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Abstract

Activation of the transcription factor Nrf2 via the Keapl-Nrf2—-ARE signaling system regulates the transcription and
subsequent expression of cellular cytoprotective proteins and plays a crucial role in preventing pathological conditions
exacerbated by the overproduction of oxidative stress. In addition to electrophilic modulators, direct noncovalent inhibitors
that interrupt the Keapl1-Nrf2 protein—protein interaction (PPI) leading to Nrf2 activation have attracted a great deal of
attention as potential preventive and therapeutic agents for oxidative stress-related diseases. Structural studies of Keapl-
binding ligands, development of biochemical and cellular assays, and new structure-based design approaches have facilitated
the discovery of small molecule PPI inhibitors. This perspective reviews the Keapl-Nrf2—ARE system, its physiological
functions, and the recent progress in the discovery and the potential applications of direct inhibitors of Keapl-Nrf2 PPL
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GCLM glutamate—cysteine ligase modifier
GPx glutathione peroxidase
GST glutathione S-transferase

HD Huntington’s disease

HMOX1 heme oxygenase 1
HO-1 heme oxygenase 1
HTS high-throughput screening

ITC isothermal titration calorimetry assay

IVR intervening region
Keapl Kelch-like ECH-associated protein 1
Maf musculoaponeurotic fibrosarcoma protein

MD molecular dynamics

MM- molecular mechanics-generalized Born
GBSA surface area

MS multiple sclerosis

NADPH Nicotinamide adenine dinucleotide phosphate
Neh Nrf2-ECH homology

NQO1 NAD(P)H:quinone oxidoreductase 1

NFE2 nuclear factor, erythroid-derived 2

Nrf2 nuclear factor erythroid 2-related factor 2

PD Parkinson’s disease

PDB Protein Data Bank

PPI protein—protein interaction

Rbx1 RING-box protein 1

qRT-PCR quantitative real-time polymerase chain reaction

RNS reactive nitrogen species

ROS reactive oxygen species

SAR structure—activity relationship

sMaf small musculoaponeurotic fibrosarcoma protein
SOD superoxide dismutase

SPR surface plasmon resonance

THIQ tetrahydroisoquinoline

TR-FRET time-resolved fluorescence (or Forster)
resonance energy transfer

TRX thioredoxin

Introduction

All organisms are frequently exposed to endogenous and
exogenous sources of oxidative stress during their lifetime,
some of which cause deleterious reactive oxidants and
electrophiles. Oxidants are generated in the body as a result
of natural physiological processes, including various types
of cytosolic enzyme systems as well as normal intracellular
metabolism in peroxisomes and mitochondria (Finkel and
Holbrook 2000). In addition, many environmental stimuli
including ultraviolet light radiation, ionizing radiation,
chemotherapeutics, inflammatory cytokines, and environ-
mental toxins can trigger high levels of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) that can
perturb the normal redox balance between the reactive
species and antioxidants, and shift cells into a state of

oxidative stress (Finkel and Holbrook 2000). While ROS
include a variety of chemical species including superoxide
anions, hydroxyl radicals, singlet oxygen and hydrogen
peroxide, RNS encompass peroxynitrate and nitric oxide. A
rise in the levels of such species results in impaired phy-
siological function, one of which is random oxidative
damage to cellular proteins, DNA, and lipids, leading to cell
death (Finkel and Holbrook 2000; Abed et al. 2015).
Repeated exposure to oxidative stress accelerates pathologic
conditions, ultimately leading to a wide range of diseases
that include neurodegenerative disorders, inflammatory
conditions, respiratory diseases, and cancer (Fig. 1) (Finkel
and Holbrook 2000; Abed et al. 2015).

The major biological response to oxidative stress is the
antioxidant defense system. Cells are equipped with ela-
borate defense systems, which induce the expression of
enzymes that can detoxify the oxidative and electrophilic
chemicals (Dinkova-Kostova et al. 2005). The first response
involves the expression of phases I and II drug metabolizing
enzymes, such as cytochrome P450 enzymes, glutathione
S-transferase (GST), NAD(P)H:quinone oxidoreductase I
(NQO1), heme oxygenase 1 (HO-1), and thioredoxin
(TRX), and glutamate—cysteine ligase (GCL) (Abed et al.
2015; Dinkova-Kostova et al. 2005). These sophisticated
detoxification enzymes change the structure of large
hydrophobic organic molecules to increase their polarity,
and introduce functionality to allow the conjugation of
solubilizing moieties, thereby promoting high clearance
(Tonelli et al. 2017). Through Nrf2-mediated antioxidant
response, first line defense antioxidants including catalase,
glutathione peroxidase, and superoxide dismutase are also
expressed, which counteract and regulate overall ROS
levels to maintain physiological homeostasis (Fig. 1) (Fin-
kel and Holbrook 2000; Ighodaro and Akinloye 2018).
These enzymes are not consumed during the antioxidant
process, have relatively long half-lives, and activate
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Fig. 1 Oxidative stress and antioxidant defense response
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chemical detoxification reactions. Some of them are
involved in the production of small molecule antioxidants
(Abed et al. 2015; Magesh et al. 2012).

In addition to the antioxidant enzymes, other none-
nzymatic antioxidants are important in directly reducing a
high level of ROS or RNS. They include ascorbate, pyr-
uvate, flavonoids, tocopherols (vitamin E), vitamin K,
lipoid acid, ubiquinol, carotenoids, and more importantly,
glutathione. These low molecular weight molecules are
short-lived, redox-active, and consumed during ROS
scavenging, which requires them to be replenished for fur-
ther protection (Abed et al. 2015; Magesh et al. 2012).
Consequently, the balance between ROS production and
antioxidant defense contributes to redox homeostasis,
eventually leading to cell survival (Fig. 1) (Finkel and
Holbrook 2000; Abed et al. 2015; Magesh et al. 2012).

Regulation of Keap1-Nrf2-ARE pathway

The Keap—Nrf2-ARE pathway is the major regulator of
cytoprotective responses that determines the sensitivity of
cells to oxidative stress by controlling the inducible
expression of detoxification and antioxidant enzymes
(Suzuki et al. 2013). The pathway consists of three cellular
components, namely Kelch-like ECH-associated protein 1
(Keapl), nuclear factor erythroid 2-related factor 2 (Nrf2),
and antioxidant response element (ARE).

Kelch-like ECH-associated protein 1 (Keap1)

Keapl acts as a sensor of chemical and oxidative stresses as
well as a negative regulator of Nrf2 (Dinkova-Kostova et al.
2005). With the inhibitory Neh2 domain of Nrf2, Keapl
was identified as a Nrf2-binding protein from yeast two-
hybrid screening (Itoh et al. 1999). The complete amino
acid sequences of Keapl from eight species including
mouse, pig, and human have been reported, and the four
mammalian proteins exhibit a high degree of homology.
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Keapl belongs to the superfamily of BTB—Kelch proteins
(Dinkova-Kostova et al. 2005). Human Keapl, a 69-kDa
protein, contains 627 amino acid residues and consists of
five distinct domains: the N-terminal region (NTR), the
broad complex, tramtrack and bric-a-brac, (BTB) domain,
the intervening region (IVR), double glycine repeats (DGR)
or Kelch domain, and the C-terminal region (CTR) (Fig. 2a)
(Abed et al. 2015; Tkachev et al. 2011). The BTB domain,
an evolutionary conserved domain, mediates homo-
dimerization and is responsible for the interaction of Keapl
to Cullin 3 (Cul3), a scaffold protein of Nrf2-specific E3
ubiquitin ligases (Lo et al. 2006; Ogura et al. 2010). The
DGR domain comprises six repetitive Kelch motifs
(KR1-KR6) which form a six-bladed f-propeller structure.
The DGR and CTR domains, together named as the DC
domain, mediate binding of Keap1 with Nrf2 Neh2 (Li et al.
2004b). The IVR or linker region domain, located between
the BTB and DGR, has a large number of highly reactive
cysteine residues that are sensitive to oxidation stress (Lo
et al. 2006; Dinkova-Kostova et al. 2002). These residues
act as regulators of Keapl conformation as well as redox
stress sensors. More specifically, seven reactive cysteine
residues have been identified to be involved in Keapl-
mediated repression of Nrf2 activity and Keapl-dependent
ubiquitination of Nrf2: Cys151, Cys257, Cys273, Cys288,
Cys297, Cys434, and Cys613 (Fig. 2a) (Tkachev et al.
2011; Dinkova-Kostova et al. 2002; Zhang and Hannink
2003; Yamamoto et al. 2008).

Nuclear factor erythroid 2-related factor 2 (Nrf2)
and small musculoaponeurotic fibrosarcoma
proteins (sMafs)

Nrf2 is a key transcription factor that is critical for cellular
homeostasis (Li et al. 2012). In fact, Nrf2 KO mice tend to
develop autoimmune diseases and are susceptible to a wide
variety of disease conditions (Yoh et al. 2001; Ma et al.
2006). The cloning of Nrf2 cDNA was identified by
expression cloning with tandem nuclear factor, erythroid-
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Fig. 2 a Domain structures of the Keapl, Nrf2, and Nrf2 Neh2 proteins. b Structure of the Keap1-Nrf2 complex
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derived 2-binding motifs as a screening probe (Moi et al.
1994; Ma 2013). Nrf2 contains a distinct cap ‘n’ collar
(CNC) basic leucine zipper (bZip) domain in the CTR that
mediates DNA binding as well as heterodimerization with a
small Maf. The CNC protein, named after the Drosophila
segmentation protein CNC, shares a high homology among
the CNC bZip proteins (Ma 2013). Human Nrf2, containing
605 amino acid residues, consists of seven conserved Neh
(Nrf2-ECH homology) domains, namely Nehl to Neh7
(Fig. 2a) (Canning et al. 2015; Abed et al. 2015; Itoh et al.
2010). While Nehl contains the bZip motif at the CTR, the
Neh2 domain at the N-terminus includes DLG and ETGE
that are essential for the interactions between Nrf2 and its
suppressor Keapl, which negatively regulates transcrip-
tional activity of Nrf2 (Itoh et al. 1997; Katoh et al. 2005).
The seven lysine residues, located between the DLG and
ETGE motifs, are arranged in an o-helix structure and
are involved in Keapl-dependent polyubiquitination as
ubiquitin-acceptor sites. The Neh3 domain located at the
C-terminus is crucial for the transactivation of ARE-
dependent gene (Nioi et al. 2005). The Neh4 and Neh5
domains cooperatively bind to the CH3 motif of the cAMP
responsive element binding protein-binding protein, a
transcriptional co-activator that regulates Nrf2 transcrip-
tional activity (Katoh et al. 2001). Neh6 has a large number
of serine residues in the middle of Nrf2, is involved in
redox-insensitive degradation of Nrf2 in a Keapl-
independent manner (Abed et al. 2015; McMahon et al.
2004; Wang et al. 2013). The Neh7 domain of Nrf2 was
found to be associated with retinoic X receptor alpha
(RXRa)-mediated repression of Nrf2 through direct inter-
action with RXRa (Wang et al. 2013). Small Maf proteins
contain a bZip domain for dimerization and DNA binding.
There are three small Maf proteins such as MafF, MafG,
and MafK that lack a transcriptional activation domain
(Fujiwara et al. 1993). The sMaf proteins form heterodimers
with large CNC bZip proteins of Nrf2 and bind to the GC
dinucleotide of ARE that is classified as a CNC-sMaf-
binding element (Ma 2013).

Antioxidant response element (ARE)

ARE is a cis-regulatory element located in the enhancer
region of many target genes where detoxification enzymes
and cytoprotective proteins are encoded (Lee and Johnson
2004). ARE includes a core sequence, 5-TGACnnnGC-3’
(n =any base) that is later expanded into a 16 base pair
sequence, 5-TMAnnRTGAYnnnGCR-3’ (M=A or C,
R=AorG,Y=CorT) (Rushmore et al. 1991; Paul et al.
2003). Under basal conditions, Bachl (BTB and CNC
homologyl), a transcriptional repressor of ARE, forms a
heterodimer with a sMaf protein, which blocks Nrf2 from
binding to DNA. Once oxidative stress occurs, Nrf2

translocates into the nucleus, and Bachl is degraded by a
proteasome (Ma 2013). Nrf2 is capable of forming a het-
erodimer with sMaf proteins and binding to ARE in the
promoter region of Nrf2 target genes, eventually activating
the expression of downstream ARE-dependent target genes
(Abed et al. 2015; Katsuoka et al. 2005). For example, a
Nrf2 KO mouse model identified that Nrf2 regulated the
constitutive and inducible expression of ARE-mediated
GST (Gstal, Gsta2, Gstml, Gstm2, Gstm3, and Gstm4)
genes (Chabas et al. 2002).

Keap1-Nrf2-ARE pathway

Under basal conditions, a Keapl homodimer forms a
complex with Nrf2 and two Cul3 where its Kelch domain
(also called DGR domain) binds to the Neh2 domain of
Nrf2 and its BTB domain binds to the Cul3 NTR (Fig. 2b)
(Magesh et al. 2012; McMahon et al. 2006). Neh2 interacts
with the Keapl Kelch domains with a ratio of 1:2 through
its ETGE and DLG motifs. The ETGE motif has a higher
binding affinity than the DLG motif due to more electro-
static interactions occurring between DC and ETGE as
compared with DC and DLG (Tong et al. 2006a; 2007).
Keapl recruits the Cul3—Rbx1 (RING-box protein 1) E3
ubiquitin ligase complex and serves as a substrate adaptor to
bring Nrf2 into close proximity with E3 complex. The
subsequent ubiquitination of Nrf2 marks it for proteasomal
degradation by 26S proteasome. Nrf2 is rapidly degraded
with a half-life of <20 min, resulting in a low level of Nrf2
in many types of cells and thereby maintaining cellular
homeostasis (Fig. 3) (Ma 2013; Kobayashi et al. 2004;
Zhang et al. 2004; 2005).

Under conditions of oxidative or electrophilic stress,
inducers modify cysteine thiols of Keapl and Nrf2, pre-
sumably altering the structure of the Keapl-Nrf2—Cul3
complex to inhibit Nrf2 ubiquitination. Evidence for bind-
ing of inducers to Keap! cysteine thiols was provided using
label inducers, stoichiometry, ultraviolet spectroscopy, and
mutational studies (Eggler et al. 2005; He and Ma 2010). As
a result, free Nrf2, which is stabilized with a half-life of up
to 200 min, translocates into the nucleus where it activates
expression of antioxidant genes regulated by ARE (Fig. 3)
(McMahon et al. 2006; Tong et al. 2006a). The exact
mechanism of Nrf2 activation by cysteine modification is
not known, but there are three representative models that
have been proposed: the “Keap1-Cul3 dissociation model,”
the “hinge and latch model,” and the “conformation cycling
model” (Taguchi et al. 2011).

In the Keapl-Cul3 dissociation model, the binding of
Keap1 and Cul3 plays a significant role in the stabilization
of Nrf2. Inducers, such as electrophiles, cause thiol mod-
ification of cysteine residues in Keapl, leading to disruption
of the binding between Keapl and Cul3 and dissociation of
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Basal conditions

Open Closed
conformation conformation

Cul3-dissociation

Fig. 3 The Keapl-Nrf2—-ARE signaling in basal and oxidative stress
conditions. There are three proposed mechanism models for dysre-
gulation of the Keapl-Nrf2 complex by cysteine modification in the

Cul3 from Keapl. As a result, Nrf2 escapes from the ubi-
quitination system (Fig. 3) (Eggler et al. 2009). In this
model, it has been reported that Cys151 serves as a key
factor, as substitution of Cysl51 by serine in the BTB
domain prevents Keapl from dissociating with Nrf2 even
under oxidative stress (Abed et al. 2015; Eggler et al. 2009;
Rachakonda et al. 2008). According to the hinge and latch
model, modification of Keapl cysteine residues, located in
the IVR of Keapl, leads to conformational changes in
Keapl, resulting in the misalignment of the lysine residues
in Nrf2. The Nrf2 DLG motif having lower affinity than
ETGE dissociates from Keapl first, which makes Nrf2 no
longer poly-ubiquitinylated (Tong et al. 2007; Fukutomi
et al. 2014). Through one of the two suggested models, free
or newly synthesized Nrf2 proteins consequently translocate
to the nucleus and bind to ARE leading to the expression of
Nrf2 target genes, such as HMOX1 (heme oxygenase 1),
GCL and GSTs (Fig. 3) (Tong et al. 2007; 2006b).

More recently, additional studies using a Forster reso-
nance energy transfer (FRET)-based method have suggested
a new conformation cycling model (Baird et al. 2013).
Under normal conditions, Keapl-Nrf2 complex exists in
two distinct forms, the open or closed conformation,
depending on the binding of Nrf2 DLG motif (Fig. 3) (Baird
et al. 2013; 2014). Although the exact mechanism of the
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interconversion between these two conformations is not
clear, it has been shown that the closed conformation is only
involved in the ubiquitination process of Nrf2. The resulting
free Keapl dimer binds to newly translated Nrf2, which
consequently generates an open conformation of
Keap1-Nrf2 complex, allowing a cycle. Under oxidative
stress conditions, the cycle is disrupted, and accumulation of
the Keap1-Nrf2 complex in the modified closed conforma-
tion is observed without releasing Nrf2. Thus, free Keapl is
not regenerated in this process (Baird et al. 2013; 2014).
Ultimately, newly synthesized Nrf2 proteins are stabilized
and activate an antioxidant response system (Fig. 3).

The pathological role of Keap1-Nrf2-ARE
pathway in diseases

The continuous exposure to oxidative stress contributes to
the development of various diseases, including cancer,
neurodegenerative disease, chronic obstructive pulmonary
disease (COPD), inflammatory disease, and aging (Rajen-
dran et al. 2014; Abed et al. 2015). The Keap1-Nrf2-ARE
pathway plays an important role in regulating the anti-
oxidant defense system in oxidative stress, inflammation,
and the development of these diseases.
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In cancer, Nrf2 plays conflicting roles depending on the
type and stage of the disease (Geismann et al. 2014; Moon
and Giaccia 2015; Kansanen et al. 2013). In normal and
premalignant cells, Nrf2 plays a part in protecting the body
from DNA damaging and carcinogenic effects of ROS by
upregulating various cytoprotective enzymes, which con-
sequently prevents cancer initiation and progression. Nrf2
knockout mice are more susceptible to carcinogen exposure
and related carcinogenic effects in animal models, and the
tumor formation is associated with reduced expression of
ARE genes. In addition, inhibition of tumorigenesis in wild-
type mice correlated with the increased expression of
cytoprotective genes through chemoprevention (Ma 2013).
Therefore, Nrf2 activators can be used for cancer chemo-
prevention (Hayes et al. 2010). In fact, it has been reported
that electrophilic Nrf2 activators display broad anticancer
activity in cellular and animal models, such as vinyl
carbamate-induced lung cancer and aflatoxin-induced liver
cancer (Wu et al. 2010; Probst et al. 2015a; 2015b; Liby
et al. 2007). On the other hand, constitutive hyperactivity of
Nrf2, observed in tumor progression, is involved in patho-
genic pathways including angiogenesis (Kansanen et al.
2013). The persistent activation of Nrf2 helps tumor cells to
be protected against apoptosis from endogenous exposure to
high levels of ROS, increases the resistance to chemother-
apeutic drugs by activation of metabolic genes, and pro-
motes tumor growth (Taguchi et al. 2011; Kensler and
Wakabayashi 2009). However, the activation of Nrf2 in
tumors is likely to be an outcome of selection during cancer
development, rather than a cancer-initiating event. This
supports the fact that Keapl KO mice with activated Nrf2
functions did not develop spontaneous cancer over a 2-year
period (Taguchi et al. 2010). Based on these findings, Nrf2
inhibition may be a potential chemotherapeutic strategy for
the treatment of cancer. Collectively, it is important to fig-
ure out the dual role of Nrf2 in tumor prevention and pro-
gression for development of either Nrf2 activator or
inhibitor in the management of cancer.

Neurodegenerative diseases, including Huntington’s
disease (HD), Parkinson’s disease (PD), Alzheimer’s dis-
ease (AD), multiple sclerosis (MS), and amyotrophic lateral
sclerosis (ALS), can develop as a result of high levels of
oxidative stress, which eventually contribute to neuronal
cell death (Simonian and Coyle 1996; Golden and Patel
2008). Several studies have demonstrated that Nrf2 has a
protective role against neurodegenerative disorders. Nrf2-
deficient cells and Nrf2 KO mice are significantly more
vulnerable to mitochondrial complex II inhibitor-mediated
neurotoxicity including HD, while preactivation of ARE
exhibits a protective effect against neurotoxicity generated
by the complex II inhibition (Calkins et al. 2005). In an
ALS mouse model, the overexpression of Nrf2 delayed the
onset of ALS, leading to extended survival of the mice with

ALS (Vargas et al. 2008). In a mouse model of PD,
mice lacking Nrf2 are highly more susceptible to MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-induced
neurotoxicity, while astrocyte-specific Nrf2 overexpression
is neuroprotective against MPTP toxicity (Dinkova-Kostova
et al. 2005; Chen et al. 2009). The absence of Nrf2
exacerbates autoimmune encephalomyelitis-induced neu-
roinflammation in an autoimmune inflammatory mouse
model of MS, which suggests that activation of Nrf2 may be
a potential therapeutic strategy in the treatment of MS
(Johnson et al. 2009).

Oxidative stress is a major factor in the pathogenesis of
COPD (Boutten et al. 2011; Kirkham and Barnes 2013).
Environmental (e.g., air pollutants, infections, and occupa-
tional dust) and cellular sources are likely to produce oxi-
dative stress, debilitate respiratory condition, and aggravate
COPD (Boutten et al. 2011). Accordingly, Nif2, a tran-
scription factor expressed in alveolar macrophages, plays a
key protective role in the lungs through the activation of
ARE-dependent antioxidant and cytoprotective genes. Sev-
eral animal models and human studies support the impor-
tance of Nrf2 and several Nrf2 target genes as a protective
system against COPD disease. The results from rodent
models of elastase-inducible emphysema indicated that the
expression of antioxidants and antiproteases was attenuated
in the lungs of Nrf2 KO mice, as compared with wild-type
alveolar macrophages (Ishii et al. 2005). Nrf2 KO mice
exposed to cigarette smoke are highly sensitive to emphy-
sema with earlier onset and more severe pathology, relative
to wild-type mice groups. The mice exhibited elevated oxi-
dative genotoxic stress, apoptosis, and inflammation, as well
as decreased function (Rangasamy et al. 2004; Iizuka et al.
2005). Therefore, the activation of the Nrf2—ARE signaling
pathway might be a promising strategy to recover antioxidant
and detoxifying enzymes, counteracting the effect of cigarette
smoke. Moreover, loss of Nrf2 was also shown in lungs of
COPD patients (Kirkham and Barnes 2013).

In addition to the representative diseases described
above, Nrf2 has been implicated in a wide range of other
chronic diseases, including diabetes (Jiménez-Osorio et al.
2014), cardiovascular (Li et al. 2009), gastrointestinal (Khor
et al. 2006), liver and autoimmune diseases (Kurzawski
et al. 2012; Maicas et al. 2011; Wruck et al. 2011), all of
which are characteristically associated with oxidative stress
(Abed et al. 2015). In regard to disease development, oxi-
dative damage exacerbates the pathophysiological condi-
tions. Therefore, Nrf2 can participate in multiple protective
effects against a variety of chronic diseases by regulating
oxidative stress and antioxidant stress response signaling.
Thus, the Keapl-Nrf2-ARE pathway is shown to be
extensively involved in diverse diseases and biological
mechanisms, leading to interest in the pathway as a pro-
mising drug target for disease prevention and treatment.
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Indirect inhibitors of Keap1-Nrf2 interaction

Based on the regulatory mechanism of the Keapl-Nrf2-ARE
system, Nrf2 activators are divided into two categories:
indirect and direct small molecule inhibitors. Most of the
known small molecule inhibitors are indirect inhibitors bear-
ing electrophilic functionality which can covalently bond with
sulthydryl groups of cysteine residues on Keapl. Cysteine
thiolate ions, formed under neutral pH, are highly reactive
towards ROS, RNS, and other electrophiles; the resulting
chemical reactions lead to changes in Keapl protein con-
formation and thus disrupting the  Keapl-Nrf2
protein—protein interaction (PPI) (Abed et al. 2015; Magesh
et al. 2012). Unfortunately, these chemical reactions lack
specificity and may cause unpredictable off-target side effects.

The covalent cysteine modifiers can be classified into
five distinct scaffolds based on their chemical structure (Fig. 4)
(Magesh et al. 2012; Abed et al. 2015). Isothiocyanates and
related derivatives, including sulforaphane (SFN) and phe-
nyl isothiocyanate, exhibit protective effects against several
diseases, such as cancers, COPD, and neurodegenerative
disorders (Robledinos-Anton et al. 2019). More specifically,
their central carbon atoms readily react with cysteine groups
(e.g., Cysl151) in Keapl, preventing the Keap1 protein from
interacting with Nrf2 and stabilizing Nrf2. Many studies
have shown that isothiocyanates can upregulate enzymes
like HO-1 and GST in rodent tissues and in mammalian
cells (Hong et al. 2005).

Fumarates are characterized by Michael acceptors with an
o,B-unsaturated carbonyl system, enabling reaction with
cysteine thiols of Keapl. The salt mixture of monoethyl
fumarate and dimethyl fumarate (Fumaderm®) and dimethyl
fumarate (DMF, Tecfidera®) are marketed for the treatment of
psoriasis and relapsing MS, respectively (Lee et al. 2012;
Mrowietz et al. 2007). These electrophilic modulators mainly
make an interaction with Cys151, which consequently inhibits
Nrf2 ubiquitination and induces the expression of ARE-
mediated antioxidative and cytoprotective enzymes. In Nrf2
KO mice, these anti-inflammatory effects were not observed
(Linker et al. 2011).

N,
Se SN /ON _ =

2 s o

6 I 70

Sulforaphane

5

OH

2-Trifluoromethyl-2'-
methoxychalone

CDDO
CDDO-Me R = OCHj,
CDDO-Im R = imidazole

tBHQ Curcumin R=0H

Fig. 4 Structures of representative indirect inhibitors of Keapl-Nrf2
PPI with electrophilic functional groups (Magesh et al. 2012)

@ Springer

The main chemical structure of chalcones consists of
two phenyl rings and a three-carbon a,p-unsaturated system
(Fig. 4). Chalcones, including sofalcone and iso-
liquiritigenin, also act as Michael acceptors to activate
Nrf2, indicating a broad range of biological properties
including antiproliferative, anti-infective, and anti-
inflammatory activities (Dimmock et al. 1999; Go et al.
2005). These electrophiles are identified as potent activa-
tors of the Nrf2 signaling pathway that induces the
expression of Nrf2-dependent antioxidant genes including
glutamate—cysteine ligase modifier subunit (GCLM), HO-1
and NQOI1 in human lung epithelial cells and in mouse
small intestines after oral administration (Kumar et al.
2011). In addition to chalcones, vinyl sulfone derivatives
have been shown to activate Nrf2 and subsequently
enhance the expression of Nrf2-mediated antioxidant
enzymes such as NQO1, HO-1, glutamate—cysteine ligase
catalytic subunit (GCLC), and GCLM in dopaminergic
neuronal cells (Woo et al. 2014).

Quinones (e.g., 1,4-naphthoquinone) and polyphenolic
derivatives (e.g., curcumin) also induce Nrf2-mediated ARE
genes (Magesh et al. 2012). Different from quinones,
catechol, polyphenolic compounds, and hydroquinone (e.g.,
tert-butylhydroquinone, tBHQ) are oxidized to electrophilic
quinones containing Michael acceptors in the presence of
sufficient oxygen and copper II or other transition metals,
activating ARE-mediated transcription (Dinkova-Kostova
and Wang 2011; Sirota et al. 2015; Li et al. 2004a). In
addition, catechols undergo cytochrome P450-mediated
oxidation, and thus alter redox states in cells or their
environment, leading to upregulation of Nrf2. An example
of oxidizable polyphenols is curcumin bearing two phenolic
functional groups and the p-diketo moiety. Two Michael
acceptor groups of the natural product readily modify
Cysl51 in Keapl protein (Magesh et al. 2012). Curcumin
has been tested in clinical trials for the prevention of colon
cancer and the treatment of prediabetes, schizophrenia, and
metabolic syndrome (Robledinos-Anton et al. 2019).

Based on natural oleanane triterpenoids which have
antitumor and anti-inflammatory effects, CDDO, also
known as bardoxolone, was developed as a potent Nrf2
inducer, by introducing highly active o,fB-unsaturated o-
cyano ketones to the A and C rings of an oleanolic acid
scaffold (Fig. 4) (Honda et al. 1998). Similar to other
covalent modulators, the Michael acceptor groups primarily
react with Cys151 in Keapl, which results in the interrup-
tion of Keapl-Cul3 interaction (Cleasby et al. 2014).
Among its analogs, CDDO-Me (bardoxolone methyl) is one
promising Nrf2 modulator (Robledinos-Anton et al. 2019).
Interestingly, in vivo study in a transgenic Nrf2 null mouse
model suggested that CDDO-Me is highly selective for
Nrf2-regulated proteins, resulting in less off-target effects.
In Nrf2 KO mice, only altered expression of two proteins
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was observed, whereas 43 proteins were changed by treat-
ment with CDDO-Me in WT mice (Walsh et al. 2014).
CDDO-Me first entered phase II clinical trial to evaluate its
efficacy in the treatment of type 2 diabetes mellitus and
chronic kidney disease (CKD). Unfortunately, it was with-
drawn in phase III clinical trial due to cardiac adverse
effects. It was shown that nonspecific interactions of
covalent cysteine modifiers contributed to unexpected
safety issues (Pergola et al. 2011; De Zeeuw et al. 2013).
Recently, additional or new clinical studies for CKD and
pulmonary hypertension have been initiated (Robledinos-
Anton et al. 2019).

Discovery of direct inhibitors of Keap1-Nrf2
PPI

The discovery of small molecule PPI inhibitors has been
considered a challenging task, even though PPI offers a rich
source for novel drug targets. PPI interfaces are generally
flat, large, and complex, which prevent small molecules
from effectively disrupting interactions (Sheng et al. 2015;
Blundell et al. 2000). Furthermore, PPI inhibitors are more
likely to face pharmacokinetic issues as an orally bioavail-
able drug due to large molecular weight and poor solubility.
However, several potent inhibitors have been successfully
developed, and studied in clinical trials through novel bio-
logical and chemical technologies and strategies (Sheng
et al. 2015; Arkin et al. 2014).

Characteristics of Keap1-Nrf2 PPl as a drug target of
direct inhibitors

As mentioned previously, the Keapl homodimer interacts
with Nrf2 through the ETGE and DLG motifs, located in

the Neh2 domain of Nrf2 (Tong et al. 2006a, 2007). More
specifically, the ETGE motif has stronger binding affinity to
Keap1 than the DLG motif, which led to the development of
ETGE-containing Nrf2 peptide inhibitors. Furthermore,
X-ray co-crystal structures of the human and mouse Keapl
Kelch domain along with the Nrf2 peptides have provided a
better understanding of the PPIs (Jiang et al. 2016). One of
the crystallographic data (PDB ID: 2FLU) revealed that the
Kelch domain forms a symmetric six-bladed pf-propeller
structure consisting of four stranded antiparallel j-sheets,
and the 16mer Nrf2 peptide has two antiparallel S-strands
(B-hairpin conformation) that bind to the top face of the -
propeller (Fig. 5a) (Abed et al. 2015; Lo et al. 2006; Li et al.
2004b). The conformation of Nrf2 peptide is stabilized by
intramolecular hydrogen bonds with Asp77 and Thr80. The
peptide-domain-mediated PPI is the result of multiple
electrostatic interactions between six residues in Keapl
(Ser363, Asn382, Arg380, Arg4l5, Argd83, and Ser508)
and the carboxylate oxygen atoms of Glu79 and Glu82 in
the Nrf2 peptides (Fig. 5b) (Abed et al. 2015). Accordingly,
the peptide-binding site of the Kelch domain is a positively
charged region because of the highly conserved Arg resi-
dues (Abed et al. 2015).

Based on the structural analysis of the co-crystal struc-
ture of Keap-Nrf2 ETGE motif (PDB ID: 1X2R), You and
his colleagues studied the multiple substrate binding
determinants of Keapl using molecular dynamics (MD)
simulations combined with mechanics-generalized Born
surface area (MM-GBSA) free energy calculations (Jiang
et al. 2014a, 2014b). The computational analysis suggested
that the ligand-binding site of the Keapl Kelch domain is
mainly divided into five subpockets (P1-P5), namely five
“hotspots,” where different distinct residues are involved in
forming significant interactions for high binding affinity
(Fig. 5¢). While P1 and P2 contain polar residues that play

Fig. 5 Co-crystal structure of the human Keapl Kelch domain and the
16mer Nrf2-drived peptide containing the ETGE motif (PDB ID
2FLU). a Top view of the binding interaction of the Kelch domain
with six blades I-VI and four f-strands A-D (shown as blue ribbon)
and the Nrf2 peptide (shown as a red tube). b Full view of the

interaction between the Keapl Kelch domain (shown as a gray elec-
trostatic surface) and the Nrf2 peptide (shown as a red tube). Indicated
residues are involved in interacting with the 16mer peptide. ¢ Structure
of the Keapl-binding cavity consisting of five subpockets (hotspots)
P1-P5
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an important role in forming electrostatic interactions, P4
and PS5 are the nonpolar parts that contribute to hydrophobic
interactions, and P3 is the central part in the cavity of the
Kelch domain (Jiang et al. 2014a; Lu et al. 2015). Conse-
quently, the structural analysis results enabled the discovery
of direct inhibitors of Keapl-Nrf2 PPI via structure-based
design approaches.

Assay development for evaluation of Keap1-Nrf2
PPI inhibitors

At the early drug discovery stage, well-established bioas-
says play an important role in discovering novel hits
through the screening of chemical libraries and in evaluat-
ing inhibitory activity against Keapl-Nrf2 PPI for hit-to-
lead optimization. Generally, in vitro assays can be divided
into two types, Keapl-binding assay and Keapl-Nrf2
inhibition assay, based on the purpose of the assay methods.
The binding assay employs a thermodynamic (e.g., iso-
thermal titration calorimetry assay) or kinetic method (e.g.,
surface plasmon resonance (SPR) assay) to determine an
equilibrium dissociation constant K reflecting binding
affinity (Jiang et al. 2016). While the ITC assay directly
measures the amount of heat exchange depending on
binding of a ligand to a target protein, the SPR assay detects
the change of refractive index in real-time generated by
binding of an analyte in solution to a ligand on a sensor chip
surface. Our group developed an SPR-based solution
competition assay that demonstrated the minimum binding
sequence of the 9-mer Nrf2 peptide (LDEETGFEL) (Chen
et al. 2011). The SPR assay can also be used to measure
binding affinity of small molecules as direct inhibitors of
Keapl-Nrf2 PPI. Despite the advantage of label-free
detection, the SPR assay cannot be applied to high-
throughput screening (HTS) of large chemical libraries
due to the low throughput (Jiang et al. 2016; Chen et al.
2011).

Other competition assays that measure inhibitory activity
of compounds include fluorescence polarization (FP) assay
and time-resolved fluorescence resonance energy transfer
(TR-FRET) assay. The FP assay is a powerful tool that
exhibits substantial tolerance and has been successfully
applied for HTS. In 2012, our group first established the FP
assay by developing the novel fluorescently-labeled Nrf2
peptide containing the ETGE motif, FITC-9-mer Nrf2
peptide amide, as a probe that binds to Keap1 Kelch domain
protein in a competition assay for the screening and eva-
luation of direct inhibitors of Keapl-Nrf2 PPI (Inoyama
et al. 2012). The principle of the FP assay is to measure the
change of polarization depending on the size of fluorescent
molecule or its complex with protein. When the fluorescent
probe binds to Keapl Kelch domain protein, the large
complex has slow rotation, leading to high polarization.
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Once an inhibitor binds to the protein, the probe dissociates
from the protein and rapidly rotates, leading to low polar-
ization. Fluorescence intensity is measured in both parallel
and perpendicular orientations relative to the polarization
plane of excitation light. These measurements can be
employed to calculate either FP or fluorescence anisotropy
(FA) (Hall et al. 2016). The FP and FA can then be plotted
against the concentration of a test compound to derive /Cs
and K; (Inoyama et al. 2012). In 2017, Sohara et al. reported
a new fluorescence correlation spectroscopy assay including
a fluorescent 6-carboxytetramethylrhodamine (6-TAMRA)-
labeled Nif2 ETGE motif derived peptide, which was uti-
lized in drug-repositioning screening system for
Keap1-Nrf2-binding inhibitors (Yoshizaki et al. 2017). FP
assay offers several advantages over SPR assay, including
simple mix-and-read protocol and lack of separation step,
and thus is widely used on HTS platforms (Lea and
Simeonov 2011).

Fluorescence resonance energy transfer (FRET) and TR-
FRET assays are proximity-based methods that use a
distance-dependent energy transfer of excited state energy
from a donor to an acceptor fluorophore. In 2013, Wells
et al. first developed a steady-state FRET-based assay for
identification of Keapl-Nrf2 PPI inhibitors that contains
cyan fluorescent protein-conjugated Nrf2 peptide and yel-
low fluorescent protein-conjugated Keapl Kelch domain
(Schaap et al. 2013). More recently, TR-FRET competition
assay has also been utilized for determining inhibitory
activity of potent 1-phenylpyrazole analogs (Callahan et al.
2017b). The TR-FRET assay, which uses a lanthanide
chelate, has several advantages over the FRET assay. For
instance, the acceptor fluorescence is selectively detected in
a time-resolved manner, and other interfering signals gen-
erated from background scattering and organic fluorescent
dyes are decayed because of their short lifetime in the
nanosecond range (Selvin 2002).

To gauge the cellular potency of Nrf2 inducers, there are
several types of cell-based assays, including ARE-luciferase
reporter assay, NQO1 assay, Nrf2 translocation assay, and
gene and protein expression. ARE-luciferase reporter assay
has been widely utilized to determine cellular potency of
known compounds as Nrf2 activators. In this assay, a
luciferase gene under the control of an ARE sequence is
involved in monitoring Nrf2 activation in an antioxidant
pathway through the expression of the luciferase protein
(Boerboom et al. 2006). An NQOI assay has also been used
to identify direct and indirect Nrf2 activators that upregulate
the NQOI1 protein, an enzyme under the control of Nrf2.
The cellular assay evaluates the NQOI1 induction ability of
inducers, which is determined by reduction of Menadione
with cofactor NAD(P)H (Prochaska and Santamaria 1988).
NQOL1 induction potency is often expressed as a CD value
which is a concentration required to double the NQOI1
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enzymatic activity after 24 h of incubation. The PathHun-
ter® U20S Keapl-Nrf2 functional assay (DiscoverX) esti-
mates Nrf2 translocation using [-galactosidase-based
enzyme fragment complementation technology (DiscoverX
2011). Upon Nrf2 activation, two f-galactosidase enzyme
fragments, which are fused into Nrf2 and located in the
nucleus, respectively, reconstitute f-galactosidase enzyme
by Nrf2 translocation (DiscoverX 2011). To assess the
activation of Nrf2 and its functions at the cellular level, the
expression of Nrf2 and its target genes and proteins is
quantified using quantitative real-time polymerase chain
reaction and western blot (Jiang et al. 2016).

Small molecule direct inhibitors of Keap1-Nrf2 PPI

The direct and noncovalent activators of Nrf2 have certain
advantages over electrophilic compounds in terms of target
selectivity. The binding of the nonelectrophilic small
molecules to the Keapl Kelch domain selectively obstructs
the PPI between the Kelch domain and the ETGE or DLG
motif on the Neh2 domain of Nrf2. The potentially better
safety profile along with the availability of well-established
biochemical binding assays, such as SPR and FP assays,
instigated the discovery of small molecule direct inhibitors
of Keap1-Nrf2 PPI. The publication of co-crystal structures
of Keapl Kelch domain protein with ligands bound further
facilitated the discovery of small molecule inhibitors of
Keap1-Nrf2 PPI. Since our group first identified a new
series of small molecule direct inhibitors containing a tet-
rahydroisoquinoline (THIQ) scaffold through HTS in 2013,
several other scaffolds have been discovered using drug
design strategies including HTS, structure-based virtual
screening (SBVS), and fragment-based drug discovery
(FBDD), as shown in Figs. 6 and 7 (Pallesen et al. 2018).

Tetrahydroisoquinoline (THIQ) scaffold

In 2013, our group reported the first small molecule inhi-
bitor of Keapl-Nrf2 PPI that bears a THIQ scaffold using
an FP competitive assay in an HTS screening of 337,116
compounds in the NIH MLPCN library (Hu et al. 2013b).
Compound 1 (LH601A), the most active (SRS)-isomer
obtained from separation of the four stereoisomers through
flash silica gel chromatography and chiral HPLC separation,
exhibited moderate potency with a Ky value of 1.0 uM in an
SPR competition assay (Fig. 6) (Hu et al. 2013b). We
performed a preliminary SAR study of 1, and identified that
three moieties of the compound, consisting of the phthali-
mide, the THIQ and the cyclohexanecarboxylic acid, are
important for maintaining its activity. In 2014, Courade
et al. at UCB confirmed the inhibitory activity of 1 with an
ICsy value of 2.3 uM in an FP assay and obtained the co-
crystal structure of the Keapl Kelch domain and 1 (PDB

code 4L7B) (Jnoff et al. 2014). Further SAR study indicated
that 2, containing an isoindolinone and a 5-methyl sub-
stituted THIQ, was the most active with an ICsy value of
0.75 uM (Fig. 6) (Jnoff et al. 2014). Cell-based functional
assays demonstrated that 1 induces activation of ARE-
mediated genes in HepG2 cells with an ECs, value of
18 uM and stimulates nuclear translocation of the Nrf2
protein with an ECsy of 12 uM (Hu et al. 2013b). Further-
more, 1 was shown to upregulate a subset of Nrf2 target
genes including HO-1, NQOI1, and TRX1, as well as
enhance HO-1 (3.5-fold) and TRX1 (2-4 fold) protein
expression in cultured human kidney cells (HEK293) at two
concentrations of 50 and 100 uM (Wen et al. 2015).

1,4-Diaminonaphthalene scaffold

Since 2013, the 1,4-diaminonaphthalene scaffold has been
studied by several research groups. Silvian et al. at Biogen
first reported a new class of symmetric 1,4-diamino-
naphthalene analogs utilizing a homogeneous confocal FA
assay (two-dimensional fluorescence intensity distribution
analysis, 2D-FIDA), which were discovered by HTS
application of the Evotec Lead Discovery Library (267,551
compounds) and 1911 compounds selected from a virtual
screening (Marcotte et al. 2013). ICsy value of hit com-
pound 3 was 2.7 uM in the biochemical 2D-FIDA assay
(Fig. 6). Cell-based experiments indicated that the 1,4-dia-
minonaphthalene analog was active in a Nrf2-specific ARE-
driven luciferase cell-based assay and increased the levels
of Nrf2 and its target protein NQO1 in a western blot
analysis. Through structure-based design utilizing MD
simulations combined with MM-GBSA free energy calcu-
lations, You et al. designed 4 by adding symmetric acetate
groups to the sulfonamides of 3, resulting in a 51-fold
increase in potency (ICs5o=1.46uM vs 28.6nM) in FP
assay (Fig. 6) (Jiang et al. 2014b). The molecular docking
study of 4 suggested that the two acetic acid moieties may
be involved in forming multiple strong hydrogen bonds and
salt bridges with polar residues in the P1 and P2 subpockets.
Due to its potency, 4 has served as a new lead for further
optimization process. Indeed, three research groups have
conducted SAR studies or designed new analogs based on 4
in efforts to improve both its activity and physiochemical
properties, as well as increase the structural diversity of the
symmetric 1,4-diaminonaphthalene scaffold.

First, You et al. focused on exploring substituents on the
phenyl rings connected to the sulfonamide groups of 4 and
demonstrated that 5 with 4-acetamido groups is the most
promising Keap1-Nrf2 PPI inhibitor among its derivatives in
terms of in vitro inhibitory activity, solubility, and cellar
potency (Jiang et al. 2015). When compared with 4, com-
pound 5 had improved inhibitory activity of Keap1-Nrf2 PPI
with an ICsy of 14.4nM in the FP assay, and it had better
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1. Tetrahydroisoquinoline scaffold
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Fig. 6 Tetrahydroisoquinoline (THIQ) and 1,4-diaminonaphthalene scaffolds

aqueous solubility at pH 7.4 with 5.0 mg/mL (Fig. 6). The
biological results of cell-based assays in human colon cancer
(HCT116) cells revealed that 5 activated Nrf2, upregulated
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Nrf2-dependent gene expression and increased the protein
level of Nrf2-driven genes including HO-1, NQOI1, and
GCLM (Jiang et al. 2014b, 2015). Moreover, this compound
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Fig. 7 Representative small molecule direct inhibitors of Keap1-Nrf2 PPI.

dramatically decreased the levels of pro-inflammatory cyto-
kines in a lipopolysaccharide (LPS)-challenged mouse
model. Further biological studies of § reported in 2019
demonstrated that it had a protective effect against the LPS-
induced chronic renal inflammation in both human proximal
tubular epithelial HK-2 cells and in vivo mouse model and
alleviated kidney damage (Lu et al. 2019b). They also
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optimized the two acetate groups of S through a bioisosteric
replacement strategy, and the SAR study indicated that
compound 6 with tetrazole groups retained similar potency
with an ICsy of 15.8 nM in the FP assay (Fig. 6) (Lu et al.
2016). More importantly, the naphthalene analog 6 displayed
improved physicochemical properties, such as logDy4
(1.02-2.31), pKa (4.79-5.12), transcellular permeability (Pe
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value = 0.3 to 42.3 x 10° cm/s at pH = 7.4), and more potent
cellular activities, including both Nrf2—ARE-inducing activ-
ity and mRNA or protein levels of the Nrf2 target genes
(NOQI, HO-1, and y-GCS), as compared with 5 (Lu et al.
2016). Very recently, they reported a series of asymmetric
1,4-diaminonaphthalene analogs by replacing one N-acetic
acid substituted sulfonamide with amino acid building blocks
possessing various side chains (Lu et al. 2019a). As a result,
proline derived 7 was found to be the most potent with an
IC50 of 15.8 nM in the FP assay and a Ky value of 53.7 nM in
the ITC assay (Fig. 6). The Pro analog effectively activated
the expression of Nrf2-regulated genes and proteins (HO-1,
NQOI, and GCLM) in hepatic LO2 cells and exhibited a
cytoprotective effect against acetaminophen (APAP)-induced
acute live injury in both cellular and in vivo mouse models
(Lu et al. 2019a).

Similarly, Moore et al. conducted an SAR study of the
diacetate derivative 4, revealing a diamide analog 8 which
was the most active with an ICsy of 63 nM in the FP assay
and a Ky value of 44nM in the SPR assay (Fig. 6) (Jain
et al. 2015). Interestingly, ex vivo studies demonstrated that
monoethyl ester analog 9 was the best Nrf2 activator among
its derivatives in inducing the expression of Nrf2 target
genes (HMOX1 and NQOI1) and stabilizing Nrf2 levels,
which was comparable with the potent electrophilic mod-
ulator, SFN (Jain et al. 2015). More recently, they found a
new series of 1,4-isoquinoline analogs by replacement of
the naphthalene core of 4 with nitrogen-containing hetero-
cycles, one of which is 10 with an ICs, of 60 nM in the FP
assay and a Ky value of 102 nM in the SPR assay (Fig. 6)
(Richardson et al. 2018). When compared with 4, the 1,4-
isoquinoline derivative 10 exhibited equivalently high
solubility, less metabolism, and good in vitro activities
(binding affinity, inhibitory, and cellular potencies) and
importantly had a better mutagenic profile in a mini-Ames
assay (Richardson et al. 2018). In an attempt to overcome
drawbacks of the diacetate derivative 10, such as low
lipophilicity and related membrane permeability, they
replaced one carboxylate moiety with fluorinated alkyl
chains, resulting in 11 (known as PRL-295) with 2,2,2-
trifluoroethyl group (Fig. 6) (Lazzara et al. 2020). While it
showed similar inhibitory activity (ICs5o=73nM) in FP
assay and metabolic stability (¢, = 136 min) in human liver
microsomes to 10 (ICsy =60 nM, f,, = 104 min), its lipo-
philicity was improved with a logD; 4 value of —1.5 to 0.5,
and there was a remarkable increase in cellular levels of
Nrf2 and NQOI1 expression. They hypothesized that the
lipophilic fluorinated alkyl group of 11 contributed to
enhanced cell membrane permeability and eventually
greater cellular potencies (Lazzara et al. 2020).

In 2015, Winkel et al. discovered naphthylpyrrolidine-3-
carboxylic acid analog 12 (RA839) as a Keapl-Nrf2
interaction inhibitor by screening (Winkel et al. 2015).
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Although RAS839 had low metabolic stability in liver
microsomes from human, mouse, and rat, it inhibited the
interaction between the ETGE motif of Keapl and Nrf2-
derived peptide with an IC5y of 0.14 uM in the FP assay and
bound to the Keapl Kelch domain with a Ky value of 6 uM
in the ITC assay (Fig. 6). Moreover, the pyrrolidine analog
12 significantly increased the hepatic mRNA levels of the
Nrf2 target genes, GCLC and NQOI1 in a mouse model,
when it was administered to mice together with a cyto-
chrome P450 inhibitor (Winkel et al. 2015). Interestingly,
the chemical structure of 12 is quite similar to that of 7
designed by You et al. in 2019, suggesting the pyrrolidine
carboxylic acid moiety is favorable for good potency
(Winkel et al. 2015; Lu et al. 2019a).

Compound 13, known as K67, was initially identified as
a selective PPI inhibitor of phosphorylated p62 (p-p62) and
Keapl using an FP-based HTS method, targeted for the
treatment of hepatitis C virus-positive hepatocellular carci-
noma (Saito et al. 2016). They sought to evaluate its inhi-
bitory activities against Keapl-Nrf2 as well as Keapl-p-
p62 PPIs, and 13 bearing an acetonyl side chain exhibited
moderate activity with an ICsg of 6.2 uM in the FP assay
(Fig. 6) (Yasuda et al. 2016). Among its derivatives con-
taining diverse side chains on the core naphthalene, com-
pound 14 resulted in a dramatic (41-fold) increase in
potency with an ICsy of 0.15uM (Fig. 6) (Yasuda et al.
2016). During the initial discovery process, they found 15
possessing a unique benzo[glindole skeleton, which dis-
played similarly strong potency (ICsp=0.20uM) to 14
(Fig. 6) (Yasuda et al. 2017). The noncovalent inhibitor 15
was also reported to have high metabolic stability (81%
remaining after 30 min of incubation) and low cytotoxicity.

4-Amino-1-naphthol scaffold

There are three different types of small molecule inhibitors,
containing a 4-amino-1-naphthol scaffold. The first one was
16 reported by our group in 2013 (Hu et al. 2013a). Besides
the THIQ scaffold 1, we confirmed that 16, obtained by
HTS of the NIH’s MLPCN small molecule library, has the
capacity to disrupt the Keapl1-Nrf2 interaction with a Ky
value of 1.7 uM in the SPR assay (Fig. 7). In 2014, a SBVS
of a chemical library from Specs database (SPECS, Zoe-
termeer, Netherlands) followed by the selection of 65
compounds for FA assay identified 17 with a Ky value of
29uM (Fig. 7) (Zhuang et al. 2014). Further biological
experiments showed that the 4-amino-1-naphthol analog 17
effected Nrf2 nuclear translocation and increased the mRNA
levels of Nrf2 downstream genes, HO-1 and NOQI, sug-
gesting that it is an inhibitor of Keap1-Nrf2 PPI. Recently,
compound 18 bearing an acetate group was obtained by an
in silico fragment growing approach based on 17 and sub-
sequent SAR study (Meng et al. 2018). It was predicted that
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the acetate group of 18 would form additional hydrogen
bonding interaction with S363 residue in the P2 subpocket.
As expected, 18 showed improved potency by 2.5-fold with
a Ky value of 1.14uM in the FA assay, while its binding
activity with the Keap1 protein was confirmed by SPR assay
with a Ky value 0.453 uM (Fig. 7) (Meng et al. 2018). In
cell-based assays, compound 18 also induced Nrf2 nuclear
translocation and subsequently the expression of down-
stream HO-1 and NOQ1 in H9¢2 cardiac cells. Furthermore,
18 exhibited a cardioprotective effect against LPS-induced
myocarditis in both H9¢2 cell and in vivo mouse model by
reducing ROS production and the expression of pro-
inflammatory cytokines, including TNF-a, IL-1p, and IL-6
(Meng et al. 2018). Importantly, 18 had dramatically
reduced cytoprotective effects in siNrf2 RNA transfected
cells, thereby providing further support that the 4-amino-1-
naphthol derivative 18 activates Nrf2 via direct inhibition of
Keapl-Nrf2 PPI (Meng et al. 2018). However, 18 does
contain a pan-assay interference compounds structure. The
last series of asymmetric 4-amino-1-naphthol analogs has
been reported in a patent (You et al. 2017). When compared
with the 1,4-diaminonaphthalene scaffold, it distinctively
includes an ether bond and mono-sulfonamide moiety. SAR
studies using an FP competition assay demonstrated that 19
is the most active among 20 compounds, indicating that the
methoxy substituent of the phenyl ring containing an oxygen
linker plays a significant role for nanomolar activity (Fig. 7).
In the ARE-luciferase reporter assay, compound 19 activated
ARE at a concentration of 10 uM, which was better than
BHQ (You et al. 2017).

Carbohydrazide scaffold

The carbohydrazide derivative 20 was reported as a direct
Keap1-Nrf2 PPI inhibitor by SBVS of Specs database. 20
was shown to interrupt the Keap1-Nrf2 interaction with an
ICs5y value of 9.8 uM in an FP assay and exhibit ARE-
inducing activity in ARE-luciferase reporter assay (Fig. 7)
(Sun et al. 2014).

1,4-Diphenyl-1,2,3-triazole scaffold

Wells et al. carried out SBVS of ZINC database along with
rational docking-based structural analysis, designing a 1,4-
diphenyl-1,2,3-triazole scaffold (Bertrand et al. 2015).
Among 1,2,3-triazole derivatives bearing various sub-
stituents on the two phenyl rings, 21 showed the best results
in both the FP and NQOI1 induction assays. However, its
inhibitory activity was not high with an ICs, value of
7.1uM in the FP assay (Fig. 7). In addition, the iodo-
substituted analog 21 upregulated the expression of the
Nrf2-dependent enzymes, HO-1 and NQOI, in Hepalclc7
cells (Bertrand et al. 2015).

3-Phenylpropionic acid scaffold

In 2016, Astex and GlaxoSmithKline reported a 3-
phenylpropionic acid scaffold identified from a FBDD
approach (Davies et al. 2016). Initially, three fragment
hits, 4-chlorophenylpropionic acid, 2,6-dimethyl-4H-pyr-
ano[3,4-d]oxazol-4-one, and benzenesulfonamide, were
found to occupy hotspots of the Keapl Kelch domain,
consisting of the acid, planar acceptor, and sulfonamide
pockets. Starting from the anchor fragment, 4-
chlorophenylpropionic acid, located in the acid hotspot,
an appropriate functionality designed based on the struc-
tures of the other fragment hits was introduced in a
stepwise manner for growing toward the planar acceptor
and sulfonamide parts, respectively (Heightman et al.
2019). Through SAR studies, 22, possessing the methy-
lated benzoxathiazepine and methoxybenzotriazole moi-
eties, was finally optimized as the most potent small
molecule inhibitor of Keap1-Nrf2 PPI in both FP (IC5y =
15nM) and ITC (Kq=1.3nM) assays (Fig. 7) (Davies
et al. 2016; Heightman et al. 2019). The biological eva-
luation in cellular models demonstrated that the lead 22
induced the expression of Nrf2-regulated genes, NQO1
and GCLM, in normal or COPD patient-derived bronchial
epithelial cells (Davies et al. 2016). Moreover, it was
shown to act as an activator of the Keapl-Nrf2 anti-
oxidant response in an in vivo rat model. Importantly, the
results of ozone-induced COPD model suggested that 22
had anti-inflammatory effects (Davies et al. 2016;
Heightman et al. 2019).

1-Phenylpyrazole scaffold

Astex and GlaxoSmithKline reported a novel class of potent
Nrf2 regulators containing an 1-phenylprazole scaffold
(Callahan et al. 2017a, 2017b). The biaryl pyrazole analog
23 showed an ICs value within the range of 1-10 nM in the
FP assay and an ICsy of <10nM in the TR-FRET assay
(Fig. 7) (Callahan et al. 2017b). Another arylcyclohexyl
pyrazole derivative 24 was also found to be potent with ICs,
values of 10-100 nM in FP assay and <10 nM in TR-FRET
assay (Fig. 7) (Callahan et al. 2017a). Importantly, they
exhibited strong cellular activities with ECsy values of
<1 nM and 10-100nM in BEAS-2B NQO1 MTT assay,
respectively (Callahan et al. 2017a, 2017b).

2-Iminocoumarin scaffold

Recently, the 2-iminocoumarin analog 25 (ZJO1) was iden-
tified by Zhang et al. via screening of their in-house library
(Jiang et al. 2018). Out of 569 compounds tested using an
FP assay at 100 uM, further dose-response studies confirmed
that ZJO1 was the most potent inhibitor with an ICs, value of
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5.1 uM in the FP assay and a K, value of 48.1 uM in the SPR
assay (Fig. 7). Despite its moderate activities, 25 led to a
significant increase in the mRNA levels of Nrf2 target genes
(HO-1 and NQO1) and reduction in LPS-induced production
of ROS and pro-inflammatory cytokines (TNF-«, IL-1p, and
IL-6) in H9c2 cardiac cells. ZJ101 was found to have a
cardiac protective effect in a mouse model of LPS-induced
cardiomyopathy (Jiang et al. 2018).

1,2-Xylylenediamine scaffold

Most recently, our group identified a new series of 1,2-
xylylenediamine analogs via the molecular dissection of 4
in an effort to improve metabolic stability related to 1,4-
diamino position of the naphthalene core part (Abed et al.
2020). Subsequent SAR study of the new scaffold provided
compound 26 bearing S-methylated acetate groups as a
promising Keapl-Nrf2 PPI inhibitor by showing good
activity with an ICs, value of 0.15 uM in the FP assay and
high metabolic stability in the human liver microsomes with
98.2% remaining after 90 min of incubation (Fig. 7).

Miscellaneous inhibitors

Representative scaffolds with weak inhibitory or binding
activity (more than 10uM in an in vitro assays) include
benzenesulfonyl-pyrimidone, pyrazolidin-3,5-dione, thiazo-
lidin-2,4-dione, and 4-phenyl-4H-1,2 4-triazole scaffolds
(Fig. 7). In addition to 3, the benzenesulfonyl-pyrimidone
analog 27 is another hit compound identified by Silvian et al.
via HTS (Marcotte et al. 2013). However, it had very low
potency with an ICsy value of 118 uM in a biochemical 2D-
FIDA assay and no cellular activity in a Nrf2-specific ARE-
driven luciferase reporter cell-based assay (Fig. 7). Two
classes of PPI inhibitors, 28 and 29, were identified from
SBVS, along with 17 (Zhuang et al. 2014). In the FA assay,
compounds 28 and 29 displayed weak Keapl-Nrf2 inhibi-
tory activity with Ky values of 15.2 and 10.4 uM, respec-
tively (Fig. 7). Although the two scaffolds were further
studied employing hit-based substructure search, there was
no improvement in activity during SAR studies (Zhuang
et al. 2014). The 4-phenyl-4H-1,2 4-triazole analogs 30
(known as MIND4), discovered by screening, had weak
binding activity with a K4 value of 22.8 uM in SPR assay
and led to the induced expression of Nrf2-responsive pro-
teins, NQO1 and GCLM (Fig. 7) (Kazantsev et al. 2014).

Comparison of potency and binding mode of
direct inhibitors

Known small molecule inhibitors of Keapl-Nrf2 PPI,
containing diverse scaffolds, have shown a wide range of
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in vitro biological activities. To obtain a better under-
standing of which compound is more potent and how its
chemical structure influences potency in terms of binding to
the Keapl Kelch domain, reliable and comparable data are
required. However, the noncovalent inhibitors were sepa-
rately evaluated in different labs using different types of
assays, such as FP, SPR, or ITC. Even if the same assay was
used, different assay conditions (e.g., concentrations of
protein and type of probes) lead to inconsistent results.
Recently, Tran et al. (2019) carried out side-by-side
assessment studies of the reported Keapl1-Nrf2 PPI inhibi-
tors employing FP, SPR, TSA, and NQOI induction cell-
based assays, enabling direct comparison of a number of
Nrf2 activators.

As shown in Figs. 6 and 7 and Table 1, we summarize
the original and reevaluated biological activities of the
noncovalent direct inhibitors of Keapl-Nrf2 PPL In the
case of compounds that have reported assay conditions like
concentrations of Keapl Kelch domain protein and a probe
used and Ky values of the corresponding probe, we calcu-
lated K; values from the reported inhibitory activities (ICsq)
in order to easily compare their potencies. With the
exception of 21, potent inhibitors (1, 4, 8, 12, 15, 22, and
24) with a K; or ICsy value of less than 1uM generally
presented a reasonable correlation of inhibitory potencies in
the submicromolar or nanomolar range between the differ-
ent labs. For example, the THIQ analog 1 had comparable
binding potencies with Ky values of 1.0 and 2.4 uM in the
SPR assay. Interestingly, the K; values of compounds 3 and
27 estimated by Tran et al. (2019) exhibited higher potency
than originally reported (3, K;=0.25 vs 1.27 uM; 27, K; =
2.8 vs 28.9 uM). Considering their affinity activity in SPR
assay (Kq=0.37 and 51 puM), further confirmation studies
are needed. Surprisingly, others (17, 20, 21, and 28-30),
with moderate affinity (K; value ranging from 1 to 10 uM)
or weak affinity (K; value of >10puM), were found to
inactive in the FP and/or SPR assays carried out by Tran
et al. (2019). Collectively, the most potent compounds (1, 4,
8, 12, 15, 22, and 24) showed robust biological results.

Among 30 known noncovalent inhibitors of the
Keap1-Nrf2 PPI that we discussed above, nine compounds
have co-crystal structures with the Keap1 Kelch domain. On
the basis of their activity data and co-crystal structures
reported, we examined how many subpockets the direct
inhibitors of Keapl-Nrf2 PPI occupy in the Keapl Kelch
domain and how their binding modes contribute to inhibi-
tory potency. As mentioned previously, Keapl Kelch
domain primarily consists of five subpockets that have high
propensity for ligand binding. Accordingly, the number of
subpockets occupied by a ligand and its binding affinity
would be critical factors to determine potency. The 1,4-
diaminonaphthalene derivatives 8 and 11 perfectly support
the hypothesis by showing strong activities (K; =34 and
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Table 1 Comparison of potencies of known small molecule direct
inhibitors®

Compound FP/FA FP/FA SPR Comparative
(ICs, }.lM)b (K;, UtM)®  (Kg, uM)  assessment by Tran
b et al. (2019)

FP SPR
(K uM)! (K, pM)*

1 23 0.32 1.0 0.56 24

2 0.75 0.11 - - -

3 1.46 1.27 - 0.25 0.37

4 0.0286 0.0235 - 0.0061 0.32

5 0.0144 0.0111 - - -

6 0.0158 0.0124 - - -

7 0.043 0.036 - - -

8 0.063 0.034 0.044 0.053 0.19

9 0.085 0.049 0.4 - -

10 0.060 0.051 0.102 - -

11 0.073 0.062 - - -

12 0.14 0.053 - 0.048 0.47

13 6.2 - - - -

14 0.15 - - - -

15 0.20 - - 0.0021 0.026

16 - - 1.7 - -

17 - 2.9 - ~71 >500

18 - 1.14° - - -

19 0.081 0.069 - - -

20 9.8 8.5 - NA (£49) NA (<14)

21 7.1 0.18 - NA NA
(<100) (<354)

22 0.015 - - 0.001 0.0014

23 0.001-0.01 - - - -

24 0.01-0.1 - - 0.013 0.019

25 - 5.1° 48.1 - -

26 0.15 0.015 - - -

27 118° 28.9 - 2.8 51

28 - 15.2f - ~280 >150

29 - 1041 - NA NA
(£200) (£286)

30 - - 22.8 NA (<77)  >300

«

NA no activity (maximum concentration tested), indicates data not

reported/available

#Activities in FP/FA and SPR assays as originally reported and those
obtained in a comparative assessment (Tran et al. 2019). For
comparison, the K; values were calculated from ICsj in the FP assay
when the binding affinity of the probe is known (Inoyama et al. 2012)

PActivities originally reported
°K; values derived from the ICsq values using the Ky of a fluorescent

Nrf2 peptide probe and concentrations of Keapl protein and the probe
used (Inoyama et al. 2012)

dActivities of the FP and SPR assays as reported by (Tran et al. 2019)
when the select inhibitors were tested under the same FP or SPR assay
conditions

°The value of ICsy was determined by a 2D-FIDA assay
K4 as reported

62 nM) and fully occupying all five subpockets, as repre-
sented in Fig. 8. First, the amide groups of 8 form several
hydrogen bonds with polar residues (Ser363, Asn4l14,

Arg415, and Ile461) in P1 and P2 subpockets, while the
carboxylic acid of 11 has the polar interactions with
Arg380, Asn414, and Arg415. Next, the core naphthalene
moiety of 8 and 11 occupies the P3 subpocket, fixing their
conformations as an anchoring fragment. In the hydro-
phobic subpockets P4 and P5, the hydroxyl groups of
Ser508 and Ser602 were shown to have hydrogen bonding
interactions with the sulfonamide oxygen groups of 8, and
aromatic amino acids (Tyr334, Tyr525, and Phe577) dis-
played n—n stacking interactions with the phenyl rings of 8.
Similar to 8, the sulfonamide moieties of 11 provided
hydrogen bonding interactions with serine residues (Ser508,
Ser555, and Ser602). Intriguingly, the naphthalene analogs
3 and 13 without polar functional groups exhibited lower
potencies than 8 and 11 in the micromolar range (K;=
1.27 uM and ICsy = 6.2 uM, respectively) and only occu-
pied three subpockets (P3—P5), as shown in Fig. 8. These
results support the fact that the polar subpockets, P1 and P2,
act as key factors for high binding affinity to the Keapl
Kelch domain via strong polar interactions. For compound
12 containing pyrrolidine-3-carboxylic acid, it still main-
tained potent activity (K;=53nM) in spite of occupying
three subpockets (P1, P3, and P5), as seen in Fig. 8.
Although it does not have moieties located in P2 and
P4 subpockets, the naphthalene analog 12 is well positioned
over the three hotspots and its carboxylic acid forms key
interactions with Arg483 and Ser508 in the P1 subpocket.

Despite the absence of strong polar interactions in the
P2 subpocket, the 3-phenylpropionic acid analog 22, which
occupies four subpockets (P1 and P3-P5), also had excel-
lent inhibitory activity (ICso = 15nM). Similar to the ben-
zenesulfonamide moiety in the P4, the benzotriazole group
of 22 showed a n—n stacking interaction with Tyr525 and
hydrogen bonding interactions with GIn530 and Ser555
(Fig. 8). The THIQ derivatives 1 and 2 demonstrates how
important the number of occupied subpockets is for
potency. As seen in Fig. 8, they partially occupy P2, P3, and
PS5 subpocket, which may lead to moderate binding affinity
to the Keapl Kelch domain (1, K4=1.0uM) and sub-
micromolar activity. Although the carboxylic acid group of
2 exhibited a polar interaction with Asn414 in the
P2 subpocket, its activity was not strong with a K; value of
0.11 pM, relative to the fully occupied compounds 8 and 11.
It appears that the conformation of 2 is almost located on the
right side of the Kelch cavity, which makes the P1 and
P4 subpockets vacant and hence weakens the binding to the
target Keap1 protein (Fig. 8). Moreover, compound 1, which
has a little different chemical structure from 2, was threefold
less potent due to a loss of the hydrogen bond in the
P2 subpocket. The co-crystal structure of the weak inhibitor
27 bound to the Kelch domain revealed that two small
molecules bind side-by-side in the cavity, as represented in
Fig. 8. The benzenesulfonyl-pyrimidone analog 27 partially
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Fig. 8 Co-crystal structures of
the Keapl Kelch domain in
complex with a direct small
molecule inhibitor of
Keap1-Nrf2 PPI. Potency
intensity of compounds were
classified into potent (K; or
1C5p < 1 uM), moderate (1 uM <
K ;<10 uM), and weak (K;>

10 uM) ;nhibition, based on the
K; value calculated from the first
reported inhibitory activity and
was represented with the color
of a picture border (potent: blue,
moderate: green, and weak: red).
“The crystallographic data of 27
indicated two small molecules
posed in the Keapl Kelch
cavity. °If a K; is not available,
1Cs, value was used as potency

PDB = 4L7B
FP K= 0.32 uM

PDB = 4XMB
FP Ki=34nM

PDB = 47Y3
FPICs =6.2 pMe

occupies right (P3 and P5) or left (P1 and P3-P4) sides,
leading to low binding affinity. In addition, fewer binding
interactions, such as hydrogen bonds with Arg415 and
Ser602, and a hydrophobic stacking interaction with Tyr334,
were observed, in comparison with more active inhibitors.

Conclusion

The Keapl-Nrf2-ARE signaling system is an attractive
drug target for the prevention and treatment of oxidative
stress-related diseases including cancer, neurodegenerative
disease and COPD, through the induction of the expression
of cellular cytoprotective proteins. Indirect inhibitors, which
form a covalent bond with cysteine residues in the Keapl
protein, alter the structure of the Keapl-Nrf2—Cul3 com-
plex and consequently activate antioxidant defense system.
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PDB = 4L7D
FP K = 0.1 uM

PDB = 41QK
FP K= 1.27 uM

PDB = 5CGJ
FP Ki= 53 nM

PDB = 6UF0
FP K =62nM

273
PDB = 4IN4
2D-FIDA Ki= 28.9 uM

PDB = 5FNU
FPICsy = 15 nMP

Although the electrophilic activators of Nrf2 have reached
clinical trials, they may interact with multiple targets and
have a risk for toxic side effects because of off-target
activity. In this respect, direct noncovalent inhibitors of
Keap1-Nrf2 PPI have the advantage of target selectivity
over the electrophiles. Despite the difficulty in targeting
PPI, different types of PPI inhibitors containing diverse
chemical scaffolds have been discovered and studied over
the past few years. Along with structural studies of the
Keapl protein and Keapl-Nrf2 PPI, the development of
diverse assay technologies and drug design approaches have
provided a substantial interest in searching for novel small
molecule inhibitors that act as Nrf2 activators. To pursue a
rational and efficient development process, a thorough
understanding of the correlation of known compounds
between their potency and binding interactions to the target
Keapl Kelch domain is essential, helping in designing a
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variety of more potent Nrf2 modulators and thereby
increasing the success rate of drug development.
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