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ABSTRACT: The indolylmaleimide (IM) derivative IM-17
shows inhibitory activity against oxidative-stress-induced
necrotic cell death and cardioprotective activity in rat
ischemia-reperfusion injury models. In order to develop a
more potent derivative, we conducted a detailed structure—
activity relationship study of IM derivatives and identified IM-
93 as the most potent derivative with good water solubility.
IM-93 inhibited ferroptosis and NETosis, but not necroptosis
or pyroptosis. In contrast, ferrostatin-1 (Fer-1), a ferroptosis
inhibitor, did not inhibit NET osis, although the accompany-
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ing lipid peroxidation was partially inhibited by Fer-1, as well as by IM-93. Thus, IM derivatives have a unique activity profile

and appear to be promising candidates for in vivo application.
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ell death plays a critical role in maintaining the

homeostasis of multicellular organisms. Classically, only
apoptosis had been considered as representing programmed
cell death for the removal of unwanted cells," and after the
identification of caspase as a key player, the major signaling
pathways of apoptosis were clarified.”> However, various types
of nonapoptotic cell death were subsequently found to play
important roles under both physiological and pathological
conditions.”™”

Recently, necrosis/necrotic cell death, which had initially
been considered as accidental and uncontrolled cell death, was
redefined as regulated cell death.~'® Morphologically, necrosis
involves the rapid permeabilization of plasma/organelle
membranes, leading to cellular swelling. Recent studies have
identified several machineries leading to membrane permeabi-
lization,"""> and these provide the molecular basis of
“regulated” necrosis. Membrane permeabilization induces the
release from cells of cytosolic components known as damage-
associated molecular patterns (DAMPs), which activate the
inflammatory responses and cause severe damage to
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surrounding cells and tissues.'> Therefore, the control of
necrosis is pathophysiologically important.

Regulated necrosis has been classified into several categories,
mainly necroptosis,”'”> pyroptosis,'”"* mitochondrial perme-
ability transition (MPT)-driven necrosis,""'* parthanatos,' "'
ferroptosis,'® and NETosis."”'® Specific inhibitors of each type
of necrosis have been developed (Figure 1), and some of them
show protective effects in various disease models,"’ indicating
the potential of necrosis inhibitors as therapeutic agents.

Recent studies indicate independent pathways for each type
of regulated necrosis,”'” even though the resulting damage due
to membrane permeabilization is generally similar. Therefore,
multiple inhibition by a common inhibitor of regulated
necrosis might be a promising strategy to treat necrosis-related
diseases. In this study, we developed dual inhibitors of
ferroptosis, necrotic cell death induced by iron-dependent
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Figure 1. Structures of typical necrosis inhibitors.

lipid peroxidation,'® and NETosis, necrotic cell death
accompanying with neutroghil extracellular traps (NETs)
formation in neutrophils.'”'

We have been developing indolylmaleimide (IM) derivatives
as inhibitors of oxidative-stress-induced necrosis (Figure
2).172 A representative derivative, IM-54, inhibited necrotic
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Figure 2. Structures and cell death inhibitory activities of IM
derivatives.

cell death induced by H,0, or tert-butyl hydroperoxide
(TBHP), which was not inhibited by Nec-1, CsA, or DPQ
(Figure 1).>** In contrast, IM-54 did not inhibit apoptosis or
necroptosis induced by physiolo%ical death ligand or apoptosis
induced by antitumor reagents.””>’ These results suggest that
IM derivatives are selective inhibitors of some kinds of necrosis
other than necroptosis, parthanatos, or MPT-driven necrosis.
In addition to their unique cell death inhibition profile, IM-12
and IM-17 were found to show cardioprotective effects against
ischemia-reperfusion injury in rat isolated heart model.”
Moreover, a water-soluble derivative, IM-17, inhibited sudden
death by ischemia-reperfusion-induced arrhythmia in an in vivo
rat model.” Taking these results together, IM derivatives seem
to be promising lead compounds for therapeutic agents to treat
ischemic diseases, such as stroke, heart attack and so on.
However, the cytoprotective activity of IM-17, as a
representative IM derivative, was weak (Figure 2). Therefore,
in this study, we conducted a detailed structure—activity
relationship study of IM derivatives, aiming to identify a more
potent, water-soluble derivative. We also examined the
inhibitory profile toward various types of regulated necrosis.
First, the alkylamino side chain of IM derivatives was varied
(Scheme S1), and the inhibitory activity of the resulting
derivatives against necrotic cell death induced by 100 uM
H,0, was determined by means of lactate dehydrogenase
(LDH) assay (Table 1). This assay quantifies necrotic cells
based on the leakage of cytosolic LDH, which reflects cellular
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membrane permeabilization, a typical hallmark of necrosis.
IC, values were determined as the concentration of IM
derivatives causing 50% inhibition of the LDH leakage induced
by 100 M H,0,. Previous SAR studies™’ > suggested that
electron delocalization from the alkylamino group to the
maleimide and indole rings is important for the activity. We
expected that addition of an alkyl chain to the nitrogen would
increase the electron density of the nitrogen and thus the
activity. However, disappointingly, the activity was not
improved (IM-39 and IM-21) compared with mono- or
nonsubstituted derivatives (IM-20 and IM-38). Introduction
of the second alkyl group on the nitrogen might disrupt the
coplanarity of the maleimide and indole rings. However,
branching of the alkyl group is tolerated (IM-24, IM-42), and
the cyclopentyl derivative IM-36 showed improved activity.
The cyclopentyl group showed the best activity (IM-36)
compared with a cyclopropyl (IM-30) or cyclohexyl (IM-35)
group, indicating the importance of appropriate bulkiness and
size of the alkyl chain.

Next, from the viewpoint of flexibility for incorporating
various substituents, we planned to introduce a phenyl ring.
Since IM-60 having a cyclohexyl ring showed comparable
activity to IM-35, we considered that a phenyl ring might be
tolerated at this position. Indeed, replacement of the
cyclohexyl group with a phenyl group did not decrease the
activity (IM-57). However, further elongation of the alkyl
chain decreased the activity (IM-76), indicating that there is a
size restriction on the alkyl chain. Moreover, introduction of an
additional group at the benzylic position of IM-57 seemed not
to be beneficial (IM-75, IM-68). In the case of IM-75, both
enantiomers were evaluated separately, but there was a little
difference in activity between them ((S)-IM-75, (R)-IM-75).
These results imply that a benzyl group has appropriate size
and bulkiness for the activity. To examine the effects of
electron density of the phenyl ring, we introduced methoxy
(IM-62, IM-63, IM-64) as an electron-donating group or
chlorine (IM-65, IM-66, IM-67) as an electron-withdrawing
group, on the phenyl ring and tested the cell death inhibitory
activity. Although the electronic effects of two groups are
different, ortho-substitution decreased the activity in both
cases (IM-62, IM-65). The presence of an ortho-substituent
may change the preferred conformation of the side chain and
thus affect the activity. In contrast, in the cases of para- and
meta-substitution, the chloro group improved the activity and
the methoxy group decreased it (IM-63, IM-64, IM-66, IM-
67). Although the substitution effects were not strong, these
results imply that the 7 electron density of the phenyl ring
might contribute to the activity. A furan ring maintained
moderate activity (IM-92). However, regardless of the
substitution position, a pyridine ring decreased the activity
(IM-84, IM-85, IM-86), indicating that polarity of the pyridyl
nitrogen might lead to an unfavorable interaction. These
results imply the existence of a hydrophobic pocket
recognizing the aminoalkyl chain. Considering the importance
of hydrophobic interaction for activity, we finally examined the
replacement of the amino group of IM-17 with a
dimethylamino group, which is expected to improve the
hydrophobicity of the alkyl chain. In addition, compared with a
pyridyl ring, the flexibility of the alkyl chain could allow a polar
substituent to take a position away from hydrophobic region.
Indeed, as expected, a dimethylamino group improved the
activity (IM-31), and elongation of the alkyl chain further
increased the activity (IM-87).
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Table 1. Cell Death Inhibitory Activities of IM Derivatives: Effects of Structures of the Alkylamino Group

cell death inhibition
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IM-60 <y 0.39 IM-64 ﬁﬂ/\©\ 0.86 +0.05 gH
- . + - B +0.
H X NN
/\O 039 ocH,8 IM-87 N N 0.610.13

Next, we further examined the substituent effect at nitrogen
of the maleimide ring. Starting from a known synthetic
intermediate,”* we synthesized IM derivatives with various
alkyl groups on the nitrogen of the maleimide ring (Scheme
S2) and evaluated their cell death inhibitory activities (Table
2). We found that a moderately long alkyl chain improved the
activity compared to the methyl group (IM-79 and IM-82).
Moreover, derivatives with a branched isopropyl or cyclopentyl
group were more active (IM-50, IM-53) than IM-12.
However, bulkier branched groups were not favorable for the
activity (IM-70, IM-77, IM-44), indicating that there is also an
appropriate size and/or hydrophobicity of the substituent on
the maleimide nitrogen. Considering its moderate hydro-
phobicity, an isopropyl group was selected as the best
substituent at maleimide nitrogen (IM-50).

Based on the SAR of the maleimide ring and alkylamino side
chain, we synthesized IM-93 having both isopropyl and
dimethylaminopropyl groups (Scheme S3) and tested its cell
death inhibitory activity (Table 3). IM-93 showed more potent
activity than IM-87, i.e,, it showed the greatest activity among
IM derivatives having an amino group. Furthermore, IM-93
was easily transformed into its HCI salt, which showed 10
times higher water solubility than IM-17 (Scheme S4 and
Table 3). Therefore, IM-93 has both higher cytoprotective
activity and greater water solubility than IM-17, and it showed
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no significant inhibitory activities against a panel of 456 kinases
(Table S1). Furthermore, IM-93 was stable in the presence of
H,0, or TBHP (Figures S1 and S2), indicating that IM-93 did
not directly react with these oxidants. These results suggest
that IM-93 would be a promising lead compound for
developing therapeutic agents.

With IM-93 in hand, we next examined its cytoprotective
activity against well-characterized types of regulated necrosis.
Necroptosis is a form of necrotic cell death induced by
physiological death ligand, such as TNF-a or Fas ligand.® In
the previous study, IM-54 was found to have no effect on
necroptosis induced by Fas ligand in combination with Z-VAD
and cycloheximide (CHX). Similarly, IM-93 did not affect
necroptosis (Figure 3A). We next examined the effect on
pyroptosis (Figure 3B,C). Pyroptosis is caspase-1-dependent
necrotic cell death of macrophages, induced by bacterial
infection.'"” Tt is thought to activate inflammatory response
and to play an important role in immune protection against
infectious diseases. To induce pyroptosis, human THP-1 cells
were treated with two different bacteria, Staphylococcus aureus
and Pseudomonas aeruginosa (Figure 3B,C), in the presence or
absence of test compounds. CA-074Me, a cathepsin B inhibitor
that was reported to inhibit pyroptosis,” was used as a positive
control. IM-93 did not inhibit pyroptosis induced by these
bacteria at all, whereas CA-074Me strongly inhibited
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Table 2. Cell Death Inhibitory Activities of IM Derivatives:
Effects of Substituents on the Maleimide Ring

R
0= N0
N/\/
\ H
N
CHs
compound R cell death inhibition compound r cell death inhibition
ICs0 (1M) ICs0 (UM)
CHs
w121, 0.44 £0.04 IM-50 0.34 +0.04
IM-83 JN/ 0.75+0.08
IM-53 0.28 +0.08
IM-80 WL/\ 0.61+0.02
IM-77 /\WC\ 0.48 +0.11
IM-79 Wf\/ 0.35 +0.01
IM-82 Wf\/\ 0.32+0.03 IM-70 r@ 0.45+0.12
IM-78 0.40 £ 0.05 phFph
s IM-44 j: 0.80 £ 0.12

Table 3. Cell Death Inhibitory Activity and Water Solubility
of IM Derivatives

R'l
|
0=N~-0
={
\ H
N
CHs
1 2 cell death inhibition  water solubility
compound R R 1oy (uM) (mM)
IM-17 j:b =~ NH2 1.0£0.232 71215
IM-54 ﬁ'b M 0.25 + 0.052 <0.001
WN/ b
IM-93 ‘ 0.45 £ 0.01 1099 + 5.4

“Previously reported”® ICy, values. PHCI salt was used.

pyroptosis (Figure 3B,C). These results indicate that IM-93
does not affect either necroptosis or pyroptosis.

Next, we examined the effects of IM-93 on ferroptosis.
Erastin was reported to be a chemical inducer of ferroptosis
through the inhibition of glutathione synthesis.”® We found
that erastin successfully induced ferroptosis in NIH3T3 cells,””
which was inhibited by ferroptosis inhibitors, deferoxamine
(DFO), an iron chelator, and ferrostatin-1 (Fer-1, Figure 1), an
antioxidant for lipid peroxidation, but not by caspase inhibitor
Z-VAD. IM-93 inhibited ferroptosis in a similar manner to
DFO or Fer-1 (Figure 4A). However, IM-54 was shown to
inhibit TBHP-induced necrotic cell death of HL-60 and H9c2
cells, but not apoptotic cell death induced by various stimuli
including hydrogen peroxide.””** Although the molecular
mechanism of TBHP-induced cell death has not been clarified
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Figure 3. Effects of IM-93 on necroptosis (A) and pyroptosis (B,C).
(A) Necroptosis was induced in Jurkat cells by treatment with Fas
ligand/cycloheximide/Z-VAD in the presence or absence of IM-93
(4—25 uM) or Nec-1 (30 uM). Cell viability was determined by using
a Cell Counting kit. The data shown are mean with SD of triplicate
samples. (B,C) Pyroptosis was induced in THP-1 cells by infection
with Staphylococcus aureus (B) or Pseudomonas aeruginosa (C) at a
multiplicity of infection (moi) of 50 in the presence or absence of IM-
93 (10 uM) or CA-074Me (10 uM). Cell death was determined by
means of LDH release assay. The data shown are mean with SD of
triplicate samples.

in detail, we found that ferroptosis inhibitors DFO and Fer-1
inhibited the TBHP-induced cell death of NIH3T3 cells.”’
Therefore, we compared the effects of IM-93 with those of
DFO and Fer-1 (Figure 4B). Inhibition of cell death by IM-93
was not complete, suggesting that a small portion of cells
underwent apoptosis under these conditions. Inhibition
profiles of all three compounds on TBHP-induced cell death
were similar to those in the case of erastin-induced ferroptosis.
These results suggest that TBHP-induced necrosis shares at
least a part of its molecular mechanism with erastin-induced
ferroptosis in NIH3T3 cells.

Finally, we examined the effects of IM-93 on NETosis,
necrotic cell death accompanied by NET formation in
neutrophils.””'® NET is extracellular chromosomal DNA
coated with histones and proteases, which is released from
neutrophils in response to various stimuli, such as microbial
molecules, cholesterol crystals, and phorbol-12-myristate-13-
acetate (PMA). NET had been thought to work as a protection
against microbial infection by trapping microbes.”® However,
recent studies indicate that NET formation and NETosis also
play important roles in sterile inflammation related to various
diseases, such as systemic lupus erythematosus, rheumatoid
arthritis, thrombosis, and diabetes.'® NETosis was induced in
human peripheral blood neutrophils by treatment with PMA in
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Figure 4. Effects of IM-93 on ferroptosis. Ferroptosis was induced in
NIH3T3 cells by treatment with erastin (0.5 uM) for 24 h (A) or
TBHP (50 uM) for 12 h (B) in the presence or absence of cell death
inhibitors. Cell viability was determined by using a Cell Counting kit.
The data shown are mean with SD of triplicate samples.

the presence or absence of IM-93, DFO, and Fer-1 (Figure S).
NET formation was visualized with SYTOX Green (Figure
SA), and NETosis induction was quantified by counting
SYTOX Green-positive cells (Figure SB). We found that
NETosis was inhibited by IM-93 but not DFO or Fer-1. Fer-1
did not inhibit NETosis even at 25 yM (Figure S3A). This
result shows that IM-93 works in a different manner from
these known ferroptosis inhibitors.

Although the mechanism of NETosis is not known in detail,
reactive oxygen species (ROS), mainly superoxide produced by
NADPH oxidase (NOX), are thought to be essential for
NETosis induced by PMA.”” After superoxide production,
protein-arginine deiminase 4 (PAD4) is activated and induces
histone citrullination, leading to DNA decondensation and
NET formation. To examine the possibility that IM-93 might
inhibit NOX or PAD4, we first examined the effects of IM-93
on NOX activity and ROS production during NETosis.

Superoxide production by NOX was quantified by using
luminol lucigenin-enhanced chemiluminescence (Figure 6A).
Neither IM-93 nor ferroptosis inhibitors inhibited superoxide
production, whereas diphenyleneiodonium (DPI), an inhibitor
of NOX, completely suppressed it. In addition, total ROS
measured by using 2’,7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) was also inhibited by DPI, but not by IM-93 and
Fer-1 (Figure S4). Next, we examined the in vitro PAD4-
inhibitory activity of IM-93 (Figure S5). IM-93 did not inhibit
PAD4 even at 200 uM. These results confirm that IM-93 does
not suppress NETosis by directly inhibiting NOX or PAD4.
Our previous study revealed that lipid peroxidation could
enhance the induction of NETosis.”” Therefore, we next
detected lipid peroxidation by using Cl1-Bodipy and
quantified it by means of flow cytometry (Figure 6C). DFO
did not affect lipid peroxidation, suggesting that ferrous ion
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Figure S. Effects of IM-93 on NETosis. (A) NETosis was induced in
human neutrophils by treatment with PMA (0.8 nM) in the presence
or absence of IM-93 (25 uM), DFO (100 uM), or Fer-1 (2.5 uM).
After 3 h, NETs formed were visualized by fluorescence microscopy.
The cells were stained with Hoechest33342 and SYTOX Green. (B)
Frequency of NETs-forming neutrophils was determined by counting
the number of SYTOX Green positive cells among Hoechst positive
cells. The data shown are mean with SD of triplicate samples. *P <
0.01, one-way ANOVA, compared with unstimulated neutrophils.

was not involved. Both IM-93 and Fer-1 partially suppressed
lipid peroxidation to similar extents. Fer-1 directly scavenges
lipid radicals and is thought to suppress the lipid peroxidation
in NETosis as well as ferroptosis. However, Fer-1 did not
inhibit NETosis (Figure SB), and the more general antioxidant
N-acetylcysteine (NAC) also did not show any inhibitory
activity (Figure S3B). These results indicate that suppression
of lipid peroxidation might not be sufficient for inhibition of
NETosis. In contrast, IM-93 inhibited both NET formation
and lipid peroxidation, implying that IM-93 is different from
other antioxidants such as Fer-1 or NAC. Our previous study
indicated that lipid oxides released from neutrophils under-
going NETosis might induce NETosis in neighboring
neutrophil sequentially.”” Therefore, IM-93 might inhibit
primary NETosis releasing lipid oxides and thus suppress the
amplification of lipid peroxidation.

Although the mechanism of lipid peroxidation during
NETosis remains unclear, the dual inhibitory activities of
IM-93 on ferroptosis and NETosis could be favorable for in
vivo application. Ferroptosis was recently reported to be
involved in heart ischemia-reperfusion injury in which Fer-1
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Figure 6. Effects of IM-93 on superoxide production and lipid
peroxidation during NETosis. (A) NETosis was induced in mouse
neutrophils by treatment with PMA (1 uM) in the presence or
absence of IM-93 (10 uM), DFO (100 uM), Fer-1 (2.5 uM), or DPL.
After 30 min, superoxide production was measured by using luminol
and lucigenin-enhanced chemiluminescence. (B,C) NETosis was
induced in human neutrophils by treatment with PMA (1.6 nM) in
the presence or absence of IM-93 (20 M), DFO (100 uM), or Fer-1
(2.5 uM). After 30 min, lipid peroxidation was measured by using
Cl1-bodipy 581/591. (B) Extent of lipid peroxidation was analyzed
by flow cytometry. (C) Mean fluorescence intensity (MFI) of C11-
bodipy with SD of triplicate samples is shown. *P < 0.01, one-way
ANOVA, compared with 1.6 nM PMA without an inhibitor.

showed protective effects.’® In addition, NET formation was
reported to exacerbate myocardial ischemia-reperfusion injury
by inducing a no-reflow phenomenon.’ In a rat myocardial

ischemia-reperfusion model, cotreatment with DNase I and
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tissue-type plasminogen activator (t-PA) was reported to
reduce the no-reflow area and infarct size by degrading NET.*"
Furthermore, long-term analysis indicated beneficial effects of
NET degradation on myocardial functional recovery. There-
fore, ferroptosis and NETosis appear to contribute to heart
ischemia-reperfusion injury in different ways, and so IM-93
might show the protective activity through multiple mecha-
nisms. Indeed, IM-17 has already been shown to have
cardiozprotective activity in a rat ischemia-reperfusion
model” and might have therapeutic potential for other types
of ischemia-reperfusion injury.

In conclusion, we have developed IM-93 as a water-soluble
derivative with more potent in vitro activity than the previously
reported IM-17. Analysis of cell death inhibitory activities
against various types of regulated necrosis revealed dual
inhibitory activities of IM-93 toward ferroptosis and NET osis;
in this respect, it is distinct from the known ferroptosis
inhibitors DFO and Fer-1. The good water solubility and
unique inhibitory profile of IM-93 are expected to be favorable
for its therapeutic application in ischemia-reperfusion injury, in
which both ferroptosis and NETosis are involved. Further in
vivo and mechanistic studies of IM derivatives are in progress.
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