differ-
ences are mainly attributable to the alteration of transcriptional regulation in endo-
thelial cells through receptors for mechanical stress [20-23]. During L-flow, the
transcription factor Kriippel-like transcription factor 2 (KLF2) is activated in endo-
thelial cells, and KLF2 directly upregulates eNOS expression, resulting in increased
NO production [25, 26]. In contrast, in endothelial cells that are exposed to O-flow,
decreased KLF2 expression reduces eNOS-mediated NO production and results in
inflammation and oxidative stress in these cells [27]. In addition to KLF2, increasing
observations have demonstrated that Nrf2 (nuclear factor erythroid 2-related factor
2)is also akey player that acts as an endothelial mechanosensitive transcription factor.

4 Nrf2 Activation in Endothelial Cells

4.1 Transcription Factor Nrf2

The transcription factor Nrf2 is a master regulator of cytoprotective response against
oxidative stress and xenobiotics (Fig. 3). Under unstressed conditions, Nrf2 is ubiq-
uitinated by the Keapl (Kelch-like ECH-associated protein 1)-Cul3 E3 ligase and
degraded by the proteasome [28-31]. Upon exposure to electrophiles or oxidants,
Keapl-dependent Nrf2 degradation is attenuated because of the modification of
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reactive cysteine residues of Keapl, resulting in Nrf2 accumulation in the nucleus
[32-37]. In addition, the glycogen synthase kinase 3 (GSK-3) phosphorylates Nrf2.
Then, phosphorylated Nrf2 binds to the f-TrCP-Cull E3 ligase and is degraded via
the ubiquitin-proteasome pathway in the nucleus [38, 39]. Because the phos-
phoinositide 3-kinase (PI3K)/Akt pathway, which is the intracellular signaling path-
way related to cellular proliferation and survival, inhibits GSK-3 activity by
phosphorylation, the protein level of Nrf2 is often augmented in proliferating cells
that exhibit increased PI3K/Akt pathway activation [40, 41]. Accumulated Nrf2 in
the nucleus heterodimerizes with small Maf proteins (sMaf) and binds to antioxi-
dant or electrophile response elements (AREs/EpREs, respectively) in the gene
regulatory region of many cytoprotective genes [42—45]. Nrf2 activates genes
involved in the synthesis and conjugation of glutathione (GSH), antioxidant pro-
teins/enzymes, drug-metabolizing enzymes, drug transporters, proteasome sub-
units, pentose phosphate pathway enzymes, and enzymes involved in nucleotide
synthesis [42, 43, 46]. To examine the physiological effects of Nrf2 in vivo, Nrf2
gene targeting was performed [42]. Nrf2 knockout (KO) mice are viable and fertile
under normal conditions, but these mice are susceptible to various environmental
chemicals that provoke oxidative stress or bacterial endotoxin [42, 47, 48]. In
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contrast, Nrf2 activation by compounds that modify reactive cysteine of Keap1 con-
fers protection against various stressors and diseases in mice [37, 49—54]. The anti-
inflammatory activity of Nrf2 is often explained by its antioxidant protein/
enzyme-inducing property because the exacerbated inflammation in Nrf2 KO mice
is often alleviated by N-acetyl cysteine (NAC) [47]. However, it has been recently
shown that Nrf2 represses interleukin (IL)-6 or IL-1p transcription by directly bind-
ing to their regulatory regions although the precise mechanisms are presently
unclear [55].

4.2 Shear Stress and Nrf2

cDNA subtraction and microarray analysis revealed that L-flow activates ARE-
regulated genes, such as NAD(P)H quinone oxidoreductase 1 (NQO1), heme oxy-
genase 1 (HO-1), ferritin, microsomal epoxide hydrolase, glutathione S-transferase,
y-glutamylcysteine ligase, and solute carrier family 7, member 11 in human aortic
endothelial cells (HAECs) [56] or human umbilical vein endothelial cells (HUVECsS)
[57]. Exposure to L-flow induces the nuclear translocation of Nrf2 in endothelial
culture cells [58-61] and in endothelial cells in the straight segments of the arterial
tree [62, 63].

Several possible mechanisms have been suggested for N1f2 activation by L-flow.
We showed that the cyclooxygenase-2 (COX-2)-dependent generation of 15-deoxy-
A prostaglandin J, (15d-PGJ,), which belongs to the cyclopentenone-type pros-
taglandins with electrophilic character, is essential for the induction of Nrf2 target
genes in endothelial cells in response to L-flow (Fig. 4a, b). L-flow induces Nrf2
accumulation, the increased binding of it to the ARE of NQO1, and increases target
gene expression, such as NQOI, HO-1, and ferritin heavy chain (Fig. 4b—e).
Exposure of endothelial cells to L-flow enhances the production of prostaglandin D,
(PGD,) and 15d-PGJ, through the upregulation of cytosolic phospholipase A,
COX-2, and lipocalin-type PGD synthase [64—66], and specific COX-2 inhibitors
(Nimesulide and NS-398) repress the production of PGD, and Nrf2 activation. Of
note, it was reported that 15d-PGJ, covalently binds to Cys273 of Keapl and sup-
presses Nrf2 degradation [34-36, 58, 67, 68]. Thus, although it is well known that
15d-PGJ, possesses anti-inflammation roles by activating PPARy and repressing
NF-kB, the novel function involving Nrf2 adds to the anti-inflammatory function of
15d-PGlJ,.

Exposure of HUVECs to L-flow induces Nrf2 nuclear translocation, which is
inhibited by LY294002, a phosphatidylinositol 3-kinase (PI3K) inhibitor and cal-
phostin C, a protein kinase C (PKC) inhibitor [60, 62] (Fig. 5). These results dem-
onstrated that PI3K and PKC are involved in the signaling pathway that leads to the
nuclear translocation of Nrf2 in response to L-flow. As mentioned above, Nrf2
activity is enhanced by the activation of the PI3K/Akt pathway by inhibiting
B-TrCP-dependent degradation in the nucleus [40, 41]. It was also reported that
PKC phosphorylates Nrf2 and regulates Nrf2 target gene expression in response to
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immunoprecipitation (ChIP) assay was carried out with the anti-Nrf2 antibody or normal rabbit
IgG. (b—d) were reprinted from an already published report [58]. (¢) Mechanism of Nrf2 activation
by blood flow. Although both L-flow and O-flow induce Nrf2 accumulation in the nucleus, only
L-flow, but not O-flow activates Nrf2 binding to ARE of target genes and activates their expression.

One plausible explanation is the presence of factor X that is inducible by O-flow and inhibits Nrf2
binding to ARE

oxidative stress [69, 70]. Such mechanisms may be involved in the regulation of
Nrf2 activity in endothelial cells under L-flow condition.

KLF2, a master regulator of endothelial cells, is also involved in Nrf2 activation
[59] (Fig. 5). The siRNA-mediated knockdown of KLF2 partially decreases NQO1
expression under L-flow conditions, whereas KLF2 overexpression increases NQO1
expression both in the absence and presence of the Nrf2 inducer tert-
butylhydroquinone (tBHQ). These results suggest that the concomitant activation of
both the transcription factor Nrf2 and KLF2 might be required for efficient Nrf2
target gene expression.
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Although extracellular signal-regulated kinase 5 (ERKS) has been reported to
regulate endothelial integrity to protect endothelial cells from vascular dysfunction
by activating the KLF2 pathway [71-74], ERKS is also involved in Nrf2 activation
[75] (Fig. 5). ERKS inhibition either by knockdown using siRNA or by biochemical
inactivation with a specific compound inhibits Nrf2 target gene expression in
response to L-flow, whereas the activation of ERKS increases the transcriptional
activity and nuclear translocation of Nrf2. Furthermore, the direct interaction
between ERKS5 and Nrf2 under L-flow is observed. This interaction depends on the
active state of ERKS, suggesting that ERKS5 binds to Nrf2 and phosphorylates Nrf2,
which may result in the dissociation of Nrf2 from the Keap1-Cul3 complex.

As a number of reports have shown ROS activates Nrf2, endothelial Nrf2 is also
activated by ROS during exposure to L-flow (Fig. 4). Several reports have examined
the intracellular ROS level using dichloro-dihydro-fluorescein diacetate (DCFH-DA).
DCFH-DA is oxidized to the fluorescent dichlorofluorescein (DCF) by potent oxi-
dants, such as hydroxyl radical (- OH), hydrogen peroxide (H,0,), O,~, nitric oxide
(NO), and ONOO~ [76]. DCF fluorescence was increased 30 min to 1 h after L-flow
stimulation in HUVECs and HMVECs [77, 78]. O, production detected by electron
spin resonance (ESR) was also increased 1 h after L-flow stimulation, whereas it was
decreased by 18 h after stimulation [79]. The xanthine oxidase inhibitor oxypurinol
and the flavoprotein inhibitor diphenyleneiodonium, which inhibits both NAD(P)H
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oxidase and the mitochondrial respiratory chain, markedly suppressed the expression
of Nrf2 target genes [77]. The deficiency of the NAD(P)H oxidase component p47
impaired O,~ production in endothelial cells under L-flow [79]. Additionally, diphe-
nylpyrenlphosphine (DPPP), a reducing compound of lipid hydroperoxides, also sig-
nificantly suppressed Nrf2-regulated gene expression [77]. Such L-flow-induced
ROS might directly attack the cysteine residues of Keapl and repress the ubiquitin-
proteasome-mediated degradation of Nrf2. NAC treatment also significantly attenu-
ated the Nrf2 activation induced by L-flow, suggesting that oxidative stress is
involved in the activation of Nrf2 [77]. Such L-flow-induced ROS might directly
attack the cysteine residues of Keap!l and repress the ubiquitin-proteasome-mediated
degradation of Nrf2. Although O-flow induces ROS production via NAD(P)H oxi-
dase [79, 80] as well as L-flow, O,~ accumulation persisted 18 h after exposure to
O-flow [79]. Although Nrf2 accumulated in the nucleus with O-flow, this increase
was concomitant with increases in ROS; however, Nrf2 target genes were not induced
by O-flow [58] (Fig. 4b, c¢). Chromatin immunoprecipitation (ChIP) using the anti-
Nrf2 antibody showed that Nrf2 binds to the NQO1 ARE in response to L-flow, but
it is impaired under O-flow (Fig. 4d). This finding suggests the presence of certain
factor(s) that could be induced by O-flow to prevent Nrf2 binding to the NQOI
ARE. Lee and colleagues provided several results that indicate these factors may be
class I histone deacetylases (HDACs) [81](Fig. 5). The nuclear accumulation of class
I and class I HDACs (HDAC-1/2/3 and HDAC-5/7, respectively) was observed in
cultured endothelial cells under O-flow and rat aortic arch. O-flow induced the asso-
ciation of HDAC-1/2/3 with Nrf2 and Nrf2 deacetylation, probably by HDAC-1/2/3,
and thus repressed Nrf2 binding to ARE of target genes and their transcription.
O-flow also repressed KLF2 transcription by inducing the association of HDAC-3/5/7
and myocyte enhancer factor-2 (MEF2), a positive regulator of KLF2, and the
deacetylation of MEF2. O-flow-mediated HDAC-1/2/3 accumulation also activated
cyclin A and repressed p21CIP1 in endothelial cells, inducing their proliferation,
although the precise mechanisms are yet to be determined. The O-flow-induced
HDAC signaling is mediated by the PI3K/Akt pathway because HDAC induction
was repressed by PI3K inhibitor LY294002. On the other hand, L-flow did not induce
HDAC-1/2/3 accumulation in the nucleus, induced the phosphorylation of HDAC-5/7,
and exported HDAC-5/7 from the nucleus. These findings demonstrate the impor-
tance of HDAC:s in regulating the oxidative, inflammatory, and proliferative responses
of endothelial cells to O-flow.

4.3 Aging and Nrf2

Over three quarters of deaths from CVD occur among people older than the age of
65 years. In young organisms, the homeostatic response mediated by Nrf2 serves to
attenuate vascular oxidative stress and limits the cellular damage caused by
increased free radical production, diabetic conditions, and oxidized phospholipids
[82, 83]. Ungvari et al. showed the carotid arteries of aged rhesus macaques exhibit
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significant oxidative stress, which was indicated by the increased 8-iso-PGF2a and
4-hydroxynonenal (HNE) content and decreased glutathione and ascorbate levels,
compared with vessels of young macaques [84]. Oxidative stress in aged rhesus
macaques induced inflammation phenotype characterized by NF-«xB, IL-6, induc-
ible NOS (iNOS), and intercellular adhesion molecule-1 (ICAM-1) activation but
did not activate Nrf2 target genes, such as glutamate—cysteine ligase, catalytic sub-
unit (GCLC), NQOI1, and HO-1. Although these results were examined in carotid
arteries that contain a variety of cells (e.g., endothelial cells, smooth muscle cells
and migrated leukocytes), endothelial cells might be one of the responsible cells.

Circulating levels of insulin-like growth factor (IGF)-1, which is produced in the
liver, decline during aging, which significantly increases the risk for CVD in
humans. The liver-specific knockdown of the /gf/ gene in mice exhibited decreased
expression of Nrf2 mRNA and the Nrf2 target genes GCLC, NQO1, and HO-1, in
vascular vessels, whereas IGF-1 treatment in cultured primary human coronary
arterial endothelial cells (CAECs) activate the Nrf2 pathway [85]. This report also
provided evidence that in endothelial cells, IGF-1 activates Nrf2 via an Aktl-
dependent pathway. The decrease of Nrf2 activity because of IGF-1 hypofunction
during aging may contribute to vascular impairments in aging.

5 The Effect of Nrf2 Activation in Endothelial Cells

The scavenging of ROS by Nrf2 would be one of its critical roles in endothelial cells
because endothelial ROS leads to monocyte adhesion that results in the initiation of
inflammation [79]. Nrf2 is also involved in the regulation of the adhesion molecule
VCAM-1 [63]. Nrf2-mediated scavenging of ROS results in the activation of MAP
kinase phosphatase-1 (MKP-1), followed by the inactivation of p38 mitogen-
activated protein (MAP) kinase that positively regulates VCAM-1. The activation of
Nrf2 by sulforaphane suppresses p38 activation and VCAM-1 expression in the
susceptible regions of the aorta, suggesting the possible future clinical use for pre-
vention of atherosclerosis. Nrf2 or NQO1 suppresses tumor necrosis factor-o (TNF-
a)-induced activation of VCAM-1 gene expression [56], indicating that the increased
expression of ARE-mediated genes has a potential atheroprotective effect and exerts
anti-inflammatory functions in endothelial cells. Of note, HO-1 is a well-known
Nrf2 target gene that has anti-inflammatory roles [86] (Fig. 6). HO-1 is a rate-
limiting enzyme that catalyze the conversion of heme into biliverdin, iron, and car-
bon monoxide (CO) [87]. Biliverdin is rapidly converted by biliverdin reductase to
the antioxidant bilirubin [88]. The heme-derived ferrous iron is directly sequestered
and inactivated by co-induced ferritin [88]. Ferritin limits the generation of ROS by
binding free labile iron that would otherwise participate in a Fenton reaction to
promote the generation of ROS [89]. CO is a vasodilator and has profound effects
on intracellular signaling processes, which culminate in anti-inflammatory, antipro-
liferative, antiapoptotic, and anticoagulative effects through modulating signaling
pathways such as p38 MAPK, ERK, and JNK or activating guanylate cyclase [88].
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Bilirubin and biliverdin scavenge ROS/reactive nitrogen species (RNS) and reduce
ROS production through the direct inhibition of NAD(P)H oxidase [90]. Bilirubin
inhibits the activation of O, -producing NAD(P)H oxidase in a neutrophil cell-free
system [91, 92]. Furthermore, HO-1 is proposed to inhibit eNOS uncoupling by
reducing eNOS expression when its cofactor tetrahydrobiopterin availability is lim-
ited [93]. Humans with HO-1 deficiency showed hemolytic anemia characterized by
marked erythrocyte fragmentation and intravascular hemolysis, with a paradoxical
increase in serum haptoglobin and low bilirubin [94]. An abnormal coagulation/
fibrinolysis system, associated with elevated thrombomodulin and von Willebrand
factor, indicated the presence of severe and persistent endothelial damage. The
expression of HO-1 induced by adenovirus or hemin inhibits the expression of pro-
inflammatory genes, such as E-selectin and VCAM-1, by the inhibition of NF-xB
activation [95]. Curcumin, a spice and coloring agent in food that activates Nrf2,
induces HO-1 expression and confers cytoprotective effect against oxidative stress
in bovine aortic endothelial cells [96]. This cytoprotective effect was considerably
attenuated by protoporphyrin IX, an inhibitor of HO, indicating the importance of
HO-1. Additional evidence for the role of HO in vasoregulation is provided by
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ex vivo models. The overexpression of HO-1 by adenovirus infection of the vessels
inhibited phenylephrine-dependent vasoconstriction in isolated aortic rings, also in
a fashion dependent on heme degradation but independent of NO production [97].
Hemin-induced HO-1 activation in microvascular endothelial cells exhibits protec-
tion against oxidative stress and leukocyte adhesion by a mechanism that depends
on the antioxidant role of bilirubin [98]. In vivo Nrf2 activation in the athero-
sensitive region of the aorta by sulforaphane induced HO-1 expression and sup-
pressed p38-VCAM-1 signaling in an Nrf2-dependent manner [63]. The inhibition
of HO-1 activity using zinc protoporphyrin did not influence the VCAM-1 suppres-
sion caused by sulforaphane in HUVECS. These results indicate that HO-1 is not
essential for the p38-suppressing effects of sulforaphane and the other Nrf2-induced
antioxidants can compensate for the absence of HO-1 activity. It has also been
reported that Nrf2 and Oct-1 corporately suppress the transcription of the NAD(P)
H oxidase 4 (Nox4) gene under L-flow condition, leading to the suppression of O,~
production [61].

6 Vascular Diseases and Nrf2

Although dyslipidemia and hyperglycemia provokes inflammation in endothelial
cells (See Sect. 2.1), Nrf2 activation is protective against these stresses. oxLDL
induced the expression of MCP-1, VCAM-1, and ICAM-1 in HUVECs and also
provokescelldeath. Pretreatmentofpolyphenolgenistein(4’,5,7-trihydroxyisoflavone)
increased HO-1 expression and simultaneously suppressed MCP-1, VCAM-1, and
ICAM-1 expression and restored the cell viability in an Nrf2-dependent manner
[99]. Mimicking hyperglycemia in human microvascular endothelial cells
(HMEC-1) increased the generation of ROS, which was prevented by Nrf2 inducer
sulforaphane [100]. ROS accumulation was increased further by either knockdown
of Nrf2 or transketolase, one of the pentose phosphate pathway (PPP) enzymes. PPP
generates not only ribose 5-phosphate (R5P), a critical substrate for the nucleotide
synthesis, but also NADPH as reducing equivalents. These results suggest that
Nrf2-driven PPP activation generates NADPH, which contributes to scavenging of
ROS induced by hyperglycemia. Additionally, Nrf2-mediated antioxidant defense
has a critical role in fetal endothelial cells that are exposed to hyperglycemia [101].
HUVECs cultured from gestational diabetes mellitus (DM) pregnancies showed
reduced rates of cell proliferation to reach confluency [102]. Further proteomic
analysis revealed that proteins involved in redox homeostasis were significantly
altered in gestational DM and associated with increased mitochondrial superoxide
generation, protein oxidation, DNA damage, and diminished GSH synthesis [101].
In accordance, induction of Nrf2 was impaired in response to 4-HNE. Decreased
DIJ-1, involved in Nrf2 protein stability, and increased GSK3p phosphorylation in
gestational DM cells may account for the deficits in Nrf2 nuclear accumulation.
These results suggest that forced expression of Nrf2 might protect fetal endothelial
cells from hyperglycemia. Of note, the therapeutic potential of sulforaphane against
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diabetic endothelial dysfunction of Goto-Kakizaki (GK) rats, an animal model of
non-obese type 2 diabetes, was reported [103]. Although GK rats exhibited signifi-
cantly lower levels of Nrf2 in endothelial cells in aorta and mesenteric arteries and
higher levels of oxidative stress and endothelial dysfunction, administration of sul-
foraphane improved NO bioavailability and decreased oxidative damage, AGEs,
and HbA Ic levels. In addition, sulforaphane taken as broccoli sprout concentrates
decreases fasting glucose levels and glycated HbAlc in obese patients with dys-
regulated type 2 diabetes. Mechanistically, administration of sulforaphane improved
glucose tolerance and insulin sensitivity of high fat diet-treated rats and suppressed
glucose production via suppressing gene expression involved in gluconeogenesis
[104]. Collectively, these data suggested the potential role of Nrf2 both in prevent-
ing type 2 diabetes and hyperglycemia-mediated vascular injuries associated with
diabetes.

7 Conclusion

Many reports have demonstrated that L-flow activates endothelial Nrf2, which pre-
serves vascular homeostasis and confers resistance to atherosclerosis. Nrf2 activa-
tion provides endothelial cells with various functions and outcomes, such as
antioxidant defense against ROS, suppression of ROS production and leukocyte
recruitment, and protection from endothelial dysfunction. Although Nrf2 is not
induced by O-flow, the forced activation of endothelial Nrf2 by phytochemicals
such as sulforaphane reduces endothelial inflammation in atheroprone areas, sug-
gesting Nrf2 as a potential therapeutic target for preventing vascular diseases.
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The Role of Nrf2 in the Cardiovascular
System and Atherosclerosis

Check for
updates

Bryan J. Mathis and Taixing Cui

Abstract The cardiovascular system is an important transport system comprised of
the heart and associated blood vessels. Within this transport network, various bio-
chemical reactions (including gas transfer, immune modulation, waste transport,
and fluid transfer) take place within a three-layered vascular structure that is highly
susceptible to damage from bacterial polysaccharides, elevated blood lipids,
immune by-products, and reactive oxygen species (ROS). Recently, ROS have come
to the forefront of translational research as reports show a key role for ROS and
unchecked vascular cell proliferation in the development of atherosclerotic plaques
as well as damage to the myocardium. Of prime importance in the maintenance of
homeostasis against these insults is the body’s innate antioxidant system which is
controlled almost entirely by the master transcription factor Nrf2. This chapter will
explain the molecular mechanism behind the regulation of Nrf2, explore the impact
of Nrf2 on the cardiovascular system and probable link to autophagy, and explicate
the large number of exogenous chemical regulators of Nrf2 that are available for use
in both in vitro and in vivo cardiovascular studies.

1 Introduction and Summary of Nrf2/Keap1 Axis

The flux between constitutively expressed nuclear factor erythroid 2-related factor
2 (Nrf2) and its regulator Kelch-like erythroid cell-derived protein with CNC
homology-associated protein 1 (Keapl) are responsible for homeostatic control of
reactive oxygen species (ROS) generated as natural by-products of the normal
metabolism of oxygen or by exogenous insults. Nrf2 is in the basic leucine zipper
(bZip) family of Cap “n” Collar (CNC) transcription factors and is known to be
constitutively expressed and found in the cytoplasm where it is regulated by Keap1
which contains two B-propeller spheres which bind to Nrf2 and facilitate its
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K48-linked polyubiquitination and subsequent degradation in the proteasome by E3
ubiquitin ligase complex Cullin3 [1-4]. Nrf2 directly controls up to 1% of total gene
expression (antioxidant response, metabolism, DNA repair, etc.) and plays a critical
role in cellular defense [5]. Although Nrf2 itself has no sensitivity for ROS, the
exquisite sensitivity of Nrf2 suppressor Keapl’s cysteine residues, especially
Cys273 and Cys288, to oxidative attack by reactive oxygen electrophiles plays a
critical role in rapid response to electrophilic insults [6]. Upon attack by ROS, these
residues cause the spherical propellers of Keapl to undergo a conformational
change to release Nrf2, which translocates to the nucleus, interacts with adaptor
protein Maf2 and attracts Creb and p300 to form a transcriptional activator complex
on the upstream antioxidant response element (ARE) that upregulates genes such as
heme oxygenase 1 (HO-1), superoxide dismutase (SOD), and glutathione peroxi-
dase (GPX) that form the cornerstone of the homeostatic response to ROS [1, 7-9].
As Nrf2 has a relatively short half-life of about 20-30 min vs. 12.7 h for Keapl1, the
cost to the cell of constantly turning over Nrf2 is compensated by the ability to rap-
idly respond to ROS that occurs as a normal part of mitochondrial metabolism [7,
10]. As ROS are part and parcel of aerobic metabolism, mammalian cells have
evolved an elegant and multi-tiered response system where antioxidant/detoxifica-
tion enzymes are regulated in phases, with Phase I genes under control of Aryl
hydrocarbon receptors (AhR) or pregnane X receptors, Phase II genes under control
of Nrf2 and Phase III genes such as P-glycoprotein mainly serving a barrier role [11,
12]. Translational science has therefore focused on these defense systems, espe-
cially Phase II, at a mechanistic level to determine whether or not exogenous control
could provide better patient outcomes in cases of diseases that are known to result
from or present large amounts of chronic oxidative stress such as atherosclerosis,
diabetes, or heart failure.

Because it is the keystone transcription factor for antioxidant defense, it is con-
stitutively expressed in most somatic cells (removing the risk of inserting chimeric
genes into a patient), and there are a plethora of reagents and molecular tools to
study it, Nrf2 has become an intensely studied gene that carries potential for direct
intervention in oxidative diseases and the aging process. This chapter will briefly
cover known characteristics of Nrf2, outline its regulation and role within the body
(with a focus on the cardiovascular system), and examine the many exogenous regu-
lators that are used in translational studies to dissect the precise position of Nrf2 in
the machinery of oxidative disease. Additionally, recent evidence has shown links
between Nrf2 and the autophagic system in chronic heart disease and this evidence
will be analyzed for new insights into late-stage therapies for improved treatment
outcomes.
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Table 1 The molecular characteristics of Nrf2

Nrf2

Region

Name Function [6, 8, 15]

Nehl CNC-bZIP dimerization domain for Maf and NLS for nuclear localization

Neh2 Contains motifs to bind Kelch sequences on Keap!l and lysine residues receive
polyubiquitination for degradation. Sensitive aa 69-84 on Nrf2 ETGE region bind
Keapl even if as low as 5 nM and DLG region of Neh2 can provide secondary
binding.

Neh3 Contains CHDG transcriptional coactivator. Fyn binding region.

Neh4 Contains cAMP response element binding (Creb) protein (CBP) (CH3
domain-binding)

Neh5 Binding region for CBP (CH3 domain-binding)

Neh6 Degradation region (degrons) containing redox-sensitive sequences. Targeted by E3
ubiquitin ligase B-TrCP

Neh7 Contains regulatory elements for fatty acid metabolism-associated retinoic X
receptor alpha (RXR-alpha) binding

1.1 Characteristics of Nrf2
1.1.1 Molecular Characteristics

Nrf2 is a 67.8 kDa protein of 605 aa whose 6 exon coding region on human chromo-
some 2 (2q31) translates to a 2859 bp mRNA [9]. Nrf2 has been resolved by X-ray
diffraction to 1.5A resolution [13]. Three natural variants have been reported with
R43Q, S99P, and V268M [13, 14]. Multiple functional polymorphisms of and muta-
tions within the Nrf2 coding sequence have been discovered and these may lead to
both increased disease risk or resistance of cancers to chemo- and radiotherapy [9].
Under basal conditions, Nrf2 levels are highest in the esophagus, with high levels in
every tissue (except lipids) and the pancreas [13, 14]. Nrf2 is highly conserved in
lesser organisms, including mice and zebrafish, which serve as animal models to
study Nrf2 influence on both redox homeostasis and metabolism in general.

Nrf2 contains 6 exons that code for 7 “Nrf2-ECH homology domains” or Nehl
through 7 (Table 1).

1.1.2 Mechanism of Induction

The canonical model for Nrf2 stress response has four discrete stages: basal, pre-
induction, induction, and post-induction [16].

Stage 1: Basal

At this stage, Nrf2 is constitutively expressed, bound to Keapl and degraded via
K48-linked polyubiquitination via the Cul3 complex (see Characteristics of Keapl
below for details on this interaction) and subsequent digestion by the 26S protea-
some. Nrf2 binds Keapl at the ETGE/DLG regions [6, 8, 15].
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Stage 2: Pre-Induction

During this stage, suppressors of Nrf2 are exported from the nucleus and
degraded via phosphorylation of tyrosine residues on Bachl, INrf2, and Fyn [16].

Stage 3: Induction

Once freed from Keapl, Nrf2 has been shown to translocate to the nucleus via
importin a5 and B1 that recognize nuclear localization signals (NLS) located on
both the N-terminal (aa 587-593) and N-terminal regions (aa 42-53) [17]. Once
localized, adaptor protein complexes form around Nrf2. These include: Creb, MafK,
and p300 [1, 18, 19]. Transcription of antioxidant defense genes such as HO-1,
NQOL, and GPX begins.

Stage 4: Post-Induction

Intranuclear control of Nrf2 is accomplished by the delayed accumulation of Fyn
kinase that phosphorylates Y568 on Nrf2, forcing its export via chromosomal region
maintenance-1 (Crm-1) 4-5 h after initiation of antioxidant transcription [20].
There is some evidence that Keap! also plays a role in post-inductive repression as
it contains a leucine/isoleucine-enriched nuclear export signal carrier that interacts
with Crm1/exportin [21, 22]. However, there are also reports that a redox-insensitive
Nrf2 nuclear export signal on the leucine zipper (bZIP) located in Nehl also facili-
tates export [23, 24].

1.2 Characteristics of Keapl

Keapl, discovered by Itoh and colleagues in 1999, consists of a Broad complex,
Tramtrack, and Bric-a-brac region (BTB) which is spaced from C-terminal Kelch
repeats by an intervening region (IVR) [2, 25-27]. It has been found to localize
(80%) in the cytoplasm [17]. It is the Kelch repeats that provide for Nrf2 binding
and these form a six-bladed B-propeller structure whose DA and BC loops are capa-
ble of binding Nrf2 [6]. Described as a “hinge and latch” model, the BTB regions of
2 Keap! molecules dimerize and the Kelch domains of each will bind to the ETGE
(primary hinge) and DLG (secondary latch) regions of Nrf2-Neh?2 to form a pyrami-
dal complex that exposes the Nrf2 lysine residues to ubiquitin ligation [6, 8, 16].

The generally accepted model for Keapl regulation of Nrf2 in all tissues is the
Cul3 thiol modification model that relies entirely on 25 (murine) or 27 (human)
cysteine residues within Keapl that are highly susceptible to electrophilic attack
[27]. The BTB regions bind Cul3, which in turn binds a RING ligase (Rbx1) and
this complex then links polyubiquitin to specific lysine residues in the Neh2 region
of Nrf2 in a K48 fashion, facilitating its degradation [4, 6]. On the other hand, under
high ROS conditions, electrophilic attack on C151 in the BTB as well as C273 and
C288 in the IVR force a conformational change and the release of ubiquitinating
adaptor protein Cul3 from the Keap1-Nrf2 complex, releasing Nrf2 to translocate to
the nucleus [10, 27].

There is evidence that the Kelch repeats of Keapl interact with importin alpha7
(KPNAG6) to shuttle it into the nucleus where it is capable of repressing Nrf2
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transcriptional activity as well as facilitating export using a nuclear export signal
(NES) [21, 28].

1.3 Characteristics of ARE and Functional Mechanism
of AOX Activation

The antioxidant response element (ARE) is a 16 nt sequence found upstream of
detoxification and antioxidant proteins that acts as a cis regulator of transcription
[15]. The aforementioned Nrf2-Creb-Maf-p300 complex then binds to this area to
recruit and activate RNA polymerases through factors such as RNA polymerase 11
kinase (Cdk12) to drive transcription [29-32].

2 Links Between Nrf2 and Pathways Outside
of Redox Homeostasis

The canonical pathway of Nrf2, both in its regulation and its downstream effects,
has been extensively detailed and reviewed in the literature. However, as befits its
position as a central regulator of transcription, there has been a wealth of experi-
mental evidence that points to connections with other signaling networks. As redox
homeostasis is an expensive proposition, errant activation may constitute lost oppor-
tunity costs for other needs, necessitating tight and redundant control of Nrf2 and it
targets to prevent this from happening. What follows is a brief summary of some of
the more well-known links that Nrf2 has outside of its own place as a Phase II
activator.

2.1 Links to Apoptosis/Necrosis

Nrf2 has been investigated as a regulatory factor in cellular apoptosis and necrosis.
In studies linked to the Nrf2 exogenous chemical regulator bardoloxone (CDDO, to
be discussed later), Nrf2 was found to have an upregulatory effect on apoptotic fac-
tors such as slug, Bax, TCF-ZEB1, Snail, and downregulate specific caspases essen-
tial to necrosis such as caspases 3,8 and 9 while also forcing ikB kinase disruption
to downregulate NF-kB activation and push cells to undergo apoptosis [30, 33-35].
Although Nrf2’s primary role is to maintain redox homeostasis, it may play a role
as a key cog in the apoptotic failsafe machinery to prevent the tissue damage and
edema that result from release of necrotic debris such as mitochondrial cytochrome
¢ or other nitrosamines [34, 36]. However, a recent experimental report has tied
Nrf2 to enhancement of cardiac necrosis in an environment of autophagic
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dysfunction and studies have shown that late-stage apoptotic cells that are not
cleared quickly by APCs may shift to necrotic death [37, 38]. This new evidence
may require a revisiting of Nrf2’s role in necrosis avoidance with respect to the
stages of apoptosis and intricate trigger mechanisms for the pathways involved.

2.2 Links to Autophagy

Autophagy, or “self-eating” is a mechanism by which damaged or aggregate pro-
teins can be digested and recycled. It is inversely linked to the ubiquitin/proteasome
(Ub/Prot) system and differs in that only autophagy can recycle entire organelles
(such as damaged mitochondria) and uses selective autophagic receptors (SAR)
while the Ub/Prot system functions only on ubiquitinated proteins of small to mod-
erate size [39]. Under basal conditions, the Ub/Prot system maintains protein clear-
ance, but, under starvation conditions or if the Ub/Prot system is inactivated, the
autophagic machinery is activated in a compensatory manner by autophagic adaptor
p62 and activation of normally suppressed mTORCI [40]. This indicates an exten-
sive amount of crosstalk and contraregulation between the two systems. For exam-
ple, in retinal pigment epithelial cells, it was reported that autophagic proteins LC-I,
LC-II, LAMP-1, and p62 were regulated by ubiquitination [41]. Of interest to this
review, however, is the discovery of the p62-Keap1-Nrf2 axis that plays a key role
in the regulation of cellular redox stress. Keapl has been experimentally shown to
interact directly with p62 which forces it to release Nrf2 and be degraded in the
autophagosomes while Nrf2 itself has been shown to directly increase p62 tran-
scription, establishing an upregulatory feedback loop between Nrf2 and autophagic
induction [40, 42]. The PI3K/AKT pathway that regulates autophagy is also required
for Nrf2 activation [43]. In addition, there is experimental evidence that Nrf2
directly regulates sestrin2, which, in turn, inhibits mTORC1 and autophagic induc-
tion while acting as a cofactor for p62/Keapl binding [44, 45]. It is therefore clear
from the literature that Nrf2 is intimately tied into the autophagic system but its role
within a damaged or nonfunctional autophagic system has yet to be fully explored
within the cardiovascular system [37].

2.3 Links to Proteasomal Regulation

The proteasomal degradation system has been extensively studied for its role in
controlling protein turnover and misfolded protein clearance by ubiquitin tagging,
and there are myriad reviews and experimental reports that dissect the complete
proteasomal mechanism and its targets. Canonically, K48-linked polyubiquitination
and subsequent 26S proteasomal degradation is the primary controller of Nrf2 lev-
els within the cytoplasm. However, there is some evidence that, at least within a
developmental context, Nrf2 is able to control the proteasomal machinery by
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colocalization with OCT4 and NANOG as well as proteasome maturation protein
(POMP) [46]. There is also evidence that, Nrf2, due to its link with autophagic
switch p62 and interaction via Ser40 with the BIP/IRE1/PERK pathways of the
unfolded protein response (UPR), is able to function as a central decision branch
that activates either autophagy or the proteasome in response to misfolded proteins
[47]. The question of differential modification of Nrf2 residues (serine versus
lysine) leading to clearly different outcomes of Nrf2 activation (proteasomal activa-
tion versus detoxification) has therefore become another factor that complicates
clear and precise mechanistic understanding of Nrf2 within the cell.

2.4 Links to Other Key Signaling Pathways

Nrf2 has multiple ties to diverse other signaling pathways and these ties have been
experimentally determined in diverse somatic cell types such as macrophages,
endothelial cells, and osteocytes. Of primary importance is the link between Nrf2
and the p38-MAPK family of factors that control Nrf2 transcription such as MEK,
BRAF, c-jun, c-fos, and c-myc as well as genes like CYLD that were recently found
to also affect the p38/AP-1 axis to suppress Nrf2 [48]. Evidence of direct phos-
phorylation of N1f2 by MAPK in a Keap1-dependent manner has also been reported,
cementing the link between the two pathways [49, 50]. There is also ample evidence
of ties to other systems such as RANKL in osteocytes, regulation of Nrf2 by
SUMOylation, regulation of Nrf2 by endogenous miRNAs, and increase of Keapl
binding by cofactor p21 [51-55]. There is also a connection between Wnt and Nrf2,
as WNT-3A was found in hepatocytes to regulate an Axin/Nrf2 transcriptional com-
plex and is involved in PPARY interaction with Nrf2/Wnt/B-catenin and forkhead
box proteins such as FOXO [56, 57]. Additionally, Nrf2 crosstalk with Notch and
evidence of angiogenesis being regulated by this axis has been reported; Wakabayashi
and colleagues have extensively reviewed the Nrf2/Notch link, especially in hepato-
cytes [58, 59]. Interestingly, there is experimental evidence that Nrf2 could act as a
counterweight to Angll upregulation of MAPK factors that cause cardiac hypertro-
phy by upregulating antioxidant response that protects against the downregulation
of cyclin-dependent kinase inhibitor p27(kipl) although direct mechanisms of
AnglI/Nrf2 interaction are not yet known [60]. This raises the question as to whether
or not established pathways such as Wnt, Angll, and Notch may have even deeper
involvement with Nrf2 than previously believed.

Nrf2 is usually seen as an antioxidant transcription factor and is often studied by
assuming isolation from other cellular systems. However, this approach may lead to
paradoxical or otherwise confusing results as ample evidence of Nrf2 ties to critical
signaling systems as diverse as Notch, Wnt, Angll, and PPARY have been reported.
Nrf2 could be thought of as an epigenetic regulator in this regard and future studies
would therefore have to take into account the far-reaching effects that exogenous
Nrf2 manipulation may cause in experimental animal and cell line-based models.
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3 The Role of Nrf2 in the Cardiovascular System

The cardiovascular system is comprised of a vast network of tri-layered vessels that
are either elastic and large (aorta, carotid arteries, etc.) bodies that equalize blood
pressure between systole and diastole or muscular, flexible vessels (e.g., femoral
arteries) that flex to adapt their tone to the mechanical force generated by the rush-
ing blood from the heart [61]. The heart itself is a four-chambered, muscular organ
that self-regulates its pumping action, adapts to oxygen demand from the muscula-
ture and is richly oxygenated by a network of coronary arteries. An adult heart
pumps an average of 7200 L of blood every 24 hours and as every cell in the body
must receive energy (glucose) and electron acceptors (oxygen) to maintain homeo-
stasis, cardiovascular health impacts every other organ system [62]. There are three
key elements to the cardiovascular system that allow it to function: the morphology
of the blood vessels, the composition of blood and its various fractions, and the
myocardium itself with its timed pumping action. This section will detail these key
elements as well as the role that Nrf2 plays within each system and in the homeo-
stasis of the cardiovascular system as a whole. A short review of the literature con-
cerning various cardiovascular diseases and the role that Nrf2 has played in
experimental studies of these maladies will follow.

3.1 The Role of Nrf2 in Blood Vessels

Blood vessels are formed of a mesh composite of layers consisting of the outermost
adventitia (fibrous, collagen-enriched structural support), the media (a band of
smooth muscle-enriched tissue that provides elasticity), and the inner intima layer
(endothelial cells that provide a smooth, snagless lining) [63]. Each layer is uniquely
constructed to provide a structural role (support, tone, lining) as well as a biochemi-
cal/cellular milieu for handling repairs and maintaining integrity after adverse
events. The adventitia, composed of fibroblasts, nerve innervation points, and con-
nective tissue, is generally thought to function as structural support, harbor a niche
population of stem/progenitor cells, serve as an immune trafficking interface (for
APC extravasation, etc.) and, most importantly, nourish the medial layer through
the microvasculature of the vasa vasorum [64]. The medial layer, as the key element
that maintains vascular plasticity, consists of mature smooth muscle cells express-
ing proteins such as smooth muscle actin, elastin, matrix metalloproteases (that
modulate collagen and elastin), and myosin heavy chain, and these cells also benefit
from endothelially produced endogenous nitrous oxide (NO) as a signaling mecha-
nism to maintain their elasticity [61, 63, 65]. The intimal layer consists of a multi-
layered structure that connects to the media with a thin connective layer, and this
underlies the stratum of endothelial cells that interface with the lumen and produce
endogenous nitrous oxide synthase (eNOS) and NO to maintain tone [66].
Production of eNOS is this layer’s greatest contribution to vascular stability, as
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eNOS serves to regulate tone, prevent thrombosis, regulate blood flow, and prevent
errant proliferation of vascular stem cell progenitors, all of which may cause vascu-
lar disease [67]. The pressure within the vessels themselves is regulated in real time
by the renin-angiotenin-aldosterone axis (RAAS), which consists of the rate-
limiting conversion of the precursor angiotensinogen (Ang I) to active angiotensin
(Ang II) which then activates AngllI receptor AT to control osmotic blood pressure
with the electrolyte-regulating hormone aldosterone [68].

This unique composite morphology gives the blood vessel network two main
characteristics: elasticity and capacity for self-repair and Nrf2 has been found
experimentally to play a large supporting role in these two functions. Elasticity of
blood vessels relies mainly on endogenous nitrous oxide, and there has been much
research done on the regulation of this critical blood gas. It has been reported that
Nrf2, through transcription of HO-1 whose enzymatic activity reduces eNOS levels,
activates under redox attack when levels of eNOS reaction-limiting cofactor tetra-
hydrobiopterin are low to modulate eNOS levels [69]. A report by Luo and col-
leagues has also found that Nrf2 can transduce through the DDAH/PPARY pathway
to activate eNOS transcription as eNOS does contain putative ARE regions [70]. In
areciprocal fashion, the mechanical shear stress of the blood vessels has been found
to generate ROS through a lipid oxidation by xanthine oxidase/flavoprotein, and this
maintains transcription of Nrf2 [71-73]. The capacity for self-repair is a critical
mechanism to maintain the integrity of the vascular wall and Nrf2 also plays a role
in this machinery. Recent experimental evidence in a murine model of vascular
injury points to Nrf2 acting on VSMC apoptotic mechanisms to prevent neointimal
hyperplasia while generation of antioxidant factors such as HO-1 may defend
against further injury by neutralizing ROS generated by local immune responses
[74, 75]. Furthermore, there is evidence of stem cell proliferation and errant angio-
genesis being regulated by Nrf2 through its upregulation of IL-8 and HO-1, which
has been found to interact with VEGF and reduce ROS to the lower levels where it
may act as a critical second messenger for proliferation [76-78]. Other pathways
known to play a role in stem/progenitor proliferation (such as Notch, Wnt, etc.) may
see Nrf2 play a secondary role in regulation through upregulation of its downstream
targets [79].

3.2 The Role of Nrf2 in Blood

Blood is a catchall term for the cardiovascular fluid and is comprised of multiple
fractions: red blood cells (anuclear cells containing hemoglobin for oxygen
exchange), serum (proteins, electrolytes, hormones, and non-fibrinogenic factors),
plasma (proteins such as albumin, CO,, glucose, and water), and various immune
and clotting cells (monocytes, thrombocytes, leukocytes, etc.). Oxygen exchange
from red blood cell to somatic cells within the capillary beds has been well-studied
and is outside the scope of this review. However, it is worth noting that experimental
evidence showing Nrf2 protecting erythrocytes and their progenitor hematopoietic
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stem cells from oxidative stress has been reported as well as fate determination of
these stem cells by the Keap1-Nrf2 axis [80, 81]. Of primary importance to cardio-
vascular research is the buffy coat, or immune cell-enriched fraction, that contains
a milieu of both inactive cells (e.g., macrophages) and progenitors (such as mono-
cytes) that can be stimulated by cellular debris or necrosis released by vascular
injury. In these cases, it can be expected that inflammation resulting from upregula-
tion of induced NOS (iNOS), superoxide anions, cytokines (TNF, IL-6) and degran-
ulation of mast cells will wreak havoc on the surrounding tissue. In this case, the
primary mode of Nrf2 action in neutralizing this excess ROS via upregulation of
antioxidant defense has been proven in the literature beyond any doubt. However,
there is also recent evidence that Nrf2 may act to directly suppress inflammatory
cytokines such as IL-6 and IL1P in macrophages by binding to their upstream
regions that recruit RNA Pol II and block transcription [82]. This effect has also
been shown in IL-12 suppression by Nrf2 in murine dendritic cells sensitized by
arsenic [83]. Clearly, this dual role in both direct inhibition of vessel-damaging
immune cells and neutralization of the induced ROS/NOS by Nrf2 makes it a pow-
erful mediator of the immune system which can be exploited in cardiovascular dis-
ease studies.

3.3 The Role of Nrf2 in the Myocardium

The heart is the keystone organ of the cardiovascular system and contains four
chambers (two atria for collecting blood and two ventricles for pumping it to the
lungs and body) along with a dedicated vessel system (pulmonary vein and artery)
to exchange oxygen in the lungs. The myocardium is the functional muscle unit of
the heart and is comprised of multiple cardiomyocytes arranged in striations and
with a fractional amount in the sinoatrial node (about 1%) capable of producing
spontaneous electrical signals to coordinate the pumping efforts of their brethren.
The heart itself continuously pumps and the resultant large demand for oxygen and
energy is supplied to the myocardium via two coronary arteries and a network of
branches that prevents ischemic insult during peak demand.

Within the cardiomyocytes, the demand for Nrf2 is high as free radicals such as
nitric oxide, superoxide anion and peroxides are produced in large quantities by the
constant nature of the pumping [84]. It also has the effect of controlling errant
hypertrophy (and subsequent decompensation) due to pressure increases by the
RAAS axis while responding to ROS generated by exercise that could cause myo-
cardial damage [85]. Interestingly, increases in Nrf2 during exercise do not cause
hypertrophy and maladaptive remodeling as in cases of heart disease, most likely
due to a functional autophagy system in healthy hearts [37, 86, 87]. It is therefore
generally accepted that, in healthy hearts, Nrf2 is a beneficial gatekeeper that down-
regulates levels of ROS before they can damage the myocardium.
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3.4 The Role of Nrf2 in Cardiovascular Diseases

As the cardiovascular system is a complex and multi-layered organ that is intercon-
nected by nature with every other system and intraconnected by the blood it carries,
it stands to reason that diseases affecting this system would be equally complex and
varied. The World Health Organization (www.who.int) estimates that 17.5 million
people die each year from cardiovascular disease (which amounts to 31% of total
deaths), and 80% of these deaths are from heart failure or blood vessel blockages
(i.e., atherosclerotic strokes). Diseases of the cardiovascular system are therefore
the global number one killer of humans and are thought to be largely preventable by
diet and exercise. However, cumulative risk factors such as smoking, high blood
lipids, and obesity may, over time, cause a cascade of damage that leads to the chief
triad of diabetes, atherosclerosis, and heart failure. Most cardiovascular disease
results from chronic exposure to both environmental insults (cigarette smoke, heavy
metals such as arsenic and mercury) and dietary factors such as chronically high
blood sugar that damages the delicate intimal endothelium with glycation end prod-
ucts that overwhelm antioxidant defenses. It is for this reason that Nrf2 has been
examined extensively in the context of both maintaining the defense redox barrier
and imparting additional protection in compromised vessels and hearts. What fol-
lows is a short examination of the three chief cardiovascular diseases and the role
that Nrf2 has been found to play in their prevention and pathogenesis.

3.4.1 Diabetic Vasculopathy and Nrf2

Diabetes is a disease of unchecked blood sugar regulation that is generally split into
Type I (no functional insulin production) and Type II adult onset (insulin resistance
leading to hyperglycemia) and no cure currently exists for either. The WHO indi-
cates that 8.5% of the global population in 2014 suffer from diabetes and it caused
a total estimated death toll of 3.7 million people. From a cardiovascular standpoint,
Type II diabetes has an intimate association with disease from osmotic and AnglI-
mediated increases in blood pressure, cardiomyocyte toxicity from hyperglycemia,
atherosclerosis, vascular inflammation, kidney disease, necrosis of blood vessels in
the extremities (necessitating amputation) and heart failure. This means that dia-
betic patients eventually become cardiovascular/heart failure patients, necessitating
the search for interventions that can reduce both diabetic and cardiovascular
sequelae. The main factor in these cases is chronic hyperglycemia, which reduces
the amount of endogenous NO and increases vasoconstriction endothelin-1 as well
as upregulating insulin, which in turn upregulates the triglyceride production in the
liver [88]. Hyperglycemic patients have also been found with higher levels of
inflammatory cytokines such as TNFa, IL-1p, and IL-6 in a fashion similar to obese
patients [88]. Furthermore, recent clinical evidence has shown elevated levels of the
inducible inflammation upregulator COX-2 protein in diabetic heart patients after
cardiopulmonary bypass [89]. Hyperglycemia can additionally affect even the
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response of vessels to contractile signals by upregulating PKCa, PKCp, and nitro-
tyrosine as was found in clinical studies of poorly controlled diabetes where arteri-
oles of poorly controlled diabetics could not respond as well to endothelial
vasoconstrictors ADP and substance P while expressing high levels of PKCa,
PKCp, and nitrotyrosine [90]. It is this constant attack on the vasculature, including
the coronary arteries, that can lead to atherosclerosis/heart failure and Nrf2 inter-
vention would be expected to attack diabetic sequelae by ameliorating damage due
to ROS induced by oxidized blood lipids and inflammatory cytokines.

Nrf2 has been found to protect against diabetic sequelae in several systems,
including the cardiovascular system. It was recently found, for example, to mediate
the production of downstream metallothionein production in cardiomyopathy as
well as downregulate formation of foamy macrophages [91, 92]. It also protects
pancreatic cells from apoptosis by downregulating TRAIL and protecting transcrip-
tion of proteasomal genes, which could maintain a critical source of insulin to con-
trol blood sugar [93]. In fact, multiple studies have shown that 4-hydroxy oxidized
lipids such as 4-hydroxynonenal and 4-hydroxy hexenal can activate Nrf2 to protect
against redox insult, proving that a robust Nrf2 response is a first line defense
against hyperglycemic-mediated triglycerides and advanced glycation end products
[74, 94, 95]. The effects of Nrf2 are indeed profound in organs affected by diabetes;
Shelton and colleagues found that bardoloxone-methyl intraperitoneal injections
into Nrf2 knockout mice caused alterations in 2561 transcripts and 240 proteins in
the kidneys while WT mice saw changes in 3122 transcripts and 68 proteins, includ-
ing redox balancers (GPX), and Nqol [96]. It could be correctly assumed that Nrf2
would have a similar effect in the cardiovascular system but several clinical trials
(NTC01053936, NCT00811889, clinicaltrials.gov) that were completed 5—10 years
ago have had no comprehensive study results published. In fact, there is some
thought that the harmful nature of Nrf2 in diabetes may be due to ROS attenuation
to the point where is no longer an effective secondary messenger to regulate protein
turnover [97]. As Nrf2 upregulates CD36 (as a backup to PPAR) and as Type 2 dia-
betic rodents display enhanced cell surface expression of CD36 on the plasma mem-
brane, Nrf2 may act as a negative modulator of glucose usage in favor of fat
oxidation, complicating vascular health via oxidative damage [97-99]. It is, again,
the dual nature of Nrf2 that seems to have BOTH cardiovascular protective and
deleterious effects in diabetics, and this effect in animals has been well studied and
reviewed [97]. However, the precise mechanism of switching on Nrf2’s harmful or
helpful effects in diabetic humans has yet to be fully explored and studying Nrf2
links to other regulatory pathways (such as Notch or Wnt) may prove fruitful in
helping discover the true efficacious nature of Nrf2.
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3.4.2 Atherosclerosis and Nrf2

Atherosclerosis is a narrowing of the coronary arteries (that oxygenate the myocar-
dium) that causes chronic ischemia and a reduction in glucose supply to the cardio-
myocytes. Narrowing of these arteries has been determined to result from plaques
of fatty deposits enriched with immune cells that sustain an inflammatory cascade
that traps additional lipids [100]. Basically, injury to the intimal endothelium (from
hyperglycemia, mechanical injury, LPS, inflammation, etc.) causes lipids to stick
and the resultant inflammation attracts macrophages and dendritic cells that con-
sume cholesterol-laden debris until they become a perpetually activated foamy cell
that infiltrates the intimal and medial layers to saturate them with inflammatory
cytokines that cause ROS damage as well as signaling for vascular stem cell prolif-
eration [63]. This plaque is thought to be responsible for the phenomenon of isch-
emia/reperfusion injury. It has been well studied in the literature that chronic
ischemia causes an increase in ROS but reperfusion damage occurs if blood flow is
spontaneously restored by plaque rupture or after bypass surgery [101]. During
ischemia, it is generally accepted that mitochondrial dysfunction resulting from
depolarization of membranes during errant calcium overload as well as conforma-
tional changes in oxidizing enzymes such as xanthine oxidase (which generates
deleterious oxidized lipids) are compounded with the inflammatory response from
reperfusion that bathes the myocardium in a sea of activated immune cells [102,
103]. Additionally, ROS from both ischemia and the Ang II system (via NOX2/4)
play an important second messenger role in vascular proliferation by activating Src,
CDKI1, PDGFR, PKC, and other proliferative factors [104]. Although the typical
hyperglycemia/cholesterol/high blood pressure suite of risk factors is usually
blamed for atherosclerosis, it is also important to note that this progressive degrada-
tion of vascular integrity can occur from sequelae resulting from chronic kidney
disease (CKD) which exacerbates the effect of the RAAS and injurious mechanical
force on the coronary arteries [105]. This “cardiorenal anemia syndrome,” with the
kidneys as a bellwether for vascular health, represents a progressively debilitating
cascade of alternating renal and heart stress that can reduce survival rates in CKD
patients due to atherosclerosis [106]. Clearly, then, therapeutic intervention must
address vascular issues both in the myocardium and the kidneys. It is for this reason
that Nrf2 has been extensively studied in both organs.

The mechanisms by which Nrf2 can reduce stress in both coronary and renal
arteries have been detailed in a previous section. The main mode of expected action
in this case would be suppression of ROS and vascular proliferation, but it seems as
if clinical studies using exogenous regulators have introduced an entirely new set of
questions. The experimental oleanic compound bardoloxone (CDDO) and deriva-
tives has been proven in multiple animal studies to upregulate Nrf2 but several
Phase I human trials of CDDO for cancer reduction were discontinued because of
adverse cardiovascular effects [107]. As the Nrf2 clinical field is primarily inter-
ested in chemotherapeutic considerations, there are very few clinical cardiovascular
trials in which Nrf2 has been studied but several human trials have found increases
in glomerular filtration rate which could contribute to defense against cardiorenal
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anemia syndrome but will still harm the myocardium [107]. As an example, clinical
trial NCT01351675, sponsored by Reata Pharmaceuticals for bardoloxone-methyl
treatment in Stage 4 kidney patients, was terminated after a 4-year period because
of strong evidence of cardiovascular death [108]. It has been well reported that Nrf2
is anti-atherogenic, with upregulation of endogenous Nrf2 being linked to a reduc-
tion in atherosclerosis via upregulation of HO-1 and antioxidant defense [74, 75,
109]. However, there are several reports in ApoE knockout mice that show increased
Nrf2 production as atherogenic and this is thought to be based on interactions
between the lipoprotein levels and immune scavenging as mediated by CD36 [110-
112]. This hints at the dual nature of Nrf2 and that “more” isn’t always “better,” as
endogenous Nrf2 is regulated at multiple junctions to prevent atherogenic effects
but exogenous regulation ignores the lipoprotein and immune status in the vascular
microenvironment. It is therefore obvious that the intricate regulatory network out-
side the canonical Nrf2 pathway are at work in these human trials and further work
will be needed to see how Nrf2’s relationship with other major pathways (angiogen-
esis, stem cell proliferation, etc.) are affecting its therapeutic potential for
atherosclerosis.

3.4.3 Cardiac Disease and Nrf2

Heart failure is a progressive disease of the myocardium, where biochemical and
mechanical pressures trigger a cascade of maladaptive hypertrophy with a gradual
decline in pumping output. Ischemia/reperfusion injuries from atherosclerosis as
well as infections (pericarditis) and kidney disease or diabetic complications can all
trigger the failure cascade. There are four stages of heart failure as classified by the
American Heart Association: Stage A, B, C, and D. In Stage A, risk factors such as
hypertension, smoking, and high blood triglycerides set a patient up for Stage B,
where compensation sequelae such as hypertrophy of the left ventricle, lower ejec-
tion fraction, and systolic dysfunction occur [113]. Stage C is a transitory stage to
eventual collapse of cardiac function and sees a microenvironment of cardiac necro-
sis, maladaptive cardiomegaly, increased ROS, and defective autophagy within the
cardiomyocytes [48, 114]. At Stage D, patient prognosis shifts to symptomatic relief
and transplant as the myocardium is now a scarred, stiff mass that consists mostly
of dying cells, inflammation and greatly reduced pumping capacity. It is within this
framework of classification that the greatest effort of translational science has
focused its efforts to catalog, analyze, and dissect the precise mechanisms by which
a stressed heart eventually fails without direct intervention.

Within the failing heart, several mechanisms that contribute to the irreversibility
of the disease: First, excessive ROS generated by cardiomyocyte mitochondria,
eNOS neutralization, and secondary factors such as bacterial lipopolysaccharides
damage cells and initiate inflammatory immune cascades that cause further damage
[115, 116]. Second, failures in molecular machinery such as calmodulin/caveolin
transport of critical calcium Ca*" to B-adrenergic receptors that stimulate excita-
tion—contraction and autophagy that clears aggregate proteins occurs [117-120].
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There is some probable connection between calmodulin and Nrf2, as the calmodu-
lin/CaMKII/ERK pathway has been experimentally shown to induce Nrf2 as a pro-
tective measure in macrophages [121]. However, an interesting new report from Qin
and colleagues has found a dual nature of Nrf2 that relies on functional autophagy
to ameliorate a murine model of heart disease but causes maladaptive remodeling if
autophagy is nonfunctional [37]. Autophagy, as discussed earlier, is an important
cellular recycling system for clearing damaged and aggregate proteins as well as
damaged organelles capable of generating excessive ROS, such as mitochondria. As
the mitochondria of cardiomyocytes are in constant demand, it stands to reason that
autophagy, more so than the proteasome, is the critical recycling mechanism in
heart homeostasis [122]. Within the phases of heart disease, however, detection of
functional autophagy is constrained by use of electron microscopy and protein sur-
veys for ATGS, Beclin-I, and LC-I and -II on heart biopsies and precise determina-
tions of autophagic level may widely vary between studies [123]. There is some
controversy as to whether or not the drop in mechanical force due to failure of dif-
ferent parts of the heart could affect autophagy in those areas, i.e., the mechanical
load of pumping is required for autophagy [123]. It is therefore not clear which
comes first: the failure of autophagy that causes rapid cell death and decompensa-
tion or a decompensation that causes mechanical stress to lessen and downregulate
autophagy. This becomes a very interesting question in the context of Nrf2 as the
aforementioned results from Qin and colleagues saw a very clear upregulation of
Ang I (angiotensinogen) most likely caused by the switching off of Fyn export of
Nrf2 from the nucleus [37]. As the activation of the RAAS axis increases blood
pressure, the expectation would be for autophagy to increase in a compensatory
manner but that assumes an intact machinery in a failing heart. At advanced stages
of disease where vast areas of myocardial decompensation/autophagic failure may
be present, higher pressure cannot activate autophagy and simply dooms the myo-
cardium to a terminal loop of decompensation, decreased autophagy and death. This
data challenges the dogma of Nrf2 as “always helpful” by introducing a dichotomy
where the helpful/hurtful role of Nrf2 is actually dependent more on surrounding
cellular functionality and the regulatory microenvironment than simple activation or
deactivation.

Although Nrf2, by virtue of its vast links to multiple organs and signaling path-
ways, has been extensively studied, key questions still remain as to the precise
nature of Nrf2 and its relationship with other homeostatic mechanisms such as the
Ub/Prot system and myocardial autophagy. Due to the reports of paradoxical effects
of Nrf2 in diabetes and atherosclerosis, a new model that focuses on Nrf2 within the
context of other functional cell machinery (such as autophagy) is needed.
Translational science, for the purpose of mechanistic determination, has usually
treated both diseases and genes of interest in an isolated context. However, the new
paradigm for both research and clinical treatment is to see all three chief diseases as
interrelated and dependent on each other. For example, high blood pressure from
diabetes causes atherosclerosis and ischemic insult in the coronary and renal arter-
ies which triggers cardiorenal anemia symptoms that worsen atherosclerosis and
finally trigger the heart failure cascade. If Nrf2 is to have a protective or intervention
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effect in stopping this lethal triad, then it is critical to study the diseases holistically
and not as isolated units. Additionally, it is also important to revise the single knock-
out or loss-of-function model in favor of integrating Nrf2 function within the inter-
related context in which it functions. For example, if local levels of cellular metabolic
genes are changed in late-stage heart failure, what effect could Nrf2 have on the
health of these cells and their functional state?

4 Exogenous Nrf2 Regulation

As Nrf2 is a prominent target for studies in the cardiovascular system due to its
keystone role in homeostasis, there has been a great interest in the discovery and
development of novel compounds that allow for control of Nrf2 for therapeutic
purposes without needing cellular ROS or toxin damage that usually activates the
Nrf2 machinery. The body’s native defense system consists of Phase I, II, and III
enzymes, with Nrf2 classified as Phase II. The challenge for development of exog-
enous mediators is therefore to be accurate enough to target only Nrf2 (as opposed
to Phase I or III), and carry enough precision to activate Nrf2 at the same level each
time. However, there is mounting evidence that high, sustained levels of Nrf2 acti-
vation are undesirable, particularly in late-stage heart disease, post-exercise, post-
balloon angioplasty, and in solid tumors, where antioxidant generation would
provide protection against chemotherapeutic agents and increased metabolic ROS
[37, 87, 124-127]. Additionally, electronegative antioxidants such as epigallocate-
chin gallate (EGCG) and Vitamin C have been hypothesized to damage the sugar
phosphate backbone of nuclear DNA by reductive attack, compounding the damage
that excess Nrf2 can do [127, 128]. Therefore, it is critical that exogenous down-
regulators be developed that allow for fine tuning of Nrf2 levels based on both the
microenvironment and the condition of the patient. What follows is a survey of the
current literature on compounds that have been discovered, modified, and created
specifically to affect Nrf2 levels in the body.

4.1 Exogenous Activators of Nrf2

Aside from the natural activation of Nrf2 by ROS attack on Keapl, there are mul-
tiple exogenous chemical activators that have been reported in the literature. Many
of these are either natural compounds or derivations of natural compounds with
functional groups added. A common feature of natural compounds that can activate
Nrf2 is the ability to react with thiolates, leading to screening searches for com-
pounds such as isothiocynates, chalcones, terpenoids, and curcumins that can react
in a microplate assay that measures induction of NAD(P)H by quinone oxidoreduc-
tase 1 (QR1) [129]. Note that exogenous upregulators of Nrf2 upstream regulatory
elements (such as PI3K/Akt) will also increase Nrf2, but will lack the specificity of
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the following compounds and are outside the scope of this review. Autophagic
inhibitors (including bafilomycin Al, chloroquine, LY294002, etc.) would also
increase levels of Nrf2 indirectly by removing the effect of constant proteasomal
degradation on cytoplasmic Nrf2 and their effects have been extensively reviewed
elsewhere [130, 131].

CDDO and Oleanic Acid Derivatives—The most well-studied and reviewed of
the natural activators is oleanic acid derivative 2-cyano-3,12-dioxoolean-1,9-
dien-28-oic acid (CDDO/bardoloxone) which has been shown in multiple studies
since the 1990s to decrease inflammation by increasing Nrf2 expression via confor-
mational change of Keapl on residue C151 and subsequent release of Nrf2 to the
nucleus [1, 132, 133]. Although this compound was found to improve disease con-
ditions in multiple organs, including the liver, kidneys, retina, bone marrow, and the
lungs, it had a negative impact on cardiovascular disease and cancer [1].

Alpha Lipoic Acid—Another frequently studied and well-researched natural
compound is alpha lipoic acid (ALA), which is known to regenerate innate Phase II
defenses (such as glutathione) by stimulating Nrf2 transcription via the PI3K path-
way, which increases Nrf2 translocation to the nucleus and upregulation of antioxi-
dant recycling enzymes [134, 135]. This well-reviewed natural compound has seen
some use in cardiovascular research where it was shown to reduce both infarct size
and protect cardiac function in a rat model of coronary artery ligation [136]. It has
also been studied to improve blood pressure and vascular endothelial function in
Type 2 diabetic patients with some success [137]. As it does increase levels of Nrf2
that could combat LDL oxidation that leads to atherosclerosis, there have been sev-
eral studies reviewed by Wollin that found some basis to recommending ALA for
protection against cardiac and vascular diseases [138].

Plant-Derived Compounds (Coffee/Tea, Vegetables, Wine, and Fruits)—In 2011,
Boettler and colleagues reported that several chemical constituents of roasted coffee
formed from chlorogenic acid, including 5-O-caffeoylquinic acid (CGA) and
N-methylpyridinium ion (NMP), could increase Nrf2 nuclear translocation [139].
Further work on this topic has revealed cafestol and kahweol as potential Nrf2 acti-
vators after metabolism in the liver [129]. In green tea, on the other hand, catechins
such as green tea polyphenol (GTP-1) and EGCG have been shown to induce Nrf2
translocation to the nucleus [11, 140]. Other important organic sulfur-based activa-
tors such as allicins, indoles, epithionitriles, and sulforaphanes (as well as deriva-
tives such as Oltipraz) have been discovered in vegetables such as broccoli, garlic,
and watercress, and these are converted either by intestinal flora or mixing of thio-
glucoside conjugate with a myrosinase that converts them into active forms [15,
129, 141-144]. These compounds have proven effective in preventing cardiovascu-
lar disorders resulting from diabetes in db/db mouse models by direct increase in
Nrf2 transcriptional activity [143]. Humulus lupulus (hops), used in brewing beer
contains a chalcone compound known as xanthohumol that has been investigated as
both a cholesterol synthesis inhibitor and a small molecule activator of Nrf2 and has
been shown to reduce hypercholesterolemia, atherosclerosis, and fatty liver in
ApoE—/— mice [145, 146]. Quinone/food preservative derivatives such as tert-
butylhydroquinone (tBHQ) are also used extensively in the lab as reference Nrf2
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inducers because their oxidative ability attacks Keapl to release Nrf2 [83].
Additionally, much work has been done on resveratrol, contained in red wine and
plants such as Fallopia japonica (Japanese knotweed), which is capable of not only
its own antioxidant capacity but has been shown to activate Nrf2 pathways to pre-
vent high-mobility group box 1 (HMGB1)-mediated mitochondrial damage in a
pulmonary injury mouse model [147]. It does so by increasing NAD-dependent
deacetylase sirtuin-1 (SIRT1) which increases transcription of Nrf2 [148]. Several
studies have noted that quercetin, a plant polyphenol found in buckwheat, herbs,
and apple skins, can upregulate Nrf2 nuclear translocation and subsequent tran-
scription of glutathione genes [149]. Of interest to vascular researchers is querce-
tin’s ability to downregulate cellular adhesion factors such as intercellular adhesion
molecule-1 (ICAM-1) and E-selectin by upregulation of Nrf2 via the p38-MAPK
axis and also through SIRT1 [32, 150]. There is also recent evidence of further anti-
inflammatory and potentially cardioprotective effect by activation of Dab2 which
inhibits the professional antigen-presenting cell (APC) known as the dendritic cell
(DC) in ApoE —/— mice [151]. These effects make quercetin a potent anti-
atherosclerotic agent and a compound of great potential interest to ameliorate vas-
cular disease. Lutein, a xanthophyllic carotenoid and natural antioxidant, has been
found to increase PI3K/IKK/AKT activity and subsequent Nrf2 upregulation in
BALB/c mice and also in an acute lung injury mouse model [43, 152]. The ability
of lutein to effectively treat hypoxia was found to depend on this PI3K/AKT/Nrf2
axis, but it was also found to cause problems post-injury due to PI3K expression
promoting eosinophilic damage in the absence of Nrf2-mediated antioxidant effects
[43]. Isoflavone derivate 7-hydroxy-3-(49-hydroxyphenyl)-chroman (equol), found
in soybeans and other legumes, was recently reported to be differentially produced
by the metabolism of 30-50% of the population and, in an ApoE—/— high fat diet
mouse model, could reduce atherosclerotic lesions through activation of Nrf2
through a possible estrogen receptor B or ERK1/2 mechanism [153].

Animal, Molecular and Inorganic Compounds—Although the main focus of the
literature is on discovering or modifying plant-derived compounds to modulate
Nrf2, some reports of non-plant-derived Nrf2 regulators exist. Docosahexaenoic
acid (DHA), an Omega-3 fatty acid found only in photosynthetic microalgae or cold
water fish, was found to increase p65 and the MAPK/IKK pathway to upregulate
transcription of Nrf2 and also act on oxidized lipids (such as 1-palmitoyl-2-
(epoxyisoprostane-E2)-sn-glycero-3-phosphorylcholine or 4-hydroxynonenal) that
are agonists of Nrf2 [94, 95, 154, 155]. There is at least some interest in using
advances in molecular cloning and gene insertion via viral or other vectors to
manipulate levels of Nrf2 within the body and although this has been extensively
reviewed in neurological systems, there have not yet been any reports of the feasi-
bility of viral vector therapy to manipulate Nrf2 in a cardiovascular-specific clinical
context [156]. An extensive array of plasmids to overexpress Nrf2 either constitu-
tively or inducibly are commercially available and have been used in studies too
numerous to mention although Nrf2-overexpressing murine models are not yet
available.
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Lithium chloride (LiCl) has been studied in the cardiovascular system as an acti-
vator of Nrf2 through suppression of GSK-3 [157, 158]. In a myocardial infarction
model using Wistar rats, Lee and colleagues found the post-infarctive milieu to be
dominated by oxidative and nitrosative stress and direct inhibition of nerve growth
factor (NGF) was accomplished by supplementation with LiCl that increased Nrf2
levels through a PI3K pathway [157]. Lithium is therefore thought to act on GSK-3
primarily and PI3K tangentially to increase Nrf2 levels by suppressing its inhibitor
and spurring transcription [5, 159]. Arsenic in low doses was reported to increase
Nrf2 expression by oxidative damage which releases it from Keapl [83]. Other
toxic compounds that induce Phase II enzymes could be expected to act in much the
same way as arsenic and may be unsuitable for in vivo studies due to sequelae from
chronic exposure.

4.2 Exogenous Suppressors of Nrf2

Since upregulation of Nrf2 has been generally accepted in the literature as a benefi-
cial phenomenon, a majority of the research into exogenous regulators of Nrf2 have
focused on upregulation and sustained output of Nrf2 transcription. However, for
loss-of-function studies and chemotherapeutic boosters, reliable suppressors of
Nrf2 have also been investigated that could be of use in cardiovascular studies. Note
that exogenous downregulators of Nrf2 upstream regulatory elements will also
downregulate Nrf2 but may lack specificity and are outside the scope of this review.

4.2.1 Chemical Suppressors of Nrf2

It has been well established in the literature that Nrf2 has a dual role in solid tumors.
It both suppresses tumors by defending against redox insults but it also lowers the
efficacy of chemotherapy by imparting oxidative resistance to the transformed cells
that comprise the tumor mass [160]. To this end, several novel compounds have
been studied both separately and in combination with chemotherapeutic agents.
Trigonelline and Coffee—A well-studied Nrf2 suppressor is the alkaloid trigo-
nelline, derived from green coffee, that disrupts the nuclear localization of Nrf2,
which renders it vulnerable to circulating Keapl in the cytoplasm [8, 93]. This
would be expected to be deleterious to vascular health, however, high roasting tem-
peratures creates a large number of pyridine derivatives of trigonelline (including
nicotinic acid) that, in a study of thrombotic rats, decreased thrombus size [161].
Trigonelline used for research purposes should therefore be obtained in refined form
to minimize paradoxical effects of degradation by-products. Trigonelline may have
side effects not related to Nrf2 suppression: a study in an induced Type 2 diabetic
hyperglycemia model in Wistar rats found that trigonelline treatment suppressed
glycemia-induced cardiomyopathy by downregulating myocardial enzymes such as
creatine kinase, lactose dehydrogenase, and aspartate aminotransferase [162]. In
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spite of its apparent usefulness as an Nrf2 inhibitor, however, cardiovascular studies
with trigonelline are much less in number than cancer studies. A report by Lee and
colleagues on the antiarrhythmic effect of lithium on infarction in a rat model used
trigonelline to suppress Nrf2 as a loss-of-function study is one of the few reports
from the vascular field [157]. After the exact mechanism of trigonelline is eluci-
dated, this compound may become an important tool to study Nrf2 in the cardiovas-
cular system.

Other Natural Suppressors of Nrf2—A review by No and colleagues lists ascor-
bic acid, quassinoids such as brusatol and several flavonoids (chrysin, apigenin,
luteolin) along with suggested concentrations for cell line use [163]. These agents
either downregulate Nrf2 upstream pathways such as PI3K (chrysin), directly reduce
Nrf2 protein levels independently of Keapl (brusatol) or affect Nrf2 DNA binding
ability (ascorbic acid), which may introduce variability in study results [163]. These
substances have been used in cardiovascular studies, with chrysin inhibiting VSMC
proliferation in a hypoxia-induced hypertension rat model and brusatol being found
to inhibit hypoxia-inducible factor 1(HIF-1), a protein found to extensively cross-
talk with Nrf2 [164, 165]. Ascorbic acid, although a putative suppressor of Nrf2, is
thought to have a variable effect based on organ system, with positive effect in isch-
emic insult and vascular responsiveness but a negative effect in lung injury [166,
167]. Clearly, as the reports from the literature are contradictory, any use will have
to take into account possible side reactions and unwanted side effects.

4.2.2 Molecular Suppressor of Nrf2

Molecular Suppressors of Nrf2—As every chemical modifier of Nrf2 carries the
potential risk of unwanted effects based on the cell line/model organism, age-related
oxidative milieu, etc., molecular manipulation of Nrf2 using genetic-based
approaches have also been studied. B6.129X1-Nfe™Y*k /J (Jackson Labs) and
NRF2 knockout rats are available for use to study, while various plasmids exist to
knock down Nrf2 in vitro and are commercially available for use in lentiviral or
other transduction systems [168, 169]. CRISPR/Cas9 knockout systems have also
become recently available from commercial suppliers and have been used in study-
ing inflammatory responses [82]. RNA approaches using N1f2 or Keapl siRNA are
also available commercially and have been used in cell-based gene profiling studies
[170]. One report by Liu and colleagues found that suppression of Nrf2 negative
competitive regulator Bachl via an siRNA approach could increase Nrf2 levels; it
stands to reason that overexpression of Bachl may provide a natural suppressive
effect on Nrf2 [171, 172]. The strategy of “boosting the suppressor” may not always
be appropriate; as Keapl was found to rely on cytoskeletal actin for its sensor func-
tion, overexpression of Keapl may not necessarily provide adequate suppression of
Nrf2 if actin filaments are already saturated [25, 173]. However, a recent report
showed that bromodomain protein 4 (BRD4) is a key regulator of Keapl and this
could be exploited in vascular studies to suppress Nrf2 [174]. Using rapid screening
technologies such as Neh2-luciferase assays and SPR-based solution competition
assay, the search for novel inhibitors of Nrf2 is unceasing [15].



The Role of Nrf2 in the Cardiovascular System and Atherosclerosis 117

The past 15 years have seen an explosive growth in the number of compounds
to regulate Nrf2 both in vitro and in vivo. Data from these studies has given a
solid picture of Nrf2’s role in redox metabolism and a detailed mechanism with
regards to Keapl. This is important, as current opinion regards high antioxidant
levels as beneficial. In theory, constant upregulation of Nrf2 by supplementation
with any of these compounds should result in improved patient outcomes, but in
the case of the cardiovascular system, compounds like CDDO that drive high Nrf2
levels have proven deleterious. Additionally, it should be noted that, with respect
to vascular and cardiovascular diseases, multiple studies and meta studies have
indicated that ROS scavenging and antioxidant supplementation to be ineffective
[175—177]. As current scientific methodology is limited in the scope of mechanis-
tic studies, able to focus on only a few genes at a time, it is clear that future
research must use cutting edge epigenetic and —omics technologies to focus on
how Nrf2 upregulation fits into the holistic system of a living body. However, hav-
ing a toolbox of ready compounds to regulate Nrf2 in epigenetic or —omic studies
will greatly assist in accurate dissection of Nrf2-regulated redox homeostasis
mechanisms.

5 Conclusion

Over the past 25 years, Nrf2 has taken a front-stage role as the master antioxidant
transcription factor in the entire body and most research has been devoted to dissect-
ing its function in various organs. It is responsible for the activation of numerous
detoxification and antioxidant genes and is the conserved, constitutively expressed,
keystone regulator of redox homeostasis in mammals. As expected, this importance
comes at a high regulatory price, with the co-constitutively expressed repressor
Keapl and constant degradation by the ubiquitin/proteasome system needed to reg-
ulate Nrf2 levels under basal redox conditions. However, this also allows for rapid
action by Nrf2 to fluctuate in response to reactive oxygen and nitrosamines formed
as a result of both mitochondrial metabolism and environmental stress. It would
therefore not be inappropriate to call Nrf2 the modulator of the “antioxidant immune
system,” resplendent with the intricate up- and downstream molecular mechanisms
inherently needed to control such an important keystone.

In this review, the role of Nrf2 in the cardiovascular system and an extensive
analysis of exogenous mediators with a focus on those compounds useful for vas-
cular studies were completed. It is well-known that chronic conditions such as Type
II diabetes and metabolic syndrome mediate the development of atherosclerosis and
subsequent heart disease. It is also well-known that Nrf2, at least in lab animals is
highly protective against this triad of diseases by diverse molecular mechanisms.
However, despite decades of intensive study and manipulation, several questions
have arisen that remain unanswered. Chiefly among them is the knowledge that
Nrf2 has dual roles in several somatic systems. For example, it carries both a tumor
suppressor and enhancer role that seems paradoxical: suppression of ROS damage
prevents tumors but also provides solid tumor cells with defenses against
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chemotherapeutic agents. This paradox seems to carry over to the heart as well,
with strong evidence that unchecked upregulation of Nrf2 for cardiotherapeutic
purposes may carry unintended negative side effects if the microenvironmental
milieu is ignored. For example, in the absence of functional autophagy, sustained
Nrf2 transcription of Agt due to an absence of Fyn-operated Nrf2 nuclear export
causes cardiac maladaptation yet early stage heart disease sees a substantial benefit
from Nrf2 upregulation [1, 37]. There are also reports from multiple Phase I and II
human trials that have been conducted where exogenous upregulation of Nrf2 to
combat cancer has caused unexpected cardiac irregularities in addition to a failure
to significantly shrink the tumors [1]. Additionally, epigenetic connections to the
autophagic pathway (mTOR, p62) and other master signaling pathways such as
PI3K/Akt, Notch, Wnt, Angll, p38-MAPK, Snail, and Bax decrease the signal to
noise ratio of experimental results and therefore makes isolation of Nrf2 mecha-
nisms difficult [1]. To this end, extensive effort has been invested into chemical,
genetic, and inorganic regulators of Nrf2 to attempt to dissect out the specific roles
and functions of Nrf2 within cell lines and laboratory animals. So far, these agents
have proven useful in obtaining data on the pathology of certain oxidative diseases
and in cause/effect studies in animal models of organ diseases and cancer. They
have also extended understanding of the various cellular phenotypes and organ
pathologies that result from manipulation of Nrf2. However, the next step in fully
elucidating the relationship between the systemic (epigenetic) and specific (redox
homeostasis) roles of Nrf2 will most likely require the use of powerful new tech-
nologies such as next-generation sequencing, proteomics, transcriptomics, and epi-
genetic surveys.

Nrf2 has been studied for over 20 years and although much has been discovered,
there are still many issues blocking its widespread usage as a therapeutic target.
Nrf2 has been proven to be beneficial in prevention of atherosclerosis due to meta-
bolic disorders such as diabetes and also plays a role in defense against oxidative
stress in aging but only if chemically stimulated. Additionally, the paradigm of
“always on, always helpful” with regard to Nrf2 transcription has been upended by
several experimental reports of enhanced cardiac necrosis and maladaptation in
late-stage heart disease as well as multiple discontinued Nrf2 upregulator trials due
to cardiac side effects. It seems as if Nrf2, acting alone, has its canonical effect but
when activated in situations with dysfunctional cellular machinery (e.g., loss of
autophagy), it plays an entirely different role due to the multiple epigenetic interac-
tions with disease-enhancing pathways. Two conclusions with regard to cardiovas-
cular disease and Nrf2 can therefore be made: First, Nrf2 is useful in a limited scope
as a regulator of redox homeostasis before disease pathology is present and second,
Nrf2 must be tightly controlled and possibly even downregulated exogenously after
disease pathology robs cells of internal machinery such as autophagy. There seems
to be a very thin line between help and harm in the Nrf2 pathway and the exact stage
or time point where Nrf2 crosses this line may be entirely dependent on the micro-
environment unique to each cell/organ type. To this end, precise elucidation of the
effect of Nrf2 at each stage of vascular and cardiac disease with a bias towards
detailed time points and possibly integrating Keapl manipulators into experimental
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plans might be needed to formulate a general concept of exactly when Nrf2 switches
to harmful from helpful. Additionally, much work remains to be done in elucidating
the exact condition of intracellular machinery (transcription, translation, autophagy,
ubiquitin ligation, etc.) within the heart and vascular system at each stage of disease
to provide a context for Nrf2 downstream effects.
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Nrf2 and Inflammation-Triggered
Carcinogenesis

Sayanta Sarkar, Noyel Ghosh, Mousumi Kundu, and Parames C. Sil

Abstract The nuclear factor erythroid 2(NFE-2)-related factor 2 (Nrf2), a tran-
scription factor, is a major player in antioxidant and detoxification system implied
by the cells in normal physiological condition as well as during intrinsic or extrinsic
cellular stress. During tumorigenesis, activation of Nrf2 could be tumor suppressive
or oncogenic. Aberrant Nrf2 signaling makes tumor cells resistant to chemotherapy
and radiation. However, Nrf2 can also be cytoprotective in nature where it acts inde-
pendently or in crosstalk with other cellular signaling pathways to maintain cellular
homeostasis. In this book chapter, we highlight the role of Nrf2 in various types of
cancers describing Nrf2 signaling in inflammation and oxidative stress to support
either cancer cell survival or death. Current status of Nrf2 as a target in cancer
therapy is also discussed.

1 Introduction

Reactive oxygen species (ROS) are continuously generated in our body due to inter-
nal metabolism as well as external environmental exposure. In physiological condi-
tions, cells produce ROS for useful purposes and ROS signaling protects cells
during inflammation and stress response. Moreover, it plays crucial role during cell
division and autophagy to propagate and maintain homeostasis [1]. However, ROS
generation and its accumulation in excess result in oxidative stress which is harmful
for many cellular processes. Oxidative stress leads to inflammation, immune disor-
ders, and many diseases like cancer and aging [2].

Nrf2 is a transcription factor that belongs to cap ‘n’ collar (CNC) subfamily of
basic region leucine zipper (bZip) transcription factors. Nif2 was first cloned as a
factor bound to NFE2-binding motif in f-globin gene responsible for erythropoiesis
development and platelet development [3]. Although Nrf2 is not necessary for dif-
ferentiation of hematopoetic cells, it was found to induce a group of drug-
metabolizing enzymes (DMEs), such as NAD(P)H:quinone oxidoreductase 1
(NQOL1) and glutathione S-transferase (GST) by means of antioxidants and
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electrophiles [4, 5]. Induction of such proteins promotes detoxification and elimina-
tion of several endogenous as well exogenous chemicals and thereby Nrf2 regulates
oxidative stress response caused by inflammation [6].

Over past few decades, from several studies, the major role of Nrf2 has been
shown to produce resistance to oxidant stress. While searching for genome-wide
targets of Nrf2, many antioxidant response element (ARE) containing genes respon-
sible for antioxidant homeostasis and drug detoxification have been identified [7].
Cells maintain concentration of Nrf2 in a very controlled manner, where Nrf2 is
repressed by Keap1 (Kelch-like erythroid cell-derived protein with CNC homology-
associated protein 1). Under normal cellular condition, Keapl mediates ubiquitina-
tion and subsequent proteosomal degradation of Nrf2 [8]. However, the protective
nature of Nrf2 can also be exploited by tumor cells to build a prosurvival niche for
further tumor progression and drug resistance [9]. In this context, the emerging
molecular mechanism and function of Nrf2 in the regulation of inflammation-
mediated cancer are described below.

The function of Nrf2 signaling in cancer cells, in response to toxic chemicals and
radiations (ionizing or ultraviolet radiation) has been well established [10, 11].
Cancer progression has been found to be prevented by Nrf2 through several path-
ways such as by generation of many antioxidants and detoxifying enzymes to sup-
press the reactive oxygen species (ROS). Recently, it has been found that cancer
cells overexpress Nrf2 which ultimately leads to cancer progression [4, 12] and
metastasis [13]. With ongoing research, the functions of Nrf2 in various phases of
cancer progression have been highlighted deeply.

Although Nrf2 activity is majorly regulated by its inhibitor Keapl, many other
regulatory mechanisms are also in existence. Nrf2 activity is regulated at the level
of transcription, translation, and post-translational phase independent of Keapl-
mediated regulation. Nrf2 is regulated by protein kinases like JNK, GSK3p, PKC,
and Akt [14]. Nrf2 binding to caveolin-1 or p21 also alters its functioning. Moreover,
Nrf2 could be regulated at epigenetic level as well by various microRNAs like
miRNA-28, 144, and -200a [15]. The above-mentioned processes are equally vital
factors for the activation of Nrf2 to keep the cellular redox potential in a balanced
state to reduce the possibility of inflammation and thereby progression to cancer
development.

2 Regulation of Nrf2 and Keapl

2.1 Keapl-Dependent Regulation

Keapl plays an important role as redox sensor and involved in cellular defense by
regulating the Nrf2 protein under normal as well as stressed conditions. In inactive
state, Keapl forms a homodimer to sequester Nrf2 in the cytosol and prevents Nrf2
translocation in the nucleus in association with the actin cytoskeleton [16]. In addi-
tion, Keapl mediates the Cul3-based poly-ubiquitination and proteasomal degrada-
tion of Nrf2.
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Fig. 1 Domain structure of Nrf2. The Nrf2 protein contains seven conserved Nrf2—-ECH homol-
ogy (Neh) domains. Nehl domain binds to DNA and dimerizes with transcription factors; Neh2
binds to Keap! through DLG and ETGE motif and contains seven lysine residues for ubiquitin
ligation; Neh3 is needed for transcriptional activation; Neh4 and Neh5 are transactivation domains;
Neh6 regulates Nrf2 stability; Neh7 is responsible for RXR/binding

2.2 Keapl-Dependent Proteasomal Degradation of Nrf2

The continuous activation of oxidative stress could be prevented by maintaining
Nrf2 at very low level [17, 18]. Proteasomal degradation of Nrf2 promoted by
Keapl protein makes Nrf2 a high turnover protein with a half-life of 10-20 min
only. Nrf2-Keap1 binding is based on double glycine repeat domain (DLG domain)
in Keapl and Neh2 domain in Nrf2 [19]. Two motifs within the Neh2 domain
exhibit different affinity for Keap1; one binds strongly whereas, the other binds with
low affinity. In normal cellular conditions, Nrf2 concentration is kept lowered
through weak binding of Nrf2-Keap1 and thus targeting Nrf2 for ubiquitination by
Cul3-E3 ligase and thereby degradation by 26S proteasomal pathway [20]. (Fig. 1).

2.3 Keapl Degradation by Autophagy

The proteasome is a subcellular structure that is utilized for the degradation of spe-
cific proteins targeted for destruction. However, autophagy is generally considered
as degradation pathway for nonspecific proteins, unfolded proteins, and cellular
organelles. Findings from past few decades suggest that the autophagic degradation
pathway is also capable of degrading specific, targeted proteins [21-23]. By binding
to poly-ubiquitinated protein marked for degradation and to autophagosome,
sequestosomel (p62), a substrate adaptor via its multiple protein—protein interac-
tion capability targets specific cellular proteins to undergo degradation via autopha-
gosome [23, 24]. From some studies it has been elucidated that between Keapl and
p62 there is a significant relationship, where p62 regulates degradation of Keapl by
autophagy. A reduced expression of Keapl has been observed in a group of cell line
where p62 was overexpressed. On the other hand, when p62 was knocked out by
siRNA, a high level of Keapl protein expression with decreased protein level of
Nrf2- and Ner2-regulated gene were observed [25]. When p62 is absent in a cell, the
cellular Keapl concentration is maintained twice as compared to normal level.
When p62-Keapl interaction mechanism was thoroughly studied, a concept has
arrived which states that, under oxidative stress, Keapl bound with Nrf2 undergoes
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conformational change, which allows release of Nrf2, making an empty site in
Keapl protein where p62 can bind by STGE motif which can be compared with
ETGE motif of Nrf2. Binding of p62 with Keapl allows LC3 to bind which was
already bound to autophagosome membrane and allow Keap1 for degradation [26].

3 Keapl-Independent Regulation

From many studies, it has been found that Keap1 is not only one candidate for regu-
lation of Nf2. Sulforaphane, an Nrf2 inducer, overexpressed without hampering the
binding between Nrf2 and Keapl. This explains the presence of alternative path-
ways for Nrf2 activation [27]. The expression and activity of a protein can be regu-
lated at various time scale including transcriptional, post-transcriptional, protein
abundance, post-translational modification, and subcellular localization. The phos-
phorylation of Nrf2 by several signaling machinery and the involvement of epigen-
etic factors such as microRNAs may also play a role in Nrf2 activation. In this
section, alternative processes of Nrf2 regulation are thoroughly described.

3.1 Auto-Regulation and Transcriptional Regulation

Nrf2 acts as a transcription factor by up regulating the expression of genes that con-
tain antioxidant response element (ARE) sequence in the promoter region. Likewise,
the aryl hydrocarbon receptor [28] up regulates production of a number of phase I
antioxidant enzymes such as Cytochrome p450 which contains xenobiotic response
element (XRE) at their promoter site [29] which mediates the group of reactive
intermediates, and these reactive intermediates can deliberately activate the antioxi-
dant signaling pathway through the ARE. In another study, a compound TCDD
(2,3,7,8-tetrachlorodibenzo-p-dioxin) an inducer for both Nrf2 and AHR can induce
all those genes which contain both ARE and XRE on their promoter region [30]. For
some genes, which contain promoter where both Nrf2 and AHR can bind and induce
gene expression. Interestingly, in Nrf2 promoter the ARE/XRE sequence has been
found suggesting the possibility of auto-regulation of Nrf2 at transcriptional level.
The XRE and ARE regions are present in close vicinity within the promoter region
of Nrf2 suggesting the possibility of Nrf2 to control its own transcription that is
auto-regulation. In support of this another group showed that the D3T (3H-1,
2-dithiole-3-thione), an inducer of ARE, increases Nrf2 at both the RNA and protein
levels, and this overexpression can be inhibited by cyclohexamide, a transcriptional
inhibitor. When ARE sequence is inserted at the promoter region of luciferase
enzyme gene, its overexpression in the presence of Nrf2 is the evidence of the auto-
regulation of Nrf2, allowing a positive feedback loop providing cellular defense
against oxidative stress [31]. Many chemo-preventive agents are capable of trigger
Nrf2 gene expression suppressing NF-kB activity. NF-kB can repress transcription
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of genes which contain ARE at their promoter region. In the promoter sequence of
Nrf2, there is a region where NF-kB can bind and down regulate those genes which
are expressed by Nrf2. This finding suggests that a crosstalk between NF-xB and
Nrf2 regulate cellular response against oxidative stress [32].

3.2 Post-Transcriptional Modulator: microRNAs

Over the past decades, microRNAs acquire attention for their function to control the
modification of many signaling pathways, as well as the Nrf2 pathway. microRNAs
including miR-28 [33], miR-144 [34], miR-200 [15], and miR-34 [35] play a crucial
part for Nrf2 signaling in response to oxidative stress. In erythroid cells, an inhibi-
tory effect of miR-144 on Nrf2 signaling pathway has been found. When expression
of miR-144 is activated in erythroid cells, a significant loss of Nrf2 protein level
with subsequent decrease of restoration of glutathione and modification of antioxi-
dant activity proves the inverse effect of miR-144 on Nrf2 pathway [34]. In breast
epithelial cells, a similar relationship was observed within miR-28 and Nrf2.
MiR-28 has been seen in various cancers, €.g., lymphoma, glioma, squamous carci-
noma, etc. and it is found to bind with Nrf2 mRNA resulting in its degradation along
with induction of Nrf2 protein degradation. Neither the induction of Keapl protein
nor the binding between Nrf2 and Keapl has been affected in the presence of
miR-28 explaining that miR-28 function as Nrf2 regulator which is independent of
Keapl [33].

3.3 Post-Translational Modifications: Phosphorylation/
Acetylation

In response to oxidative stress, Nrf2 as transcription factor, move in the nucleus to
activate various proteins to reduce cellular ROS. After maintaining cellular redox
state when the activation of Nrf2 as transcription factor is no longer needed, the
nuclear Nrf2 is phosphorylated which leads Nrf2 for nuclear export thereby degra-
dation. Various pathways like extracellular signal-regulated kinase (ERK), glyco-
gen synthase kinase 3 beta (GSK3p), protein kinase C (PKC), phosphatidylinositol
3-kinase (PI3K/AKT), mitogen-activated protein kinase (MAPK) signaling path-
ways, etc. play crucial roles in this regulation. In response to oxidative stress, pro-
tein kinase C (PKC) phosphorylate at Ser40 of Neh2 domain of Nrf2 interrupts the
binding of Keapl with Nrf2; the free Nrf2 then moves into the nucleus [14]. PKC
belongs to a family of serine/threonine kinases which can be subdivided into three
classes: classical, novel, and atypical. In a study, the atypical class of PKC phos-
phorylates Nrf2 which causes Nrf2 to transport into the nucleus. The translocated
Nrf2 then acts as transcription factor to allow the expression of phase II antioxidant
enzymes in response to oxidative stress [36]. The nuclear localization sequences
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(NLSs) and nuclear export sequences [27] in Nrf2 have been identified and con-
firmed that after released from Keapl, the free Nrf2 cannot move into the nucleus
by its own. For translocation of Nrf2 into the nucleus, certain adaptor proteins like
importin forms Nrf2-Importin complex and moves it through nuclear envelope [37].
Casein kinase 2 (CK2) targets approximately 13 potential phosphorylation sites
within Nrf2 sequence [38] These phosphorylations by CK?2 help Nrf2 for nuclear
translocation, which can be repressed by inhibitors of CK2 [39]. The interplay
between many signaling pathways regulating post-translational modification of
Nrf2 will help to understand cell defense mechanism against oxidative stress.

3.4 Maintaining Cellular Homeostasis by Nrf2

To maintain normal cellular homeostasis, the function of Nrf2 is regulated by sev-
eral ways. To bind with ARE/EpRE sequence, Nrf2 heterodimerization occurs with
musculoaponeurotic fibrosarcoma oncogene homolog (Maf) protein. This Maf pro-
tein, which is bZIP type transcription factors, is also required for transactivation of
Nrf2 [40-42]. In human Nrf2 protein, seven highly conserved regions known as
Nrf2-ECH homology (Neh) domains have been found. Among the family of Neh
domains, the Nehl domain contains a CNC-bZIP structure which mediates het-
erodimerization with Maf [43]. Bach which is an ARE/EpRE-binding protein acts
as a transcriptional repressor of Nrf2 especially in heme oxygenase-1 gene expres-
sion involved in oxidative stress response [44]. Neh4 and Neh5 domains play an
important role in the transactivation activity of Nrf2. After binding with CREB-
binding protein (CBP), the potency of Nrf2 as transcriptional activator increases by
nearly 100-fold [45—47].

Nrf2 can be stabilized by phase II inducers. Till now, nine structurally diverse
chemical groups have been identified as inducers those are involved in activation of
phase II genes by Nrf2 [48]. Within a cell, primary sensors are found and they have
certain cysteine residues in the polypeptide chain which actively participate in redox
sensing. These phase 2 inducers can all modify sulfhydryl groups of reactive cyste-
ine residues by alkylation, oxidation, or reduction. Interestingly, Keap!l has 27 cys-
teine residues which are highly reactive; as a result, phase II inducers sense those
reactive cysteine residues of Keapl and target Keapl and allow the release of Nrf2.
Dexamethasone mesylate, a sulthydryl reactive inducer, directly reacts with cyste-
ine amino acids of Keapl and triggers dissociation of Keapl from Nrf2 [49]. The
phase 2 inducer 15-Deoxy-delta-12, 14-prostaglandin J2 (15d- PGJ2) interacts
directly with Keap1 inducing Nrf2 [50]. Among the most reactive cysteine residues,
mutations in Cys273 or Cys288 make Keap!l incapable of suppressing Nrf2 activity
[51, 52]. Phase 2 inducers are also found to be activating some protein kinases as
mediators of oxidative stress, for example, extracellular signal-regulated kinases
(ERK) [53-55], MAPK/ERK kinase-1 [56], MEK kinase 1 [57], p38 mitogen-
activated protein kinase (MAPK) [54, 55], PKR-like endoplasmic reticulum kinase
(PERK) [58], phosphatidylinositol 3-kinase (PI3K) [59, 60], and protein kinase C
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Fig. 2 Maintaining cellular homeostasis by Nrf2. Reactive oxygen species (ROS), either from
external sources or generated within cell during inflammation, causes cancer. Nrf2 in response to
ROS induces a group of antioxidants phase 2 scavengers, detoxifying enzymes which play an
important role in fighting against cancer. Many other pathways like NF-kB, MAPK, and PKC also
regulate Nrf2 signaling

(PKC) [36, 61, 62]. Furthermore, specific kinase inhibitors are capable of blocking
the phase II antioxidant enzymes and ARE/XRE-triggered gene induction [14, 62].
It is possible that PKC and PERK and also their upstream signaling molecules may
be playing some role as sensors for oxidative stress (Fig. 2).

4 Nrf2 Signaling

Nrf2 regulates expression of an array of antioxidant genes upon oxidative stress. Of
many oxidative stress-induced pathways, Nrf2-Keap1 signaling plays a pivotal pro-
tective role for normal cells. Moreover, since Nrf2-deficient mice are more prone to
carcinogenesis [63, 64] and Nrf2 loss leads to enhanced metastasis, it is thought to
act as a tumor suppressor [65, 66]. However, recent studies have indicated an onco-
genic function of Nrf2. Cancer cells are consistently under oxidative stress and to
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overcome this problem, Nrf2 has been found to highly express in these cells thereby
enhancing their therapeutic resistance. In the following section, we will elaborate
signaling of Nrf2 in normal and cancer cells as well.

4.1 Nrf2 Signaling in Normal Cells

In physiological conditions, Nrf2 remains in cytosol and binds to Kelch/DGR
domain of its inhibitor Keap! with ETGE and DLG motifs present in Neh2 domain
of Nrf2. Upon binding to these two sites, Keapl targets Nrf2 for degradation.
Keapl-dependent degradation is Culin3 mediated which is E3-ubiquitin ligase and
conjugates ubiquitin moieties at the seven lysine residues present in the Neh2
domain of Nrf2. As a result, in the absence of any stress, Nrf2 is degraded in the
cytosol and unable to translocate to the nucleus [67, 68].

However, cellular stress alters Nrf2 binding to Keap1 by its DLG domain. Stress
changes Keapl conformation by oxidizing cysteine residues present in its interven-
ing region (IVR). Conformationally modified Keap! is unable to bind Nrf2 at DLG
domain. Now Keapl remains bind to that Nrf2 which is not further subjected to
poly-ubiquitination and degradation. Thereby newly translated Nrf2 translocates to
the nucleus. In nucleus, Nrf2 binds to antioxidant response element (ARE) of a
number of genes which are involved in cytoprotection. Nrf2 binding to ARE is
mediated by masculoaponeurotic fibrosarcoma (Maf) family proteins. By dimeriz-
ing with Nrf2, Maf family proteins have two functions: (1) to facilitate Nrf2 binding
to ARE, (2) to recruit co-activator for transcriptional activation of genes. Genes
whose transcription is activated by Neh2 binding are related to antioxidant response,
phase II detoxifying enzymes, glutathione synthesis, drug metabolism, drug resis-
tance, HIPK?2 signaling, etc. (Fig. 3) [67, 68].

4.2 Nrf2 Signaling in Tumor Suppression

It is a known that Nrf2 regulates expression level of genes important for antioxidant
functions. These genes exert cytoprotective effects by their anti-inflammatory role
but if inflammation persists, it results into carcinogenesis via formation of tumor-
supportive microenvironment [69]. During carcinogenesis when a normal cell
changes into a transformed cell, Nrf2 prevents this process by its antioxidant and
anti-inflammatory functions [70]. Specific mutations in Nrf2 or its suppression dur-
ing this process leads to carcinogenesis. Hence, it is thought that Nrf2 acts as tumor
suppressor and tumor suppressive role of Nrf2 has been investigated thoroughly. By
studying mutations in Nrf2 or knocking down Nrf2 gene, several reports have shown
that Nrf2 is a tumor suppressor and its deletion/suppression leads to cervical,
colorectal, oral, head and neck, lung, pancreatic, hepatic, and skin carcinogenesis
[71-73]. In Nrf2 null mice, there is decreased expression of HO-1, NQO1, GST,
GCL (glutamate-cysteine ligase), and UGT (UDP-glucuronosyltransferase) in
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Fig. 3 Nrf2 signaling in normal and stressed conditions. In physiological conditions, Nrf2 under-
goes Keapl-mediated proteasomal degradation by Cul3-ubiquitin ligase. In cellular stress, it dis-
sociates with Keapl and translocates into the nucleus and induce expression of various genes that
are involved in maintaining cellular homeostasis

comparison to Nrf2 wild type mice. Moreover, a single nucleotide polymorphism at
16721961 locus in human Nrf2 promoter results in its decreased levels which
enhances the risk for non-small-cell lung cancer (NSCLC) [50]. In the first stage of
metal-induced carcinogenesis, Nrf2 acts as anti-oncogenic protein and inhibits
malignant cell transformation. Nrf2 is present at higher level in lung adenocarci-
noma tissues. However, its knockdown enhances arsenic-induced transformation in
BEASE-2B cell in the process of lung carcinogenesis [74]. Nrf2 knockdown results
in decreased level of ROS which increases cell survival and proliferation during
transformation and leads to tumorigenesis. Therefore, antioncogenic function of
Nrf2 is due to its antioxidant gene regulation which reduces ROS level and thereby
cell transformation. Likewise, exposure of BEAS-2BR cells with cadmium also
leads to lung carcinogenesis. In this process, cadmium exposure leads to ROS gen-
eration in untransformed cells. ROS generation leads to increased level of TNF-a
which activates NF-«kB and COX-2 ultimately resulting in tumor forming inflamma-
tory microenvironment. Overexpression of Nrf2 downstream targets resulted in
reduced ROS level and inhibition of cadmium induced malignant cell transforma-
tion [70]. Additionally, Nrf2 null mice are highly prone to chemical (DMBA or
TPA)-induced skin carcinogenesis. Mice having dominant-negative mutant of Nrf2
(dnNrf2) in basal keratinocytes of the epidermis show a prolonged inflammatory
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response following skin injury and develop skin carcinomas. Here, the basal level of
Nrf2 target genes is needed to prevent skin tumorigenesis. Hence, reduced chemical-
induced detoxification as well as increased oxidative damage increases susceptibil-
ity of dnNrf2 mice for skin tumorigenesis [73]. Nrf 2 has an important role in colon
carcinogenesis also. Nrf2 knockout results in chronic inflammation with higher
expression of inflammatory marker genes such as COX-2, cPLA (cytosolic phos-
pholipase A2), and LTB, (leukotriene B4), along with it there is a higher level of
PCNA and cMyc in intestinal tissue of respective mice. These Nrf2 knockout mice
develop higher number of tumors upon DSS treatment [75]. Collectively, Nrf2
knockout inhibits oxidative stress response pathway, augments inflammation and
also increases proliferation of intestinal crypt cells resulting in intestinal carcino-
genesis. In significant number of breast cancers cell lines, Nrf2 is present in low
level. This is due to increased Cul3-mediated proteasomal degradation of Nrf2.

4.3 Nrf2 Signaling in Tumor Promotion

In 2004, Ikeda et al. highlighted the oncogenic function of Nrf2 in liver carcinoma
for the first time [76]. In subsequent years, increasing pieces of evidence suggested
that Nrf2 could act as oncogene as well. Constitutive Nrf2 activation results in many
types of cancers.

During carcinogenesis, as a cell gets transformed it has higher proliferation
capacity. Nrf2 has been found to be involved in this increased proliferation capacity
in many cell types. Nrf2 does so by up regulating expression of genes involved in
NADPH formation such as transaldolase 1 (TALDO1), phosphogluconate dehydro-
genase (PGD), transketolase (TKT), and glucose-6-phosphate dehydrogenase
(G6PD). In addition, transcription of some genes of metabolic pathway like isoci-
trate dehydrogenase 1 (IDH1), phosphoribosyl pyrophosphate amidotransferase
(PPAT), methylenetetrahydrofolate dehydrogenase 2 (MTHFD?2), and malic enzyme
1 (MELI) is also enhanced. This leads to increased cellular level of purines which is
a raw material for DNA and RNA synthesis. Hence, transformed cells proliferate at
a higher rate than their normal counterparts [68, 77].

In some tumors, Nrf2 is hyperactive and protects cancer cells from oxidative
stress. This hyperactivation of Nrf2 could be due to mutation, increased transcrip-
tion, or post-translational modification. Hyperactive Nrf2 increases tumorigenesis
by positive feedback loop between Nrf2 signaling and histone deacetylase 4
(HDAC4) and pentose phosphate pathway (PPP). Nrf2 directly regulates expression
of apoptotic genes like Bcl-2 and Bcl-xL [68].

During arsenic-induced carcinogenesis, Nrf2 is responsible for protection of
transformed cells by lowering the level of ROS and apoptosis in BEAS-2B cells.
This lowered ROS level is due to increased expression of antioxidant genes like
catalase and superoxide dismutase-2 and apoptosis resistance was due to direct
regulation of Bcl-2 and Bcl-xL gene expression by Nrf2 [74]. Thus in lung adeno-
carcinoma, increased level of Nrf2 and its downstream targets helps in malignant
cell transformation and tumorigenesis.
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Likewise, cadmium also induces lung carcinogenesis. In cadmium-transformed
BEAS-2BR cells, there is inhibition of autophagy which leads to increased level of
p62. P62 is a competitive inhibitor of Nrf2 for Keapl binding. Hence, it binds to
Keapl thereby increasing the level of Nrf2 into nucleus. In nucleus, Nrf2 increases
expression of catalase and superoxide dismutase resulting in decreased ROS level.
It also increases expression of anti-apoptotic genes like Bcl-2 and Bcl-xL, promot-
ing resistance to cell death [70].

Overexpression of Nrf2 is also related to breast carcinogenesis. In MCF7 and
MDA-MB-231 cell lines, NRF2 knockdown by siRNA results in decreased cell
proliferation and cell migration during metastasis process [78]. Nrf2 regulates
breast cancer metastasis by positively regulating RhoA GTPase which is important
in cell migration [79]. RhoA along with its downstream effector proteins enhances
stress fiber and focal adhesion formation which is necessary in breast cancer metas-
tasis. Additionally, Nrf2 binds and silences estrogen-related receptor-a (ERR1)
expression which is a negative regulator of Rho protein. Moreover, Nrf2 enhances
breast cancer progression by activating HIF1-a expression which is a key transcrip-
tion factor sensing hypoxia stress and regulating genes involved in angiogenesis,
apoptosis, cell proliferation, and survival [78].

In cervical cancers, nuclear expression of Nrf2 is increased. Higher Nrf2 level is
associated with reduced Keapl expression due to hypermethylation of its gene.
Moreover, increased Nrf2 correlates with decreased apoptosis, enhanced cell prolif-
eration, induced cell migration, and invasion of SiHa (cervical cancer cells) cells [71].

Nr1f2 protein level constantly remains high in head and neck squamous cell car-
cinoma (HNSCC) due to gain-of-function mutation in Nrf2 gene [80]. Likewise,
Nrf2 expression is higher in oral squamous cell carcinoma (OSCC) in comparison
to normal squamous mucosa [81].

5 Nrf2 Signaling in Maintaining Genomic Stability

Since genomic alterations are one of the basic needs for a cell to get transformed
into cancerous cell, any lesion that causes genomic instability leads to cancer.
Reactive oxygen species, ultraviolet radiation, X-rays, ionizing radiation, and most
of the chemotherapeutic drugs tend to deregulate genomic stability either to develop
cancer or to treat it. Various checkpoints act at specific places in a cell as surveil-
lance to inhibit progression of this instability. Along with checkpoints, many repair
pathways are also present to rectify genomic alterations. Up regulation of repair
genes or down regulation of checkpoint proteins is the mechanism deployed by
cancer cells to show drug or chemo-resistance or to maintain their growth. Cancer
cells override the barrier of checkpoints or enhance repair capacity for their unper-
turbed cell cycle progression or to develop drug resistance. They do so by incorpo-
rating mutations in genes of DNA repair pathway and checkpoint pathway proteins.
Nrf2 alters expression of genes involved in base excision repair, non-homologous
end joining, and homologous recombination. One of the enzymes in base excision
repair pathway, 8-oxoguanine DNA glycosylase (OGG1), rectifies oxidized lesions
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at guanine bases induced by reactive oxygen species. Nrf2 regulates expression of
OGGT1 in mitochondria as well as in nucleus to enhance base excision repair capac-
ity of cells during oxidative stress and thereby protects them from programmed cells
death due to unrepaired bases [82]. During radiation therapy, cancer cells activate
expression of Nrf2 which in turn up regulates p53-binding protein 1 (53BP1)
expression. Elevated level of 53BP1 enhances non-homologous end joining capac-
ity of cancer cells and thereby helps to develop radiation resistance [83]. Moreover,
many genes in DNA repair pathway contain AREs, their regulation by Nrf2 is yet to
be resolved clearly. However, Nrf2 regulates ionizing radiation-induced Rad51 foci
formation which is involved in homologous recombination repair. It does so by
increasing mRNA level of Rad51 and thereby increasing radiation resistance in can-
cer cells [84]. To increase homologous recombination repair capacity of cancer
cells, BRCAL1, whose gene is up regulated in breast and ovarian cancers, binds to
Nrf2 and protects it by Keapl-dependent degradation. This enhances survival of
cancer cells in oxidative stress conditions (Fig. 4) [85].
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Fig. 4 Nrf2 signaling in maintaining genomic stability. Following DNA damage either by tumor
oxidative stress microenvironment or by chemo- or radiotherapy, cells activate Nrf2 expression
which thereby increases cells’ ability to repair DNA damage that results in their survival and resis-
tance to therapy
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6 Nrf2 Signaling in Autophagy

Autophagy is a vital process for cells to maintain cellular homeostasis. It is neces-
sary for nucleic acid synthesis, degradation of aggregated proteins, unfolded pro-
teins, and removal of damaged mitochondria in physiological conditions [86].
However, autophagy could be a result of cellular stress like starvation, oxidative
stress, and metabolic stress also [87]. P62 protein is a key player in autophagic sig-
naling as it localizes to autophagosome and acts as a receptor for molecules to be
undergoing autophagy. Nrf2 remains in positive feedback loop with p62. In mito-
chondrial stress, Ser403 residue of p62 gets phosphorylated by CK2 (casein kinase
2) or TBK1 (TANK-binding kinase 1). S403 phosphorylated targets p62 to the ubiq-
uitinated cargos. Then, mMTORC1-dependent phosphorylation of p62 at S351 takes
place which enhances binding of p62 with Keapl. Keapl binding to p62 located at
autophagic cargos sequesters it at autophagosome and thereby targets it for degrada-
tion [88]. Resulting Nrf2 translocates to the nucleus and exerts its protective effects
to the cells. This mechanism is utilized by hepatocellular carcinoma cells to protect
them against oxidative stress and also to develop chemo-resistance.

K67 (the acetonyl naphthalene derivative) inhibits protein—protein interaction
between S349 phosphorylated p62 and Keapl. It binds to DC pocket of Keapl that
is the site responsible for p62 binding and for Nrf2 binding as well. Treatment of
hepatocellular carcinoma with inhibitor K67 reduces proliferation of HCC cells and
also confers resistance to cisplatin and sorafenib [89]. Quercetin also activates
Keap1-Nrf2-p62 axis and thereby reduces hepatic toxicity by various toxicants [§9].

Moreover, during oxidative stress conditions, trehalose activates autophagy-
mediated Nrf2- Keapl regulation. Overexpression of p62 mimics Nrf2 activa-
tion [90].

Curcumin reduces inflammation, oxidative stress, and cytotoxic to cancer cells.
Dietary supplementation of curcumin reduces AFBI1-mediated inflammation by
decreasing the level of inflammatory cytokines (NF-kB, IL-6, IL-8, IL-10, etc.) and
increasing pro-inflammatory cytokines. This results into decreased AFB1 mediated
inflammation. Curcumin also does so by up regulating Nrf2 and thereby its down-
stream gene, HO-1 in broiler hepatocytes [91].

In breast cancer MCF7 and T47D cells, Nrf2 signaling augments antioxidant
response in glucose deprivation and increased autophagy conditions. This confers
protection to breast cancer cells even in low glucose means in metabolic stressed
conditions [92].

During protein synthesis, formation of misfolded protein is a general phenome-
non and about 30% of total synthesized proteins become misfolded. These mis-
folded proteins do not have any function in cells; therefore, they are degraded by
either proteasome or by autophagy-mediated processes. If these proteins remain in
cells being unprocessed, it induces cytotoxicity. So for cells to increase their life
span, it is very important to remove un/misfolded proteins as they form to inhibit
their accumulation. These protein aggregates could be formed inside the cells. One
could be due to inhibition of degradation pathway, leading to protein aggregate
accumulation which is called aggresomes. Second types of aggregates are generated
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during cellular stress like oxidative stress, heat shock named as aggresome-like
induced structures (ALIS). Both types of aggregates are degraded by selective
autophagy called as aggrephagy. TRIM (Triplicate motif protein), during oxidative
stress conditions, forms a positive feedback loop having Nrf2, Keapl, p62, and
TRIM16 proteins by regulating expression level of these proteins [93, 94].

Upon traumatic brain injury (TBI), inflammation and microglial activation takes
place to reduce cytotoxicity. Valproic acid (VPA) up regulates p62-Keap1-Nrf2 sig-
naling axis following brain injury and causes increased acetylation of histones.
These results in VPA-mediated up regulation in antioxidant and autophagy response
in TBI and it protects from neurodegeneration [95].

7 Nrf2 Signaling in Inflammation

Inflammasomes are the complexes that are made up of upstream caspase-1, NLRP3
(nucleotide-binding oligomerization domain (NOD)-like receptor containing pyrin
domain 3) and ASC (apoptosis-associated speck-like protein containing a CARD).
Here, NLRP3 acts as a sensor protein; ASC acts as adaptor protein and caspase-1
acts as effector protein. In addition to NLRP3, AIM2 (absent in melanoma 2),
NLRPI, and NLRC4 (NLR family CARD domain containing protein 4) also act as
a sensor for inflammosome. Like Nrf2 signaling, inflammosome pathway is also
activated upon cellular stress. Inflammosome activation induces inflammation
which causes cell death. Nrf2 and inflammosome pathway are activated in acute as
well as in chronic inflammation, upon generation of ROS, following induction of
autophagy. Since both of these pathways are activated upon same stress conditions,
there is an obvious crosstalk between these two pathways [96]. Nrf2 regulates
expression of genes that are present in inflammosome pathway as well. Following
stress, sensor proteins in inflammosome pathway sense the stress and induce ASC
oligomerization forming ASC specks. Then, caspase-1 binding activates proteases
which ultimately induce pro-inflammatory cytokines such as IL-1 and IL-18. Pro-
inflammatory cytokines initiate inflammation. TXNIP (thioredoxin-interacting pro-
tein), generated by ROS, also interacts inflammosome sensor proteins and activates
inflammosome assembly. Nrf2 activation by ROS induction augments inflammo-
some activation in mouse cells and in human skin cells as well. Several studies sug-
gest that Nrf2 activation reduces NF-kB activation which is required for NLRP3
priming to inflammasomes and thereby inhibits inflammasomes activation. This
occurs due to the fact that Nrf2 activation causes cytoprotection whereas inflammo-
some activation results in cell death. Hence, Nrf2-inflammosome crosstalk occurs
antagonistically. Both pathways are involved in inflammatory stress and nrf2 is also
involved in cancer, it is relevant to study crosstalk and its significance in cancer cells
also [96].

Moreover, in inflammatory conditions, lung injury is induced which is related to
a high rate of mortality. This inflammation-induced lung injury could be a result of
intestinal ischemia-reperfusion (I/R). In such conditions, Nrf2 down regulates
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TLR4, inflammation, apoptosis, and regulates Akt activation. In murine lung epithe-
lial cells, Nrf2 knockdown up regulates TLR4, HO-1, autophagy, and apoptosis in
glucose-deprived conditions. In addition, Akt signaling is also down regulated [97].

8 Nrf2 Signaling in Chemo-Resistance

Moreover, cancer stem cells (CSCs) are population of cancer cells which has self-
renewal properties like other stem cells. Cancer stem cells are responsible for tumor
relapse after treatment of various types of cancers like lung, brain, and breast. They
have low level of ROS like that of adult stem cells. Due to low ROS level, CSCs
develop resistance to oxidative stress. In comparison to normal cells, CSCs present
in breast cancer express increased levels of antioxidant proteins like catalase, super-
oxide dismutase, and glutathione peroxidase. This creates lower level of cellular-
free radicals by increasing ROS metabolism in oxidative environment during
radiation-induced DNA damage. In breast cancer cell lines like MCF7, there is a
high level of cluster of differentiation 44 (CD44) proteins. CD44 is a glycoprotein
and acts as receptor for proteins of extracellular matrix, hyaluronic acid which is a
well-known marker of CSCs in various cancers. Increased expression of CD44 cor-
relates with tumor initiation and progression due to increased motility and invasion
capacity of cancer cells. Higher CD44 levels are also found to correlate with higher
Nrf2 level in breast CSCs. This ultimately contributes to maintenance of lower ROS
level upon radiation therapy and leads to radiation resistance against anticancer
therapy through high CD44-high Nrf2 axis in breast tumors [98].

In gastric cancer, Nrf2-P-glycoprotein axis is responsible for multidrug resis-
tance. During chemotherapy, some cancers develop drug resistance. This can be due
to reduction in drug accumulation by membrane transporters. P-glycoprotein (P-gp),
which is an efflux pump, plays a crucial role in drug resistance via decreasing drug
concentration by causing drug efflux out of the cancer cells. There is a positive cor-
relation between Nrf2 and p-gp in gastric cancer cells. Cumulative results of higher
expression of Nrf2-dependent phase II detoxifying enzymes, antioxidant enzymes,
and P-gp-dependent efflux of anticancer drugs creates tumor-supportive environ-
ment and leads to tumor drug resistance in gastric cancer [99].

Moreover, increased Nrf2 expression in K-Ras®'?V (V-Ki-ras2 Kirsten rat sar-
coma viral oncogene homolog) mutated cells confers drug resistance. Majority of
cells undergo cancerous transformation due to K-ras®'?Y mutation. Nrf2 levels
increase in such transformed cells which is responsible for cytoprotection and drug
resistance through up regulation of its downstream target gene-NQO1. Nrf2 knock-
out in Ras transformed cells leads to increased apoptosis, lower cellular prolifera-
tion, and less tumor growth. This is due in part by lowed activation of antioxidant
genes in Nrf2 knockout cells and increased ROS generation [100].

In case of ovarian cancer stem cell like cells (CSCs), aldehyde dehydrogenase
(ALDH)-dependent up regulation of Nrf2 results in drug resistance. Highly active
ALDH, an enzyme that causes aldehyde oxidation to their respective acids, is one of
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the hallmarks of CSC. In 1258 ovarian cancer meta-analysis, ALDH has been found
to be up regulated and it correlates with tumor survival and drug resistance. However,
ALDH up regulation accompanies an increase in expression of a multidrug resis-
tance protein which induces efflux of drug. ALDH-dependent Nrf2 signaling activa-
tion leads to Nrf2 translocation into the nucleus, increased transcription of NQO-1
and AKRICI1 genes. Also the total cellular Nrf2 level increases along with its
nuclear localization. Higher nuclear localization is a result of increase in p62 level
which causes dissociation of Nrf2 with Keapl, its release, and translocation into the
nucleus. Therefore, ALDH-dependent Nrf2 activation through p62-related signal-
ing in ovarian cells leads to CSC promoting properties and anticancer drug resis-
tance [23].

In colon cancer, drug resistance is developed by Her2-Nrf2 signaling pathway.
Somatic mutation in Her2, a member of receptor tyrosine kinase family of proteins,
results in ovarian cancer like that of breast cancer. Resulting Her2 overexpression
leads to resistance against anticancer drug like oxaliplatin in many cancers includ-
ing colon cancer. Nrf2 inhibition in Her2-mutated colon cancer increases oxaliplatin-
induced apoptosis and drug sensitivity in LS174T colon cancer cell line. Moreover,
HCT116 colon cancer cells spheres, Nrf2 is highly expressed giving rise to doxoru-
bicin treatment resistance in these cells [101].

In hepatocellular carcinoma (HCC), cisplatin resistance is induced by NRAL/
miR-340-5p/Nrf2 signaling. NRAL (Nrf2 regulation-associated IncRNA) is a 495
nucleotide long non-coding RNA (IncRNA-ENST00000412153) present near
2722 kb from Nrf2 gene. CDDP depletes antioxidant ability of tumor cells thereby
causing their apoptosis. NRAL develops resistance to CDDP in hepatocellular car-
cinoma by regulating Nrf2. It does so by directly interacting miR-340-5p which is
an endogenous miRNA and targets Nrf2 mRNA for degradation. Therefore, NRAL
acts as competing endogenous RNA (ceRNA) for miR-340-5p and thereby increas-
ing Nrf2 level which ultimately results antioxidant capacity of cells and develops in
CDDP, cisplatin resistance in HCC [102].

Nrf2 also confers drug resistance in bladder cancers. In bladder cancer, there is a
positive feedback loop between Nrf2 and YAP (Yes-associated protein) that protects
tumor cell against oxidative stress and apoptosis. YAP regulates expression of
FOXM1 which is a transcription factor involved in Nrf2 transcription. Moreover,
expression of YAP is also regulated by Nrf2 which creates a positive loop between
Nrf2 and YAP. This regulates cellular oxidative homeostasis via GSH and develops
cisplatin resistance in bladder cancers [103].

9 Aberrant Activation of Nrf2

Aberrant activation of Nrf2 in tumor cells confers malignancy. Many immuno-
histochemical and clinicopathological studies show strong correlations between
Nrf2 activation and tumor progression [104—108]. These evidences make Nrf2 an
important prognostic factor in a wide range of cancers. From many case studies, it
has been found that Nrf2 have been constitutively activated due to changes in DNA
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structure, RNA expression, or due to alteration in protein—protein interactions.
Somatic mutations of Keapl and Nrf2 genes generally found in the head and neck
cancer, lung cancer, and bladder cancer. From the crystal structure, it has been found
that most mutations of Keap1 are in the coding region and in case of Nrf2 the DLG/
ETGE motifs are found to be the mutation-prone sites [109, 110]. Mutated Nrf2,
resulted from alternative splicing of Nrf2 with exon2 skipping, is not able to bind to
Keapl. This type of mutations are commonly found in lung, head and neck squa-
mous cell carcinoma, and hepatocellular cancer with permanent localization of
Nrf2 in the nucleus [111]. An adaptor protein p62 selects ubiquitinated Keap1 for
autophagy resulting in accumulation of free Nrf2. In hepatocellular carcinoma, con-
stitutive activation of Nrf2 is often observed due to the overexpression of phos-
phorylated p62 [88]. In fumarate hydratase deficiency, accumulated fumarate
alkylates some thiol groups of Keapl thereby stabilizing Nrf2 [28]. K-ras mutant
mice induce overexpression of Myc through activation of Ras signaling. This over-
expressed Myc then binds to the promoter of Nrf2 up regulating its transcription and
thereby induces tumorigenesis [112].

10 Nrf2 Activators

Among many plant-derived photochemicals, curcumin, epigallocatechin-3-gallate,
resveratrol, cafestol, lycopene, kahweol, cinnamonyl-based compounds, sulfora-
phane (SF), garlic organosulfur compounds, zerumbone, and carnosol are found to
act as Nrf2 activators. Sulforaphane, an isothiocyanate, found in broccoli shows
protection not only against skin tumor and tobacco-derived lung cancer but also
shows reduction of abnormal crypt foci following exposure of N-nitrosobis (2 oxo-
propyl) amine (BOP) [113, 114]. Curcumin, another chemo-preventive natural
product, also has been identified to activate Nrf2. In benzo(a)pyrene-induced murine
lung and liver carcinoma, curcumin has been shown to increase Nrf2 expression
with hampered binding to DNA, increased oxidative stress, and inflammation [115].
Dimethyl fumarate (DMF) causes alkylation of Keap1 on critical cysteine residue to
inhibit Nrf2 ubiquitination, and thereby increases its stabilization and expression of
various Nrf2 target genes [116]. DMF which is approved by Food and Drug
Administration (FDA) for multiple sclerosis (MS), also shows some potential as an
anticancer drug in various types of cancers like glioblastoma, head and neck cancer,
melanoma, and colon cancer [117].

11 Nrf2 Inhibitors

In case of cancers with consecutive Nrf2 expression, inhibition of Nrf2 signaling by
pharmacological modulators has been appeared as a potential therapeutic interven-
tion. Molecules like ascorbic acid, luteolin, trigonelline, ochratoxin A, and all-trans
retinoic acid (ATRA) are able to suppress the Nrf2 pathway either by inhibiting
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Nrf2 binding to DNA or decreasing Nrf2 mRNA and protein expression [118].
Retinoic acid receptor a (RARx) and ATRA mimetic hamper both basal and induc-
ible Nrf2 activity both in in vitro and in vivo [119]. In the presence of ATRA, Nrf2
forms a complex with RARa. This Nrf2 and RARa complex inhibits binding of
Nrf2 on the ARE thereby makes Nrf2 unable to induce expression of its target genes.

12 Conclusion

From a number of studies, it has been cleared that inflammation provides a cell, an
environment for tumor development. Aberrant production of ROS causes inflam-
mation in our body. During inflammation, various types of chemokines and cyto-
kines are produced that give rise to an ideal condition for tumor generation. In
these cells, a constant increase in ROS generally observed which maintains tumor
progression. If not controlled, the excessive ROS causes more mutations and ulti-
mately drives tumor cell migration and invasion. In response to ROS-mediated
oxidative stress, a group of cytoprotective enzymes are expressed by transcription
factor Nrf2, thereby reducing ROS production. For cancer prevention in which
oxidative stress contributes to the pathogenesis, elevating Nrf2 activity remains an
important approach.
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Role of Nrf2 in Oxidative
and Inflammatory Processes in Obesity
and Metabolic Diseases

Maria M. Bayliak and Oleksandra B. Abrat

Abstract Excessive fat accumulation in adipocytes leads to obesity, which is a
major contributing risk factor for many metabolic diseases such as metabolic syn-
drome, type 2 diabetes, and cardiovascular diseases. A number of studies showed
that overnutrition causes oxidative stress and chronic low-grade inflammation,
which both play a crucial role both in obesity prevention and in the development of
obesity-related complications. Adipose tissue, especially in the visceral compart-
ment, is considered not only as an energy depository tissue, but also as an active
endocrine organ releasing a variety of biologically active molecules known as adi-
pokines, with many of them having pro-inflammatory properties. Here, we summa-
rize current data on the relationship between oxidative stress and inflammation in
obesity, with emphasis on metabolic switches and the involvement of redox-
responsive signaling pathways such as NF-kB and Nfr2. Experimental data suggest
the dual role of Nrf2 signaling in prevention and aggravation of obesity and obesity-
related inflammation; the potential mechanisms of Nrf2 duality are discussed.
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1 Introduction

Obesity is a chronic metabolic condition that has become a global problem of
twenty-first century, and medical conditions associated with obesity are grouped in
the metabolic syndrome [1, 2]. Excessive fat accumulation, especially of visceral
fat, increases the risk for various chronic metabolic complications, including hyper-
tension, hyperglycemia, hyperlipidemia, nonalcoholic fatty liver disease, insulin
resistance, atherosclerosis, type 2 diabetes, and obesity-related cancer [1, 3, 4].
Overconsumption of high caloric food is a main reason for world growth of obe-
sity. When nutritional supplies exceed the energy needs, excess nutrients may be
stored in the form fat reserves in adipose tissue [5]. Adipose tissue, in addition to its
function of storing energy reserves, has important functions as an endocrine organ,
which consists of adipocytes and many immune cells and produces a variety of bio-
logically active compounds, including adipokines, such as adiponectin and leptin,
chemokines, such as monocyte chemoattractant protein (MCP-1), and pro-
inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a), plasminogen
activator inhibitor (PAI-1), interleukins 1§ (IL-1f), and 6 (IL-6) [6-9]. Upon the accu-
mulation of excessive fat, the adipocyte size/number is increased and the profile of
adipokine secretion is altered, leading to a low-grade chronic systemic inflammation
in adipose tissue and other peripheral tissues [1, 8—11]. Adipocytes secrete various
chemokines, leading to the recruitment of pro-inflammatory M1 macrophages and
other types of immune cells into adipose tissue. Enlarged adipocytes and infiltrated
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immune cells increase the production of pro-inflammatory cytokines and chemokines,
resulting in systemic inflammatory status [11]. Inflammation increases production of
reactive oxygen species (ROS) by the immune cells as a part of the immune response
[12]. In addition, overloading mitochondria with energy substrates and activation of
adipose NADPH oxidase contribute to enhanced ROS production in enlarged adipo-
cytes [3, 7, 10-14]. Moreover, pro-inflammatory and nutrient-induced oxidative stress
may also promote further production of pro-inflammatory cytokines, which, in turn,
aggravate ROS production in a “vicious cycle” [5, 10]. Thus, chronic oxidative stress
and chronic inflammation should be considered as two main interconnecting players
in obesity-related metabolic complications.

Increased ROS production is followed by activation of a number of redox-
responsive transcription factors, including nuclear factor-kB (NF-kB) and nuclear
factor erythroid 2-related factor 2 (Nrf2) [7, 10, 15-17]. Whereas NF-«B is consid-
ered as a major regulator of immune response [1], Nrf2 activates cellular defense
systems against the cytotoxic effects of oxidative stress [18]. Several studies have
demonstrated that Nrf2 also contributes to the anti-inflammatory processes [19, 20].
In addition, pharmacological activation of Nrf2 inhibits inflammation and impairs
degenerative diseases providing an interface between redox and anti-inflammatory
responses [21, 22]. Given that the inflammation together with oxidative stress act as
interacting inductors of obesity-associated complications, antioxidant and anti-
inflammatory activities of Nrf2 received much attention in studies on obesity and
obesity-related complications. Experimental data found that Nrf2 pathway could
have both anti-obesity and obesity-promoting effects, suggesting the complicated
regulatory role of Nrf2 in energy metabolism.

2 Obesity and Metabolic Syndrome and as a Worldwide
Health Problem

With the successful conquest of many old infectious diseases in the world, non-
communicable diseases have become the major cause of morbidity and mortality
[23]. One of the most common non-infectious diseases is obesity. Obesity is recog-
nized as a chronic metabolic condition that has become a global problem twenty-
first century. This is a medical, social, and economic issue. This pathology affects a
significant portion of the human population in both developed and developing coun-
tries. According to the World Health Organization, at least 2.8 million people die
each year from complications of obesity. The United States holds first place in the
world in the number of people who have a high degree of obesity. In Central Europe,
20 to 24% of the adult population is obese. In particular, in Ukraine, 21.3% of
people suffer from obesity, and 53.5% are overweight [2, 5, 24].

Overconsumption of high caloric food is thought to be a main reason for obesity.
When nutritional supplies exceed the energy needs, they may be stored in the form
of carbohydrate or fat reserves for use later under conditions as starvation, stress, or
infection [5]. However, chronic overeating, combined with a sedentary lifestyle,
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leads to an increasing accumulation of storage fats in the body of both adults and
children. Importantly, obese children and adolescents have a high probability of
remaining obese as adults. In the development of obesity, especial attention is paid
to the periods of pre-school and adolescence regarded as times of risk for the devel-
opment and maintenance of obesity [24, 25]. There is, however, consistent experi-
mental and epidemiological data evidencing that the risk for developing obesity
may largely depend on conditions of early life. Accumulating research findings
indicate that epigenetic regulation of gene expression also plays a role in linking
prenatal malnutrition to the risk of later-life metabolic disorders [26]. Accordingly,
obesity is a condition with genetic and acquired etiology.

There are many ways in which a person’s health can be classified in relation to
the weight, but the most widely used method is a calculating body mass index
(BMI). BMI is not used to definitively diagnose obesity because people who are
very muscular sometimes have a high BMI without excess fat.

Overweight and obesity are caused by the increase in the size and the number of
fat cells in the body. The latter leads to a number of metabolic complications col-
lectively called as metabolic syndrome. The concept of the metabolic syndrome
(MetS) has existed for at least 100 years [27]. This metabolic disturbance was first
described in the 1920s by Kylin, a Swedish physician, as the clustering of signs such
as hypertension, hyperglycemia, and gout [27, 28]. Later, in 1947, Vague drew
attention to upper body adiposity as the obesity phenotype that was commonly asso-
ciated with metabolic abnormalities related to type 2 diabetes and cardiovascular
diseases [27, 29]. Today, MetS is recognized a multifaceted disorder, including dys-
lipidemia, hyperglycemia and hypertension, insulin resistance, and increased inci-
dence of oxidative stress [4, 5, 30-33].

Nonetheless, there is debate surrounding the etiology and pathogenesis of MetS
because a single unifying mechanism is still unknown [32, 33]. Obesity is not
always synonymous with MetS. Not all obese people develop MetS and not all
people with MetS are obese. For example, Asian Americans have greater prevalence
of metabolic syndrome despite lower body mass index [34]. There are the so-called
metabolically healthy obese individuals who have high level of insulin sensitivity
and no hypertension and hyperlipidemia and other features of MetS [23].
Experimental data suggest that MetS itself has a multifactorial etiology, involving
complex interactions between genetic background, hormones, and nutrition [33].
That is why some aspects that make it possible to find relationships between obesity
and MetS should be further analyzed.

3 Obesity, Metabolic Complications, and Inflammation

3.1 Adipose Tissue: Functions and Distribution

In mammals, adipose tissue is heterogeneous and can be divided into brown and
white adipose tissue (BAT and WAT, respectively) (Fig. 1). BAT is specialized in
dissipating energy in the form of heat. This adipose tissue is localized in the



Role of Nrf2 in Oxidative and Inflammatory Processes in Obesity and Metabolic Diseases 157

ADIPOSE TISSUE
! | Visceral waT = .
¢ High

Brown \hite Normal carl:‘c_uh:c:rate
(BAT)  (waT) / high fat
food

Subcutaneous WAT

/ Hypertrophy

I l

LIPOTOXICITY GLUCOSE TOXICITY

ipolysi | INFLAMMATION
DISTURBE ADIPOKINE  [POWsist Glucoseuptake | _
- ro-inflammatory cytokines
SECRETION FFAst- (1I-6, TNF-ar),
Adiponectin chemokines (Mcp-1),}
\ Leptin{ anti-inflammatory cytokine (11-10)} |
|
DYSLIPIDEMIA
INSULINE RESISTANCE
CARDIOVASCULAR DISEASE
\

‘ METABOLIC SYNDROME

Fig. 1 Potential mechanisms of obesity-related inflammation and metabolic disturbances. With a
chronic excessive energy intake and low physical activity, a positive energy balance causes body
weight gain and higher nutrient flux into visceral white adipose tissue (WAT). Visceral WAT adi-
pocytes primarily respond to the higher demand for energy storage by increasing their size (adipo-
cyte hypertrophy). Adipocyte hypertrophy is typically associated with increased cellular and tissue
stress, disturbed adipokine secretion, increased production of pro-inflammatory cytokines, includ-
ing interleukins (IL-6, IL-1f), TNF-a, PAI-1, and MCP-1, and anti-inflammatory molecules such
as IL-10. These signal molecules can then act through a number of cell signaling pathways to
induce dyslipidemia, insulin resistance, vascular dysfunction, and atherosclerosis

interscapular, cervical, and paravertebral regions around large arteries, where it is
able to take up glucose and trigacylglycerides from the blood. During lipogenesis,
these nutrients are temporarily stored in intracellular lipid droplets of BAT [35].
WAT is not homogenous and includes subcutaneous and visceral compartments.
Subcutaneous adipose tissue stores fats and is divided further into upper and lower
body adipose tissue [4, 36]. Visceral adipose tissue supplies inner organs with
energy and is divided into omental (subcutaneous) and mesenteric adipose [4, 37].
During long time, WAT was defined as an inactive organ, only capable of storing
energy in the form of trigacylglycerides (TAGs). However, at present, its role as an
endocrine organ playing important functions in whole-body metabolism has been
well recognized [9, 35]. WAT was found to be responsible for the synthesis of vari-
ous hormones, which are crucial in regulation of satiety and insulin sensitivity [6, 9,
11, 35]. WAT also participates in regulation of energy homeostasis because it is
capable of releasing TAG-derived fatty acids into the bloodstream, which can
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subsequently be used by other organs as an energy substrate or be packaged in TAG-
rich lipoproteins in the liver [9, 35]. In the case of the accumulation of excess fats in
WAT, this may cause many metabolic dysfunctions (insulin resistance, diabetes
mellitus, heart dysfunction, etc.) that are combined in the term “metabolic
syndrome.”

3.2 Adipose Tissue and Insulin Resistance

A major determinant of metabolic health is the ability of subcutaneous adipose
tissue to store excess fat rather than allowing it to accumulate in ectopic depots
including liver (i.e., in nonalcoholic fatty liver disease), muscle and heart, or in
epicardial/pericardial and visceral fat depots, which cause the metabolic compli-
cations of obesity [38]. The ability to recruit and differentiate precursor cells into
adipose cells (adipogenesis) in subcutaneous adipose tissue is under genetic regu-
lation. Dysregulation of these signaling pathways is associated with impaired adi-
pogenesis. This leads to hypertrophic, dysfunctional, and insulin-resistant adipose
cells with a reduced content of GLUT4, the major insulin-regulated glucose trans-
porter. This, in turn, reduces adipose tissue glucose uptake and de novo lipogen-
esis [38]. The described above events are the inductors of genetically induced
insulin resistance. At the same time, under any circumstances, adipocyte cell is a
critical mediator between insulin and liver glucose output. Insulin acts on adipose
tissue (1) by stimulation of glucose uptake and TAG synthesis and (2) by suppres-
sion of TAG hydrolysis and release of free fatty acids (FFAs) and glycerol into the
circulation [39]. It has been hypothesized that FFAs, released during lipolysis in
visceral adipose tissue, are important inductors of acquired insulin resistance [4,
40]. Excessive abdominal fat mass is associated with increased concentration of
FFAs in the blood plasma. Surplus of circulating FFAs may ectopically be accu-
mulated in insulin-sensitive tissues and impair insulin action. Increased basal
lipolysis may also modify the secretory profile of adipose tissue, influencing
whole-body insulin sensitivity [4, 36, 40, 41]. Finally, excessive FFA release may
also worsen adipose tissue inflammation, a well-known process contributing to
insulin resistance [41].

It is possible that insulin resistance of adipocyte itself can be a major cause of
the dysregulation of carbohydrate metabolism in the prediabetic state. The
inability of insulin to perform its numerous roles leads to an impaired glucose
metabolism and an increase in blood glucose levels [42, 43]. In the latter case,
subjects undergo hyperglycemia and insulin deficiency. Approximately one quar-
ter of insulin-resistant patients has a normal glucose tolerance test, but this con-
dition increases significantly the risk of development of type 2 diabetes mellitus.
If pancreatic p cells function normally, the compensatory hyperinsulinemia will
be raised to maintain normal fasting and postprandial glucose concentrations
[4, 42].
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3.3 Adipose Tissue and Cardiovascular Diseases

People with a central deposition of adipose tissue can experience elevated cardio-
vascular diseases and mortality, including stroke, congestive heart failure, myocar-
dial infarction, and cardiovascular death [44, 45]. It has long been recognized that
an extensive capillary network surrounds adipose tissue. Adipocytes are located
close to vessels with the highest permeability, the lowest hydrostatic pressure, and
the shortest distance for transport of molecules to and from the adipocytes [27, 45].
Classical cardiovascular risk factors include high low-density lipoprotein (LDL),
high cholesterol, hypertension, and dysfunctions in glucose metabolism [27, 44].
The adipose tissue is not simply a passive storehouse for fat but an endocrine organ
that synthesizes and releases into the bloodstream a variety of important peptides
and non-peptide compounds involved in cardiovascular homeostasis and in its dis-
turbance [4, 27, 45]. Existing data allowing assume that excess fat provoking car-
diovascular diseases via the modulation of pro-inflammatory processes.

3.4 Bioactive Substances of Adipose Tissue

Adipose tissue comprises ~50% adipocytes and ~50% other cells including pre-
adipocytes, vascular, neural, and immune cells [46]. Under normal conditions, adi-
pose tissue is involved not only in lipid synthesis, but also in storage and secretion
of anti-inflammatory molecules. Provoking factors such as increased fat content can
also induce adipose tissue to secrete a number of pro-inflammatory factors [4, 36,
46]. By acting as transmitters of endocrine or paracrine signals, the secreted pro-/
anti-inflammatory factors can induce either inflammation or altered insulin sensitiv-
ity of the adipocyte [36]. Generally, the adipose tissue derivatives known as adipo-
kines include, besides inflammatory cytokines, other molecules acting as appetite
regulators (leptin), insulin sensitizers, and atheroprotectors (adiponectin) [4, 9, 36,
47]. Adipocytes, pre-adipocytes, and macrophages within adipose tissue secrete
pro-inflammatory cytokines, including interleukins (IL-6, IL-1p), TNF-a, PAI-1,
and MCP-1, and anti-inflammatory molecules such as IL-10 [4, 9, 47] (Fig. 1).

3.4.1 Leptin

Leptin is a small peptide (16 kDa), belonging to a group of anti-inflammatory cyto-
kines [48, 49]. It is an anorexigenic peptide, which increases energy expenditure
[9]. Leptin is expressed mainly by adipose tissue although low levels have been
detected in the placenta, skeletal muscle, gastric and mammary epithelium, and the
brain [9, 49]. Levels of leptin are increased by glucocorticoids, acute infection, and
pro-inflammatory cytokines. In addition, its levels are higher in females than males,
partly because of inhibition by androgens and stimulation by estrogen [9].
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The functional leptin receptor is in the hypothalamus where it functions to
increase energy expenditure and to reduce appetite. The leptin receptor is also found
in other organs such as the heart, liver, kidneys, and pancreas; it is also present in
the smooth muscle and endothelium of heart, brain vasculature, and myometrium
[47, 49]. Adipose tissue and plasma leptin concentrations depend on the amount of
stored fats as well as the status of energy balance. Therefore, leptin levels are higher
in obese individuals and increase with overeating. Conversely, lean individuals have
lower leptin levels, and fasting reduces circulating leptin levels. Many studies have
shown a positive correlation between leptin levels and metabolic syndrome [47, 50,
51]. Nutritional regulation of leptin is mediated at least partially by insulin, as leptin
decreases in response to low insulin levels [9, 52].

3.4.2 Adiponectin

Structurally, adiponectin is related to the complement 1q family [9] and circulates
in three isoforms: a trimer of low-molecular mass, a hexamer of medium molecular
mass, and a multimeric high molecular mass isoform [9, 47, 53]. Adiponectin, like
leptin, is an adipose-derived plasma protein with broad range of effects. However,
unlike leptin, it is secreted exclusively by adipocytes. The receptors for adiponectin
were found in adipocytes, brain, muscle, liver, artery, etc. [54].

Adiponectin levels display no great fluctuations in the blood; thus, its release is
not acute but regulated by long-term metabolic changes [9]. Adiponectin plays an
important role in protection against insulin resistance/diabetes and atherosclerosis.
It has insulin-sensitizing activity, lipid oxidation enhancement, and vasodilatation
activities [9, 47, 53]. Levels of adiponectin are low in subjects with essential hyper-
tension and in the obese, but can increase with a loss of weight [9, 47]. Adiponectin
suppresses almost all processes involved in atherosclerotic vascular changes: the
expression of adhesion molecules in vascular endothelial cells, adhesion of mono-
cytes to endothelial cells (via TNF-a inhibition), vascular smooth muscle cell pro-
liferation and migration [9, 47]. Levels of adiponectin, unlike that of leptin, are
inversely correlated with metabolic syndrome [39, 41, 47].

3.4.3 Interleukin 6

Interleukin 6 (IL-6) is a multifunctional cytokine produced by various cells. Its
effects are usually aimed at the development of inflammation, immune response,
and hematopoiesis [55]. At the same time, IL-6 is an interleukin, which acts as both
a pro-inflammatory cytokine and an anti-inflammatory myokine [56]. IL-6 is often
secreted by M1 macrophages as part of the normal inflammatory response against
infection and injury [9, 47, 55]. Role of IL-6 as an anti-inflammatory myokine is
mediated through inhibition of TNF-alpha and IL-10 [56].

In metabolic syndrome, adipocyte dysfunction is frequently present and is asso-
ciated with an increase in M1 macrophage population within adipose tissue. This
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can result in the increased secretion of IL-6 and other pro-inflammatory cytokines
from adipose tissue. These pro-inflammatory cytokines can then act through a num-
ber of cellular signaling pathways, including mTOR and protein kinase C (PKC), to
induce insulin resistance. Due to its inflammatory properties, IL-6 has been impli-
cated in the endothelial cell damages within blood vessels leading to vascular dys-
function and atherosclerosis [47].

3.4.4 Tumor Necrosis Factor Alpha

Tumor necrosis factor alpha (TNF-a) is synthesized as a 26 kDa transmembrane
protein that undergoes cleavage by a metalloproteinase to be released into the
circulation as a 17 kDa soluble TNF-a molecule [9, 52]. TNF-a is a cell signaling
cytokine involved in systemic inflammation and is one of the cytokines of acute
phase inflammation. It is produced preferentially by activated macrophages, and
less by other cell types such as CD4* lymphocytes, neutral killers, neutrophils,
mast cells, eosinophils, and neurons. Adipocytes are also able to produce TNF-a
[9, 47-49].

For some years, it was assumed that adipocytes are the principal source of ele-
vated TNF-a level in obesity. Nevertheless, it has been recognized more recently
that not adipocytes but macrophages from the stromal vascular fraction are the pri-
mary source of adipose-derived TNF-a [9, 52]. Macrophages, which constitute
about 10% of the stromal vascular fraction, are present in visceral adipose tissue in
larger quantities than in the subcutaneous one [9]. Recent studies also postulate that
the increased infiltration of adipose tissue with M1 macrophages contributes to the
increased TNF-a in obesity [9, 47-49]. Since metabolic syndrome is often charac-
terized by adipocyte dysregulation, and these dysregulated adipocytes tend to
secrete TNF-a, IL-6, and other pro-inflammatory adipokines at higher levels, the
central obesity often encountered in metabolic syndrome could be a risk factor for
elevated TNF-a levels [9, 47].

3.4.5 Plasminogen Activator Inhibitor 1

Plasminogen activator inhibitor 1 (PAI-1) is a single chain 45-kDa glycoprotein
involved in microvascular events. Endothelial and vascular smooth muscle cells are
presumably the main sources of PAI-1 but other cells, such as platelets, hepatocytes,
mesangial cells, fibroblasts, monocytes, macrophages, adipocytes, and stromal
cells, have also been shown to secrete PAI-1 [9, 57]. Increased size of adipocytes
and adipose tissue mass contribute to higher adipose production to circulating
PAI-1. Experimental data show that visceral adipose tissue has a higher capacity to
produce PAI-1 than subcutaneous adipose tissue. Studies in human adipocytes indi-
cate that PAI-1 synthesis is up-regulated by insulin, glucocorticoids, angiotensin II,
some fatty acids, and potently by cytokines such as TNF-a and transforming growth
factor-f, whereas catecholamines reduce PAI-1 production [9, 57].
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PAI-1 is involved in fibrinolysis and its levels are altered in obesity [57]. Plasma
PAI-1 levels are increased proportionally to increase in visceral adiposity, indicating
the possible role of PAI-1 as the link between abdominal/central obesity and cardio-
vascular diseases. PAI-1 protein can change the balance between fibrinolysis and
fibrinogenesis, contributing to the remodeling of vascular architecture and the ath-
erosclerotic process [9]. An altered function of the endocrine system and an impaired
auto-/paracrine function at adipocyte levels may mediate this disturbance in fibrino-
lytic system and thereby increase the risk for cardiovascular diseases [9, 47, 57].

3.4.6 Monocyte Chemoattractant Protein-1

Monocyte chemoattractant protein-1 (MCP-1) is produced predominantly by mac-
rophages and endothelial cells and is a potent chemotactic factor for monocytes [58,
59]. Expression of this pro-inflammatory chemokine is increased in atherosclerotic
lesions, and inhibition of its expression reduces the extent of atheroma. These
observations indicate that MCP-1 plays an important role in atherogenesis. In mam-
mal models, the increased MCP-1 expression in adipose tissue was shown to con-
tribute to the macrophage infiltration into this tissue, insulin resistance, and hepatic
steatosis associated with obesity [58, 59].

3.4.7 Interleukin 10

Interleukin 10 (IL-10) is a predominantly anti-inflammatory cytokine, which is
secreted by monocytes or M2 macrophages and functions as a modulation of sys-
temic inflammation; in particular, it helps to promote normal tissue remodeling fol-
lowing an inflammatory response. One of the ways by which IL-10 moderates the
inflammatory response is the inhibition of NADPH oxidase, and therefore the
decrease in oxidative stress resulting from this enzyme [47]. Anti-inflammatory
cytokine IL-10 is secreted by human WAT [60]. Furthermore, one study found that
IL-10 levels inversely correlated with levels of total cholesterol, LDL, TAGs, blood
glucose, and positively correlated with HDL levels [47, 61]. IL-10 antagonizes pro-
inflammatory actions of IL-6, TNF-a, and IL-10 and appears to confer a protective
effect against increase in these cytokines, which both are associated with metabolic
syndrome and its comorbidities [47].

3.5 Inflammation and Macrophage Infiltration
in Adipose Tissue

Macrophage count is increased in adipose tissue during obesity. Increased levels of
FFAs, cholesterol, and bacterial lipopolysaccharide (LPS) are well-known inductors
of macrophage recruitment. The inductors bind to and activate toll-like receptor 4
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(TLR4) and its downstream signaling pathways in adipose resident cells. The acti-
vated macrophages secrete cytokines and chemokines, such as MCP-1, and express
C—C motif chemokine receptor-2 (CCR2) and CCRS, which, in turn, augment the
recruitment of more monocytes and other leukocytes into adipose tissue [62, 63].
Macrophages share the same differentiation and recruitment molecules with other
myeloid cells in many inflammatory conditions [63, 64].

M1 macrophages are associated with a pro-inflammatory profile. These macro-
phages are generally stimulated by T-helper 1 (Th1) type of cytokines, such as inter-
feron y (IFN-y), or by pathogen-associated molecular patterns (PAMPs), such as
LPS [63]. In turn, M1 macrophages secrete cytokines, including IL-6, TNF-a,
IL-1pB, IL-12, and IL-23 [9, 47, 48, 49, 63]. M1 macrophages can also induce Thl
responses [63, 65, 66]. On the whole, these cells express high levels of major histo-
compatibility complex class II (MHC-II), CD80 and CD86 co-stimulatory mole-
cules and CD68 [63]. Moreover, M1 macrophages express Thl cell-attracting
chemokines, including CXCL9 and CXCL10 [63, 67].

M2 macrophages are associated with tissue remodeling and inflammation resolu-
tion [63, 68]. M2 macrophages have immunosuppressive properties, have high
phagocytic capacity, and secrete extracellular matrix components, angiogenic and
chemotactic factors, anti-inflammatory cytokines, and growth factors, such as IL-10
and transforming growth factor-f (TGF-f) [63, 68, 69].

Macrophages are central mediators of obesity-induced inflammation and insulin
resistance. They also are key cells for maintenance of adipose tissue homeostasis.
Recently, several reports described the importance of these cells as regulators of
insulin sensitivity, which requires the activation of innate immune receptors, tran-
scription factors, and intracellular metabolism to support either pro- or anti-
inflammatory adipose tissue phenotype. Thus, macrophages have a dual role,
changing their status in obesity to reinforce immune responses, obesity progression,
and development of related diseases [63].

3.6 Adipocyte Dysfunction and Inflammation

Inflammation is a process of activation of innate immune system in response to
exogenous and endogenous factors, such as infection by microorganisms, tissue
stress, and injury. The inflammation associated with obesity is triggered by the
excessive intake of high caloric food rich in carbohydrates and fats (Fig. 1). Obesity
causes the enlargement of adipose tissue that is accompanied by the release of a
number of adipokines [47]. The release of chemokines, which induce recruitment of
macrophages from the bloodstream, increases macrophage infiltration and inflam-
mation with enhanced production of pro-inflammatory cytokines such as TNF-a,
IL-6, and MCP-1 [70]. The macrophage and adipose tissue-derived adipokines act
in a paracrine or autocrine way that exacerbates adipose tissue inflammation [47,
70]. This is accomplished by increased release of FFAs and dysregulated secretion
of leptin and adiponectin. At the systemic level, altered adipokine secretion, can
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lead to decreased muscle and liver insulin sensitivity through enhanced ectopic lipid
deposition [47]. The overproduction of adipokines leads to pathological conditions,
such as obesity and adipose tissue inflammation that can develop insulin resistance
and favor the pathogenesis of type 2 diabetes [70].

4 Role of Oxidative Stress in Obesity

4.1 Oxidative Stress as a Mechanism of Obesity-Associated
Metabolic Complications

Excessive fat accumulation, especially of visceral fat, increases risk of metabolic
syndrome and various chronic diseases, including type 2 diabetes, hypertension,
dyslipidemia, atherosclerosis, and cancer [12]. A number of mechanisms linking
obesity to these associated diseases have been proposed, and oxidative stress
together with inflammation response was supposed to have a crucial role among
them. Oxidative stress has been implicated in vascular complications of diabetes
and in pancreatic 3 cell destruction. Meanwhile, obese people without diabetes also
display elevated intensity of oxidative stress. In addition, levels of oxidative stress
markers were found to be increased in the adipose tissue of obese mouse models [3,
7,12, 71].

The typical redox alterations in obese people and models of animal obesity
include: (1) activation of cellular systems involved in the production of reactive
oxygen species (ROS) and reactive carbonyl species (RCS), (2) increased levels of
oxidatively damaged biomolecules (lipid peroxides, malondialdehyde, oxidized
LDL, protein carbonyls, 3,5-dinitrotyrosine, advanced glycation end products
(AGEs), 8-hydroxy-2’-deoxyguanosine, etc.), (3) an increase or a decrease in anti-
oxidant defense capacity (superoxide dismutase, catalase, glutathione and thiore-
doxin, and associated enzymes [glutathione S-transferase, glutathione reductase,
thioredoxin reductase], peroxiredoxins, NAD(P)H:ubiquinone oxidoreductase
(NQOV1), paraoxonase, etc.) [3, 5, 12, 14, 71-79]. It was shown that ROS/RCS may
contribute to the development of obesity-associated insulin resistance and type 2
diabetes [75, 76, 77, 79], cause unfavorable changes in in the brain and arterial walls
[80-82], as well as they are implicated in the pathogenesis associated with hyper-
tension, atherosclerosis, and cancer [12, 82].

A clear relationship between obesity and oxidative stress is not yet fully defined.
Many studies report that oxidative stress can be as a result, but also a trigger of
obesity. Furthermore, oxidative stress can have both obesity-promoting and anti-
obesity effects [14, 17, 76, 83]. It seems that fat content and its distribution in adi-
pose tissue can affect the intensity of oxidative stress determining its downstream
effects in obesity [5]. To support it, levels of oxidative damages were found to be
higher in obese individuals and correlate directly with BMI and the percentage of
body fat and TAG levels [73, 84]; in contrast, antioxidant defense capacity was
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lower if the amount of body fat and central obesity were higher [85]. However, there
are no clear correlations between body fat accumulation and the protective capacity
of antioxidant systems. An increase, decrease, or no change in the activity of anti-
oxidant enzymes was reported in different tissues of obese subjects [12, 72, 73, 74,
79, 86-88]. These controversial data may indicate both tissue-specific responses
and time-dependent effects [89].

4.2 Sources of ROS and RCS in Adipose Tissue

The generation of reactive oxygen/carbonyl species (ROS/RCS) is an inevitable
aspect of aerobic life [3, 90-93]. Energy resources, mainly glucose and fatty acids,
are oxidized via the Krebs cycle with generation of reducing equivalents in the form
NADH and FADH, (Fig. 2). These equivalents are subsequently re-oxidized in the
electron transport chain (ETC) of mitochondria and their energy released is used for
synthesis of ATP. Transport of protons from NADH and FADH, across the inner
mitochondrial membrane into the intermembrane space is coupled with transfer of
electrons through various complexes of ETC. The end acceptor of electrons is oxy-
gen, which undergoes four-electron reduction to water. A consecutive one-electron
reduction of oxygen is also possible due to electron escaping from mitochondrial
ETC. As a result, reactive oxygen species (ROS) such as superoxide anion radical
(Oy7), hydrogen peroxide (H,0O,), and hydroxyl radical (HO") are formed.
Mitochondria are supposed to be responsible for over 90% of ROS production [91].
Under physiological conditions, ROS are maintained at low steady-state levels by
functioning of complex antioxidant defense systems [91, 92].

Overconsumption of food rich in fats and carbohydrates leads to excessive sup-
ply of energy substrates in adipose and non-adipose cells (Fig. 2). Oxidation of free
fatty acids and monosaccharides (glucose or fructose) increases levels of acetyl-
CoA, which enter the Krebs cycle and may intensify the latter. In turn, the Krebs
cycle intensification enhances generation of NADH and FADH,, which overload
mitochondrial ETC and promote an increase in ROS production by ETC [90, 91].
Increased ROS levels are first dangerous for mitochondria since many Krebs cycle
and ETC proteins and mitochondrial DNA are very sensitive to ROS attack.
Mitochondrial ETC dysfunction together with the inhibition of the Krebs cycle, are
involved in TAG accumulation via the redirection of acetyl-KoA for synthesis of
fatty acids. The latter are further converted to storage lipids in adipose tissue or in
the case of overloading of adipose tissue can be appear in the bloodstream and other
organs provoking lipotoxicity [94].

Oxidation of free fatty acids in peroxisomes is another source of superoxide
anion radial and hydrogen peroxide in adipose tissue [7]. Furthermore, the plasma
membrane NADPH oxidase (NOX), especially adipose-specific NOX4 isoform,
which converts molecular oxygen to its superoxide anion radical, can be involved in
ROS formation in adipocytes under excessive supply of energy resources [12, 76].
This is confirmed by increased ROS levels in cultured adipocytes loaded with free
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Fig. 2 Relationship between metabolic processes, ROS/RCS production, and inflammation at
obesity development. Overnutrition causes intensification mitochondrial respiration followed by
ROS increase. Increased ROS levels stimulate adipocyte proliferation and differentiation and pro-
mote activation of adipose NF-kB transcriptional factor, which triggers acute inflammation
response followed by synthesis and releasing pro-inflammatory mediators. These mediators aggra-
vate macrophage M2 recruitment and infiltration in adipose tissue. Executing their protective func-
tion, macrophage produces high levels of ROS resulting in chronic oxidative stress. In turn, chronic
oxidative stress causes further increase in pro-inflammatory cytokine synthesis and macrophage
infiltration leading inflammation to become chronic. ROS-activated NADPH oxidase (NOX4) and
reactions of non-enzymatic glycosylation and monosaccharide oxidation also contribute to an
increase in ROS levels under overnutrition. Low increase in ROS levels promotes activation of
Nrf2 that triggers adaptive response to combat with raised oxidative stress and inflammation and
to inhibit excessive adipocyte proliferation. At the same time, under chronic oxidative stress, Nrf2-
mediated induction of protective mechanisms seems to be not able to cope with increased oxidative
and inflammatory challenges. In addition, constantly enhanced Nrf2 activity may stimulate
adipogenesis

fatty acids or glucose [14, 95, 96]. Excess nutrients activate NADPH oxidase and
the pentose phosphate pathway (PPP), which is a major source of cellular NADPH
using by NOX [96]. In obese mice, mRNA NOX4 levels were increased in adipose
tissue but not in the liver or muscles [14]. Furthermore, ROS production can be
inhibited by treatment with apocynin, an NADPH oxidase inhibitor [14] or the PPP
inhibitor dehydroepiandrosterone [97] or via deletion of NOX4 gene [95]. These
data suggest the involvement of plasma membrane NOX4 in ROS generation by
excess of both glucose and free fatty acids. High glucose and FFAs, especially pal-
mitate, was shown to stimulate ROS generation through protein kinase C-dependent
activation of NOX [98].
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Non-enzymatic glycosylation of proteins and nucleic acids, polyol (for glucose)
and hexosamine (for fructose) pathways, glyceraldehyde, and monosaccharide
autoxidation can be also important sources of ROS on high carbohydrate diets [77,
78, 90, 93, 99-102]. In addition to ROS, reactive carbonyl species (RCS), which
include various compounds with one or more carbonyl groups, can be formed in
many enzymatic and non-enzymatic processes such as lipid peroxidation, amino
acid oxidation, monosaccharide autoxidation, and glycation [78, 100-102]. For
example, methylglyoxal, the most common RCS found in biological systems, is
produced by the triosephosphate isomerase reaction of glycolysis [78]. Both ROS
and RCS as well as the so-called advanced glycation end products (AGEs) are
thought to be involved in obesity progression and development of associated meta-
bolic disorders [12, 99].

4.3 ROS as a Regulators Adipocyte Proliferation
and Differentiation

Obesity is characterized by adipocyte hypertrophy which resulting from an increase
in size and/or number of adipocytes. Adipocyte differentiation and function have
been shown to be affected by cellular redox status. Enhanced ROS levels may alter
food intake [103] and stimulate proliferation of pre-adipocytes and enlargement of
differentiated adipocytes (Fig. 2) [13, 104, 105]. Exposure to low doses of H,O,
inhibited adipose differentiation of adipocyte 3T3L1 cells, but higher concentration
of this oxidant markedly induced differentiation [106]. Moreover, ROS generated
by both NOX4 and mitochondrial ETC are involved in adipocyte differentiation in
adipogenic stem cells [13, 105]. Moreover, down-regulation of NOX4 gene inhibits
production of ROS and differentiation of pre-adipocytes, while NOX4 overexpres-
sion was found to have the opposite effect [107]. In obese mice, treatment with
NOX inhibitors reduces ROS levels in adipose tissue and improves symptoms of
diabetes, hyperlipidemia, and hepatic steatosis [14]. In contrast, Li et al. [108]
reported that NOX4 deficiency accelerated obesity in mice fed high-fat diet. It
appears that the role of NOXs in obesity is complicated and should be elucidated
further. Adipocyte differentiation is also characterized by an increase in mitochon-
drial metabolism [109], but whether this is essential for differentiation or a by-
product of the differentiation process is not clearly understood [13].

4.4 Relationship Between Inflammatory and Oxidative
Processes in Obesity

The main function of adipose tissue is to synthesize and to store fats in the form of
TAGs and to release free fatty acids during fasting. Under conditions of chronic
overnutrition, the excess energy nutrients lead to an increase in adipose tissue stim-
ulating adipocyte proliferation and enlargement. Together with adipocyte size
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increment, free radical and inflammatory processes are intensified in adipose tissue
(Fig. 2). These processes seem to be developed in parallel but reinforce each other
over obesity progression: inflammation leads to the intensification of ROS produc-
tion, and enhanced ROS levels stimulate inflammatory signaling cascades, thus
forming a vicious circle [5].

In addition to metabolic functions, adipose tissue is an important endocrine
organ. As described above, adipose tissue consists of adipocytes and various
immune cells that produce a variety of biologically active molecules, including adi-
pokines, chemokines, and pro-inflammatory cytokines such as TNF-a and interleu-
kins IL-1P and IL-6 [6, 7, 8, 49, 55, 110]. Production of these proteins by adipose
tissue, especially by that forming visceral fat, is increased in obesity; the obese
people are, therefore, characterized by a state of chronic low-grade inflammation,
which has a functional link with insulin resistance and metabolic syndrome [36, 53,
61, 66, 111]. However, the primary events triggering this inflammation are still
unclear since a complex of endocrine and immune factors act to regulate this adi-
pose tissue microenvironment [110].

In visceral adipose tissue, the induction of inflammatory responses can be con-
nected with the involvement of toll-like receptors (TLRs), which were found to be
present in plasma membrane of adipocytes [112]. Normally, these TLRs (TLR2 and
TLR4) are activated by bacterial lipoproteins and lipopolysaccharides [113]. The
activation of TLRs triggers a signaling cascade leading to translocation of nuclear
factor-kB (NF-kB) to the nucleus. NF-xB protein is a main transcriptional regulator
of adaptive immune response and its activation triggers a synthesis and release by
adipose tissue of several pro-inflammatory cytokines, chemokines, and adhesion
molecules [7, 10, 15]. Recent studies have showed that non-esterified fatty acids can
be modulators of adipokine secretion by adipocytes. It has been shown that TLRs
receptors may be activated by specific types of lipids, in particular saturated fatty
acids was fond to activate both TLR2 and TLR4, whereas unsaturated fatty acids
inhibit TLR-mediated signaling and gene expression [114]. Enlarged adipocytes are
characterized by releasing free fatty acids with increasing their levels in the blood
and adipose tissue microenvironment. Therefore, FFAs can contribute to a low-
grade inflammation in adipose tissue. Besides hyperlipidemia, high glucose levels
can also activate inflammatory pathways. Hyperglycemia may lead to the non-
enzymatic glycation of proteins and lipids forming advanced glycation end products
(AGESs), stimulating activation of the pattern recognition receptor RAGE, and elicit-
ing an immune response through the activation of NF-kB [1, 90]. In obesity-related
pro-inflammatory states, the increased size of adipocytes plays a decisive role
because, to some extent, it increases adipose tissue and production of adipocyto-
kines, and this triggers a number of inflammation-related pathophysiological pro-
cesses [11].

Nutrient-induced oxidative stress can also contribute to the activation of inflam-
mation responses in adipose tissue. For example, several pro-inflammatory tran-
scription factors, including NF-«xB and activator protein-1 (AP-1), are redox-sensitive
and undergo the activation when ROS levels are increased [7, 10, 15]. Thus,
mitochondria-derived or/and NOX4-stimulated ROS can mediate the production



Role of Nrf2 in Oxidative and Inflammatory Processes in Obesity and Metabolic Diseases 169

pro-inflammatory proteins during overnutrition. The production of adipokines by
enlarged adipocytes increases migration of macrophages in adipose tissue, which
worsens inflammation. Among chemokines produced by adipocytes, MCP-1, which
attracts and triggers monocyte and macrophage migration, plays essential roles in
this process [12, 96]. In turn, macrophages are known to produce ROS as a part of
the immune response; therefore, macrophages may promote overproduction of ROS
in adipose tissue [7, 12, 14]. Enhanced ROS levels, in turn, lead to the development
of chronic oxidative stress with a gradual increase in oxidative damages of macro-
molecules and depletion of protective mechanisms [71]. Moreover, ROS have been
shown to increase expression of MCP-1 and NADPH oxidase subunits in adipocytes
[14], thus leading to more permanent state of inflammation. Further, enhanced
secretion of pro-inflammatory factors by enlarged white adipose tissue contributes
to constantly increasing ROS production. Thus, in obesity, oxidative stress may
contribute to the establishment of a vicious cycle that promotes increased inflamma-
tion in the adipose tissue [10, 12]. The products of the adipocytes, in turn, may
modify the metabolic and inflammatory processes in surrounding and other tissues
(kidney, liver, brain, pancreatic gland, heart, etc.) causing various obesity-related
complications [3, 12].

In addition, to the activation of inflammation signaling cascades, the increased
intensity of oxidative stress in adipose tissue results in the induction of protective
mechanisms against oxidative damages. Current data suggest that the induction of
adaptive and inflammatory responses can have both anti-obesity and obesity-
promoting effects [17, 83], that, probably, is a result of time- and intensity-dependent
effects of oxidative stress. On the short-term scale, excess nutrients may induce low/
moderate increase in ROS production followed by activation of a number of redox-
responsive transcription factors such as NF-kB and AP-1, which were mentioned
above, as well as nuclear factor erythroid 2 = related factor 2 (Nrf2) and FoxOl, a
member of the forkhead box O family of proteins [7, 10, 15, 16, 17, 115]. The acti-
vation of NF-kB and AP-1 pathways triggers acute inflammation response, which
includes a synthesis and release by adipose tissue of pro-inflammatory cytokines,
e.g., TFEN-a and IL-6. The increased level of IL-6 stimulates the liver to synthesize
and secrete acute phase proteins (C-reactive protein) [1, 7, 10, 15]. The normal
acute inflammatory response involves the delivery of plasma components and leu-
cocytes to the site of insult and is initiated by tissue-resident macrophages leading
to a production of different types of inflammatory mediators. If successful, the inju-
rious agent is eliminated followed by inflammation cease and tissue repair. This is
achieved by switching the lipid mediators from pro-inflammatory to anti-
inflammatory and by the action of tissue-resident and newly recruited macrophages
[113]. The primary function of Nrf2 is to maintain redox homeostasis by activating
expression of antioxidant and xenobiotic-detoxifying genes under exposure to dif-
ferent toxic electrophilic compounds [17, 83]. More detailed functions of Nrf2 in
obesity will be discussed below. FoxO proteins, in particular FoxO1, are also tran-
scriptional regulators of adaptive stress responses and they induce the expression of
genes coding both intra- and extracellular antioxidant proteins [115]. In addition,
FoxO 1 regulates of adipocyte size and adipose tissue-specific gene expression in
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response to excessive calorie intake [116]. Thus, on short-term scale, complex adap-
tive responses are induced in a cell against damaging effects of obesity-associated
oxidative stress to prevent obesity progression.

When accumulation of storage lipids in adipose tissue progresses further, hyper-
trophied adipocytes and other cells present in the adipose tissue produce large
amounts of pro-inflammatory adipokines, which stimulate infiltration of macro-
phages and T-lymphocytes. In the inflammatory process, macrophages in adipose
tissue release chemoattractants for macrophages that induces inflammation to
become chronic [11]. Chronic inflammation aggravates ROS production that, in
turn, leads to chronic activation of stress-responsive transcription factors that finally
causes depletion of protective antioxidant mechanisms and increase in oxidation of
macromolecules.

5 Nrf2, Oxidative Stress, Obesity, and Inflammation

Recent data suggest that redox-sensitive transcriptional factors, which participate in
maintenance of a balanced redox state, play important roles in obesity. It is not sur-
prising because of the developing oxidative stress, which accompanies fat accumu-
lation and obesity progression. Hence, the manipulations with molecular pathways
that produce or eliminate ROS are becoming a popular tool for potential interven-
tion for obesity and related metabolic syndrome treatment. In this context, Nrf2
transcriptional factor came under the spotlight in obesity research because it regu-
lates the adaptive response to endogenous and exogenous oxidative or electrophilic
stresses [14, 16,-21].

5.1 Regulation of Nrf2 Activity: General Concepts

Nr1f2 belongs to the family of the cap ‘n’ collar transcription (CNC) factors with a
basic leucine zipper (bZIP). The homologs of Nrf2 found in the invertebrates, nema-
tode Caenorhabditis elegans (SKN-1 protein) and Drosophila melanogaster (CncC
protein), were found to share the same protective functions [17, 117]. In mammals,
Nrf2 protein consists of seven functional domains called Nrf2-ECH homology
(Neh) 1-7 domains. Neh1 domain is a CNC-bZIP dimerization domain that allows
Nrf2 to form heterodimer with small Maf protein, DNA, and other transcription
partners [18, 118]. The highly conserved Neh2 domain at N-terminal region con-
tains two important motifs known as DLG and ETGE, which are involved in the
interaction between Nrf2 and its negative regulator Keapl protein [119, 120]. The
Neh3 domain is located at the C-terminus of the protein and is essential for the
transactivation of responsive genes by Nrf2. The Neh4 and Neh5 domains are con-
sidered as transactivation domains that cooperatively bind to cAMP response ele-
ment binding (CREB) protein. Finally, Neh6 and Ne7domains, which are located in
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the middle of Nrf2, have been reported to be associated with redox-insensitive sup-
pression and degradation of Nrf2 protein [18, 121].

The activity of Nrf2 is controlled through a complex transcriptional/epigenetic
and post-translational network that ensures an increase in its activity during redox
perturbation, inflammation, growth factor stimulation, and nutrient/energy fluxes,
thereby allowing the factor to orchestrate adaptive responses to diverse forms of
stress [17, 18,91, 121-123].

Nrf2 is regulated at the transcriptional level by itself [124] and other transcrip-
tion factors including PPARy [125] and NF-kB [126]. Epigenetic mechanisms such
as methylation of the Nrf2 promoter in CpG islands, H3 histone methylation and H4
histone acetylation, and inhibition of Nrf2 synthesis at the post-transcriptional level
due to interference with miRNAs [127] were found to be involved in the regulation
of Nrf2 synthesis [118, 122].

The main regulation of Nrf2 activity occurs at post-translational level and can be
Keapl-dependent and Keapl-independent (Fig. 3) [20, 118, 122]. Keapl-dependent
Nrf2 regulation is the most studied.

Keapl (Kelch-like ECH-associated protein 1) is a main repressor of Nrf2 activity
and is a cysteine-rich protein which exists in the form of homodimer. Under physi-
ological conditions, the KELCH domains of the Keapl homodimer bind to the DLG
and ETGE motifs of the Neh2 domain of Nrf2 in the cytosol, where ETGE acts as a
hinge with higher affinity and DLG acts as a latch [20, 120]. Keap1 serves a sub-
strate adaptor for cullin-based E3 (Cul3) ubiquitin ligase, which performs ubiquiti-
nation of lysine residues in the Neh2 domain of Nrf2 protein [128-130].
Ubiquitinated Nrf2 becomes a target for 26S proteasome complex and undergoes
proteolytic degradation with a ¢, of less than 20 min [129, 130]. Therefore, Keap1
protein is an inhibitor of Nrf2 by blocking Nrf2 translocation to the nucleus and
promoting its degradation. The rapid turnover of Nrf2 prevents the unnecessary
expression of Nrf2 target genes [18, 118].

Under oxidative stress or upon exposure to Nrf2 activators, Nrf2 dissociates from
Keap1 due to oxidation of SH-groups of cysteine residues in Keap1 protein. Because
of disturbance of the Keapl-Nrf2-Cul3 complex, Nrf2 is stabilized (#,, of up to
200 min) and can be translocated to the nucleus. In the nucleus, Nrf2 protein forms
a heterodimer with Maf proteins and binds to promoters of genes containing the so-
called ARE (Antioxidant Response Element) sequence followed by activating their
transcription [120, 121, 131]. In Nrf2, Neh4 and Neh5 domains also act as transac-
tivation domains, but bind to another transcriptional co-activator known as CBP
(cAMP response element-binding protein-binding protein) [132]. Neh5 domain has
a redox-sensitive nuclear-export signal, which is crucial for the regulation and cel-
lular localization of Nrf2 [133].

Keapl-independent regulation occurs via repression of Nrf2 by f-transducin
repeat-containing protein (f-TrCP), which binds to two motifs in the serine-rich
Neh6 domain of Nrf2 [20, 134]. f-TrCP is a substrate receptor for the Skp1-Cull-
Rbx1/Roc1 ubiquitin ligase complex that targets Nrf2 for ubiquitination and protea-
somal degradation [135]. Notably, the repression of Nrf2 by p-TrCP is increased
when serine/threonine kinase glycogen synthase kinase (GSK)-3 is activated.
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Fig. 3 Regulation of Nrf2 activity under physiological conditions and overnutrition. Under physi-
ological conditions, Nrf2 is sequestered with Keap1 in cytoplasm that leads to its CUL3-mediated
ubiquitination followed by proteasome degradation. In addition, glycogen kinase 3 (GSK3) phos-
phorylates Nrf2, and this facilitates the recognition of Nrf2 by p-TrCP protein for CUL1-mediated
ubiquitination and subsequent proteasome degradation. Overnutrition causes intensification mito-
chondrial respiration followed by ROS increase. Enhanced ROS levels induce oxidation of
SH-groups in Keapl protein, allowing Nrf2 to dissociate from Keapl and to translocate to the
nucleus, where it forms the complex with Maf protein and activates a number of ARE-genes. High
glucose also stimulates insulin signaling resulting in activation of kinase PKB/Akt, which, in turn,
phosphorylates and inactivates GSK-3

GSK-3 was found to phosphorylate Nrf2 in the Neh6 domain to facilitate the recog-
nition of Nrf2 by B-TrCP and subsequent protein degradation [134, 135]. Inhibition
of Nrf2 by GSK-3 is antagonized by protein kinase B (PKB)/Akt, which is activated
by phosphoinositide-dependent kinase (PDK)1. In turn, PDK1 is activated by phos-
phatidylinositol-(3,4,5)-triphosphate (PIP3) produced by phosphatidylinositide
3-kinase (PI3K) by phosphorylation of phosphatidylinositol (4,5)-diphosphate
(PIP2) [18]. Elevated insulin signaling, in response to feeding, activates PI3K fol-
lowed by PKB/Akt activation. In turn, PKB/Akt inhibits GSK-3p through
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phosphorylation of Ser9 on GSK-3f [136]. Several other non-canonical regulators
of Nrf2 activity were also revealed, and they are described in detail elsewhere [18,
118, 122].

5.2 Role of Nrf2 in Redox Homeostasis
and Energy Metabolism

The transcriptional factor Nrf2 is considered as the master regulator of the redox
cellular state [117, 121, 123, 137]. Nrf2 regulates the expression of over 1000 genes
[138], whose products are involved in cell protection against oxidants, electrophiles,
and genotoxic compounds, as well in cellular proliferation, intermediary metabo-
lism, and immune responses [18, 118]. Besides regulation of the expression of drug-
metabolizing enzymes (e.g., NADPH quinone oxidoreductase (NQO1), glutathione
S-transferase, ABC-binding cassette proteins, and P,s, subunits), Nrf2 simultane-
ously controls key components of endogenous antioxidant system. In particular, it
controls the expression of enzymes of glutathione synthesis, glutathione peroxidase
(GPX)2, which reduces of peroxides with forming oxidized glutathione (GSSG),
and glutathione reductase (GSR)1, which reduces GSSG [18, 139]. Thus, Nrf2
ensures maintenance of intracellular pool of reduced glutathione (GSH). Besides
that, Nrf2 also activates the expression of cytosolic thioredoxin, thioredoxin reduc-
tase, and sulfiredoxin, which all reduce oxidized protein thiols [18, 138]. Many
drug-metabolizing enzymes and antioxidant systems require NADPH as a cofactor.
The enzymes, which generate NADPH, such as glucose-6-phosphate dehydroge-
nase, 6-phosphogluconate dehydrogenase, isocitrate dehydrogenase, and malic
enzyme, are all regulated by Nrf2 [137, 140]. Ntr2 also regulates expression of
proteasome subunits and enzymes of lipid metabolism (e.g., acetyl-Coa oxidase,
lipases); in particular, Nrf2 inhibits lipogenesis and supports B-oxidation of fatty
acids[18, 141]. Moreover, NRf2 induces synthesis of proteins with anti-inflammatory
functions (e.g., heme-oxygenase) and inhibits the expression of pro-inflammatory
cytokines [18, 20]. Two transcriptional factors involved in adipogenesis are regu-
lated by Nrf2, CCAAT/enhancer-binding protein B (CEBPf) and peroxisome
proliferator-activated receptor y (PPARY) [18]. Thus, in addition of stress-stimulated
induction of antioxidant and detoxification genes, Nrf2 contributes to adaptation by
modulating cell proliferation and metabolism of proteins, carbohydrates, and lipids
and by modulating immune responses.

5.3 Effects of Nrf2 Deficiency and Activation on Obesity

Many studies had been performed to investigate the detailed role of Nrf2 under
physiological and pathological conditions using various experimental approaches
such as Nrf2 gene deletion, Nrf2 pharmacological activators, and Nrf2 gene
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overexpression. In addition to liver, intestine, lung, and kidney, where detoxifica-
tion reactions routinely occur, Nrf2 was found to be abundantly expressed or
highly inducible in human and mouse adipocytes. Data suggest that in the adipose
tissue Nrf2 functions include not only detoxification and antioxidant defense, but
also regulation of metabolism, immune response, and cell proliferation [16, 17,
81, 142].

Obesity and its related metabolic complications had already been associated
with the increased oxidative stress; researchers made, therefore, the plausible
hypothesis that Nrf2, being a central coordinator of antioxidant gene expression,
may participate in the pathophysiological mechanisms of these diseases. Many cel-
lular models and Nrf2 knock-out (N1f2-KO, Nrf2-null) or Keapl knock-out mice
were used to testing this hypothesis. In support of the hypothesis, Nrf2-KO mice
have been shown to have increased susceptibility to chemicals inducing hepatotox-
icity [143, 144] and inflammation [145]. However, experimental data regarding
role of Nrf2 in adipogenesis and adipocyte function are conflicting. In study of
Tanaka et al. [146], wild-type and Nrf2-KO mice fed a high-fat diet for 4 weeks did
not differ in weight gain and hepatic TAG levels, but Nrf2-KO mice had higher
levels of hepatic free fatty acids and malondialdehyde. Hence, that study did not
reveal clearly if Nrf2 signaling is implicated in obesity. The study by Pi et al. [147]
showed Nrf2-KO mice gain less weight than the wide type mice when were fed a
high-fat diet for a long-term period (3 months). To identify the relationship between
Nrf2 and adipogenesis, the authors compared the adipocyte differentiation capac-
ity of mouse fibroblasts isolated from wild-type embryos with those from Nrf2-
deficient embryos. In the absence of Nrf2, adipocyte differentiation was suppressed,
resulting from the down-regulation of PPARy (peroxisome proliferator-activated
receptor gamma), a transcription factor with a central role in the expression of the
adipogenic program. The authors also found, that Nrf2 deficiency suppressed adi-
pogenesis in 3T3L1 pre-adipocytes and human subcutaneous pre-adipocytes,
whereas of Keapl-KO in 3 T3-L1 cells resulted in the activation of Nrf2 and an
enhanced adipogenesis [147]. These findings are also supported by other studies
demonstrating that Nrf2 deletion leads to the inhibition of adipogenesis and the
protection of mice from high-fat diet-induced obesity and its complications. In
particular, Nrf2-KO mice had a higher sensitivity to insulin and altered metabolic
profile with lower circulating glucose, HDL, and leptin concentrations [148, 149].
Moreover, the constant activation of Nrf2 due to Keapl knockdown increased
markers of metabolic syndrome [17, 150, 151] and Nrf2 deficiency improved glu-
cose tolerance [151] in mice fed a high-fat diet.

Conflicting results have also been reported showing that the loss of Nrf2 is asso-
ciated with increased differentiation capacity of adipocytes [152, 153]. In the study
of Shin et al. [152], Nrf2-deficient mouse embryonic fibroblast cells had markedly
accelerated adipogenic differentiation compared with wild-type cell lines. This phe-
notype was reversed in Keap1-KO cells, which constitutively express higher levels
of Nrf2, resulting in a more delayed differentiation [152]. The enhanced activity of
Nrf2 was shown to repress hepatic gluconeogenic and lipogenic program to prevent
adipogenesis and onset of diabetes mellitus in mice on a high-fat diet [153, 154,
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155, 156]. Other studies showed that the deletion of Nrf2 from adipocytes results in
severe systemic metabolic dysfunction, including enhanced oxidative stress, inflam-
mation, and insulin resistance, in mice with high-fat diet-induced obesity [81,
142, 157].

In addition to genetic manipulations, the effects of Nrf2 on obesity and metabolic
syndrome were explored using its pharmacological activators, e.g., oltipraz, sulfora-
phane, curcumin, and 1-[2-cyano-3, 12-dioxooleana-1,9(11)-dien-28-oyl] imidaz-
ole. These compounds have been identified as the specific activators of Nrf2
expression in vitro and in vivo [17]. A number of studies [156, 158—160] suggest
that the Nrf2 pharmacological activators could protect mice against obesity, improve
insulin-resistant phenotype, and suppress oxidative stress, supposedly through the
Nrf2 pathway [16, 17].

These discrepancies of Nrf2 effects on obesity may be due to differences in cell
lines, animals used, diet composition, feeding period, etc. Nonetheless, it is clear
that Nrf2 plays critical roles in adipose tissue. We can suppose that intensity of oxi-
dative stress play an important role in manifestation of effects of Nrf2. At short-term
scale, low intensity of oxidative stress can lead to activation of Nrf2 resulting in the
induction of adaptive response and the inhibition of proliferation/differentiation of
adipocytes. When the intensity of oxidative stress is enhanced, the capacity of pro-
tective systems reduces and adipogenic effects of Nrf2 stimulation are observed [5].
Pharmacological activators of Nrf2 can moderately decrease the levels of ROS that
ameliorates obesity phenotypes. However, the chronic Nrf2 activation may not be
sufficient to cope with increased ROS levels that stimulates adipocyte differentia-
tion, adipose tissue enlargement, and decreases insulin sensitivity.

5.4 Anti-Inflammatory Effects of Nrf2 in Obesity
5.4.1 Nrf2 and Keapl Deficiency Effects

Activation of Nrf2 transcription factor has been linked to cytoprotection via improv-
ing redox sate [18]. In addition, pharmacological activation of Nrf2 inhibits inflam-
mation and impairs degenerative disease providing an interface between redox and
anti-inflammatory responses [22]. In consistent with this, Nrf2-KO mice are more
susceptible to the pro-inflammatory effects of allergens, LPS, and a high-fat diet
[145, 161, 162]. The increased sensitivity of Nrf2-KO mice to inflammation may be
connected with a loss of PRARY protein activity because it is known that Nrf2 posi-
tively regulates PRARy [125] and that PRARY exerts strong anti-inflammatory
effects [163]. Nrf2 deficiency can exacerbate inflammation and promote atheroscle-
rosis and liver injury in a variety of murine models [164—167]. At the same time, it
was reported that Nrf2 deficiency prevents the early onset and development of ath-
erosclerosis and promotes lipid metabolism in ApoE knock-out mice [168] and pre-
vents diet-induced obesity and obesity-associated chronic inflammation in mouse
adipose tissue [142, 147, 149, 151, 169].



176 M. M. Bayliak and O. B. Abrat

Controversial functions of Nrf2 in the regulation of inflammation and metabo-
lism have also been observed in numerous Nrf2-activated cellular and mouse mod-
els. For example, genetic activation of Nrf2 via Keapl knockdown [154, 155] or
using pharmacological inducers of Nrf2 [21, 158, 159, 160, 170] represses inflam-
mation and prevents the onset and development of diabetes mellitus in mice.
However, constant enhanced activity Nrf2 has been reported to aggravate inflamma-
tion, worsen insulin resistance and promote hepatic steatosis and lipid accumulation
inmice [153, 171]. Several studies suggest that regulatory effects of Nrf2 in inflam-
mation may occur independent of its classic function in redox regulation [165, 167].
One may suppose that the intensity of oxidative stress is a contributing factor to the
effects of Nrf2 in obesity. Both Nrf2 deficiency and its constitutive activation was
found to inhibit mitochondrial respiration and ROS production in mitochondria
[123]. Increased ROS levels can result in the overproduction of cytokines, which
induces oxidative stress in target cells. Pro-inflammatory oxidative stress may cause
further activation of NF-kB and the overproduction of cytokines aggravating inflam-
mation. At the same time, modest activation of Nrf2 by pharmacological compounds
or at obesity onset may have beneficial effects, since it allowing maintain stable-
state low ROS levels which are sufficient to activation of effective adaptive responses
and to control proliferation and differentiation. This can explain the increased sen-
sitivity of both Nrf2-KO mice and Keap1-KO to inflammation.

5.4.2 Protective Effects of Nrf2: Inhibition of Synthesis
of Pro-Inflammatory Mediators and Stimulation
of Anti-Inflammatory Proteins

The protective mechanisms of Nrf2 in inflammation could be connected with the
regulation of expression of proteins participating in immune responses. Heme oxy-
genase-1 (HO-1) is a well-known target of Nrf2. Nrf2 induces the HO-1 gene
expression and it is one of the classic Nrf2 regulated genes, which is widely used in
numerous in vitro and in vivo studies. HO-1 is rate-limiting enzyme that catalyzes
the degradation of heme into carbon monoxide (CO) and free iron, and biliverdin to
bilirubin. Enzymatic degradation of pro-inflammatory free heme as well as the pro-
duction of anti-inflammatory compounds such as CO and bilirubin play major roles
in maintaining the protective effects of HO-1 [20, 172]. Several studies have dem-
onstrated that HO-1 and its metabolites have anti-inflammatory effects in obesity
[21, 160, 173,]. Flavonoid quercetin and triterpene celastrol were shown recently to
reduce obesity-induced hepatic inflammation by inducing HO-1, which promotes
macrophage phenotype switching in adipose tissue from pro-inflammatory M1 to
anti-inflammatory M2 macrophages [21, 173].

In addition to induction of HO-1, Nrf2 may inhibit many inflammatory media-
tors and enzymes [20]. The activation of Nrf2 was reported to prevent LPS-induced
transcriptional up-regulation of pro-inflammatory cytokines, including IL-6 and
IL-1p [165]. IL-1p and IL-6 production is also increased in Nrf2-KO mice with
dextran sulfate-induced colitis [174]. Many plant-derived compounds such as
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quercetin, celastrol, butein, curcumin, and broccoli extract display anti-inflamma-
tory effects in high-fat diet-induced obesity. These effects were supposed to be
mediated by NRf2 and include reduction of M1 macrophage infiltration and release
of chemoattractant protein MCP-1, inhibition of synthesis of intercellular adhesion
molecule-1(ICAM-1) and pro-inflammatory cytokines (TNF-a, IL-6, and IL-1p), as
well as increase of anti-inflammatory cytokines (IL-10) in liver [173], adipose tis-
sue, and adipocyte 3 T3-L1 cell cultures [21, 142].

5.4.3 Crosstalk Between Nrf2 and NF-kB Pathways

In the inflammation process, a key player is NF-kB-mediated signaling pathway.
NF-kB is normally an inactive cytoplasmic complex, linked to an inhibitory protein,
Ix-B, which masks its nuclear localization signal. External pro-inflammatory stim-
uli and oxidative stress cause rapid Ix-B phosphorylation. This causes dissociation
of I-xB from NF-xB and subsequent nuclear translocation. In the nucleus, NF-kB
induces the transcription of a number of inflammatory chemokines and cytokines.
These effects of NF-kB were found in most metabolic tissues, including hepato-
cytes, adipocytes, neurons, and p cells [1, 22]. Production of pro-inflammatory
cytokines intensifies oxidative stress causing further activation of NF-kB and the
overproduction of cytokines. Activation of the Nrf2 plays an important role in dis-
rupting this cycle [20]. The in vivo studies suggest that Nrf2 negatively regulates the
NF-kB signaling pathway [22, 175]. In response to bacterial LPS, Nrf2 knockdown
significantly increases NF-kB-dependent gene transcription [162]. In addition,
increased expression of Nrf2-dependent downstream HO-1 inhibits NF-kB activity
[176]. Moreover, long-term overnutrition leads to inactivation of Nrf2 and activa-
tion of NF-kB [21, 177]. Pharmacological inductors of Nrf2 suppress NF-kB acti-
vation, but promote an increase in Nrf2 activity [21, 177]. We can suppose that low
and moderate increase in ROS levels at obesity onset can promote Nrf2 activation
followed by induction of protective adaptive response. However, higher increase in
oxidative stress intensity leads to activation of NF-xkB, which triggers chronic
inflammatory response inducing further oxidative stress. Because of high intensity
oxidative stress, Nif2 can undergo inactivation [91, 92]. This allows us to suppose
that redox-sensitive Nrf2 signaling could be a potential target for anti-obesity inter-
ventions at early stages of the disease.

6 Conclusions

Collectively, current data suggest that obesity is associated with the development of
both oxidative stress and inflammation, which are considered to be main culprits of
obesity-related metabolic complications. However, there is no clear correlation
between metabolic disturbances, inflammation, and oxidative stress in obese indi-
viduals. In particular, enhanced oxidative stress can have both anti-obesity and
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obesity-promoting effects, including inflammation progression. Furthermore, an
obesity-like phenotype does not always show a reduced life span in invertebrate and
mammalian models [72-74, 79,] and there is still a question of whether obesity
leads to shortening of life span in humans [178]. Emerging data propose the redox-
sensitive regulator of oxidative stress response Nrf2 to be a major molecular player
in energy metabolism and a potential target for anti-obesity interventions. However,
controversial effects of Nrf2 in obesity progression and prevention were observed,
possibly due to using preferentially Nrf2-null mice or Keap-null mice/cells display-
ing constant Nrf2-activation, which seem to have their own phenotypes distinct
from that of wild type. Pharmacological activators Nrf2 seems to be promising for
further clarification of the effects of graduated activation Nrf2 in the treatment of
obesity and related metabolic disorders. An important gap in current knowledge is
the inadequate understanding of the tissue-specific effects of Nrf2, and this is par-
ticularly important for metabolic and inflammatory diseases.
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Modulators of Nrf2 Activation
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Abstract Increased oxidative stress and inflammation are involved in the patho-
genesis of several disorders including cancers and neurodegenerative diseases. The
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathway plays an important role in
mediating protection against oxidative and xenobiotic stresses. It is well established
that the Nrf2 pathway induces the transcription of major phase II and cytoprotective
antioxidant genes that may play a beneficial role against cancers and degenerative
disorders. However, while activation of Nrf2 can provide some protection against
oxidative stress and inflammation, hyperactivation of Nrf2 is associated with mul-
tiple diseases and can promote the survival and proliferation of cancer cells.
Therefore, modulation of the Nrf2 pathway (inhibitors/activators) may represent a
promising therapeutic strategy to counteract oxidative stress and inflammation in
cancers and neurodegenerative diseases.

1 Introduction

Increased oxidative stress and inflammation is associated with damage to lipids,
proteins, and nucleic acids, which leads to the development and progression of
major systemic diseases, notably a wide variety of cancers, neurodegenerative and
cardiovascular disorders [1, 2]. Despite extensive investigations worldwide and the
advent of new technologies, degenerative diseases and cancer remain the main
causes of human morbidity and mortality [3, 4]. As such, there has been growing
attention to maintain the cell redox balance using either naturally occurring phyto-
chemicals or synthetic compounds [5, 6].

To mediate protection against oxidative/nitrosative and electrophilic chemicals,
mammalian cells are equipped with complex endogenous defence mechanisms, pri-
marily phase II and antioxidant proteins, which detoxify and serve as antioxidant
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enzymes [7]. The activities of these important proteins are regulated by the antioxi-
dant or electrophile response element (ARE/EpRE). The expression of ARE plays a
major role in mediating protection against cellular damage due to oxidative stress
and inflammation [8, 9]. Nuclear factor erythroid 2-related factor 2 (Nrf2) repre-
sents one of the main ARE-binding transcription factors, which is thought to serve
a pivotal role in protecting against oxidative and xenobiotic stresses [10, 11].
Modulation of Nrf2 signalling has been previously shown to represent a promising
therapeutic target in several diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), diabetes and diabetic complications, airway disorders
such as chronic obstructive pulmonary disease (COPD), cardiovascular disease,
inflammatory bowel diseases, rheumatoid arthritis, and osteoarthritis [12].

Nrf2 belongs to a family of basic leucine zipper (bZip) transcription factors
closely related to NF-E2 and is ubiquitously expressed in several tissues including
the heart, lung, liver, kidney, and the brain. Nrf2 is comprised of 605 amino acids
divided into six highly conserved Nrf2- ECH homology (Neh) domains
(Neh1~Neh6). The cap ‘n’ collar structural domain (CNC domain) in Nrf2 is con-
served amongst all bZip [13]. It has been demonstrated that Kelch-like ECH-
associated protein 1 (Keapl) is a major inhibitor of Nrf2 [14]. Under physiological
conditions, the repressor protein, Keapl can inhibit Nrf2 signalling by stimulating
the breakdown of Nrf2 via the ubiquitin-proteasome pathway [15-17]. More spe-
cifically, Nrf2 is composed of two domains on the Neh2, notably the ETGE and the
DLG motif which is cooperatively binding to Keap1. Following exposure to oxida-
tive stress, Nrf2 dissociates from Keap1, and translocates from the cytoplasm to the
nucleus where it modulates the gene expression of various antioxidant enzymes,
including NAD(P)H:quinone oxidoreductase 1 (NQO1), heme oxygenase-1 (HO-1),
glutamate-cysteine ligase (GCL), glutathione S-transferase (GST), glutamate-
cysteine ligase modifier subunit (GCLM), glutamate-cysteine ligase catalytic sub-
unit (GCLC), thioredoxin reductase (TrxR), UDP-glucuronosyltransferase (UGT),
glutathione peroxidase (GPX) [18-20].

Given the importance of Nrf2 in mediating protection from cellular damage,
there is growing awareness for the development of potent and efficacious and clini-
cally relevant Nrf2 modulators, which are mostly Nrf2 activators [21-24]. Nrf2
activators can be categorised into two groups based on their binding interactions: (1)
Electrophilic activators which modify the Keapl cysteine residues; (2) Activators
specific to the protein—protein interaction (PPI) interface of Keapl-Nrf2 [23].
However, recently it has been shown that many patients with malignant cancers may
carry bi-allelic mutations of Keapl. This ultimately leads to constitutive hyperacti-
vation of Nrf2 which mediates protection of cancer cells against cellular stressors
and chemotherapeutic agents. Therefore, this has led to the identification of Nrf2
inhibitors for use in the clinic [25-29]. In this chapter, we will describe the chemical
and pharmacological properties of traditional and recently developed Nrf2 activator
and inhibitors, and their clinical application(s).
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2 Nrf2 Activators

As previously mentioned, there are two main types of Nrf2 activators: electrophilic
activators and Keapl-Nrf2 PPI inhibitors. Electrophilic activators covalently alter
the cysteines of Keapl and trigger a conformational change in the Keap1-Nrf2 PPI
to activate Nrf2. However, electrophilic activators can interact with other intracel-
lular thiol of proteins, leading to severe adverse events [30]. On the other hand,
non-electrophilic Keap1-Nrf2 PPI inhibitors activate Nrf2 without inducing elec-
trophilic damage to cells, and are therefore much safer than traditional electrophilic
activators. However, Keap1-Nrf2 PPI inhibitors may be less efficacious than elec-
trophilic activators [28].

2.1 Electrophilic Activators Which Modify the Keapl
Cysteine Residues

2.1.1 Dimethyl Fumarate and its Derivatives

Dimethyl fumarate (DMF, BG-12, Tecfidera) was developed by Biogen Idec and
has been approved by Food and Drug Administration (FDA) (Table 1). It repre-
sents the new first-line oral drug for the treatment of patients with relapsing-
remitting multiple sclerosis (RRMS) [31]. DMF and its primary metabolite,
monomethyl fumarate (MMF) has been shown to activate the Nrf2 transcriptional
pathway in vitro and in vivo. Although the exact mechanism of action of DMF
remains unclear, it is thought to exhibit immune-modulating and neuroprotective
effects. Oral DMF treatment also demonstrated beneficial effects in an animal
model for experimental autoimmune encephalomyelitis independent of Nrf2 sig-
nalling [32].

Table 1 Chemical structure Drugs Chemical structure Reference
gir?\i:tlsgsyl fumarate and its Dimethyl fumarate o - IO [24,31]
_ NO/
0
Monomethyl fumarate IO [32]
- O\NOH
(0]
Sulforaphane Q33
\C\\N/\/\/S., ,
Curcumin o iy % /OH/ o [34]
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The main adverse effects reported from DMF in phase III clinical trials are gas-
trointestinal ailments. A new series of DMF compounds have since been developed.
These compounds exhibit greater half-life and retention for the treatment of
MS. These modifications can lead to lower dosage compared to DMF, thus reducing
the risk of potential adverse effects reported by DMF [24].

Additionally, Sulforaphane (SFN) (Table 1) has been shown to protect against
degeneration of dopaminergic neurons in a Drosophila PD model [33]. Curcumin, a
well-known phytochemical has also been demonstrated to activate Nrf2 signalling
and attenuate cognitive deficits in transgenic AD mice [34].

2.1.2 Pentacyclic Triterpenes

Modification of an anti-inflammatory natural product oleanolic acid at the a,
B-unsaturated scaffold has been shown to electrophilically activate Nif2. Examples
include three semi-synthetic compounds, CDDO, CDDO-Me, and CDDO-Im
(Table 2) [35, 36]. CDDO-Me has been shown to activate Nrf2 and suppress NF-kB
signalling [36]. The binding mechanism of CDDO to the cysteine residue sensors of
Keapl has been previously characterised using X-ray crystallography [37].
CDDO-Me demonstrated promising outcomes in a phase III clinical trial for slow-
ing down the progression to end-stage renal disease in patients with chronic kidney
disease (CKD) and type 2 diabetes [38]. However, the phase III trial was discontin-
ued due to a higher incidence of unwanted cardiovascular events compared to the
placebo.

Nitric oxide production inhibitors and Nrf2 activators have been combined to
reduce inflammation and oxidative stress. Two examples (TX-63435 and TX-63545)
(Table 2) have demonstrated potent Nrf2-ARE activity, induced Nrf2 transcrip-
tional activity by 7.2-fold at 62.5 nM in human hepatoma HuH7 cancer cells, and
significantly suppressed interferon-gamma (IFN-y)-induced nitric oxide produc-
tion (IC50 = 1.0 and 0.7 nM, respectively) in mouse macrophage RAW264.7
cells [24].

Fluorine-substituted derivatives of CDDO-Me (Table 2) have also been used to
activate Nrf2. RTA-408 (omaveloxolone), a synthetic oleanane triterpenoid com-
pound, induced over 16-fold of ARE activity at 62.5 nM in WST]1 cells, and dose-
dependently upregulated the expression of NQO1, HO-1, GCLM, and TxnR1 at
both the transcriptome and protein levels in several cells [24]. A phase II/III clinical
trial of omaveloxolone by Reata Pharmaceuticals is currently ongoing for the treat-
ment of Friedreich’s ataxia, mitochondrial myopathy, non-small cell lung cancer
(NSCLC), and melanoma, and recent findings are not currently available in the lit-
erature. More recently, oxidative analogues of CDDO-Me have been developed.
These compounds, such as TX-63421 also demonstrated high potency to inhibit NO
production [24].
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Table 2 Chemical structure of pentacyclic triterpenes
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Drugs Chemical structure Reference
CDDO [24, 35-37]
CDDO-me [35-38]
CDDO-Im [24, 35, 36]
TX-63435 [24]
TX-63545 [24]

-
TX-63421 [24]

(continued)
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Table 2 (continued)

Drugs Chemical structure Reference
RS-9 [24]
CDDO3P-Im [24]

Microbial biotransformation of CDDO-Me has been shown to yield several clini-
cally relevant Nrf2 activators, known as RS compounds (Table 2) [39]. The key
structural differences between CDDO-Me and the RS compounds was the epoxida-
tion of the A-ring and hydroxylation or ketonisation at the E-ring. These compounds
demonstrated greater Nrf2-ARE activity than CDDO-Me in Hepalclc7 cells. RS-9
has been shown to inhibit LPS-induced hydrogen peroxide production in RAW264.7
cells and increase Nrf2-targeted genes in the retina including nqol, hmox1, and
gclm [24].

As well, pyridyl analogues of CDDO have demonstrated greater stability in
human plasma and can reach higher concentrations in target tissues such as liver,
pancreas, kidney, and lungs [24]. CDDO3P-Im (Table 2) exhibited an inhibitory
effect on the production of NO with IC50 = 4.3 nM and induced differentiation of
U937 cells with EC50 = 30 nM and apoptosis of the cell death of U937 cells with
EC50 100 nM [24].

2.1.3 Chalcone Derivatives

Chalcone derivatives have been chemically synthesised to activate Nrf2 (Table 3).
One study showed that the expression of GCLM and NQOI treated with chalcone
derivatives was threefold and fivefold higher respectively compared to sulforaphane
in the small intestine [24]. However, these compounds exhibited low aqueous solu-
bility and modest oral bioavailability due to their high lipophilicity. The bioavail-
ability of chalcone analogues can be improved by lowering the lipophilicity through
the addition of heteroatoms to the aromatic rings [24]. CVA130031, CVA-130032,
and CVA-130035 significantly increased the expression level of HO-1 (49.66-,
98.29- to 115.11-fold upregulation, respectively), NQO1 (2.56-, 2.21- to 3.30-fold
upregulation, respectively) in peripheral blood mononuclear cells (PBMCs) [24].
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Table 3 Chemical structure of chalcones, piperlongumine analogues, and a-pyrone derivatives

Drugs Chemical structure Reference
Chalcones o IO [24-30]
N BN
o~
SN
Piperlongumine analogues O ? [40]
&
o
a-Pyrones OH IO Ry [41]
| N ¥ Rs
O R3
Ry=F Ry=H,R3=H,
Ry=HR;=FR3=F,

Vinyl sulfones have been shown to activate Nrf2 signalling to reduce the oxida-
tive stress and may be beneficial for the treatment of PD [24]. The sulfone moiety
was more active than carbonyl or sulfoxide group. These compounds attenuated
PD-associated behavioural deficits in a mouse model for PD [24].

As well, piperlongumine analogues (Table 3) have been shown to protect against
hydrogen peroxide and 6-hydroxydopamine (6-OHDA) induced neuronal cell oxida-
tive damage in PC12 cells [40]. Additionally, a-pyrone derivatives (Table 3) of chal-
cone have been shown to induce Nrf2 activation through MAPK/ ERK pathway [41].

2.1.4 Nrf2 Activators with Pyrazino[2,1-a]Isoquinolin Scaffold

Nrf2 activators with a pyrazino[2,1-a]isoquinolin scaffold (Table 4) have been
shown to activate Nrf2-ARE signalling both in vitro and in vivo [42]. The a,p-
unsaturated carbonyl scaffold is closely related to the structure of DMF. When ring
D was replaced by aliphatic cycles, heterocycles, or aliphatic chains, Nrf2 activity
was increased by 13.35- and 38.41-fold at 10 pM, respectively.

2.1.5 3-Alkylamino-1H-Indole Acrylates

3-Alkylamino-1H-indole acrylates (Table 4) containing the o,p-unsaturated scaf-
fold have been developed for the treatment of neurodegenerative diseases [24].
When the methyl group of a,B-unsaturated scaffold was replaced by phenyl ring,
Nrf2 activity was significantly reduced (2.54-fold at 60 pM). This suggests that the
phenyl ring or substituted phenyl groups are not preferred [24].
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Table 4 Other electrophilic activators which modify the Keap1 cysteine residues
Drugs Chemical structure Reference
Pyrazino[2,1-a]isoquinolin R [42]
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2.1.6 2-Hydroxybenzamide Core Containing Compounds

Compounds with a 2-hydroxybenzamide core (Table 4) based on the structure of the
antibiotic epoxyquinomicin C have demonstrated beneficial effects for the treat-
ment of type II collagen-induced arthritis [43]. These compounds also significantly
activated the Nrf2-ARE signalling in human neuroblastoma SK-N-SH cells over
fourfold at 10 uM [24].

2.1.7 Other nrf2 Activators

15,16-Dihydrotanshinone I (Table 4), a derivative of the natural product tanshinone
I, has been shown to protect endothelial cells through a fourfold induction of the
Nrf2-ARE pathway at 10 pM activation [24]. As well, artemisitene (Table 4), a
derivative of artemisinin, induced a 3.5-fold upregulation of Nrf2-ARE at
2.5 pM. Artemisitene may be beneficial for the treatment of oxidative stress-related
diseases such as diabetes, cardiovascular disease, neurodegenerative diseases,
chronic kidney disease, and lung disease [24]. Several protolichesterinic acid deriv-
atives containing an a-Methylene-y-lactone core have been shown to act as dual
activators of peroxisome proliferator-activated receptor gamma (PPARY) and Nrf2
[45]. Several diterpenes isolated from Salvia officinalis and containing phenolic
carnosol 44 activated Nrf2-ARE signalling, in HT22 cell lines [46]. A compound
known as 7-O-galloyltaxifolin containing a mono-galloyl esters of quercetin and
taxifolin increased both mRNA and protein levels of HO-1 at concentrations of
50 pM in RAW264.7 cells via activation of the MAPK/Nrf2 signalling pathway
[44]. An antioxidant peptide isolated from Sphyrna flesh containing the 6-mer pep-
tide, Ile-Ile-Gly-Leu-Val-Pro, was reported to upregulate the expression level of
Nrf2 in HEK293 cells, leading to activation of the Nrf2-ARE pathway [24].
Ergothioneine (Table 4), a naturally occurring amino acid, can exert anti-
photooxidative effects in human keratinocytes by increasing the activity of the Nrf2
[24]. Finally, the approved drug, L-carbocysteine (Table 4), can activate Nrf2 sig-
nalling and exert anti-inflammatory effects in C57B/6 mice at a concentration of
10 mM [24].

2.2 Keapl-Nrf2 PPI Inhibitors

Apart from electrophilic activators of Nrf2, non-electrophilic activators of the Nrf2-
ARE pathway (Table 5) have also been developed. While the X-ray structure of
Keapl is yet to be identified, the three-dimensional co-structure of the Keap! Kelch
domain with Nrf2 has been characterised in mice and humans using X-ray crystal-
lography. These studies identified the E79 and E82 domain of Nrf2 as the main sites
for interaction with two highly positively charged pockets of Keap! interface. This
has led to the identification of several direct inhibitors of Keap1-Nrf2 PPI [54-57].
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2.2.1 Keap1-Nrf2 Inhibitors with a 1,4-Diaminonaphthalene Core

Several Keapl— Nrf2 inhibitors with 1,4-diaminonaphthalene core have been devel-
oped to inhibit Keap1-Nrf2 interaction with moderate activity (EC50 = 2.7 pM)
[47]. Addition of two acetic acid groups on the amino moieties of these compounds
led to a greater binding affinity to Keapl. It has been suggested that the two acetic
acid groups mimicked the function of the side chain of GIlu79, Glu82 on Nrf2 [48].
A diamide analogue has also been shown to inhibit Keapl-Nrf2 interactions
(fluorescence anisotropy IC50 = 63.0 nM. Replacement of the 1,4-diaminonaphtha-
lene core with a 1,4-diaminophenyl core led to a dramatic reduction in activity [49].
Another compound containing a p-acetamide substituent on the side chain phenyl
rings was found to lower the levels of circulating proinflammatory in the lipopoly-
saccharides (LPS)-challenged mouse model and protected against dextran sodium
sulphate (DSS) toxicity in NCM460 cells and mouse colon via the activation of
Nrf2 signalling [24].

2.2.2 Keapl-Nrf2 Inhibitors with 1,2,3,4- Tetrahydroisoquinoline Core

Small molecules with a 1,2,3,4-tetrahydroisoquinoline core have also been shown
to inhibit Keap1-Nrf2 PPI. The carboxylic group is likely to represent major deter-
minant for the activity of the compound [24]. The one-carbon linker between tet-
rahydroisoquinoline and phthalimido group is necessary and increased length of
the linker reduced Keap1-Nrf2 PPI inhibition [24]. Removal of a single carbonyl
in the phthalimido group leads to a decline in Keap1 binding. Additionally, interac-
tions between the carbonyl group of the isoxindole and Ser602 and a putative n-nt
stacking of the aromatic ring with Tyr572 have also been reported. As well, the
carboxyl group formed the hydrogen bond with Arg380, which improved binding
affinity [50].

2.2.3 Keap1-Nrf2 Inhibitors Originating from 3-Phenylpropanoic Acid

3-Phenylpropanoic acid-based compounds have been shown to interact with the
Arg483 of Keapl-Nrf2 PPI, thus mimicking Glu79 of the Nrf2 ETGE motif [51].
While these compounds demonstrated low potency (FP IC50 > 1 mM), attachment
of the benzotriazole moiety to the benzylic carbon of the phenylacetic acid, formed
a stacking interaction with the side chain of Tyr525 and led to a compound with
greater binding affinity (FP IC50 = 61 pM). Addition of sulphonamides to the
3-position of the chlorophenyl ring further improved binding affinity to the Keapl
Kelch domain (ITC Kd = 1.3 nM). Importantly, these compounds have demon-
strated limited toxicity in vivo and may represent novel chemical probes to further
investigate the molecular pathways of the Keap1-Nrf2 system [51].
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2.2.4 Keap1-Nrf2 Inhibitors with Five-Membered Heterocyclic Core

Recently, the co-crystal structures of Keapl Kelch domain in complex with a com-
pound containing a 1,3,4-oxadiazole core have been recently identified [52].
Basically, the carboxyl group of this compound formed hydrogen bond networks by
interacting Ser363, Arg380, and Asn382 of Keapl. The phenyl ring interacted with
Tyr334 through n—x contact. The NH of urea moiety formed hydrogen bond with
the hydroxyl group of Tyr334. A cation—x interaction was observed between the
furan ring of 70 and Arg415 of Keapl [52]. These compounds have demonstrated
marked reduction in the release of proinflammatory cytokines in mouse serum and
suppressed LPS-induced inflammation.

As well, novel drugs containing 1,2,3-triazoles have been shown to induce Nrf2-
dependent genes. More specifically, the two carboxyl groups interacted with the two
polar pockets comprised of Arg4l5, Arg483, and Arg380, Asn382, respectively
[53]. The triazole moiety was also predicted to interact with Ser602. Such com-
pounds inhibited 82.3% of Keap1-Nrf2 interaction at 100 pM. Moreover, new Nrf2
activators with a 1-phenyl-1,3,4-triazole have been identified [53]. These com-
pounds have been shown to occupy the binding pocket, and the nitro group of these
compounds formed hydrogen bonds with Arg483 of Keapl, thus enhancing the
binding affinity. Apart from lowering inflammation, these compounds can inhibit
sirtuins (SIRTSs), and cytosolic SIRT?2 in particular, in ST14a cells [24].

3 Nrf2 Inhibitors

Despite the beneficial effects of Nrf2 activators, activation of Nrf2 pathway has
been shown to play a negative role in cancer therapy by mediating protection of
cancer cells Hyperactivation of Nrf2 is a major cause of multiple drug resistance
(MDR). In cancer cells, upregulation of Nrf2 may be mediated by several reasons,
including: (1) mutations in Keapl and Nrf2 [58-65]; (2) mutations in fumarate
hydratase [66—69]; and (3) Keap! promoter hypermethylation [70]. Therefore, inhi-
bition of Nrf2 activity represents an important therapeutic strategy for increasing
the sensitisation of cancer drugs to chemotherapy. Nrf2 inhibitors (Table 6) have
been recently combined with chemotherapeutic agents such as cisplatin and doxo-
rubicin to inhibit proliferation of cancer cells and dome animal models [71].

3.1 Nrf2 Inhibitors with Benzo[d]Oxazole Core

Benzo[d]oxazole derivatives with antitumor activity have been shown to inhibit
Nrf2-ARE signalling [24]. These compounds not only inhibit Nrf2 activity, but also
increased ROS production and accumulation to kill a lung cancer cell line. These
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drugs may be useful as chemosensitive or radiosensitive agents to overcome toler-
ance of the cancer cells to anticancer agent therapy or radiation therapy and enhance
cancer cell death [24].

3.2 Nrf2 Inhibitors with Thiazole or Benzamide Core

Nrf2 inhibitors with a thiazole or benzamide core have also been identified and can
inhibit Nrf2 at the concentration lower than 5 pM [24]. These drugs have been
shown to dose-dependently inhibited the proliferation of different cancer cells lines,
including A549, H460, and Panc-1. These inhibitors also sensitised A549 lung
tumours to carboplatin therapy [24].

3.3 Nrf2 Inhibitors with 4-(2-Cyclohexylethoxy) Aniline Core

A series of radiosensitisers with 4-(2-Cyclohexylethoxy)aniline core have been
shown to inhibit Nrf2 signalling stimulated by tertiary butylhydroquinone (t-BHQ)
or radiation in a dose-dependent manner (IC50 = 2.9 pM) with limited effect on cell
viability [72]. These compounds also increased ROS accumulation in irradiated
cells compared with cells exposed to radiation alone leading to increased apoptosis
as evidenced by caspase-3 and poly ADP-ribose polymerase (PARP) cleavage [72].

4 Summary

Within the last 5 years, several compounds have been identified as Nrf2 modulators
(activators/inhibitors). The successful application of DMF for the treatment of MS
has encouraged the development of novel Nrf2 activators with differing modes of
action and improved safety profiles. The role of electrophilic/oxidative stress in the
pathobiology of several disorder leading to inflammation, neurodegeneration, auto-
immune diseases, and cancer is well established. Therefore, small molecule activa-
tors of Nrf2-ARE signalling may be useful for the maintenance of normal cellular
homeostasis. However, given the recent discovery that hyperactivation of Nrf2 sig-
nalling may mediate self-protection of cancer cells, a new class of Nrf2 inhibitors
may provide an additional therapeutic strategy for the treatment of malignant
cancers.
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