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Small molecules inhibiting Keap1–Nrf2 protein–
protein interactions: a novel approach to activate
Nrf2 function†‡
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Oxidative stress is well recognized to contribute to the cause of a wide range of diseases, such as cancer,

diabetes, Alzheimer's disease, arteriosclerosis, and inflammation. The Keap1–Nrf2–ARE pathway plays a criti-

cal regulatory role and can protect cells from oxidative stress through activating Nrf2 to induce its down-

stream phase II enzymes. Nrf2 activation through the covalent inactivation of Keap1 may cause

unpredictable side effects. Non-covalent disruption of the Keap1–Nrf2 protein–protein interactions is an al-

ternative strategy for Nrf2 activation, potentially with reduced risk of toxicity. Efforts have been made in re-

cent years to develop peptide- and small molecule-based Keap1–Nrf2 PPI inhibitors via different ap-

proaches, including high-throughput screening, target-based virtual screening, structure-based

optimization, and fragment-based drug design. This review aims to highlight the recently discovered small-

molecule inhibitors as well as their therapeutic potential.

1. Introduction

The human body is continuously exposed to internal and ex-
ternal reactive oxidants and electrophiles,1 which contribute

to the aetiology of various diseases, including cancers,2 dia-
betes,3 Alzheimer's disease,4,5 arteriosclerosis,6,7 inflamma-
tory diseases,8 and the process of normal aging.9–11 The anti-
oxidant defense system is the key mechanism to protect cells
from these oxidative and electrophilic chemicals. A number
of phase II enzymes, such as NADPH:quinone oxidoreductase
1 (NQO-1), heme oxygenase-1 (HO-1), superoxide dismutase
(SOD), glutathione peroxidase (GPx), glutamate–cysteine li-
gase (GCL), catalase, thioredoxin (TRX) and glutathione
S-transferase (GST), are the major components of this defense
system.12,13 Typically, these phase II enzymes are transcrip-
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tionally regulated by their upstream antioxidant response ele-
ment (ARE).14 Nuclear factor erythroid 2-related factor 2
(Nrf2) is the key ARE-binding transcription factor.15 Numer-
ous studies have confirmed the protective role of Nrf2 in
preventing oxidative stress.16 Nrf2 remains at a low cellular
concentration under unstressed conditions and is negatively
regulated by the Kelch-like ECH-associated protein 1 (Keap1)
via proteasome-mediated degradation.15 Upon oxidative
stress, Keap1 is deactivated so that Nrf2 escapes from Keap1-
mediated degradation and translocates into the nucleus to
transcriptionally activate the ARE-dependent antioxidant
genes. It is, therefore, a reasonable strategy to target the
Keap1–Nrf2–ARE signalling pathway for the discovery of ther-
apeutic agents against oxidative stress-mediated
diseases.17–19

Nrf2 is composed of 605 amino acids with seven highly
conserved domains (namely Neh1 to Neh7, Fig. 1).20 Each do-
main plays distinct roles for Nrf2 functions. Neh1 contains a
basic leucine zipper motif that forms heterodimers with
DNA, the small musculoaponeurotic fibrosarcoma (Maf) pro-
tein, or other transcription partners. Neh2 contains two mo-
tifs known as DLG and ETGE, which are essential for the in-
teractions between Keap1 and Nrf2 that regulate Nrf2
ubiquitination and stability.21,22 Neh3 is critical for the trans-
activation of the ARE-dependent genes.23 Neh4 and Neh5
bind the CH3 motif of the CREB-binding protein (CBP), a
transcriptional co-activator that mediates Nrf2 transcriptional
activity.24 Neh6, a serine-rich domain, controls the stability of
Nrf2 in a Keap1-independent manner.25 Neh7 interacts with
retinoic X receptor alpha (RXRα) and inhibits the Nrf2–ARE
signalling pathway.20,26

Keap1, the key suppressor of Nrf2, is a cysteine-rich pro-
tein.27 Seven of its cysteines (Cys151, Cys257, Cys273, Cys288,
Cys297, Cys434, and Cys613) have been confirmed to be in-
volved in redox sensing and Nrf2 activation.15,28,29 Human

Keap1 contains five domains (Fig. 1): a N-terminal region
(NTR), a BTB domain, an intervening region (IVR) with sev-
eral cysteines, a double glycine region (DGR) and a
C-terminal region (CTR).30,31 The BTB domain could dimerize
with Cullin3 (Cul3), which is responsible for Nrf2
ubiquitination.32 The IVR domain has highly reactive cyste-
ines that serve as sensors to oxidative stress.33 The DGR do-
main comprises six repetitive Kelch motifs. The DGR and
CTR domains, together named as the DC domain, bind to
Neh2 of Nrf2 to mediate the interactions between Keap1 and
Nrf2.15,22,30

Based on the structural and mechanistic knowledge of
the Keap1–Nrf2 system, many Nrf2 activators have been de-
veloped as potential therapeutics. They could be broadly di-
vided into two categories according to their mechanisms of
action. Electrophilic agents can induce Nrf2 activation
through covalent modification of Keap1 via its reactive cys-
teines, resulting in Keap1 conformational changes and the
subsequent release of Nrf2. Dimethyl fumarate (DMF) and
bardoxolone methyl (CDDO-Me) are the representatives
from this category, which are currently in clinical evalua-
tion (Fig. 2). Sulforaphane and chalcones are other exam-
ples in this category. A few excellent reviews have covered
the recent progress of this class of Nrf2 activators.17–19,34–36

These electrophile-based Nrf2 activators, besides covalently
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Fig. 1 The protein domains of Nrf2 and Keap1.
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modifying Keap1, have the potential to react with other
proteins and may cause unpredictable side effects.18 Alter-
natively, Nrf2 can be activated via a non-covalent inhibition
of Keap1–Nrf2 protein–protein interactions,17–19,30,37 which
may result in a better safety profile.19,38 Although several
peptide-based inhibitors have been rationally designed
based on the structure of the Keap1–Nrf2 complex,39–42 they
typically lack in vivo activity, potentially due to a poor bio-
availability. This review aims to highlight the recently dis-
covered small-molecule inhibitors (2012–2016) and their
therapeutic potential, which are organized based on their
discovery strategies.

2. Strategies in discovering small-
molecule Keap1–Nrf2 PPI inhibitors

The X-ray structure of the Keap1 Kelch domain with Nrf2 was
recently determined,30,43,44 which serves as the knowledge ba-
sis for the design of small-molecule PPI inhibitors.45,46 You
et al. divided the binding cavity of the Keap1 protein into five
“hot spots” (P1–P5, Fig. 3), based on MD simulations and
MM-GBSA free energy calculations.47,48 P1 and P2 are the po-
lar ones and P4 and P5 are the non-polar ones. P3 is formed
by the 6-bladed fold symmetry of the protein and can create
steric hindrance to PPI inhibitors.48

Several strategies, including high-throughput screening
and structure-based optimization, target-based virtual screen-
ing, and fragment-based drug design, have been utilized to
discover small-molecule Keap1–Nrf2 PPI inhibitors, which
will be discussed herein, respectively.

2.1. High-throughput screening and structure-based
optimization

The 1,2,3,4-tetrahydroisoquinoline (THIQ) scaffold was
reported as the first small-molecule Keap1–Nrf2 PPI inhibitor
(Fig. 4). Compound 1 was identified by a fluorescent polariza-
tion (FP) based high-throughput screening of 337 116 com-
pounds in the NIH MLPCN library (PubChem BioAssay ID:
504523, 504540).49 The FP assay results showed that com-
pound 1 has an IC50 value of 3 μM. Further evaluation of the
eight isomers identified the SRS-stereoisomer 2 as the lead
with a KD value of 1 μM. Functional assay showed that com-
pound 2 could induce downstream ARE activation in HepG2
cells with an EC50 value of 18 μM and promote the nuclear
translocation of Nrf2 with an EC50 of 12 μM.

The co-crystal structure of the Kelch domain and compound
2 revealed that compound 2 occupied the P2, P3 and P5
pockets (PDB code: 4L7B, Fig. 5).50 In the P2 pocket, the car-
boxyl group of 2 formed two hydrogen bonds with Asn414 and
Arg415. The THIQ core is located in the central P3 pocket and
formed hydrophobic interactions with the side chains of
Arg415 and Ala556. The guanidine of Arg415 interacted with
the core ring of compound 2 via a π–cation interaction. The
cyclohexane ring inserted into the P5 pocket and hydro-
phobically interacted with Tyr334. The phenyl ring of the
phthalimide group formed a π–π stacking interaction with
Tyr572. A hydrogen bond was formed between the carbonyl
group of 2 and Ser602. Structure–activity relationship (SAR)
studies showed that (a) the five-membered ring compound 3a
had a similar activity (IC50 = 2.2 μM) while further reduction
of the ring size was unfavourable (compounds 3b–3c); (b) in-
troduction of a nitrogen atom into the six-membered ring de-
creased the activity (compound 4); (c) one carbonyl group of
the phthalimide could be reduced and the phenyl ring could
be removed without decreasing the activity (compounds 5
and 6); (d) the replacement of the acid function with a tetra-
zole group (compound 7) decreased the potency; and (e) in-
troducing a methyl group at the 5-position (compound 8) in-
creased the potency, suggesting some steric tolerance of the
P3 pocket.

The 1,4-diaminonaphthalene compounds were another se-
ries of inhibitors discovered via a high-throughput screening
using a homogeneous confocal fluorescence anisotropy (FA)
assay.51 The initial hit 9 had an EC50 value of 2.7 μM. The co-
crystal complex of compound 9 and the Keap1 protein re-
vealed that the compound symmetrically occupied the P3, P4
and P5 subpockets (PDB code: 4IQK, Fig. 6). The naphthalene

Fig. 2 Representative covalent Nrf2 activators with the electrophilic
functional groups highlighted in blue.

Fig. 3 Five hot spots of the Keap1 binding cavity.
Fig. 4 The tetrahydroisoquinoline Keap1–Nrf2 inhibitors by high-
throughput screening.
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ring deeply inserted into the P3 pocket. One of the
sulfamides formed a hydrogen bond with Ser508 and the
4-methoxylphenyl rings hydrophobically interacted with P4
and P5 and formed a π–π stacking interaction with Tyr334
that contributed to its potency. This compound showed a
comparable dose-response activity as DMF (structure shown
in Fig. 2) in an Nrf2 specific ARE-driven luciferase cell re-
porter assay.51

This scaffold has attracted a lot of interest to search
for more potent Keap1–Nrf2 inhibitors. Based on MD sim-
ulations and MM-GBSA free energy calculations, You et al.
identified P1 and P2 as the hot spots that could be filled
with polar functional groups. Arg415 in P1 and Arg483
and Ser508 in P2 were found to be the determinants for
binding.48 Based on these, compound 10 (Fig. 7) was
designed by introducing symmetric acetic acid groups on
the amino groups. The FP assay demonstrated that com-
pound 10 potently inhibited the Keap1–Nrf2 interactions

(EC50 = 28.6 nM). This compound also dose-dependently
activated Nrf2-mediated transcription in a cell-based ARE-
luciferase reporter assay.

Compound 10 was further optimized to improve its
drug-like properties,52 given its poor water solubility at pH
= 7.4 (388 μg mL−1) that is unsuitable for the in vivo experi-
ment. You et al. identified two analogues, compounds 11
and 12 (Fig. 7), with improved binding activities with the
Keap1 protein. Compound 11 showed greatly improved wa-
ter solubility (5000 μg mL−1) and was >10-fold more active
than compound 10 in Nrf2 induction at 20 μM. Compound
11 also significantly reduced the levels of circulating pro-
inflammatory cytokines in a lipopolysaccharide (LPS)-chal-
lenged mouse model. This is the first example of small-
molecule Keap1–Nrf2 PPIs in the treatment of inflammatory
diseases in vivo.

The excellent potency of the diacetic compounds was later
confirmed by another group independently.53 They reported
that compound 13 (Fig. 8) potently inhibited Keap1–Nrf2 in-
teractions with an IC50 value of 63 nM. The co-crystal com-
plex (PDB code: 4XMB, Fig. 9A) confirmed the five hot spots
predicted by You et al.48 and the diamide group, located in
the P1 and P2 pockets, formed several hydrogen bonds with
Ser363, Arg380, Asn414, Arg415 and Ile461, responsible for
the high potency. Very recently, You et al.54 published a
follow-up work on the SAR study of the polar recognition
group. Compound 14 with tetrazole groups as bioisosteric re-
placements was demonstrated to retain the inhibitory activity
with a better pKa (5.12), logD(pH = 7.4) (2.31) and transcellular
permeability than compound 11 (pKa = 4.79, logD(pH = 7.4) =
1.02). Compound 14 also showed better efficacy in inducing
Nrf2 downstream genes.

The 1,4-diaminonaphthalene scaffold has also been
reported to inhibit the interactions between Keap1 and

Fig. 5 Co-crystal structure of compound 2 with the Keap1 protein
(PDB code: 4L7B) and the structure–activity relationship of
representative tetrahydroisoquinoline inhibitors.

Fig. 6 Co-crystal structure of compound 9 with the Keap1 protein
(PDB code: 4IQK).

Fig. 7 Structures of compounds 9–12 and their optimization
strategies.

Fig. 8 Structures of compounds 13–15.
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phospho-p62, which binds to the same pocket at the bottom
surface of the Kelch domain (PDB code: 4ZY3, Fig. 9B).55 The
lead compound 15 had a very similar binding mode to com-
pound 9 and the propionyl group formed water-mediated hy-
drogen bonds with the side chains of Ser555 and Arg415. Sys-
tematic biological studies demonstrated the therapeutic
potential of compound 15 against hepatitis C virus (HCV)-
positive hepatocellular carcinoma.

A naphthylpyrrolidine-3-carboxylic acid (compound 16,
Fig. 10), namely RA839, was identified by Winkel et al. as
a Keap1–Nrf2 inhibitor with an IC50 of 0.14 μM using an
FP assay. The co-crystal structure (PDB code: 5CGJ)
showed a similar binding mode to compound 9: the
naphthalene inserted into the central P3 pocket and
formed a π–cation interaction with Arg415. The carboxylic
group formed a key hydrogen bond with Arg483. The he-
patic mRNA levels of the Nrf2 target genes, GCLC and
NQO1, were significantly induced by RA839 in a mouse
model.56 The 1,4-diaminonaphthalene scaffold has been
used to develop small-molecule chemical probes
targeting Keap1.57 A fluorescein or biotin functional group
was introduced, positioning towards the outside of the P4
or P5 pocket, which could tolerate large functional groups,
leading to probes 17 and 18. Both compounds had high
inhibitory potencies of Keap1–Nrf2 interactions. Probe 18

has also been used to visualize Keap1 in NCM460 colonic
cells.

2.2. Target-based virtual screening

Virtual screening is a complementary approach to HTS for hit
identification from commercially available or in-house chemi-
cal libraries,58 including structure/target-based59 and ligand-
based60 in silico screening. In 2014, a hierarchical virtual
screening approach was developed by our group.61 Target-
based virtual screening of a commercial chemical database
was carried out followed by a hit-based substructure search
of the database to establish a preliminary SAR prior to fo-
cused medicinal chemistry work. With this approach, three
classes of novel inhibitors were identified with informative
SARs (Fig. 11). The lead candidates showed promising inhibi-
tory activities against Keap1–Nrf2 interactions, with KD values
of 2.9 μM, 15.2 μM and 10.4 μM for compounds 19–21, re-
spectively. Compound 22 (Fig. 11) was later independently
discovered by another target-based virtual screening from the
Specs database with an EC50 of 9.8 μM in an FP assay and
showed cellular activities in an ARE-luciferase reporter
assay.62

Docking of compound 19 in Keap1 showed that the com-
pound occupied the P1, P3 and P4 subpockets (Fig. 12).61 Its
p-isopropyl phenyl ring formed a π–cation interaction with
Arg415 and inserted into the pore of the P3 pocket. The hy-
droxyl group formed a key hydrogen bond with Ser555 and
could not be substituted with a methyl group. Moreover, a
salt bridge interaction may be formed between the negatively
charged triazole with Arg483. An acetate group retained the
binding activity but not heterocyclic rings without a negative
charge. The SAR also showed that the naphthyl group was
important: removing one of the aromatic rings compromised
the activity. Further functional assay showed that compound
19 could cause Nrf2 nuclear translocation and activate its
downstream genes in cells.

Unfortunately, there have been some critics of com-
pound 19 as it contains a fragment of pan-assay-interference-
compounds (PAINS).63,64 To address such concerns, several
biological experiments have been performed that support

Fig. 9 Co-crystal structures of compounds 13 (A, PDB code: 4XMB)
and 15 (B, PDB code: 4ZY3) with the Keap1 protein.

Fig. 10 Structures of compounds 16–18. Fig. 11 Structures of compounds 19–23.
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Nrf2 activation, including Nrf2 nuclear translocation and
the up-regulation of Nrf2 downstream genes.61 Compound
19 also showed cellular protective effects against oxidative
stress.65 These cellular results were consistent with Nrf2 ac-
tivation, overall suggesting that compound 19 is a true
Keap1–Nrf2 inhibitor. Indeed, a similar compound, com-
pound 23, was discovered as a Nrf2 activator with a KD

value of 1.7 μM by an independent group.66 Of note, the
use of PAINS as a filter in drug discovery has been challenged
recently,67,68 because 27 of the 437 compounds in the
docking.org website (6.2%) and 67 from the 1775 drugs in
the DrugBank (3.8%) are PAINS. Compounds with potential
promiscuous actions must be carefully investigated to vali-
date the mechanism of action rather than being excluded
directly.67

2.3. Fragment-based drug design

Fragment-based drug design (FBDD) is potentially a more ef-
fective approach to identify PPI inhibitors.45,69 This approach
has been successfully employed in inhibiting the Keap1–Nrf2
interactions.70,71

The 1,4-diphenyl-1,2,3-triazole compounds were identi-
fied as potential Keap1–Nrf2 PPI inhibitors using an in
silico fragment-based approach.70 Compounds from
178 000 fragments of the ZINC database were docked into
the Keap1 Kelch domain. The top 364 fragments were se-
lected as a training set for further analysis. Common fea-
tures were identified: carboxylate or nitro substituents
formed favourable electrostatic and hydrogen bond interac-
tions with Arg380, 415, 483 and Asn382 of Keap1. In
some cases, the scaffold formed additional hydrogen-
bonding interactions with the side chain of Ser602. Based
on these, compound 24 (Fig. 13) was designed to mimic

the pharmacophores and showed an 82% inhibition of
Keap1–Nrf2 interactions at 100 μM but no apparent induc-
tion of NQO1 in Hepa1c1c7 mouse hepatoma cells,
suggesting the need to improve the physicochemical prop-
erties of the two carboxyl groups. Further SAR study iden-
tified compounds 25 and 26 with improved Keap1–Nrf2
inhibitory activities. Both compounds demonstrated prom-
ising NQO1 induction in cells (doubling concentration of
0.6 μM and 1.3 μM, respectively).

In 2016, Astex Pharmaceuticals and GlaxoSmithKline
Pharmaceuticals disclosed a novel phenylpropanoic acid-
based Keap1–Nrf2 PPI inhibitor through the FBDD
method.71 A crystallographic screen of approximately 330
fragments led to the identification of three fragments 27,
28 and 29, which were located in the vicinity of Arg483,
Tyr525 and Ser602, respectively (Fig. 14 and 15A). Among
them, fragment 27 was identified as the “anchor frag-
ment” for hit elaboration despite the FP IC50 of more
than 1 mM. A benzotriazole moiety was attached directly
to 27 in the fragment growing step to mimic the π–π

stacking interaction of fragment 28 with Tyr525 (Fig. 15B).
The target fragment 30 showed a significantly improved
binding activity (FP IC50 = 61 μM, ITC KD = 59 μM). In
order to recapitulate the hydrogen bonding interaction of
fragment 29 with Ser602, a sulfonamide was introduced
into the 3-position of the chlorophenyl ring, resulting in
compound 31 with a 20-fold increase in potency. A ben-
zene ring was then introduced on the sulfonamide (com-
pound 32) that formed a π–π stacking interaction with
Tyr334 (Fig. 15C), which further enhanced the potency by
more than 10-fold. Finally, in order to fix the molecule in
its bound conformation, a fused 7-membered benzo-
xathiazepine was formed by the cyclization of the phenyl
sulphonamide. This cyclization could also fill the space
between the sulphonamide and benzotriazole moieties that
might be important to the binding activity. As a result,
compound 33 had an IC50 value of 15 nM and retained
the binding mode (Fig. 15D). This compound showed a
high potency in cell-based assays, and activated the Nrf2
pathway in vivo using chronic obstructive pulmonary

Fig. 12 Docking mode of compound 19 with the Keap1 protein (PDB
code: 4IQK).

Fig. 13 Structures of compounds 24–26. Fig. 14 Structures of compounds 27–33.
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disease (COPD) models. Compound 33 is the most potent
Keap1–Nrf2 PPI-based inhibitor reported to date.

2.4. Other leads

Several additional classes of Keap1–Nrf2 inhibitors have been
discovered (Fig. 16). Marcotte et al. identified compound 34
as a lead via a high-throughput screening. Its binding activity
with the Keap1 protein is not very strong with an EC50 value
of 118 μM. This compound is bound to Keap1 in a very inter-
esting mode, wherein two molecules of compound 34
inserted into the Keap1 central cavity side by side and
formed multiple hydrogen bonds and π–π stacking interac-
tions with several key residues (PDB code: 4IN4).51 In 2014,
Kazantsev et al. reported the 1-phenyl-1,3,4-triazole scaffold to
inhibit Keap1–Nrf2 interactions.72 Compounds 35 and 36,
namely MIND4 and MIND17, showed moderate inhibitory ac-
tivities with KD values of 22.8 and 16.5 μM, respectively, and
could induce the expression of Nrf2 downstream target genes
in vitro. Compound 36 showed neuroprotective potential in
an in vivo Huntington's disease model. 2-Phenylquinazoline-4-
amine (compound 37) was recently reported as an Nrf2 acti-
vator that doubled NQO1 activity at 70 nM.73 Compound 38,
reported by Satoh et al., is directly bound to the Kelch
domain of Keap1 but the binding affinity was not reported
(PDB codes: 3VNG, 3VNH).74

3. Conclusions and perspectives

With the progress in structural biology, the understanding of
the binding interactions between Keap1 and Nrf2 opens the
opportunity for developing small molecules to inhibit the
Keap1–Nrf2 protein–protein interactions. Several groups have
disclosed unique chemicals with decent inhibitory potencies
as promising leads. Although the electrophilic Nrf2 activators
may lack selectivity and cause off-target side effects, it might
also give rise to multiple-target properties with broader bio-
logical activities that are difficult to achieve by direct Keap1–
Nrf2 inhibition. Thus, further evaluation is needed to deter-
mine the advantages and limitations of selective Keap1–Nrf2
PPI and covalent electrophilic activators.

As the Keap1–Nrf2–ARE pathway plays a critical role in
protecting cells from oxidative stress, which contributes to
numerous human diseases, potent Keap1–Nrf2 PPI inhibitors
discovered to date may be useful in many clinical indications.
The in vivo efficacy needs more rigorous validations. Till
now, only a few disease models have been evaluated in some
studies, including the LPS-challenged inflammatory model,52

chronic obstructive pulmonary disease (COPD) models,71 and
a Huntington's disease model.72 Other disease models, such
as cancers, Alzheimer's disease, Parkinson disease, chronic
kidney disease18 and cancer chemoprevention,75 may be con-
sidered in future studies.

The encouraging results in the Keap1–Nrf2 field have
attracted growing research interest. It is important to en-
hance the hit rate using modern drug discovery strategies. At
the same time, it is also critical to explore new chemical
sources for more chemotypes of lead compounds, such as
natural products, natural product-inspired libraries, and li-
braries via diversity-oriented organic synthesis. In summary,
research in Keap1–Nrf2 PPI inhibition is evolving rapidly and
Keap1–Nrf2 PPI is becoming a research hotspot.
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