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targeting Nrf2-binding Keaplt
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Parkinson's disease (PD) is the most common neurodegenerative disease characterized by movement
disorder. Despite current therapeutic efforts, PD progression and the loss of dopaminergic neurons in
the substantia nigra remain challenging to prevent due to the complex and unclear molecular
mechanism involved. We adopted a phenotype-based drug screening approach with neuronal cells to
overcome these limitations. In this study, we successfully identified a small molecule with a promising
therapeutic effect for PD treatment, called inflachromene (ICM), through our phenotypic screening
strategy. Subsequent target identification using fluorescence difference in two-dimensional gel
electrophoresis (FITGE) revealed that ICM ameliorates PD by targeting a specific form of Keapl. This
interaction led to upregulating various antioxidants, including HO-1, NQO1, and glutathione, ultimately

iii:;i%igiﬂ ?::j;ybggsgzs alleviating PD symptoms. Furthermore, ICM exhibited remarkable efficacy in inhibiting the loss of
dopaminergic neurons and the activation of astrocytes and microglia, which are critical factors in PD
DOI: 10.1039/d3sc06997d pathology. Our findings suggest that the phenotypic approach employed in this study identified that ICM

rsc.li/chemical-science has potential for PD treatment, offering new hope for more effective therapeutic interventions in the future.
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Introduction

Parkinson's disease (PD) is a chronic and progressive neuro-
logical disorder™” characterized by a range of primary motor
symptoms such as bradykinesia,® tremors,* and rigidity,”> and
accompanied by secondary non-motor symptoms including
depression,® cognitive dysfunction,” and behavioral disor-
ders.*® These motor symptoms arise due to the degeneration
of dopaminergic neurons in the substantia nigra, resulting in
a reduction in the neurotransmitter dopamine. With the
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global population aging, the incidence and prevalence of PD
are on the rise."'® Despite affecting only 1-1.5% of individuals
over 60 years old, PD poses a significant economic burden,
with the United States alone incurring costs of $51.9 billion in
2017."* Unfortunately, as of now, there is no cure for PD," and
available therapies primarily focus on alleviating symptoms
by either supplementing dopamine'*** or inhibiting its
clearance.”™' However, these treatments often trigger
common side effects such as nausea, constipation, and
confusion. Furthermore, prolonged use of levodopa, a blood-
brain barrier-permeable dopamine precursor, can lead to
a decrease in efficacy and toxicity, accelerating the death of
dopaminergic neurons.™

To address the pressing need for novel therapeutics targeting
the progression of PD rather than mere symptom relief, our
proposed approach involves using a phenotypic assay to over-
come the complexities associated with the disease's mecha-
nisms. Our study employed a phenotypic viability recovery assay
with neuronal cells exposed to neurotoxins, leading us to
a pivotal discovery that ICM effectively inhibits the progression
of PD. Further investigation using our novel target identifica-
tion method unveiled that ICM activates the Nrf2 signaling
pathway by directly binding to a specific form of Keap1, thereby
mitigating PD progression. This groundbreaking finding
suggests a potential avenue for developing novel treatments
that target the fundamental causes of PD, thus holding promise
for more effective disease management.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

The neuroprotective effect of ICM through Nrf2 activation and
the reduction of mitochondrial ROS

Mitochondrial dysfunction is a prominent characteristic of PD.""*®
Various studies have highlighted the disruptive effects of certain
pesticides, like rotenone, on neurons by inhibiting mitochondria
complex I, resulting in PD-like symptoms. Due to its ability to
penetrate cells independently of the dopamine transporter, rote-
none has emerged as a commonly used neurotoxin in in vitro PD
models.”? To investigate whether pretreatment with a small
molecule capable of activating neuroprotective pathways could
alleviate neurotoxin-induced cytotoxicity, we screened approxi-
mately 4700 compounds from our in-house privileged
substructure-based diversity-oriented synthesis (pDOS) library.>***
The pretreatment of neuron-like PC12 rat pheochromocytoma
cells with these compounds, followed by co-treatment with rote-
none, enabled the measurement of cell viability after 24 h
(Fig. 1A). During this screening campaign, we identified specific
hit compounds featuring benzopyran-embedded structures
(Fig. S1t). Subsequent preliminary structure-activity relationship
studies led to the recognition of ICM as the lead compound,***
alongside its negative counterpart, ICMAOH (Table 1 and Fig. 1B,
C). Even though the modification at either R> dimethyl group or R
phenyl group did not improve the efficacy of ICM, we identified
that the R hydroxyl group is the key functional group of ICM and
its modification to other functional groups like amine may
enhance the activity of ICM.

To authenticate the neuroprotective effects of ICM,**** we
conducted the experiment wherein PC12 cells were exposed to
varying doses of ICM or ICMAOH, followed by co-treatment with
rotenone. The results unequivocally confirmed that ICM signifi-
cantly reinstates cell viability following rotenone-induced cyto-
toxicity without any toxicity of ICM itself, whereas ICMAOH fails
to yield a similar effect (Fig. 1D and S27). Additionally, our
investigation revealed that rotenone is capable of increasing
mitochondrial reactive oxidative stress (ROS), and notably, ICM
effectively reduces the levels of mitochondrial ROS under
rotenone-treated conditions, bringing them back to basal levels
(Fig. 1E-G and S3A, Bt).

Considering the pivotal role of Nrf2 as the primary regulator
of the cellular oxidative defense mechanism,**** we embarked
on an investigation to ascertain whether ICM could activate the
Nrf2 pathway. Our evaluation of Nrf2 activation involved an
Nrf2 reporter gene assay, coupled with the monitoring of Nrf2
translocation through subcellular fractionation and immuno-
blotting. The Nrf2 reporter gene assay distinctly revealed that
ICM activates Nrf2 in a dose- and time-dependent manner,
whereas ICMAOH does not elicit a similar response (Fig. 1H
and S47). Normally, Nrf2 binds to Keap1 dimers and remains in
the cytosol at its inactive state. However, upon activation, Nrf2
translocates to the nucleus, assuming its role as a transcription
factor. Our observations showed the translocation of Nrf2 from
the cytosol to the nucleus after 6 h of ICM treatment, followed
by the upregulation of heme-oxygenase 1 (HO-1) and NAD(P)H
quinone oxidoreductase-1 (NQO1) after an additional 6 h,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Neuroprotective effect of ICM in an in vitro Parkinson's disease
model through Nrf2 activation and mitochondrial ROS reduction. (A)
Assay scheme for recovered cell viability. (B) Phenotype-based
screening of our in-house 4700-membered pDOS library by assessing
recovered cell viability in PC12 rat pheochromocytoma cells. (C)
Chemical structures of ICM and ICMAOH. (D) ICM dose-dependently
restored rotenone-induced decreased cell viability in PC12 cells (n =
6), while ICMAOH showed no such effect. (E)-(G) Flow cytometry data
depicting an increase in mitochondrial reactive oxygen species (ROS)
upon rotenone treatment, which was counteracted by ICM treatment
in SH-SY5Y human neuroblastoma cells (n = 3). (Ro; rotenone) (H) Nrf2
reporter gene assay demonstrated dose-dependent activation of Nrf2
by ICM but not by ICMAOH in HEK293T cells (n = 6). (I) Subcellular
immunoblot analysis revealed that ICM treatment activated the Nrf2/
HO-1 & NQO1 pathway. Data are presented as the mean + SD (ns, not
significant, p > 0.05; *p < 0.05; **p <0.01; ***p <0.001).

indicating that ICM safeguards PC12 cells via the activation of
the Nrf2 pathways (Fig. 1I). These findings highlight the
potential of ICM in neuroprotective therapies against PD.

FITGE identifies Keap1 as the target protein of ICM

In our effort to pinpoint the target protein of ICM, we utilized
the FITGE method,* which involved the synthesis of photo-
affinity probes, ICM-BP and ICMAOH-BP, incorporating the
benzophenone moiety as the photocrosslinker and an alkyne as
a handle for click chemistry (Fig. 2A and S7AT). Before deploying
ICM-BP and ICMAOH-BP for FITGE-based target identification,
we first evaluated their efficacy on Nrf2 activation via Nrf2
reporter gene assay. The results indicated that ICM-BP activates
Nrf2 to a degree comparable to that of ICM, the original
compound, whereas ICMAOH-BP fails to induce a similar
response (Fig. 2B and S7BT).
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Table 1 Structural modification of ICM by introducing various
substituents at the Ry, R, and Rz positions and their activities

Al
N
3
o I §_N-R oA N
o0 by
_— 2 Z
—=. 3 R _ -
'R OH R 0" R 1 R
R O™
R R? Cpd R® Viability
1a (1Icm) phenyl 67.7
1b methyl 47.4
ic 4-methylphenyl 47.4
1d 4-methoxyphenyl 48.1
Dimethyl le 3-methoxyphenyl 55.5
1f 4-fluorophenyl 58.3
1g 2-iodophenyl 56.3
1h 2-chlorophenyl 57.1
1i 3-nitrophenyl 43.1
Hydroxyl
2a phenyl 36.9
2b methyl 38.2
2c 4-methylphenyl 46.5
2d 4-methoxyphenyl 45.2
Spiro-
7 2e 3-methoxyphenyl 41.9
2f 4-fluorophenyl 47.1
2g 2-iodophenyl 57.2
2h 2-chlorophenyl 47.4
2i 3-nitrophenyl 46.1
H Dimethyl 3a (ICMAOH) phenyl 26.9
Veh 34.8

Subsequently, these photoaffinity probes were employed for
FITGE-based target identification. Initially, HEK293T cells were
treated with ICM-BP in the presence or absence of ICM as
a competitor. After 30 min of ICM competition, the cells were
exposed to 365 nm UV radiation to photocrosslink ICM-BP to its
nearby target proteins. The resulting cells were then lysed, and
the lysates, with or without ICM competition, were labeled with
azide-linked Cy5 or Cy3 fluorescent dyes, respectively, through
click reaction. The initial one-dimensional (1D) gel analysis did
not reveal any difference in protein bands labeled by ICM-BP in
the absence or presence of ICM. However, the overexpression of
Keap1 led to the distinct visualization of a band at 69 kDa in the
ICM-BP labeling patterns with ICM competition (Fig. 2C and
S5At). The relatively low endogenous expression level of Keapl
rendered it imperceptible without Keapl overexpression
(Fig. S5Bt).*** Furthermore, two-dimensional (2D) gel analysis
demonstrated discrete labeling patterns in a dose-dependent
manner upon competition between ICM-BP and ICM (Fig. 2D).
The protein spots outcompeted in the 2D gel analysis were
further subjected to LC/MS/MS analysis, confirming Keap1 as the
target protein of ICM (Table S17). To clarify the off-target effects
of ICM, we also conducted proteome analysis using competition
between ICM and its target validation probe, ICM-alkyne, without
the benzophenone moiety to eliminate the photocrosslinking
activity (Fig. 4A). The outcome of the chemoproteomics study
with ICM-lkyne showed that ICM selectively bound to Keap1l
except either non-specific proteins, like albumin and hnRNP, or
Nrf2-mediated metabolism related proteins, like ENO-1 and
FASN (Fig. S6f). Conversely, ICMAOH-BP exhibited entirely
different labeling patterns in live HEK293T cells but not in lysates
(Fig. S7C-Ef). This emphasizes the importance of conducting
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Fig. 2 Target identification of ICM using 1D and 2D gel analysis. (A)
Chemical structure of target ID probe ICM-BP. (B) Nrf2 reporter gene
assay demonstrated a dose-dependent activation of Nrf2 by ICM-BP in
HEK293T cells (n = 6). (C) and (D) ICM-BP was labeled by UV irradiation to
target proteome in the presence or absence of ICM competitions in
HEK293T cells, with or without transient Keapl overexpression. ICM-BP-
labeled proteomes with and without ICM competitions were treated with
Cy5-azide (red) and Cy3-azide (green), respectively. (C) Target identifi-
cation using 1D gel analysis. The arrow designated the band with signifi-
cant differences after ICM competition. (D) Target identification using 2D
gel analysis. The merged fluorescence images of the whole gel are shown.
The region of interest in the white box was magnified. ICM was found to
bind specific forms of Keapl with a high isoelectric point (pl) value.

target identification studies in live cells and employing appro-
priate negative probes for accurate assessments. Overall, our
FITGE-based approach successfully identified Keap1 as the target
protein of ICM, providing insights into the underlying mecha-
nism of ICM's neuroprotective effects through Nrf2 activation
and the reduction of mitochondrial ROS.

Nrf2-binding Keap1 is the target of ICM

Notably, the three spots labeled by ICM-BP displayed a concen-
tration-dependent competitive response with ICM (Fig. 2D). At
20 uM concentration of ICM, the spot corresponding to Keap1
with a high isoelectric point (pI) value was preferentially out-
competed. As the ICM concentration increased, the pI value of
the out-competed protein spots gradually decreased. Given
Keapl's known role in interacting with Nrf2 and facilitating
Nrf2 degradation through proteasome-mediated ubiq-
uitination,®” we hypothesized that the pI value of Keapl might
be linked to its interaction with Nrf2. To validate the direct
binding of Nrf2 with Keap1, we performed a pull-down assay of
Nrf2 proteins using an Nrf2-specific antibody. Upon immuno-
blotting the Nrf2-binding proteome with a Keap1-specific anti-
body, we observed that Keapl from a specific spot directly
bound to Nrf2 among the three spots; however, this Keap1-Nrf2
interaction was obstructed by ICM treatment (Fig. 3A).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nrf2-binding Keapl is the target protein of ICM. (A) Keapl with
a high pl value was found to bind with Nrf2. ICM effectively blocked the
interaction between Nrf2 and Keapl. (B) Fluorescence signals of spots
1-3 were quantified. (C) The ratio of whole Keapl protein to Nrf2-
binding Keapl protein fluorescence signals revealed a correlation
between the pl value of Keapl and Nrf2 binding.

To further elucidate the pI values of Nrf2-binding Keap1, we
conducted 2D gel analysis of a mixed sample containing Cy2-
labeled Nrf2-binding proteome (in cyan), Cy3-labeled Keapl
overexpressed proteome (in green), and Cy5-labeled mock pro-
teome (in red). This analysis revealed that Keap1 with a high pI
value was involved in the interaction with Nrf2 (Fig. 3B). The
ratio of the entire Keapl protein to the Nrf2-binding Keap1l
protein, as indicated by the fluorescence signals, reinforced the
direct binding of Nrf2 with Keapl having a high pI value
(Fig. 3C).

To gain insights into the relationship between Nrf2 and the
pI values of Keapl, we delved into the post-translational
modifications (PTMs) of Keap1 in the three spots using mass
spectrometry (Fig. S81). Among various PTMs, we specifically
observed a significant disparity in cysteine oxidation, which
exhibited a correlation with the pIvalue of Keap1 (Table S27). As
the number of cysteine oxidation events increased, the pI value
of Keap1 decreased, suggesting that the potential binding sites
of ICM might involve specific cysteine residues, such as Cys77,
151, 241, 288, 297, and 319 of Keap1. These findings strongly
support that ICM directly targets Nrf2-binding Keap1, likely
through an interaction with specific cysteine residues. The
disruption of the Keap1-Nrf2 interaction by ICM could explain
the activation of the Nrf2 pathway and the subsequent neuro-
protective effects observed in our previous investigations.

Validation of the covalent binding between ICM and Keap1
using the target validation probe ICM-alkyne

To confirm the covalent binding between ICM and Keap1, we
synthesized the target validation probe, ICM-alkyne, without
benzophenone to eliminate the photocrosslinking activity,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Covalent binding between Keapl and ICM. (A) Chemical
structures of target validation probes ICM-alkyne and ICMAOH-
alkyne. (B) Nrf2 reporter gene assay showed that ICM-alkyne activated
Nrf2 in a dose-dependent manner in HEK293T cells, while ICMAOH-
alkyne did not show this effect (n = 6). (C) IAA-alkyne, the cystine
covalent binder, and ICM-alkyne were found to bind to Keapl, whereas
ICMAOH-alkyne did not show any binding (IAA; iodoacetamide). (D)
ICM-alkyne labeling experiments in competition with either ICM or
ICMAOH showed that ICM specifically bound to Keapl.

along with a negative probe, ICMAOH-alkyne (Fig. 4A).***
Before employing ICM-alkyne for target validation, we assessed
Nrf2 activation using an Nrf2 reporter gene assay. The results
confirmed that ICM-alkyne activates Nrf2 to a level comparable
to that of ICM, the original compound, while the negative probe
did not exhibit this activity (Fig. 4B).

Given that electrophiles, like iodoacetamide, covalently bind
to the cysteine residues of Keap1, leading to Nrf2 activation,*
we also prepared iodoacetamide with an alkyne (IAA-alkyne) as
a positive control probe. With or without transient Keapl
overexpression, HEK293T cells were treated with ICM-alkyne,
ICMAOH-alkyne, and IAA-alkyne for 12 min, followed by click
reaction with an azide-linked Cy3 fluorescent dye. 1D gel anal-
ysis revealed two distinct bands after ICM-alkyne and IAA-
alkyne treatments in cells with Keapl overexpression, while
these bands were absent in cells treated with ICMAOH-alkyne
(Fig. 4C and S9Af), indicating the covalent binding of ICM-
alkyne and IAA-alkyne to the overexpressed Keap1 in cells. To
further validate the covalent binding of ICM, we compared the
labeling patterns of ICM-alkyne in the competition with either
ICM or ICMAOH, in the context of Keapl overexpression. As
shown in Fig. 4D and S9B,t ICM competition resulted in a dose-
dependent reduction in the labeling of ICM-alkyne to Keap1,
while ICMAOH did not elicit a similar effect. This confirmed
that ICM effectively occupies the binding site of ICM-alkyne on
Keap1, hindering the covalent binding of ICM-alkyne to Keap1.

The successful covalent binding of ICM-alkyne to Keapl
reinforced the concept that ICM directly targets Keap1, partic-
ularly through its interaction with cysteine residues. This
binding event likely contributes to Nrf2 activation and the
subsequent neuroprotective effects observed during ICM treat-
ment. These findings enhance our understanding of the
molecular mechanism underlying ICM's action and underscore

Chem. Sci., 2024, 15, 3588-3595 | 3591
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the potential of Keap1 as a promising therapeutic target for the
treatment of PD and related neurodegenerative conditions.

ICM covalently binds to Cys151 of Keap1

Keap1l functions as a vital intracellular sensor in mammals,
sensing oxidative stress through three main residues, Cys151,
Cys273, and Cys288.* Our observations of the covalent
binding between ICM and Keap1, along with the implication of
cysteine as the targeted amino acid (Fig. 3, 4, S9 and Table S27),
prompted an investigation to identify the specific cysteine
residue on Keap1l responsible for the binding with ICM. To
address this, we transfected HEK293T cells with either wild-type
(WT) Keap1 or mutants where each of the three major cysteines
was substituted by serine (C151S, C273S, and C288S). Subse-
quently, we treated the resulting cells with ICM-alkyne to eval-
uate covalent binding and found that the C151S-mutant Keap1
exhibited a notable reduction in covalent labeling with ICM-
alkyne (Fig. 5A, B and S107).

To further confirm whether Cys151 of Keap1 was the crit-
ical residue for covalent binding with ICM, HEK293T cells
transfected with either WT or C151S-mutant Keapl were
treated with ICM and ICMAOH. While WT Keap1 exhibited
a molecular shift in 1D gel electrophoresis upon ICM treat-
ment in a dose-dependent manner, no such shift was
observed with ICMAOH, even at the highest dose (green
signals in Fig. 5C and S11}). Conversely, the C151S-mutant
Keap1l displayed no molecular shift upon ICM treatment
(red signals in Fig. 5C and S117), confirming that Cys151 of
Keapl is the primary binding site for ICM. As the ICM
concentration increased, the green and red signals intensified
without merging (Fig. 5D, S11 and S12%).

The subsequent validation wusing MS/MS analysis
confirmed that Cys151 is indeed the key residue of Keapl
responsible for specific binding to ICM. We treated Keap1l-
overexpressed HEK293T cells with either 10/100 uM ICM or
100 pM ICMAOH, followed by cell lysis. The ICM-mediated
molecular shift of Keap1l was confirmed through 1D gel anal-
ysis (Fig. 5E and S13Af), and the Keap1 in the lysates under-
went analysis using ultra-performance liquid chromatography
coupled with tandem mass spectrometry (LC/MS/MS). The
mass analysis results confirmed that ICM treatment led to
a dose-dependent reduction in the mass signals of the tryptic
peptide of Keapl containing Cys151, irrespective of cysteine
carbamidomethylation. Conversely, ICMAOH showed no
effect (Fig. 5F, G, S13B, C and Table S31). Despite our efforts,
we were unable to identify the mass signals of peptides cova-
lently modified with ICM, probably due to their inefficient
ionization. It is also interesting that Cys151-specific covalent
labeling of ICM to Keapl was only observed in live cells, but
not in lysates (Fig. S7C-Ef), which may result from the
unknown metabolic processes of ICM in the live cellular
system. Overall, these comprehensive findings unequivocally
demonstrate that ICM covalently binds to Cys151 of Keap1,
providing a better understanding of the molecular basis for
ICM's interaction with Keap1 and its subsequent activation of
the Nrf2 pathway.
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Fig. 5 ICM bound to Cys151 of Keapl. (A) Point mutation at Cys151 to
serine (C151S) in Keapl resulted in decreased binding with ICM. (B)
Quantification of the fluorescence signal corresponding to (A) (n = 3).
(C) ICM bound to Keapl and induced a dose-dependent molecular
shift of Keapl, but did not bind to Keapl with the C151S point mutation
(green, Keapl; red, Keapl with the C151S point mutation). (D) Quan-
tification of the fluorescence signal corresponding to (C). (E)—(G) ICM-
induced molecular shift of Keapl was visualized in a silver staining
image. (F) Mass spectrometry analysis of the tryptic peptide of Keapl
corresponding to (E) that contains Cys151 (amino acids 151-169). (G)
The MS/MS signals of the tryptic peptide corresponding to (F) were
decreased by reaction with ICM, but not with ICMAOH. Data are
presented as the mean + SD (ns, not significant, p>0.05; ***p<
0.001).

ICM activates Nrf2, leading to an increase in antioxidants and
glutathione via p-p62-mediated Keap1 degradation

Small molecules, such as AI-1 and tert-butylhydroxylquinone
(BHQ), have been shown to activate Nrf2 and alleviate the
symptoms of MPTP-induced parkinsonism by enhancing anti-
oxidant activity, specifically through the cellular upregulation of
HO-1 and NQO1 (Fig. 6A).***” To monitor the upregulation of
antioxidants, we conducted Nrf2 reporter gene assays and
immunoblots for ICM, Al-1, and tBHQ. The results indicated
that 10 uM AI-1 and tBHQ induced 2.04- and 1.87-fold increases,
respectively, while 40 uM AI-1 and tBHQ induced 3.38- and 2.12-
fold increases in Nrf2 transcriptional activity compared to the
vehicle. Notably, 10 uM ICM showed an even greater 4.08-fold
increase in Nrf2 transcriptional activity compared to the vehicle,
surpassing the efficacy of AI-1 and ¢tBHQ at the same concen-
tration (Fig. 6B).

As the levels of Nrf2-driven antioxidants correlated with Nrf2
transcriptional activity, we further confirmed the increase in
HO-1 and NQO1 using immunoblot assays. It was observed that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 ICM activates Nrf2 and enhances antioxidant and glutathione
levels, resulting in p-p62-mediated Keapl degradation. (A) Chemical
structures of Al-1 and tBHQ. (B) Nrf2 reporter gene assay showed that
ICM activates Nrf2 more than twice compared to Al-1 and tBHQ in
HEK293T cells (n = 6). (C) ICM effectively upregulated HO-1 in BV-2
cells. (D) ICM induced autophagic degradation of Keapl via the
upregulation and S349 phosphorylation of p62. (E) gPCR analysis
revealed the upregulation of various genes involved in antioxidant
regulation. (F) NMR-based metabolomics study indicated an increase
in cellular glutathione levels (n = 5). (G) The upregulation of gluta-
thione was confirmed by glutathione-specific kit analysis (n = 3). (H)
Integrated analysis of qPCR and metabolome data revealed that
glutathione metabolism is a key pathway. Data are presented as the
mean =+ SD.

10 pM ICM induced a greater increase in HO-1 and NQO1, both
at the mRNA and protein levels, than 40 puM AI-1 or tBHQ,
consistent with the outcomes of the Nrf2 reporter gene assay
(Fig. 6C and S14A, Bf). Furthermore, 10 uM ICM resulted in
a higher induction of most Nrf2-driven genes compared to 40
uM AI-1 or tBHQ (Fig. S15 and S167).

Nrf2 activation is known to increase both p62 and p-p62
(S349), leading to the autophagic degradation of Keap1.”® As
the positive feedback loop, the increase of p62 and p-p62 also
activates Nrf2 through Keapl autophagic degradation. Time-
course monitoring of Nrf2, p62, and p-p62 demonstrated that
ICM induced Nrf2 activation within 5 min without affecting p62
and p-p62 levels (Fig. S171). After 2 h of ICM treatment, an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increase in both p62 and p-p62 was observed, followed by the
subsequent degradation of Keap1, indicating that ICM induces
Nrf2 activation and Keapl degradation through the upregula-
tion of p62 and p-p62 (Fig. 6D).

Considering that Nrf2 activation induces metabolic reprog-
ramming and enhances resistance to various cellular stresses,*®
we monitored Nrf2-mediated genes and metabolites following
ICM treatment. Among the 43 Nrf2-mediated genes, Hmox1,
Nqo1, and glutathione-related genes, including Gstal, Gclm,
and Gstml, significantly increased after 2 h of ICM treatment
(Fig. 6E). An NMR-based metabolomics study also revealed
substantial increases in cellular glutathione, succinate, pyru-
vate, glutamine, and choline among 29 metabolites (Fig. 6F and
S18Af). The subsequent kit-based quantitative assay double
confirmed a significant increase of glutathione (Fig. 6H). Inte-
grated analysis of transcriptome and metabolome data
confirmed that glutathione metabolism is one of the key path-
ways regulated by ICM (Fig. 6G and S18B, Ct). Overall, ICM
demonstrated a neuroprotective effect by activating Nrf2 and
subsequently increasing cellular antioxidants, including HO-1,
NQO1, and glutathione. These findings hold significant
promise for the development of potential therapies targeting
Nrf2 activation for PD and other oxidative stress-related
disorders.
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Fig. 7 ICM exhibits a neuroprotective effect in an in vivo Parkinson's
disease model. (A) Scheme for the in vivo MPTP PD model. (B)
Quantification of the tyrosine hydroxylase (TH) positive cells in the
mice brain. ICM inhibited the MPTP-mediated loss of dopaminergic
neurons (n = 3). (C) ICM ameliorated the activation of astrocytes and
microglia. Upon intraperitoneal administration of MPTP and ICM, the
brains were harvested and dissected for immunostaining of TH, GFAP,
and MAC-1. (D) ICM improved the MPTP-induced impairment in motor
performance (n = 3; except Veh-treated and MPTP & ICM-cotreated
groups, n = 4). Data are presented as the mean + SEM (standard errors
of the mean) (ns, not significant, p > 0.05; **p <0.01; ***p <0.001).
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ICM demonstrates a neuroprotective effect in an in vivo PD
model

The neurotoxin MPTP is commonly used to induce in vivo PD
models, leading to various insults, including oxidative stress
and mitochondrial damage, ultimately resulting in the selective
death of dopaminergic neurons in the substantia nigra and the
activation of microglia.*>** To assess the neuroprotective
potential of ICM, we administered MPTP and ICM via intra-
peritoneal injection following the schedule depicted in Fig. 7A.
Quantification of the positive cells of tyrosine hydroxylase (TH),
a marker for dopaminergic neurons that converts tyrosine to
levodopa, revealed a significant decrease in dopaminergic
neurons induced by MPTP, which was effectively rescued by the
treatment with 2 mg kg™ ICM, in contrast to the vehicle
treatment (Fig. 7B). In assessing the activation levels of astro-
cytes and microglia, we employed glial fibrillary acidic protein
(GFAP), as a marker for astrocyte injury and stress, and
macrophage-1 antigen (MAC-1) as an adhesion and recognition
receptor in microglia. MPTP treatment led to increased activa-
tion levels of both astrocytes and microglia, whereas ICM effi-
ciently ameliorated their over-activation (Fig. 7C).
MPTP-induced loss of dopaminergic neurons contributed to
decreased dopamine release and motor imbalances. To assess
motor coordination and balance, we conducted a rotarod test.
Mice treated with MPTP exhibited a significant decline in
balance performance, which was effectively restored by ICM
treatment (Fig. 7D). Nrf2 activation plays a central role in the PD
treatment; however, metabolic pathways including glycolysis
and fatty acid synthesis may also be associated with ICM effi-
cacy in the in vivo PD model (Fig. 6F, G and S67). Collectively,
these results demonstrate that ICM effectively protects against
MPTP-induced dopaminergic neuronal death and alleviates the
over-activation of astrocytes and microglia, leading to the
restoration of MPTP-induced movement disorders in the in vivo
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Fig. 8 Molecular mechanism of ICM. ICM selectively binds to Nrf2-
binding Keapl, targeting Cys151, leading to the liberation of Nrf2. Nrf2
then translocates from the cytosol to the nucleus. In the nucleus, Nrf2
induces the upregulation of antioxidants, including HO-1, NQO1, and
glutathione, resulting in the reduction of mitochondrial ROS. Addi-
tionally, Keapl undergoes degradation via autophagy, facilitated by the
upregulation of p62 and phosphorylation of Ser349 of p62.
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PD model. These findings highlight the therapeutic potential of
ICM as a neuroprotective agent in PD and emphasize its
promise for further exploration in clinical applications.

Conclusion

Parkinson's disease (PD) presents a complex neurological
challenge, with its progression intricately linked to the aging
process.”>'* While a cure for PD progression remains elusive,"
available medications like levodopa and MAO-B inhibitors offer
only temporary symptom relief.’>*® To tackle these limitations,
our phenotypic screening of our in-house 4700-membered
pDOS library led to the discovery of ICM, a benzopyran-
embedded small molecule demonstrating the restoration of
neuronal cell death in in vitro and in vivo neurotoxin-induced
PD models. Our novel target ID method FITGE revealed that
ICM binds to specific Nrf2-binding Keap1, followed by upre-
gulating Nrf2-driven antioxidants like HO-1, NQO1, and gluta-
thione (Fig. 8). Our findings suggest that while our phenotype-
based screening did not directly elucidate the unknown mech-
anism of PD, the Nrf2-driven upregulation of antioxidants
effectively inhibited PD progression. Our results underscore the
significance of strong Nrf2 activation and the subsequent
increment of antioxidants as the principal axes for PD medi-
cation. This discovery holds promise for the development of
Nrf2/antioxidant activators as potential therapeutics for PD and
various other neurodegenerative diseases.

Although ICM showed sufficient selectivity to Keapl and
exceeded the activity of other known Nrf2 activators,***” our SAR
study did not improve the activity of ICM in this study. However,
we identified that the hydroxyl group of ICM plays a crucial role
in modulating Keap1 in the living cellular system. Therefore, we
are currently pursuing further SAR study to improve the efficacy
and pharmacokinetic properties of ICM. Despite these unsolved
issues including blood-brain barrier permeability, this study
suggests Nrf2 activation via autophagic degradation of Keap1 as
a new prominent therapeutic strategy for the treatment of
various neurodegenerative diseases.
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