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Abstract

Selective kinase inhibitors development is a cusir@e task because of ATP binding sites
similarities across kinases. On contrast, irrebégsiallosteric covalent inhibition offers
opportunity to develop novel selective kinase iitbils. Previously, we reported thiazolidine-
2,4-dione lead compounds elicitingvitro irreversible allosteric inhibition of IKK3. Herein,
we address optimization inttn vivo active anti-inflammatory agents. We successfully
developed potent IKK- inhibitors with the most potent compound elicititigso = 0.20uM.
Cellular assay of a set of active compounds usiacfdvial endotoxin lipopolysaccharide
(LPS)-stimulated macrophages elucidated signifieantitro anti-inflammatory activity.n
vitro evaluation of microsomal and plasma stabilitieswadd that the promising compound
7a is more stable than compoung. Finally, in vivo evaluation of7a, which has been
conducted in a model of LPS-induced septic shoakitce, showed its ability to protect mice
against septic shock induced mortality. Accordinghys study presents compouiid as a
novel potential irreversible allosteric covalertilmitor of IKK-f with verifiedin vitro andin

vivo anti-inflammatory activity.

Keywords:
IKK- B modulators; NR¢B signaling pathway; Thiazolidine-2,4-diones; Atiesc modulation;

Anti-inflammatory.



1. Introduction

Encompassing more than five hundred members, lsnase the third largest class of
enzymes [1]. More than 30% of the entire set otgns expressed in humans estimated to
undergo phosphorylation kinases [2]. Irregular mgpgvity of certain kinases has been
characterized in some pathological conditions idiclg tumors, neurological and
inflammatory diseases. Therefore, development®fsfecific kinase inhibitors has become a
hot topic in drug discovery programs [3-8]. As mosthe devoted efforts have focused on
targeting the ATP binding pocket, which bears sntiles across different kinases,
development of a selective inhibitor is a challeng®orly selective ATP competitive
molecules could face limited clinical applicati®].[Lately, development of allosteric kinase
modulators gained traction among researchers ifiglteas targeting the more variable sites
of kinases might afford more efficiently selectiligands [10-12]. Also recently, more
evidences have accumulated documenting the passibil developing covalent inhibitors
that could be more efficient than the classicakrsible inhibitors, yet, are devoid from the
previously doubted toxicities [13-18]. In fact, tkencept of covalent inhibition has been
extended to the development of covalent allost@hditors that has been claimed to offer

higher level of selectivity and potency [19-21].

The “nuclear factor kappa-light-chain-enhancer daftivated B cells” (NR<B) is a
transcription factor that induces the expressiomofe than 500 genes encompassing several
pro-inflammatory genes, including cytokines (TMFIL-1p and IL-6), chemokines (CCL5,
CCL20, CXCL8 and CXCL10) in addition to proinflamtasy enzymes including inducible
nitric oxide synthase (INOS) and cyclooxygenas&@X2) [5, 22-25]. In addition, NkB-
triggered genes expression invokes immunologicaporses, cells proliferation, and

apoptosis [26, 27]. The canonical XB-signaling pathway is activated by the kinase IRKK-



(inhibitor of nuclear factor kappa-B kinase subub@ta) which phosphorylatesB (inhibitor

of NF«B) resulting in release and translocation of dB-into the nucleus [28]. Because
IKK-B is a bottleneck for activation of NEB signaling pathway, its inhibition might be a
successful strategy for treatment of acute andmtirmflammatory diseases, as well as,
cancer and autoimmune diseases [28-31]. In addtbolB, IKK-B phosphorylates other
substrates such as TSC1, SNAP23 and Foxo3a [32,G8]sequently, it elicits NkB-
independent signals in inflammation mediated turogiogenesis, mast cell degranulation

and cell cycle arrest [34-36].

Several literatures report development of inhilsitof NFxB signaling pathway including
IKK- B inhibitors of diverse chemical scaffolds [26, 3Rk far as we know, most of the
developed IKKB inhibitors are reversible competitive inhibitofer example, compound
(Fig. 1) developed by the Bayer pharmaceutical a@mgp[37]. Although irreversible
allosteric inhibitors offer advantages over theersible classical ATP competitive inhibitors
as mentioned previously, reports of even reversdtlgsteric IKK{$ inhibitors are limited
(e.g. BMS-34554172); a non-selective allosteric inhibitor of both IKiKand IKK [24]).
There is an obvious need to develop small molecakgovalent allosteric inhibitors of
IKK-B. A recent report revealed that the natural produgtainsliadimer 8) covalently
inhibits IKK-B at an allosteric site [38]. In another report, aewnt binding of the natural
product isoliquiritigenin 4) was also found to suppress the activity of T [jpogpytes [39].
Recently, Parlet al. reported 1,3,5-triazine-2,4-diamine derivati@ és an IKKg inhibitor
hit compound and used it as starting point to dgvelrthosteric IKKB inhibitors [40]. Their
report presented also a 2-imino-4-thiazolidin-4-deeivative as a hit compound possessing
high 1G5 value of 97.4uM. In a recent report, we have undertaken the tdslevelopment

of the latter hit compound into thiazolidine-2,4dé derivatives which elicited a potential



in vitro covalent allosteric inhibition of IKK} but still its 1G, value is in the micromolar
range [41]. Despite further attempt to optimize thease inhibitory activity, the latter
compounds were not advanced for further cell-based vivo evaluation [42]. In this report,
we address optimization of the lead compo@nato more potent irreversible allosteric IKK-

B inhibitor with potentiain vivo anti-inflammatory activity.
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Fig. 1. Reported inhibitors compounds for IKK-

In this study, as shown in Fig. 2, we exploredafale lengths of the alkyloxy chain linker in
addition to studying the outcome of variation of timker attachment point betwepara and
meta positions of the phenyl ring attached to the gigno atom of the thiazolidine-2,4-dione
scaffold. Congruent with reported influence of owkylamines modification such as
piperazines on bioactivity [43], we found in ourepious report that the terminal
N-substituent on piperazine ring elicits a crucrapact on the elicited activity with the all
carbon substituents, such asd-cyclopropylmethyl, eliciting higher activity tharN-
substituents possessing the more polar oxygen laur satom. We fixed this terminaN-

substituent to methyl, which is a one-carbon stipstit. Since the structure of IKK-



incorporates an important cysteine residue (CysABich exists in the vicinity of an
allosteric site located close to the catalytic AGdtket (protein databank code: 3QA8) [44],
the observed irreversible allosteric inhibition mtigesult from Michael addition of thiol
group to the double bond of the benzylidene momftycompound6. Because variable
substituents attached to the benzylidene moietyhimgicit different electron push-pull,
which would affect the Michael addition of thiolayp of cysteine, we prepared compounds
7 possessing variable substituents on the phenaoxyaitached to the benzylidene moiety.
Accordingly, we would like to report our promisingsults.
O\QNOZ Lead OOR'
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Fig. 2. Design of the novethiazolidine-2,4-dione derivativeg)(

2. Results and discussion

2.1. Chemistry

As illustrated in Scheme 1, a straightforward sgsit of the target compoundg) (was

performed in six steps starting from 4-aminophdBa) or 3-aminophenol8b). Thus, amide
coupling with chloroacetyl chloride yielded acetdmi derivatives 9. Nucleophilic

displacement of chlorine atom of acetamide demest© with thiocyanate followed by
cyclization afforded the 2-iminothiazolidin-4-oneertvatives 10 [45]. Acidic hydrolysis

afforded the desired thiazolidine-2,4-dione intediates 11 [46]. O-Alkylation of the

phenolic hydroxyl group with 1,n-diiodoalkanes altd installation of alkyl chain linker to
yield derivatives12. N-Alkylation of 1-methylpiperazine with the prepardérivatives12

provided the corresponding thiazolidine-2,4-dionerivcatives 13. Lastly, Knoevenagel



condensation with various benzaldehyde derivatafésrded the designed compounds (

Table 1) [47].
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Scheme 1 Reagents and reaction conditions: (a) chlorohatipride, DCM, 0 °C, 1.5 h, rt, 3 h; (b) KSCN,
acetone, 65 °C, 7 h; (c) 2% HCI aqueous solutio,°C, 7 h; (d) diiodoalkane,,RO;, MeCN, 95 °C, 7 h; (e)
1-methylpiperazine, ¥COs;, MeCN, rt, 9 h; (f) appropriate aldehyde derivatiNaOAc, AcOH, 110 °C, 16 h.

2.2. Biological evaluation

2.2.1. Invitro IKK- p induced phosphorylation modulation

As previously mentioned, all of the designed, sgaitbed and evaluated final compounds
havem- or p-hydroxyphenyl moiety at 3-position of the thiazitie-2,4-dione scaffold. The
hydroxyphenyl moiety isO-alkylated with an alkyl chain tether to link it té-
methylpiperazine moiety. The alkyl linker was vdrien length (n = 3 or 5) while the
introduced substituents on the phenoxyphenyl maégched to the 5-exomethylene group
on the thiazolidine-2,4-dione ring have variablecélonic characters as shown in Tablénl.
vitro evaluation of the IKKB inhibitory activity of the synthesized 17 finalrapounds were

performed employing a 5-FAM (5-carboxyfluorescdaf)eled kBa-derived polypeptide (5-



FAMGRHDSGLDSMK-NH; R7574, MDS Analytical Technologies) as a substrair
IKK-pB in an IMAP® based fluorescence assay [48]. To secure higlitiségsand accuracy
for the conductedhn vitro assay, it was carried out as time-resolved Foéresnance energy
transfer assay (TR-FRET assay) [49]. As the peroambition and 1@, of irreversible
inhibitors increase by time, the measurements wewrerded after two hours of interaction of
10 uM concentrations of the tested compound witk-[Kto permit the inactivation reaction

to approach completion.

Table 1 Results of IKKB assay using the synthesized new ligam@s 1q).

R L
ICso(LM)? ICs0 (uM)*

7a 3 p CN 0.20 7 5 m F 6.06
7b 3 p 0.67 7K 5 m cl 2.61
7c 5 p 0.60 71 5 m Br 2.67
7d 5 p cl 0.70 7m 5 m CHs, 2.73
7e 5 p Br 0.43 7n 5 m OCH; 2.43
7f 5 p OCH; 0.70 70 5 m NH, 8.07
79 5 p CH;, 0.87 7p 5 m NO, 0.22
7h 5 p NH, 2.61 7q 5 m CN 0.84
7i 5 p  NHCOCH,  1.71

#1Csq values (M) exhibited by the newly synthesized compounds

As shown in Table 1, we first explored the biol@jiactivity of compounds whose linkers
were attached to thgara position. Analogs/a and 7b possessing the three carbons linker
were significantly active molecules. While compourld possessing the electronically
amphiphilic 4-fluoro substituent elicited an exeeli submicromolar 1§ of 0.67 uM,
compound/a possessing the electronegative 4-cyano group vaas potent eliciting 16 of
0.20 uM. Extending the length of the alkyl chainkir of compound’b by two carbons
provided compound/c with almost similar potency (Table 1). While vaigam of the

substituent to include the electronically amphiighd-bromo substituent in derivativée



resulted in more potent compound than derivativesand 7g which have the electron
donating 4-methoxy or 4-methyl moieties, compouft possessingt-chloro substituent
elicited similar potency to compound. However, more decrement of the potency was
elicited in derivativesrh and 7i possessing the electron donating 4-amino or 4-aneta
moieties, respectively. With g value of 0.43 puM, the 4-bromo derivative was the most
potent among compounds possessing a linker of oonaatoms, however, it has the double

IC50 of compound/a possessing 3 carbon atoms linker.

Next, we explored the outcome of displacing thé&dmfrom para to meta position via
preparation and evaluation of compoungsg. Comparing the activities aheta and para
linked compounds possessing the same substituerdxomethylene moiety unveiled an
interesting activity trend. As Table 1 illustratekerivative 70 possessing 4-amino moiety
showed relatively higher micromolar € value of 8.07 pM while the corresponding
derivative7h with para attached linker showed 4gvalue of 2.61 uM, which was the least
potent among those compounds possessingaiteeattached linker. In addition, displacement
of the linker’s attachment point toeta position in compoundsgj, 7k and7l, possessing the
electronically amphiphilic 4-halo substituents ideésdi in much less potent than the
corresponding derivatives having the linker attacteethepara position. Thus, compounds
7j, 7k, 71, 7m and 7n elicited micromolar 1G, values ranging between 2.61 to 6.06 uM.
Similarly, the meta-attached linker compoundadn and 7n having the electron donating 4-
methyl and 4-methoxy, respectively, were less poterlative to the corresponding
compounds7f and 7g possessing th@ara-attached linker. Thus, as shown in Table 1,
compounds7m and 7n possessedmicromolar 1G, values in comparison with the
submicromolar 1G, values of compoundsf and7g. On the other hand, replacement of the

electronically amphiphilic 4-halo; the electron dting 4-methoxy, 4-methyl and 4-amino



moieties with the electron withdrawing 4-nitro ocylano yielded the potent compourgs

and 7q showing submicromolar Kz values. In conclusion, these results suggest that
attaching the linker to thpara position might generally be more favorable thaadting it

to themeta position. In addition, compounds bearing electrathdrawing substituents might

be more active than those with electron donatingnaphiphilic substituents.

2.2.2. Mechanistic study of the induced IKK{ inhibition

Since we expect that these compounds to bind coaled IKK-B, we selected the most
active inhibitors, as revealed in the biologicatasagainst IKKB, for investigation of the
elicted mode of IKKB inhibition. Accordingly, the kinetic dose-responsmirves
(measurement intervals equivalent to 0, 20, 40 &0d min) were generated using
approximately three-fold dilutions (30, 10, 3, 13,00.1, 0.03, 0.01, 0.003 and 0.001 uM) for
each of compoundsga and7p (Fig. 3). First, the validity of data was verifibg calculating
the standard errors for tops, bottoms, HillSlopamming values for the curves and checking
the goodness of fitting; all of which showed exeetlvalues and 95% confidence spanning
nearly the measured ranges. The kinetic measursnsfitwed that increasing the time
boosts the elicited inhibitions; a characteristiciroeversible inhibition reaction. Table 2
summarizes the parameters of kinetic dose respomses. At zero time, the maximum
inhibition elicited by compounda was 60.9% but increased to 76.6% after 60 min. In
contrast, compoundp was less effective at zero time showing a maximahibition of
53.2%, but after 60 min., it elicited a maximumibition percent of 89.2% rendering it was
more effective by time than compouiid. The HillSlope of compoundp was higher than
that of compounda indicating higher rate of the irreversible inaation reaction of IKKB

by compound7p. Considering the fact that interaction of irreviglies inhibitors with the

target protein involves an initial physical bindisgep followed by a second step of chemical



interaction to establish a covalent bond, thesetkindata might indicate compounth

possessing thpara attached linker elicits a better physical bindpigase but a lower rate of

chemical interaction relative to compourkp. Following the published method for

calculation of Kyt Values [50], nonlinear regression after calcutatthe Ky,s for each

concentration of compound& and 7p returned K. values of 0.013 and 0.027 (rifin

respectively.
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Fig. 3. A) Time-dependent dose-responses curves of contpta B) Time-dependent dose-responses curves of
compound7p. C) Nonlinear regression of calculatedpyKvalues against concentration of compouiad D)
Nonlinear regression of calculated,Kvalues against concentration of compoidpd

Table 2. Parameters of the time-dependent dose respomgesdior inhibition of IKK$ by compound§aand

7p measured by TR-FRET assay
Compound 7a mp

Time intervals 0 min 20 min 40 min 60 min 0 min 20 min 40 min 60 min
Bottom -9.33 -7.14 -4.47 -0.38 -5.63 -3.68 -8.33 -3.88

. Top 60.9 75 76.7 76.6 53.2 73 81.8 89.2
\?aelite_gt -LoglCsg -6.24 -6.46 -6.6 -6.69 -6.46 -6.61 -6.66 -6.66

HillSlope 0.9 0.87 1.29 1.56 1.32 2.43 2.8 3.47

Span 70.2 82.1 81.2 77 58.8 76.7 90.1 93.1




Bottom 1.29 1.54 1.65 1.21 1.81 1.33 1.48 1.11

Top 2.21 2.09 1.85 1.25 2.27 1.38 1.49 1.12
Std. Error  LoglICso 0.05 0.05 0.04 0.03 0.07 0.03 0.03 0.02
HillSlope ~ 0.09 0.08 0.15 0.15 0.25 0.36 0.37 0.41
Span 2.89 2.99 2.68 1.84 3.14 1.98 2.14 1.6
95% Confidence Intervals 64.23 ~ 7599~ 7568~ 73.18~ 52.33~ 7258~ 8575~ 89.77~
Span 76.12 8826  86.70  80.75 6523  80.72 9454  96.33
Goodness of  DF® 26 26 26 26 26 26 26 26
Fit R? 0.99 0.99 0.98 0.99 0.96 0.99 0.99 0.99

@ DF: Degrees of Freedom

2.2.3. Cellular assays for anti-inflammatory activity

As kinase assays showed a potentralvitro IKK- inhibitory activity, a cellular level
biological investigation for a set of active detivas on the viability and inflammatory
mediators has been explored. Among several biadbgasponses stimulated by LPS in RAW
264.7 macrophages, the MB-signaling pathway is upregulated resulting inrpveduction

of pro-inflammatory cytokines (TNEk; IL-6) and nitric oxide [51, 52]. Therefore, the
production of these inflammatory mediators, as as|lthe cell viability in LPS-treated RAW
264.7 macrophages were measured in presence a& tloges (0.1, 1 and 10 puM) of

compound¥a, 7j, 7k and7p. The results are presented in the following sestio

2.2.3.1. Impact on RAW 264.7 macrophages Cells’ Viability

Because induced macrophages’ cells death, if anyrecwould lead to a reduction of the
measured production of cytokines (TNFand IL-6) in addition to nitric oxide regardle$et
inhibition of IKK-B activity, cell viability assay was conducted tm@vinaccuracies arising
from this factor. The assay was conducted at cdratgons used for measurement of TNF-
IL-6 and nitric oxide in presence and in absenceLBS. At 10 uM concentration, as

illustrated in Fig. 4, all of the tested compounds not elicit cytotoxicity in absence of LPS.



Also in presence of LPS, compounds 7k and 7p did not show significant cytotoxicity at

the tested three concentrations. However, in poeseh LPS, the 10 uM concentration of

compound7j reduced the viability of macrophages elicitinggd@alue of 4.43 pM in

presence of 1 pug/ml of LPS (Table 3).
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Fig. 4. Cell viability of RAW 264.7 macrophage cells: absence of both of tested compound and LPS (cyan
color), in presence of LPS (green color), in preseaf 6 uM of tested compounds (dark buff color)l &m
presence of both of LPS and tested compounds ¢uler). Red color indicates cytotoxicity of macregies

cells (viability percent below 80%).

Table 3. Viability of RAW 264.7 macrophages andsy@or reduction of production of NO, IL-6 and TNE-

|Cgoa(}lM) |C50b(}lM)
Compound
Cell viability TNF-a NO PGE IL-6
7a >10 6.27 >10 9.83 >10
7i 4.43 7.87 >10 >10 >10
7k >10 >10 >10 8.52 >10
p >10 5.22 >10 >10 >10

#|Cqo: defined as the concentration of the compound dleareases viability of cells to 80% in presencd of



pg/ml of LPS.
®|Cs: defined as the concentration that decreases éasumed amount of produced TNNO, PGE or IL-6
to 50%.

2.2.3.2. Effect on LPS-induced TNFe, production in RAW 264.7 macrophages

The production of the pro-inflammatory cytokine THs a downstream of several LPS-
activated signaling pathways including XB; MEK and ERK [53, 54]. Thus, inhibition of
IKK- B as a limiting step in the canonical XB-signaling pathway would result in reduction
of the inflammatory mediator TN&-production levels. The results showed a dose dakgen
decrease of TNle-production in presence of compoufgwith 84% reduction relative to the
amount produced by LPS (Fig. 5). Similarly, thedd concentration of compounds and

7j exerted reduction of LPS-stimulated TNFsroduction by 80% and 71%, respectively.
However, the 0.1 and 1 uM concentrations of bédland 7] did not result in a significant
reduction. Lastly, compountk was the least potent among evaluated compoundsngid4%
reduction of TNFe production at 10 uM concentration. The determit@g values were
5.22, 6.27 and 7.87 for compoundp, 7a and 7j, respectively (Table 3). These results

indicate the anti-inflammatory properties of thegared compounds.
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Fig. 5. Levels of TNFe produced in RAW 264.7 macrophage cells: greenrdnlticates presence of only LPS;
blue color indicates presence of a candidate comgppand LPS; **p<0.01, ***p<0.001.

2.2.3.3. Effect on LPS-induced nitric oxide production in RAN 264.7 macrophages
Inducible nitric oxide synthase (INOS) is respofesilior production of nitric oxide in
inflammatory conditions. The expression of INOS ssmulated by several signaling
pathways including NkB, mitogen-activated protein kinases (p38, ERKIi# dNK) and
JAK/STAT [5, 55]. Thus, inhibition of NkB signaling pathway would result in reduction of
nitric oxide (NO) production, at least in part. etermine the extent of contribution of the
tested compounds to the reduction of NO productionLPS-stimulated RAW 264.7
macrophages, first, it was confirmed that the lexfeNO production in presence of 10 uM
concentration of only the candidate compound ishanged from that of non-stimulated
macrophages. Second, the amounts of NO producédP8istimulated macrophages were
measured in presence of increasing concentratibtssted compounds and referred to the

amounts produced after and before LPS stimulatrconcentration of 40 uM of the



selective inducible nitric oxide synthase inhibibiL was used as a standard for comparison
[5, 25, 56]. As shown in Fig. 6, all of compountdjs 7k and 7p showed a dose dependent
significant reduction of NO production. Even thoubk low concentrations of compourid
did not elicit significant reduction of NO produati, the 10 pM concentration exerted
significant reduction close to, albeit higher, ttegluction of NO production by 40 uM
concentration of the standard NIL. Similarly, th& dM concentration of compoundg and
7k elicited reduction of NO production approximatirgetreduction exhibited by 40 uM
concentration of the standard NIL. Even though couma 7p was the least effective
inhibitor of NO production, its ability was stillgnificant at concentrations as low as 0.1 uM.
These data confirm the beneficial outcome of thesmpounds on reduction of NO
production through blocking the NEB signaling pathway. However, the measured higf IC
values might be due to presence of other LPS-detivaignaling pathways which also

contribute to NO production.
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Fig. 6. Levels of NO production in RAW 264.7 macrophagésc yellow color indicates basal NO production;
dark buff color indicates NO production in non-ieed cells in presence of candidate compound; geekr
indicates NO production in LPS-induced cells; blgdor indicates NO production in LPS-induced ceétls
presence of candidate compounds; black color itekcdlO production in LPS-induced cells in preseote
standard; **p<0.01, ***p<0.001.

2.2.3.4. Effect on LPS-induced PGE production in RAW 264.7 macrophages

Stimulation of macrophages by LPS results in atbwaof mitogen-activated protein kinase
(MAPK) and NF«B signaling pathways. Both signaling pathways leadnduction of the
pro-inflammatory prostaglandin ;E(PGE) production [57]. As a consequence, NB-
signaling pathway inhibitors would reduce PGRroduction resulting in alleviation of
inflammatory conditions. To verify the capability the prepared IKKB inhibitors to reduce
PGE production, LPS-induced RAW 264.7 macrophages inads used. As presented in
Fig. 7, incubation of macrophages with candidatemaunds in absence of LPS did not show

significant increase in PGEproduction indicating no inflammation stimulatoagtivity of



these compounds. When macrophages were incubated RS, PGE production increased
substantially from 0.16 to 33.64 ng/mL which wadueed by the standard NS-398 [58] to
12.02 ng/mL. When macrophages were incubated wRIS lin the presence of 10 uM
concentrations of candidate compounds, P@®duction decreased to 13.87, 16.53 and
19.04 ng/mL by compound&k, 7a and 7p, respectively, while compound did not affect
PGE production significantly. In contrast to compoungs7k and7p whose 1 and 0.1 uM
concentrations did not reduce P&Glaroduction significantly, compounda exhibited
significant reduction of PGEproduction even at the low 0.1 pM concentratiome T
calculated IGo values for inhibition of PGEproduction by the most potent compourfds
and7awere 8.52 and 9.83 uM, respectively. These datgesigotential anti-inflammatory

activity of compound3k and7a.
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Fig. 7. Levels of PGE production in LPS-induced RAW 264.7 macrophagesk duff color indicates PGE



production in non-induced cells in presence of adaté compound; green color indicates B@Edduction in
LPS-induced cells; blue color indicates PGroduction in LPS-induced cells in presence of dadete
compounds; black color indicates PGiroduction in LPS-induced cells in presence ohdsad; **p<0.01,
*%k%

p<0.001.

2.2.3.5. Effect on LPS-induced IL-6 production in RAW 264.7macrophages

Both of NFkB and MAPK signaling pathways are recruited in fireduction of IL-6
subsequent to macrophages’ activation by LPS [B@cordingly, blockage of NkB
signalingvia inhibition of IKK-p might contribute to reduction of the pro-inflammat IL-6
production. To assess the ability of the tested ppnmds to reduce IL-6 production, the
amounts produced of IL-6 in LPS-stimulated RAW Z6rhacrophages were determined after
incubating the cells for 24 hours with LPS alone ld&?S in presence of increasing
concentrations of each candidate compound. Astrfltesd in Fig. 8, compoundd and 7k
elicited a significant dose dependent reductionLe® over the tested three concentrations
while compoundra failed to show significant reduction. Although riolly comprehensible,
the reduction of IL-6 production by compourgd was significant but the higher 10 uM dose
did not exert response higher than that of the 1dose. The high 1§ values of all of the
evaluated compounds might be caused by present®®fstimulated signaling pathways
other than NFeB that can contribute to production of IL-6. Howewhese results show that
compound¥j, 7k and7p can contribute to the reduction of IL-6 productamd, hence, assist

in reducing inflammation.
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Fig. 8. Levels of IL-6 produced in RAW 264.7 macrophag#isc green color indicates presence of only LPS;
blue color indicates presence of a candidate comgpand LPS; ***p<0.001.

In summary, the evaluation of the selected sebofmounds at the cellular level revealed that
they possess anti-inflammatory properties withalale capacities to reduce the production of
the evaluated inflammatory mediators. While compbufia possessed good anti-
inflammatory activity reducing the production of FN, PGE and NO, it did not affect the
production of IL-6. On the other side, compoutkdwas less potent thafain reducing TNF-

a production, but it reduced the production of ILF8;E, and, NO. Although compound

did not affect PGE production, meanwhile, compountp showed inhibition of PGE
production, both of them showed some inhibitoryivatgt for the production of other

evaluated inflammatory mediators.

2.2.4. Evaluation of plasma and microsomal stability



Upon in vivo administration, the compound stability is challedgby modification or
degradation triggered by plasma enzymes and/oeiptvhich might lead to poon vivo
activity [60, 61]. The plasma instability might lmece a detrimental issue for tie vivo
efficacy, especially for irreversible inhibitorsZp Therefore, ranking compounds forvivo
studies should be guided by a preceded plasmditstaudy. Accordingly, the most potent
compounds in the conducted cellular assay wereestdg to evaluation of their plasma
stability. In this regard, the amount remainingcompounda and7p after incubation with
rat plasma at 37 °C were determined over a rangenefintervals up to 2 hours (Fig. 9A).
The obtained curve showed high plasma stabilitypfith compounds. With 83.3% remaining
after two hours, compountp was slightly more stable than compou@svhose remaining

amount was 73.6%.

Assessment of the metabolic stability of the pramgscandidates is important before
proceeding toin vivo evaluation because high metabolism rate would lead rapid
clearance of the administered molecule and acogirdimsatisfactory circulation time within
the bloodstream to elicit its actiom vivo [60]. As hepatic microsomes are the major
contributor to metabolic inactivation of drugs withthe body [63], the stability of the
candidate compoundga and 7p against human hepatic microsomes was assessellisIn
regard, the tested compounds, as well as, mibéfaada standard drug were incubated in a
pool of human hepatic microsomes at 37 °C to deterrthe percent remaining at time
intervals up to one hour. As presented in Fig. @Bnpound7p was rapidly metabolized by
human hepatic microsomes with half life time aro@@dmin. On the other hand, compound
7a has a lower microsomal metabolism rate comparabthe calcium channel blocker drug
mibefradil. The half life time of compounth was very close to one hour. Collectively, the

performed plasma and microsomal stability studiessgnt compounda as a potential



candidate forn vivo evaluation.

—a— Ta —e—Tp —a— Ta ——Tp Mibefradil

= 100 = 100
S 80 £ 50
— n -
g E *
g 60 E 6o .\_\—\.
0= =
3~} =
£ 40 £ a0
g 3
£ 20 £ 20
[~} [+]
L") o

1} o

o 20 a0 60 80 100 120 0 10 20 30 40 50 60
Time (Min.) Time (Min.)

—a— LPS 25 ma/kyg
—o— LP'S 25 mg/'kg + Compound 7a 0.5 mg/kg
LPS 25 mg/ky + Compound 7a 1 ma/kyg

Iy
=
=

£ g0 \.—o—o—o—
x
& 60
E
g a0
A 20
0 & > - o & o
0 ] ] 12 16 20 23 8 32 6
Time (h}
(©)

Fig. 9. (A) Plasma stability of compoundsa and7p versus time, (B) Human hepatic microsomal stabit
compounds7a and 7p versus time, (C)n vivo evaluation of compounda protection against LPS-induced
septic shock.

2.2.5. Invivo protection against septic shock

Sepsis is a systemic inflammatory response thailtsesn the fatal septic shock. The
pathogenesis of sepsis involves crucial roles f@, NNGEk, and TNFe [64, 65]. As
compound7a elicited in vitro inhibition of LPS-induced production of the inflamatory
mediators, as well as, reasonable plasma and roim@sstability, furthern vivo assessment
was conducted. The protective effect of compoudadgainst LPS-induced septic shock in
mice as an animal model was assessed. As showig.irO€, compound’a exhibited an

efficient protection at both of the two administbr@oses. Intraperitoneal injection of LPS



resulted in 100% mortality within 16 hours, whileegreatment with compouna resulted

in survival rate of 80% at 36 hours post injection.

2.3. Insdilico simulation study

IKK- B is composed of three domains which are: the kin@seain (KD, residues 16-307),
ubiquitin-like domain (ULD, residues 310-394), aschffold dimerization domain (SDD,
410-666) 3QAS8) [44]. The structure of the allostesite allocated in the KD of IKK-
incorporates a cysteine residue (Cys46) as a partshort loop structure connecting a short
B-sheet structure (residues 41-44) witkhelix structure (residues 52-64). The literature
shows that kinase activity of IKIg-is sensitive to changes at this site; mutatiorysi44
which is the last residue in tifesheet sequence, meanwhile, is one residue away@ys46,
results in loss of IKKB kinase activity [66]. Also, literature reports peal that the natural
product covalent allosteric IKIR- inhibitor binds to Cys46 at an allosteric site ,[3®].
Previous computational study showed that blocklgent access to Trp58 is accompanied

with inhibition of kinase activity [38].

To get insights into the molecular interactionst thgger the elicited irreversible inhibition
of IKK-pB by the synthesized compounds, a molecular sinomattudy was conducted using
the crystal structure of IKK- (protein databank code: 3QAS8). In this regard, abent
docking of the active compound& and 7p was conducted using CovDock workflow as
implemented in Schrédinger Suite. In such protoeohimization of Ligand-protein complex
adduct is performed after covalent docking of tigarid. The top five poses were retrieved
and analyzed visually. After forming the ligand-IKKadduct, the top scoring pose of the
active compound7a, possessingpara linked N-methylpiperazine, showed thé\-

methylpiperazine moiety directed towards thkelix where Trp58 is buried (Fig 10A). This



binding mode is stabilizeda favorable hydrophobic interactions with Tyr28, Arg Cys46
and Arg55, anion interaction with Glu49, in additito hydrogen bonding interaction with
Pro52. Also, the second best pose of compolm@resented more or less similar binding
mode which is stabilized by favorable hydrophobieractions with Tyr28, Arg47 and Leu91,
cation interaction with Arg55, as well as hydrodemding interactions with Asp90, GIn48
and Arg55 (Fig. 10B). The scores of other posesoaipound/a were lower than these two
poses. In case of anald@p bearingN-methylpiperazinyl-pentyl linked at theeta position,
the detected binding mode showed thatNhaethylpiperazine moiety is directed towards the
a-helix in which Trp58 residue is buried which res#es the case for the active compounds
bearing p-linked N-methylpiperazinyl-alkyl moiety (Fig. 10C). This riding mode is
stabilizedvia a network of favorable interactions comparabl¢htmse of compoundga. In
lieu of these calculated binding modes, the inbilyitactivity of this class of compound on

IKK- B would be understandable.



Fig. 10. The structures of covalently docked active conmas@a and7p: A) The best scoring binding mode of
compoundra; B) The second best scoring binding mode of comgddia; C) The calculated binding mode for
compound7p.

3. Conclusion

Starting fromin vitro micromolar active lead compouiid a series of thiazolidine-2,4-dione
derivatives was developed as irreversible allosteovalent inhibitors of IKKB with
potential in vivo anti-inflammatory activity. In general, the anasy®f structure activity

relationship revealed that compounds possessingpdheattached linker were the most



potent among the prepared compounds. Almost althefn elicited submicromolar ¢
values with the most potent IKR-inhibitor compound7a eliciting I1CGso = 0.20 uM. In
comparison, most of the derivatives having thedméttached to theneta position were less
potent eliciting low micromolar 1§ values. However, when the 4-substitution on the
phenoxy ring was the electron withdrawing groupandr cyano, the 165 values went again
into the submicromolar range. Evaluation of théutat activity of a set of active compounds
showed that compound& and 7p exhibited significant anti-inflammatory activity iILPS-
treated macrophages through inhibition of productmf inflammatory mediators. The
conducted plasma and microsomal stability assagdigied superiority oifn vivo stability of
compound7a over 7p. Accordingly, in vivo evaluation of compounda was conducted in
animal model of LPS-induced septic shock which cordd itsin vivo efficacy as it
increased the survival rates of treated animal ggoln silico simulation study provided a
reasonable explanation for the elicited IKmhibitory activity. Collectively, this study
indicates that the irreversible covalent allostdl&- inhibitor 7a could be a promising

anti-inflammatory investigational candidate forther evaluation.

4. Experimental

4.1. Chemistry

General: All reactions and manipulations were performechgstandard Schlenk techniques.
All solvents and reagents have been purchased ¢émmmercial suppliers unless otherwise
mentioned and used without further purificationeTWMR spectra were obtained on Bruker
Avance 400.*H NMR spectra were referenced to tetramethylsiléhe 0.00 ppm) as an
internal standard and are reported as follows: atednshift, multiplicity (br = broad, s =
singlet, d = doublet, t = triplet, dd = doublet dbublet, m = multiplet). Column

chromatography was performed on Merck Silica Ge{Z8D-400 mesh) and eluting solvents



for all of these chromatographic methods are nagedppropriated-mixed solvent with given
volume-to-volume ratios. TLC was carried out usijtass sheets pre-coated with silica gel 60
Fos4 purchased by Merk. High-resolution spectra werdopmed on Waters ACQUITY
UPLC BEH C18 1.7u—-Q-TOF SYNAPT G2-Si High Definitidlass Spectrometry. HRMS
and HPLC purity charts, preparation of 4-(3,4,8ttdrophenoxy)benzaldehyde reagent,
NMR charts as well as LC and MS conditions havenbadded to this article in the
supplementary file. Synthesis of intermedid@as9b, 10a 10b, 11a 11b, 12aand12b has

been reported in our recent publication [41].

4.1.1. 3-(3-(5-lodopentyloxy)phenylthiazolidine-2,4-diong12c) It has been synthesized
following the same procedure used for synthesisoofipoundsl2a and12b [41]. *H NMR
(400 MHz, DMSO#l) &: 1.48-1.53 (m, 2H), 1.71-1.76 (m, 2H), 1.79-1186 2H), 3.31 (tJ
= 6.9 Hz, 2H), 3.96 (t) = 6.4 Hz, 2H), 4.29 (s, 2H), 6.84—6.87 (m, 1HR0B(t,J = 2.0 Hz,

1H), 7.01-7.04 (m, 1H), 7.40 @= 8.1 Hz, 1H).

4.1.2. General procedure of intermediates 13

1-Methylpiperazine (0.15 mL, 1.34 mmol) was addedatsolution of the appropriate2
derivative (0.67 mmol) and J€0O; (180 mg, 1.34 mmol) in MeCN (3 mL). The reaction
mixture was stirred at room temperature for 9 he fiixture was quenched by addition of
water and extracted with DCM. The organic layer wasd over anhydrous MgS{iltered
and evaporated under reduced pressure. The resaipurified by column chromatography

(SiO,;, DCM/MeOH = 15/1 v/v including 1% of N}DH).

3-(4-(3-(4-Methylpiperazin-1-yl)propoxy)phenyl)thiazolidine-2,4-dione (13a)Yield: 57%,



'H NMR (400 MHz, DMSO#dg) & 1.84-1.88 (m, 2H), 2.13 (s, 3H), 2.32 (br, 8HA®(t,J =
7.1 Hz, 2H), 4.02 (t) = 6.3 Hz, 2H), 4.27 (s, 2H), 7.02 (@= 8.8 Hz, 2H), 7.18 (d] = 8.65

Hz, 2H). HRMS (ES+)m/z calculated for GH23N30sS: 350.1538 [M+H]. Found 350.1540.

3-(4-(5-(4-Methylpiperazin-1-yl)pentyloxy)phenyl)thazolidine-2,4-dione (13b) Yield:
43%,*H NMR (400 MHz, DMSO#dg) & 1.37-1.49 (m, 4H), 1.73 (d,= 7.9 Hz, 2H), 2.13 (s,
3H), 2.25 (tJ = 6.7 Hz, 2H), 2.30 (br, 8H), 3.98 (= 6.4 Hz, 2H), 4.27 (s, 2H), 7.02 @

8.9 Hz, 2H), 7.18 (d] = 8.9 Hz, 2H).

3-(3-(5-(4-Methylpiperazin-1-yl)pentyloxy)phenyl)thazolidine-2,4-dione (13c). Yield:
55%,H NMR (400 MHz, DMSOsdg) &: 1.37-1.47 (m, 4H), 1.72 @,= 7.1 Hz, 2H), 2.13 (s,
3H), 2.23-2.33 (m, 10H), 3.95 @~ 6.5 Hz, 2H), 4.29 (s, 2H), 6.85 @ 7.4 Hz, 1H), 6.90

(t, J= 2.0 Hz, 1H), 7.02 (dd} = 2.3 Hz, 8.2 Hz, 1H), 7.39 (,= 8.1 Hz, 1H).

4.1.3. General procedure of target compounds (7). NaOAc anhydrous (17.6 mg, 0.21
mmol), the appropriate aldehyde derivative (0.14afyrand the appropriate3 analog (0.07
mmol) were dissolved in AcOH (3 mL) and stirred1a0 °C for 16 h. After cooling, the
mixture was neutralized to pH 8 by addition of )XHH and extracted with DCM. The
organic layer was dried over anhydrous MgSfitered and concentrated under reduced
pressure. The residue was purified by column chtography (SiQ, DCM/MeOH = 15/1

v/v including 1% of NHOH).

(2)-4-(4-((3-(4-(3-(4-Methylpiperazin-1-yl)propoxyphenyl)-2,4-dioxothiazolidin-5-
ylidene)methyl)phenoxy)benzonitrile (7a) Yield: 45%, mp: 247.7-248.2 °C, HPLC purity:

8.58 min, 93.77%H NMR (400 MHz, DMSOde) & 2.28 (br, 2H), 2.84 (s, 3H), 3.60-3.79



(m, 10H), 4.14 (tJ = 5.8 Hz, 2H), 7.09 (d] = 8.7 Hz, 2H), 7.24 (d] = 8.6 Hz, 2H), 7.30 (d,
J=8.5 Hz, 2H), 7.37 (dJ = 8.7 Hz, 2H), 7.77 (d] = 8.6 Hz, 2H), 7.91 (dJ = 8.6 Hz, 2H),
8.00 (s, 1H)*C NMR (100 MHz, DMSOdg) & 23.76, 48.51, 50.04, 65,68, 106.69, 115.44,
119.09, 119.78, 120.73, 121.29, 126.19, 129.76,9P29132.51, 133.00, 135.31, 157.10,
159.04, 160.23, 165.85, 167.47. HRMS (ESwk calculated for @H3oN4O4S: 555.2066

[M+H]*. Found 555.2074.

(2)-5-(4-(4-Fluorophenoxy)benzylidene)-3-(4-(3-(4-ethylpiperazin-1-
yl)propoxy)phenyl)thiazolidine-2,4-dione (7b) Yield: 38%,'H NMR (400 MHz, DMSO#l)
§ 2.22 (br, 2H), 2.81 (s, 3H), 3.60-3.79 (m, 10HL24(t,J = 5.3 Hz, 2H), 7.08 (d] = 9.0 Hz,
2H), 7.12 (d,J = 8.8 Hz, 2H), 7.20 (d] = 8.5 Hz, 2H), 7.30 (d] = 8.5 Hz, 2H), 7.36 (d] =

8.9 Hz, 2H), 7.69 (d] = 8.9 Hz, 2H), 7.95 (s, 1H).

(2)-5-(4-(4-Fluorophenoxy)benzylidene)-3-(4-(5-(4-ethylpiperazin-1-
yl)pentyloxy)phenyl)thiazolidine-2,4-dione (7c) Yield: 85%, mp: 248.5-249.1 °C, HPLC
purity: 8.83 min, 98.46%H NMR (400 MHz, DMSOds) & 1.47 (m, 2H), 1.76-1.77 (m, 4H),
2.81 (s, 3H), 3.30-3.44 (br, 8H), 3.59J% 6.6 Hz, 2H), 4.04 (1) = 6.1 Hz, 2H), 7.07 (d] =

8.9 Hz, 2H), 7.12 (dJ = 8.7 Hz, 2H), 7.19-7.22 (m, 2H), 7.29 (s 8.7 Hz, 2H), 7.34 (d]

= 8.9 Hz, 2H), 7.69 (dJ = 8.8 Hz, 2H), 7.95 (s, 1H}3C NMR (100 MHz, DMSOdg) §
23.09, 23.39, 28.46, 35.22, 42.50, 42.55, 49.6894715.33, 117.26, 117.50, 118.40, 120.26,
122.41, 122.49, 125.92, 128.18, 129.73, 132.78,8832151.55, 159.38, 159.83, 165.91,

167.55. HRMS (ES+)mz calculated for gH34FN304S: 576.2332 [M+H]. Found 576.23109.

(2)-5-(4-(4-Chlorophenoxy)benzylidene)-3-(4-(5-(4-ethylpiperazin-1-

yl)pentyloxy)phenyl)thiazolidine-2,4-dione (7d) Yield: 57%, mp: 272.6-273.1 °C, HPLC



purity: 9.01 min, 1009%H NMR (400 MHz, DMSOedg) & 1.46-1.48 (m, 2H), 1.74-1.77 (m,
4H), 2.81 (s, 3H), 3.36 (br, 8H), 3.59Jt= 6.6 Hz, 2H), 4.04 () = 6.1 Hz, 2H), 7.07 (d] =
8.9 Hz, 2H), 7.17 (d) = 8.9 Hz, 4H), 7.34 (d] = 8.8 Hz, 2H), 7.51 (d] = 8.9 Hz, 2H), 7.71
(d,J=8.8 Hz, 2H), 7.96 (s, 1H). HRMS (ES+)z calculated for gH34CIN30,S: 592.2037

[M+H]*. Found 592.2034.

(2)-5-(4-(4-Bromophenoxy)benzylidene)-3-(4-(5-(4-ntkylpiperazin-1-
yl)pentyloxy)phenyl)thiazolidine-2,4-dione (7e)Yield: 47%, mp: 276.6-278.5 °C, HPLC
purity: 5.61 min, 98.73%H NMR (400 MHz, DMSO€g) & 1.47-1.49 (m, 2H), 1.75-1.76
(m, 4H), 2.80 (s, 3H), 3.36 (br, 8H), 3.59J& 5.9 Hz, 2H), 4.05 (§ = 6.0 Hz, 2H), 7.06 (d,
J=8.9 Hz, 2H), 7.11 (dJ = 8.8 Hz, 2H), 7.18 (d] = 8.7 Hz, 2H), 7.34 (d] = 8.8 Hz, 2H),
7.63 (d,J = 8.7 Hz, 2H), 7.71 (d] = 8.8 Hz, 2H), 7.96 (s, 1H). HRMS (ES+)z calculated

for C3oH34BrN-:0O4S: 636.1531 [M+H] Found 636.1541.

(2)-5-(4-(4-Methoxyphenoxy)benzylidene)-3-(4-(5-(#ethylpiperazin-1-
yl)pentyloxy)phenyl)thiazolidine-2,4-dione (7f) Yield: 54%,'H NMR (400 MHz, DMSO-
de) & 1.47-1.49 (m, 2H), 1.74-1.77 (m, 4H), 2.85 (s, 33435 (br, 10H), 3.77 (s, 3H), 4.03 (t,
J=6.1Hz, 2H), 7.01-7.12 (m, 8H), 7.34 (& 8.9 Hz, 2H), 7.66 (d] = 8.9 Hz, 2H), 7.93 (s,

1H).

(2)-5-(4-(4-Methylphenoxy)benzylidene)-3-(4-(5-(4-mthylpiperazin-1-
yl)pentyloxy)phenyl)thiazolidine-2,4-dione (7g) Yield: 50%, mp: 261.0-261.8 °C, HPLC
purity: 5.35 min, 97.52%'H NMR (400 MHz, DMSOds + D,O) & 1.45-1.47 (m, 2H),
1.70-1.76 (m, 5H), 2.28 (s, 3H), 2.84 (s, 3H), 3113 = 7.0 Hz, 2H), 3.45 (br, 9H), 6.97 (d,

J=7.9 Hz, 2H), 7.05 (d] = 7.0 Hz, 4H), 7.26 () = 9.3 Hz, 4H), 7.61 (d] = 8.3 Hz, 2H),



7.86 (s, 1H).2*C NMR (100 MHz, DMSOds + D,0) & 20.70, 22.85, 23.42, 28.27, 42.62,
48.37, 50.06, 67.93, 115.42, 118.30, 119.76, 120.36.69, 127.67, 129.64, 131.21, 132.86,
133.27, 134.69, 152.95, 159.35, 160.08, 166.10,976HRMS (ES+)m/z calculated for

C33H37N30,4S: 572.2583 [M‘l‘H] Found 572.2583.

(2)-5-(4-(4-Aminophenoxy)benzylidene)-3-(4-(5-(4-ntbylpiperazin-1-
yl)pentyloxy)phenyl)thiazolidine-2,4-dione (7h) Yield: 48%, mp: 100.0-101.2 °C, HPLC
purity: 4.11 min, 97.79%H NMR (400 MHz, DMSOds) § 1.41-1.46 (m, 4H), 1.74 (d,=
6.5 Hz, 2H), 2.13 (s, 3H), 2.26 (= 6.9 Hz, 2H), 2.35 (bs, 8H), 4.01 &= 6.4 Hz, 2H),
5.09 (s, 2H), 6.62 (dl = 6.6 Hz, 2H), 6.83 (d] = 8.7 Hz, 2H), 7.00 (d] = 8.8 Hz, 2H), 7.05
(d, J= 6.9 Hz, 2H), 7.32 (d] = 8.9 Hz, 2H), 7.63 (dJ = 8.9 Hz, 2H), 7.92 (s, 1H). HRMS

(ES+):mvz calculated for gH3gN404S: 573.2535 [M+H]. Found 573.2532.

(2)-N-(4-(4-((3-(4-((5-(4-methylpiperazin-1-yl)pentyl)oyx)phenyl)-2,4-dioxothiazolidin-
5-ylidene)methyl)phenoxy)phenyl)acetamide (7i)Yield: 55%, HPLC purity: 4.47 min,
91.17%,"H NMR (400 MHz, DMSOdg) § 1.42—-1.49 (m, 4H), 1.72-1.73 (m, 2H), 2.06 (s,
3H), 2.15 (s, 3H), 2.26-2.33 (m, 10H), 4.02)(t 6.4 Hz, 2H), 7.05-7.11 (m, 6H), 7.33 {d,

= 8.9 Hz, 2H), 7.67 (tJ = 9.4 Hz, 4H), 7.95 (s, 1H), 10.03 (s, 1H}C NMR (100 MHz,
DMSO-ds) 6 23.94, 24.39, 26.47, 28.97, 46.16, 53.13, 55.80 7% 68.23, 115.29, 118.18,
120.02, 120.99, 121.17, 125.86, 127.87, 129.71,8632136.75, 150.40, 159.45, 160.17,

165.92, 167.54, 168.65.

(2)-5-(4-(4-Fluorophenoxy)benzylidene)-3-(3-((5-(4nethylpiperazin-1-
yl)pentyl)oxy)phenyl)thiazolidine-2,4-dione (7)) Yield: 44%, HPLC purity: 5.17 min,

97.11%,'H NMR (400 MHz, DMSO#dg) § 1.39-1.46 (m, 4H), 1.73 (d,= 6.9 Hz, 2H), 2.12



(s, 3H), 2.25 (1) = 6.7 Hz, 2H), 2.33 (bs, 8H), 3.97 {t= 6.4 Hz, 2H), 6.98 (d] = 7.9 Hz,
1H), 7.04 (s, 1H), 7.05 (s, 1H), 7.12 (&= 8.7 Hz, 2H), 7.19 (d] = 6.7 Hz, 1H), 7.21 (d] =
4.5 Hz, 1H), 7.30 (t) = 8.8 Hz, 2H), 7.41 (J = 9.1 Hz, 1H), 7.70 (d] = 8.8 Hz, 2H), 7.96

(s, 1H). HRMS (ES+)m/z calculated for gHz4sFN30,S: 576.2332 [M+H]. Found 576.2335.

(2)-5-(4-(4-Chlorophenoxy)benzylidene)-3-(3-((5-(4nethylpiperazin-1-
yl)pentyl)oxy)phenyl)thiazolidine-2,4-dione (7k) Yield: 60%, mp: 131.8-134.0 °C, HPLC
purity: 5.39 min, 97.47%H NMR (400 MHz, DMSOdg) & 1.41-1.47 (m, 4H), 1.74 (§,=
6.9 Hz, 2H), 2.14 (s, 3H), 2.24-2.33 (m, 10H), 3(89 = 6.4 Hz, 2H), 6.99 (d] = 7.5 Hz,
1H), 7.07 (s, 1H), 7.18 (d,= 8.4 Hz, 4H), 7.43 (] = 7.8 Hz, 1H), 7.51 (d] = 8.8 Hz, 2H),
7.72 (d,J = 8.6 Hz, 2H), 7.98 (s, 1H). HRMS (ESH)z calculated for gH34CIN3O,S:

592.2037 [M+H]. Found 592.2046.

(2)-5-(4-(4-Bromophenoxy)benzylidene)-3-(3-((5-(4-ethylpiperazin-1-
yl)pentyl)oxy)phenyl)thiazolidine-2,4-dione (71) Yield: 55%, mp: 138.8-139.7 °C, HPLC
purity: 5.46 min, 90.44%H NMR (400 MHz, DMSOdg) & 1.39-1.46 (m, 4H), 1.73 (d,=
6.8 Hz, 2H), 2.12 (s, 3H), 2.25 (= 6.7 Hz, 2H), 2.38 (bs, 8H), 3.97 &= 6.4 Hz, 2H),
6.98 (d,J = 8.0 Hz, 1H), 7.05X= 6.7 Hz, 2H), 7.11 (d] = 8.8 Hz, 2H), 7.18 (d] = 8.6 Hz,
2H), 7.41 (tJ = 8.6 Hz, 1H), 7.63 (d] = 8.7 Hz, 2H), 7.72 (d] = 8.7 Hz, 2H), 7.97 (s, 1H).

HRMS (ES+):m/z calculated for gHz4BrNs0,4S: 636.1531 [M+H]. Found 636.1531.

(2)-5-(4-(4-Methylphenoxy)benzylidene)-3-(3-((5-(4nethylpiperazin-1-
yl)pentyl)oxy)phenyl)thiazolidine-2,4-dione (7m) Yield: 49%, HPLC purity: 5.39 min,
92.61%,"H NMR (400 MHz, DMSOd) & 1.39-1.46 (m, 4H), 1.75 (d,= 6.5 Hz, 2H), 2.12

(s, 3H), 2.25 (tJ = 6.6 Hz, 2H), 2.38 (bs, 8H), 2.39 (s, 3H), 3.90& 6.5 Hz, 2H), 6.98 (d,



J=7.9 Hz, 1H), 7.03-7.05 (m, 4H), 7.10 (&5 8.8 Hz, 2H), 7.27 (d] = 8.4 Hz, 2H), 7.41 (t,
J = 7.8 Hz, 1H), 7.68 (dJ = 8.8 Hz, 2H), 7.95 (s, 1H). HRMS (ES+)z calculated for

C33H37N30,4S: 572.2583 [M‘l‘H] Found 572.2589.

(2)-5-(4-(4-Methoxyphenoxy)benzylidene)-3-(3-((5-Mnethylpiperazin-1-
yl)pentyl)oxy)phenyl)thiazolidine-2,4-dione (7n) Yield: 43%, mp: 110.0-111.6 °C, HPLC
purity: 5.12 min, 95.18%H NMR (400 MHz, DMSOsdg) & 1.39-1.46 (m, 4H), 1.73 (d,=
7.1 Hz, 2H), 2.12 (s, 3H), 2.25 &= 6.7 Hz, 2H), 2.38 (bs, 8H), 3.77 (s, 3H), 3.90& 6.4
Hz, 2H), 6.98 (dJ = 7.1 Hz, 1H), 7.01-7.07 (m, 6H), 7.11 (t= 8.9 Hz, 2H), 7.40 () =
8.9 Hz, 1H), 7.67 (dJ = 8.8 Hz, 2H), 7.94 (s, 1H). HRMS (ES+)z calculated for

C33H37N305S: 588.2532 [M‘l‘H]. Found 588.2546.

(2)-5-(4-(4-Aminophenoxy)benzylidene)-3-(3-((5-(4-ethylpiperazin-1-
yl)pentyl)oxy)phenyl)thiazolidine-2,4-dione (70) Yield: 50%,'H NMR (400 MHz, MeOD)

§ 1.39-1.46 (m, 4H), 1.73 (d,= 6.8 Hz, 2H), 2.12 (s, 3H), 2.24 {t= 6.8 Hz, 2H), 2.38 (bs,
8H), 3.97 (tJ = 6.5 Hz, 2H), 6.62 (d] = 6.6 Hz, 2H), 6.78 (d, J = 8.8 Hz, 2H), 6.85-6(93
5H), 7.01 (d, J = 8.6 Hz, 2H), 7.41 (t, J = 8.7 Hid), 7.57 (d, J = 9.0 Hz, 2H), 7.93 (s, 1H).

HRMS (ES+):m/z calculated for gHz¢N404S: 573.2535 [M+H]. Found 573.2538.

(2)-5-(4-(4-Nitrophenoxy)benzylidene)-3-(3-((5-(4-mthylpiperazin-1-
yl)pentyl)oxy)phenyl)thiazolidine-2,4-dione (7p) Yield: 56%, 'H NMR (400 MHz,
DMSO-dg) & 1.41-1.48 (m, 4H), 1.71-1.77 (m, 2H), 2.14 (s,,345-2.34 (m, 10H), 3.99 (t,
J = 6.4 Hz, 2H), 7.00-7.02 (m, 1H), 7.06—7.08 (m),ZH28 (d,J = 9.2 Hz, 2H), 7.37 (d] =
8.8 Hz, 2H), 7.44 (t) = 7.7 Hz, 1H), 7.81 (d] = 8.8 Hz, 2H), 8.03 (s, 1H), 8.31 @@= 9.2

Hz, 2H).**C NMR (100 MHz, DMSOdg) & 23.91, 26.47, 28.92, 46.17, 53.14, 55.20, 58.21,



68.27, 114.82, 115.89, 119.10, 120.51, 121.15,5¥21126.76, 130.31, 130.36, 132.51,
133.04, 134.55, 143,50, 156.83, 159.56, 162.07, .6065 167.15. HRMS

(ES+):m/z calculated for gaHz4N406S: 603.2277 [M+H]. Found 603.2287.

(2)-5-(4-(4-Cyanophenoxy)benzylidene)-3-(3-((5-(4-ethylpiperazin-1-
yl)pentyl)oxy)phenyl)thiazolidine-2,4-dione (7q) Yield: 52%, mp: 241.1-242.0 °C, HPLC
purity: 4.91 min, 97.93%H NMR (400 MHz, DMSOdg) & 1.45-1.49 (m, 2H), 1.76-1.79
(m, 4H), 2.81 (s, 3H), 3.12 (bs, 2H), 3.63 (bs, 8#HD1 (t,J = 6.2 Hz, 2H), 7.00-7.02 (m,
1H), 7.06—=7.09 (M, 2H), 7.24-7.27 (m, 2H), 7.3027A18, 2H), 7.42—7.47 (m, 1H), 7.77 @,

= 8.8 Hz, 2H), 7.91 (dJ = 8.9 Hz, 2H), 8.01 (s, 1H}*C NMR (100 MHz, DMSOdg) &
23.06, 23.39, 28.44, 48.74, 50.35, 67.94, 106.74,8b, 115.87, 119.05, 119.81, 120.64,
120.75, 121.28, 129.89, 130.42, 132.61, 133.02,5I34135.32, 157.16, 159.47, 160.23,
165.63, 167.21. HRMS (ES+)Vz calculated for gzH34N4O4S: 583.2379 [M+H]. Found

583.2374.

4.2. Invitro IMAP ® TR-FRET assay of IKK-p

IKK- B kinase reactions were performed in a reactioneoyff0 mM Tris—HCI, pH 7.2, 10
mM MgCl,, 0.05% Nal) containing 1 mM DTT and 0.01% Tween-20 (Sigmasald) to
stabilize the enzyme. The reactions were perforatetbom temperature for 2 h in white
standard 384 plates (3572, Corning Life Sciencesidll, MA, USA) using 0.5 pg/mL IKK2
(Millipore  Co., Billerica, MA, USA), 1 uM IxBa-derived substrate
(5FAMGRHDSGLDSMK-NH; R7574, MDS Analytical Technologies, Ontario, Cdag
and 3uM ATP (Sigma-Aldrich). The total reaction volumesng 20puL, and 10uM
compounds were pre-incubated with IKKenzyme for 10 min before the substrate and ATP

were added. For the TR-FRET reaction, |80detection mixture (1:600 dilution of IMAP



binding reagent and 1:400 dilution of Terbium dorsuwpplied by MDS Analytical

Technologies) were added 15 h before reading thte plThe energy transfer signal was
measured in a multi-label counter using the TR-FRiption (Victor Il, PerkinElmer Oy,

Turku, Finland). The counter setting was 340 nmtaton, 100-us delay, and dual-emission
collection for 200 us at 495 and 520 nm. The endrggsfer signal data were used to
calculate the percentage inhibition andyl@alues. The kinetic study was conducted as
mentioned above using ten doses (30, 10, 3, 1,0013,0.03, 0.01, 0.003 and 0.001 uM
concentrations) of the tested compounds. Howelierre¢actions were performed for 0, 20,

40 and 60 minutes instead of the 2 h reaction.

4.3. Invitro cell-based assay

4.3.1. Cell culture

RAW 264.7 macrophage cells were obtained from tleeen Cell Line Bank (Seoul,
Republic of Korea). Dulbecco’s modified eagle’s muwed (DMEM), fetal bovine serum,

penicillin, and streptomycin were obtained fromeLifechnologies Inc. (Grand Island, NY,
USA). The Raw 264.7 macrophage cells were growB7atC in DMEM containing 10%

fetal bovine serum, penicillin (100 units/mL) artdeptomycin sulfate (10Qg/mL) in a 5%

CO, atmosphere.

4.3.2. Cell viability

Assay was conducted adopting MTT-cell viability ool [3, 6, 67, 68]. Briefly, RAW 264.7
macrophage cells were seeded at £xdélis/mL in 96-well plates containing 1Q0. of
DMEM medium with 10% FBS and incubated overnighfteA overnight incubation, tested
samples were added and the plates were incubate2#ifb. The cells were then incubated

with a MTT solution [(3-(4,5-dimethylthiazol-2-yB;5-diphenyltetrazolium bromide, 5



mg/mL stock solution in PBS] for 4 h at 37 °C un&86 CQ. The medium was discarded
and the formazan blue that formed in the cells diasolved in 20QuL DMSO. Absorbance
of each well was measured at 540 nm using a miat®péader (Molecular Devices Inc., CA,

USA).

4.3.3. Nitrite (NO) assay

The RAW 264.7 macrophage cells were seeded in 24ple¢es and incubated with samples
at various concentrations or with an appropriatesitive control, and then stimulated with
LPS (1ug/ml) for 24 h. Nitrite levels in culture media wedetermined using the Griess

reaction assay and presumed to reflect NO leyveldL was used for positive control.

4.3.4. PGE, IL-6 and TNF-a assays

Cells were plated at 2xi0cells/mL (RAW 264.7 macrophages) in 24-well plagsd
incubated overnight. Following treatment with vasoconcentrations of samples at various
concentrations or with an NS-398 (positive contfol)1 h, cells were treated with LPS (10
ng/mL) for 24 h. Dilutions of the cell culture meadr were assayed for PgEnd TNFe
levels using a colorimetric competitive enzyme-&dkimmunosorbent assay (ELISA) kit
(Enzo life science, NY, USA) according to the maatdirer’s instructions. TNk-and IL-6
levels in cell culture medium were quantified byI&A using mouse DuoSet kit (R&D

Systems, MN, USA) according to the manufacturerdructions.

4.4. Plasma stability
For the evaluation of plasma stability, the testechpound (1 uM) was incubated with rat
plasma at 37 °C for 0, 15, 30, 60, and 120 mineAficubation and separation treatment, the

remaining compound concentration was analyzed byISIMS.



4.5. Microsomal stability

Pooled human hepatic microsomes were incubatedOastimg/mL protein concentration and

1 uM compound concentration, and metabolic stgbdtperiments were performed. The
reaction was started at 37 °C in a water bath bhaddaction was terminated after 0, 5, 15, 30,
60 min and analyzed by LC-MS/MS. Compound concéotra over time were expressed as %

of initial concentration.

4.6. Invivo evaluation

Reagents LPS &almonella enterica, serotype enteritidis) was purchased from Sigma
Chemical Co. (MO, USA).

Animals: C57BL/6 male mice (6 or 10 weeks) were obtainesnf Dae-Han Biolink Co.
(Eumsung-Gun, Chungbuk, Republic of Korea) and tamed under constant conditions
(temperature, 20-25°C; humidity, 40-60%; 12-h lidatk cycle). At 24 h before the
experiment, only water was provided. All proceduvesre conducted in accordance with
university guidelines and approved by the ethicahmittee for Animal Care and the Use of
Laboratory Animals, College of Pharmacy, Kyung Keeversity (KHP-2010-11-4).

Septic shock in mice

The septic shock model test was performed as mg@reviously (Chaudhry MZ, Wang JH,
Blankson S, and Redmond HP (2008) Statin (ceritia¥tarotects mice against sepsis-related
deathvia reduced pro-inflammatory cytokines and enhancediebal clearance. Surg Infect
(Larchmt)9:183-194). The C57BL/6 mice were injecteaperitoneally with PBS or LPS
(25 mg/kg) dissolved in PBS. Compounds (5 or 50 mg/kg) were administrated orally 1 h

before LPS injection. Survival was monitored forl86



4.7. Molecular modeling study

The ligands was sketched, energy minimized andagpeebusing tools of Schrédinger’s
Maestro. The crystal structure of IKKwas retrieved from protein databank (PDB code:
3QA8). The structure was prepared using the prgpeaparation wizard implemented in
Schrodinger. Chain A was used for performing theatent docking study. The covalent
docking procedure was performed according to cowatocking protocol without any
constraint and defining Cys46 as the reactive wesith a Michael-type addition reaction.
Affinity scores were calculated using Glide and besst scoring five poses were retrieved,

and analyzed.
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Highlights

» Potent irreversible allosteric IKK-f inhibitors were devel oped.

» Cadlular assays elucidated significant in vitro anti-inflammatory activity.

* Invitro evaluation of microsomal and plasma stabilities showed safe profile for analog 7a.

* Invivo evaluation of 7a showed its ability to protect mice against septic shock induced
mortality.
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