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Abstract: The aim of this study was to design and syntlee€i@X-1/COX-2 balanced
inhibitors incorporating the structural motifs afteinflammatory ascidian metabolites. We
designed a series of substituted indole analodsrtbarporate the key structures of the
ascidian metabolites, herdmanines C and D. Thdegied analogs were tested for their
inhibitory activity against COX-1 and COX-2, andhgoound5m, which displayed balanced
inhibition, was further evaluated for in vitro aimiflammatory activity. Compounfim
suppressed the expression of pro-inflammatory factocluding iNOS, COX-2, TNl and
IL-6 in LPS-stimulated murine RAW264.7 macrophagéd® reduction of PGENO, and
ROS was also observed, together with the suppres$iNF«B, IKK, and kBa
phosphorylation. Our results characteribatlas a COX-1/COX-2 balanced inhibitor that
subsequently caused ROS inhibition and®B-suppression, and culminated in the

suppression of INOS, COX-2, TNk-and IL-6 expression.

Keywords: COX-1/COX-2, balanced inhibition, anti-inflammagoNF«B pathway, indole,

ascidian metabolite
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1. Introduction

Although non-steroidal anti-inflammatory drugs (NBA) are the most frequent choice
of treatment for inflammatory symptoms, they arewfaccompanied by undesirable side
effects on the renal, hepatic, and cardiovascykstems [1]. Therefore, the discovery of new
NSAIDs with better safety profiles remains a magballenge. Generally, two different
strategies are employed for the development of N8AIDs. The first is the development of
inhibitors of the production of prostaglandin (F&)and arachidonic acid metabolites, which
are potent mediators of inflammation. Cyclooxygesa&€OX-1 and -2) are essential for the
biosynthesis of these mediators [1,2,9]. The othére development of inhibitors of INOS
(inducible nitric oxide synthase). iINOS contributesicute and chronic inflammation through
the production of nitric oxide as a cytotoxic imflenatory mediator [3-4]. Traditional
NSAIDs exhibit pharmacological action through theibition of cyclooxygenase (COX)
activity in vivo and the reduction of the biosyrgieof prostaglandins in local tissues. At
present, it is believed that NSAID inhibitory effeof COX is the basis of their
pharmacodynamic effect. Therefore, COX proteingecegnized as indispensable targets for
drug development [1,5-7]. Two isoforms of COX, witistinct physiological roles, are well
defined. COX-1, which is constitutively expressedarious tissues, is described as a
housekeeping enzyme that regulates normal celutaresses, such as gastric cytoprotection,
vascular homeostasis, platelet aggregation, anteki€linction [7]. In contrast, COX-2
remains at very low levels in most tissues andlg mpidly upregulated during states of
inflammation, in which it causes the elevated potidun of prostanoids that occurs at sites of

disease and inflammation [5-7].

Traditional non-selective COX inhibitors, such apidan, phenazone, and indomethacin,
are effective for the treatment of inflammatoryedises, but are also associated with major
drawbacks through the decrease in the cytoproteatition of the constitutive COX-1
isoform in the gastrointestinal tract leading toaubgenic, hepatic, and renal toxicity [7-9].
Therefore, COX-2 selective inhibitors, such asc®té, rofecoxib, and valdecoxib, were
developed as anti-inflammatory agents with redugatrointestinal side effects. However,

these COX-2 selective inhibitors were found to §soaiated with other side effects, such as
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cardiovascular disorders due to imbalance in th& @&thway [9-11]. These undesirable side
effects often resulted in their withdrawal from tharket. Recently, Wallace et al. indicated
that the inhibition of COX-1 led to the upregulatiof COX-2, which may counteract the
deleterious effects caused by COX-1 inhibition hsas gastric hypermobility and the
subsequent events caused by PG deficiency [7,8hémnore, the inhibition of COX-1
significantly contributes to the resolution of erfhmation [12]. In the process of ulcer healing,
COX-1 specific inhibitors, as well as COX-2 spezifihibitors, delay healing [12]. These
findings proved that although COX-2 indeed playsvatal role in the inflammatory process,
COX-1/COX-2 balanced inhibitors appear more faviwraim some respects, when the critical

side effects of either non-selective or selectnfehitors are considered [13-15].

Herein, motivated by the anti-inflammatory ascidmetabolites, herdmanines (Fig. 1),
we designed and synthesized two series of indolgadives of balanced inhibitory activity to
COX-1 and COX-2, with the expectation of produceffigctive anti-inflammatory agents

with an improved safety profile.

2. Design strategy for COX inhibitorsbased on natural anti-inflammatory compounds

and clinically used NSAIDs

In our previous work, new anti-inflammatory amirmcaderivatives herdmanines C and
D were isolated from the ascidiglerdmania momupl6,17]. Herdmanines C and D showed
moderate suppressive effects on COX-2, iINOS, larl NO production [16]Therefore,
herdmanines C and D were examiiegilico for COX LBD (ligand binding domain) binding
by docking simulation, and they showed fair affirito the ligand binding domain of COX-1
and 2 (see Sl). The guanidyl moiety of herdmaniren@the carboxyl moiety of herdmanine
D showed similar hydrogen bondings as the carbamojety of indomethacin. The carboxyl
group of indomethacin works as a hydrogen bond dand forms H bonds with At and
Tyr®® of COX-2 LBD (Fig. 8B). The 2-imino-4-thiazolidime moiety of darbufelone also
behaved as a polar head and formed hydrogen bandiitig the LBD of COX. Classical

COX inhibitors like indomethacin and darbufelone aomposed of polar head and
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hydrophobic tail. Therefore, the target moleculesendesigned to contain the acylhydrazone
moiety which may work as hydrogen bond donor asté&es of guanidyl moiety of
herdmanine C, the carboxyl group of indomethaaid, the 2-imino-4-thiazolidinone moiety
of darbufelone. The acylhydrazone moiety is widedgd as pharmacophore block for the
synthesis of a variety of novel bioactive compourael many hydrazone derivatives have
been claimed to possess anti-inflammatory actiuigluding COX inhibitory activity [20-24].
In addition to the acylhydrazone moiety, the tamgetffold includes indole moiety and
halobenzyl or halobenzoyl moieties, in part to neithie partial structures of herdmanine D
and indomethacin, and also to facilitate hydropbdrdieractions with the ligand binding
domain of COX. The halobenzyl or halobenzoyl meigtire important for binding to the
COX active site, and for stabilization of the hyglnobic interactions with the key amino
acids in COX [25]. Therefore, synthetic derivativesre designed to incorporate

acylhydrazone, indole, and halobenzyl/halobenzajiketies (Fig. 1).

Based on our original design, a hydrogen bond daogihydrazone moiety was placed
at the C-3 position of the indole and the physiemaital properties of the alkyl and aryl
groups were variedté—4u, Scheme 1). A chlorobenzyl moiety was introducesai-5u and
the halobenzoyl moieties were introduce®atb at theN-1 position of indole.

O COOH ., .
' _N__NH,"

o N/K/\\/
HsCO
HO herdmanine C N Con
N | N

OH U, o t-Bu N \
Br J_COOH" WA
a / ; HO a }
0 WNHy t-Bu “NHy;
HN— - Cl -
herdmanine D indomethacin darbufelone
l molecular hybridization
I\\O H ‘\\\\\
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N ——— . B
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% hydrophobic tail
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Fig. 1. Design of COX inhibitors incorporating the paraiuctures of herdmanines and traditional

NSAIDs. Dotted circles show tentative hydrogen bdodors.

3. Resultsand Discussion
3.1.Chemistry

The synthesis of the target compounds is depici&theme 1. Starting from
indole-3-carboxylic acidl), a methyl ester2) was prepared (77%) by the esterification
reaction (90°C) with anhydrous methyl alcohol ia iresence of a few drops of dilute
sulfuric acid. The H-indole-3-carbohydrazide3] was prepared with a 96% yield by the
hydrazinolysis oR with 98% hydrazine hydrate in absolute ethanok iFidole
N-arylhydrazone derivatived&-4u) were synthesized by the condensatioB with various
substituted aldehydes in the presence of ethambhdew drops of propionic acid [26], and
the reaction was straightforward in most of theesa$ he resulting indols-arylhydrazone
derivatives 4a—4u) were employed as starting compounds for the sgighof
indolyl-N-substituted benzyl/benzoyl derivatives. The taggehpounds,
indolyl-N-substituted benzyl/benzoyl derivativés{5u and6a—6b), were prepared by the
reaction o4a—4u with benzyl chloride and benzoyl chloride/bromidghe presence of NaH
in DMF at room temperature for 24 h [9]. The fipabducts were characterized #-NMR,

¥C-NMR, and mass spectrometric analysis.
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5i R=Ph 5] R =Ph-4-OH
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5m R = Ph-4-CN 5n R =Ph-4-Br

50 R =Ph-4-COOH 5p R =Ph-4-F

5q R =Ph-3,5-dichloro 5r R = Ph-3,5-dibromo

5§s R = Ph-3-chloro-5-OCHj 5t R = 4-methylthiazol-5-yl
5u R =2-furyl

Scheme 1. Reagents and conditions: (i) diluteS0,, MeOH, reflux, 24 h; (ii) N&#NH,.H,O, EtOH,
reflux, 2 h; (i) RCHO/EtOH, propionic acid, reftu2.5 h; (iv) 4-CI-PhCHCI, NaH, DMF, R.T., 24 h;

(v) 4-CI-PhCOCI/4-Br-PhCOCI, NaH, DMF, R.T., 24 h.

The geometry of the carbon-nitrogen double borishirbu and6a—6b was determined
as E) through the comparison & NMR data with those reported fidkacylhydrazone
derivatives [27, 28]. The chemical shift of the BNChydrogen oba-5h (dy 7.49—-7.55)5i—
5u and6a—6b (&4 8.22—-8.37) was almost identical to thos&edcylhydrazone derivatives
[27, 28] with E) geometry. The sterically stalffeisomer predominated over the sterically

hinderedz-isomer [29].
3.2.Biological evaluations
3.2.1. Evaluation of COX-1 and COX-2 inhibitoryiaities

The synthesized compoundsa{5u and6a—6b) were tested for their ability to inhibit

COX-1 and COX-2 by using an enzyme immunoassay }.EDithe tested compounds, the
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cyanophenyl derivativBm showed substantial COX-1 and COX-2 inhibitoryatigs, with
ICso values of 39.20 and 7.59 UM, respectively (Figiahle 1). Compoundsf and5u also
showed better activity than other analogs, andrésalt may be expected from the docking
simulation (see Sl). Of the branched alkyl, linakkyl, and cycloalkyl derivatives, linear
alkyl derivative Bf) appears a better option. However, substantiafig lalkyl chain §g)
would not be preferable. According to docking siatian, the COX-1 and COX-2 binding
affinities of 5m, 5f, and5u were no less than others though the differencenearotable.
Compound$a andéb showed diminished activity th&m even though they share similar
skeleton withbm except theN-benzyl/benzoyl substructure. This may be duewetdinding
affinities of 6a andéb than that obm (see Sl). The distinctively lower inhibitory adties of
similar phenyl substituted analodg ¢ 5s) compared to that &mn would also be attributed to

lower binding affinities obj - 5s.

The COX-1 inhibitory activity obm was milder than the tested NSAIDs (Table 1).
Whilst, the COX-2 inhibitory activity 05m significantly potent (16, = 7.59 uM) and it was
comparable with those of the tested NSAIDs. The G@¥bitory potency and COX-2
selectivity index (I1Gy (COX-1)/ICso(COX-2) of 5m were compared with COX-2 selective
(celecoxib and Dup-697), COX-1 selective (SC-560Q commercial non-selective drugs
(Table 1). The COX-2 selectivity &m was higher than ibuprofen, aspirin, and mesalazine
but it was much lower than that of celecoxib ang897. The COX-2 selectivity &mn was
similar to that of diclofenac. Notably, diclofeniaca widely used drug in inflammatory
diseases, but has been associated with only mikldaleffects in both clinical trials and
epidemiological studies [30-32]. In addition, digoac is devoid of cardiovascular side
effects that are characteristic of COX-2 selectmebitors such as celecoxib. These results
suggested that the balanced COX-2 selectivignoimay be favorable for development of
NSAIDs with attenuated gastrointestinal and carasoular side effects. Subsequently, the in
vitro anti-inflammatory activity obm was examined at the cellular level by using RAWZ64

murine macrophages.
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Fig. 2. In-vitro COX-1 and COX-2 enzyme inhibition assay of compmasa—5u and6a—6b. SC-560

is a COX-1 selective inhibitor; DUP-697 and celébaCel.) are COX-2 selective inhibitors; Con:

control (DMSO). The results are shown as the me&D#n=3) of three independent experimenps<

0.05," p<0.01,”” p< 0.001 compared with the control group.

Table 1. In vitro COX-1/COX-2 inhibition [Cso, pM) and selectivity index for compouriain

and standard agents.

comp CcCox-1 COX-2 COX-2 selectivity
5m 39.20 7.59 5.16

SC-560 0.01 >3.30 <0.003
ibuprofen 412 8.91 0.46

aspirin 6.12 12.36 0.49
mesalazine 7.73 7.53 1.02
diclofenac 18.79 1.24 15.18
celecoxib >100.00 131 >76.39
Dup-697 >3.00 0.02 >139.53

Note. % The result (IG, 1M) is the mean of three determinations acquisidg a COX fluorescent
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inhibitor screening assay kit (Cayman Chemical, MBA).” COX-2 selectivity index (COX-1
IC5/COX-2 IG5). Celecoxib and DUP-697 were employed as sele@&-2 inhibitors, and SC-560
was employed as a COX-1 inhibitor.

3.2.2. Determination of in vitro cytotoxicity

Prior to the cell-based anti-inflammatory assaympoundsm was evaluated for its
toxicity to murine macrophages (RAW264.7), ratigells (Ac2F), and mouse fibroblast
cells (L929) to determine a suitable concentratwrthe anti-inflammatory assay. Compound
5m was almost non-toxic to all of these cell lines@tcentrations of up to 5M for 24 h.
Therefore, murine macrophage cells (RAW264@&)e treated withm at concentrations below

20 uM and subjected to an anti-inflammatory assay.

120

-
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0 10 20 30 40 50

Concentration (uM)

Fig. 3. Determination of the toxicity dm (10, 25, and 5QM) to RAW264.7 murine macrophages, the mouse

fibroblast cell line L929, and rat liver Ac2F cedifter exposure for 24 h.

3.2.3. Compouném inhibited LPS-induced expression of pro-inflammatytokines in

RAW264.7 cells

To gauge the in vitro anti-inflammatory effect @inegpoundsm, the protein expression
of the pro-inflammatory factors iINOS and COX-2 vexaumined by Western blotting. As
expected, LPS stimulation markedly increased iN&X@OX-2 protein expression, but this
increase was significantly and concentration-depetig downregulated by pretreatment of
cells with5m (Fig. 4). Notably, compoungim (20 uM) attenuated the protein expression of

both INOS and COX-2 more potently than dexamethagb@uM).
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202 of LPS (1ug/mL) for 24 h. Dexamethasone (DEX) was employethagositive control (1QM). The
203 results were shown as the mean + SD (n=3) of timéependent experiment&”p < 0.001 compared
204 with the control group: p< 0.01,” p < 0.001 compared with the LPS-stimulated group.

205

206 During inflammation, pro-inflammatory stimuli inde¢he production of various

207 cytokines and inflammatory mediators, such asmdzxide (NO), prostaglandin,EPGE),

208 tumor necrosis factar (TNF-o), and interleukin-6 (IL-6). As compourtn inhibited INOS

209 expression, it would, therefore, decrease NO pridgluin macrophages. The amount of NO
210 in RAW264.7 cell supernatants was measured usirgsSreagent. As shown in Figure 5A,
211 the NO production decreased in a concentration+ugrg manner by compousd. As an

212 inflammatory mediator, a high production of PGill result from inflammatory stimuli. As
213 COX-2 is a metabolic enzyme of P& e inhibition of COX-2 leads to a decrease i th
214 production of PGE as shown in Figure 5D.

215 In addition, the production of TN&-and IL-6 was determined by enzyme-linked

216  immunosorbent assay (ELISA). TNFand IL-6, which the inflammatory cytokines, aretpa
217 of the host response to inflammatory situationsraathtain normal cellular conditions [33].
218 As shown in Figures 5B and 5C, the amount of pflaimmatory mediators was markedly
219 increased when RAW264.7 murine macrophages weresexpto LPS, but this increase was
20 prevented bym in a dose-dependent manner. These results inditzesh clearly

221 attenuated an excessive immune reaction in LPSiktited RAW?264.7 cells.
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Fig. 5. Effects of compoun8&m on the production of4) nitric oxide (NO), B) interleukin-6 (IL-6),

(C) tumor necrosis factar (TNF-a), and D) prostaglandin E(PGE) in LPS-induced RAW?264.7
macrophages. The cells were pretreated with diffezencentrations &dm (2.5, 5, or 1QuM) for 1 h

and then treated with LPS. NO concentration (LFSSh@mL, 24 h) in the medium was determined by
the Griess method, and the concentration of IL8)100 ng/mL, 24 h), TN&{LPS, 100 ng/mL, 3

h), and PGE(LPS, 100 ng/mL, 24 h) in the medium was deterchimg ELISA. The results shown are
representative of three independent experiméfis < 0.001 vs untreated controlsp < 0.01,” p <

0.001 vs LPS-treated cells.

3.2.4. Compoun@im reduced ROS levels in RAW264.7 cells

Reactive oxygen species (ROS) are chemically neactiemical species containing
oxygen. In a biological system, ROS are formed aataral byproduct of the normal
metabolism of oxygen and have important roles Ihsignaling. ROS are also generated as a
byproduct of prostaglandin biosynthesis from ardchic acid by COX-2 [34].

Meanwhile, it is commonly accepted that the staiaftammation induces ROS
production and then influences transcription thiotige regulation of the phosphorylation of
transcription factors. Among the transcription fast nuclear factor-kappa B (NdB) is
involved in the regulation of pro-inflammatory genevhich represents a key step in the

production of pro-inflammatory cytokines, such astr necrosis factar-(TNF-),
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interleukin-6 (IL-6), INOS, and cyclooxygenase-2 [35]. Therefore, we detected and
quantified cellular oxidative stress. As shown igufes 6A and 6B, compouriin
significantly and dose-dependently reduced ROSymtioh compared with the
LPS-treatment group. Notably, at a concentratio20fM, compoundm significantly
decreased ROS production with a potency comparveitiiethat of 20uM diclofenac.
Therefore, we speculated thmh inhibited NF«B activity through the reduction of ROS and
the subsequent blocking of the NB-transcriptional activity of the pro-inflammatory
molecules.

A Con LPS (1 pg/mL) B

120000-
Q HH#
@ T
5]
£ 800004
[}
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5m (10 uM)+LPS Dic(10UM)+LPS & 445000
o
o
=)
(TR
0 T T
Con LPS

Fig. 6. Reduction of ROS in RAW264.7 cells treated viith anddiclofenac (Dic) (A) LPS (1

pg/mL) induced intracellular ROS, which is indicatsigreen fluorescence by the fluorescent probe,
DCFH-DA. Through treatment witem or diclofenac (Dic)10 uM), ROS expression was
significantly decreasedB] The fluorescence intensity was quantified by ggirfluorescence

microplate readef*p < 0.001 vs untreated controlSp < 0.001 vs LPS-treated cells.

3.2.5.LPS-induced NFRB signaling was repressed by treatment \gith

To investigate further the possible anti-inflamnmgtmechanism obm, the effect obm
on the NFkB pathway was examined. In the present study, sedsed Western blotting to
investigate the induction of NkB p65 phosphorylation by treatment wiin in

LPS-activated RAW?264.7 cells. Cell extracts werkected after LPS stimulation for 30 min
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to detect the early state of NdB- p65 signaling. As shown in Figure 7B, the leals
phosphorylated NikB p65 were clearly increased by LPS treatmentthmitreatment odm
repressed NiB p65 phosphorylation in a dose-dependent manngr TB). The
phosphorylation ofdB (inhibitor of NF«B) and IKK (lkB-kinase) is essential for the process
of the nuclear translocation and activation of RB=-Inflammatory stimuli, such as toxins,
pathogens, or oxidative stress, induce the phogfimm of IKK. After phosphorylation,

IKK is as an essential element in the promotiohBfu phosphorylation, and phosphorylated
IxBa is then ubiquitinated and degraded to releaseeabli-«B. Subsequently, activated
NF-xB translocates to the nucleus to bind to DNA arahmotes the expression of
pro-inflammatory factors [36]. As expected, LP$mtiation markedly increased the level of
phosphorylated IKK; however, it was obviously desed by the treatment &in. In

addition, the level of phosphorylatedBlo was also reduced compared with the LPS-treated
group (Fig. 7C and 7D). Furthermore, the immunatisocence assay showed that the
LPS-stimulated translocation of NdB into the nucleus was reduced by treatment @rithat

20 uM (Fig. 7A). These results indicated that may exert its anti-inflammatory activity

through a reduction in ROS level and the suppressicNF«B activation in RAW264.7 cells

(Fig. 9).
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Fig. 7. Effect of compoun®&m on NF«B activation in RAW264.7 macrophageA) NF«B p65 was
visualized using confocal microscopy as green #isoence and the cell nucleus was viewed as cyan
fluorescence by DAPI stainingB) Phosphorylation of NkB. (C) Phosphorylation of IKK.[)
Phosphorylation ofdBa. The cells were pretreated with compo@na for 1 h and then stimulated

with lipopolysaccharide (LPS, 20 ng/mL) for 15 mnactin was used as the internal control. The
results shown are representative of three indeperdgeriments?p < 0.01 vs untreated control

<0.05 " p<0.01,” p<0.001 vs LPS-treated cells.

3.3.Molecular docking study

The COX-1 and COX-2 inhibitory effects and the ittoranti-inflammatory activity of

5m led us to perform molecular docking studies to usi@dad the ligand-protein interactions
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in detail. To gain insight into the interactionween5m and COX enzymes, a docking
simulation was performed using ovine COX-1 (PDB @vis aries1IEQH) and murine
COX-2 (PDB ID:Mus musculudCOX). The calculated docking posesof were compared

with that of the indomethacin crystal-like poselw@OX-2 [25].

Generally, COX-1 and COX-2 share a 60% homologymno acid sequence. However,
the conformation for the substrate-binding sited #ue catalytic regions are slightly different.
The comparison of any COX-1 and any COX-2 enzyneesahstrates that COX-2 has a
larger and more flexible substrate channel than dQnd also that COX-2 has a larger
space at the site to which selective inhibitord@dind, which is composed of amino acids
Val®® Arg®®, and His° (Fig. 8A) [12,25,37]. COX-2 selective inhibitosch as SC-558, are
located deep in the large bioactive cavity andsiecific moiety could form hydrogen bonds
to Arg°*®and His®. In contrast, non-selective COX inhibitors, sustiralomethacin and
ibuprofen, also bind in the long hydrophobic chdnbet do not occupy the additional pocket

present in COX-2 [25].

In addition, there are two important polar aminmadnside the active site in a bent
narrow gap. The amino acids Afgand Tyr>®, which are located deeper in the active site,
play an important role in the stabilization of tterboxyl group of classical non-selective
NSAIDs in the hydrophobic COX channel. The carbayygup of the drug forms a hydrogen
bond with the guanidium group of Afand Tyf*° in the binding site (Fig. 8B) [9,12,25].
Notably, compoun®m showed identical hydrogen bond poses with NSAIDEDX-1 and
COX-2 (Fig. 8C and 8D), which indicated that theboxylate group of the NSAIDs could be
replaced by an aryl-hydrazone moiety. These intena€ were almost essential for
COX-1/COX-2 inhibitory activity, as exemplified ltge binding interaction of indomethacin
[25]. Meanwhile, compoun8m did not form hydrogen bonds with Afgand His. This

lack of binding may explain the non-significantesgivity of 5m to COX-2.
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Fig. 8. Docking and crystal structures of ligand/COX birglifA) Zoomed view of the bioactive
pocket of the COX-2 (4COX) (the hydrophobic and foghilic regions of COX-2 are shown in red
and white, respectively). An additional larger spaccomposed of amino acids of ¥3lArg®™, and
His®. (B) Zoomed view of the crystal structure of the COXeind to indomethacin (4COX). The
carboxyl group of indomethacin forms hydrogen bowith Arg*?° and TyF*® of COX-2 LBD. (C)
Zoomed view of the hydrogen bonding interactionsveen5m and the surrounding amino acids,
Arg'® and TyP**in COX-1 (1EQH). D) Zoomed view of the hydrogen bonding interactibasveen
5m and the surrounding amino acids, APgnd TyF>®in COX-2 (4COX). 4COX is a murine COX-2

(PDB ID: Mus musculugCOX) and 1EQH is an ovine COX-1 (PDB IDvis aries1EQH).
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4. Conclusion

We designed and synthesized two series of neweémsldbstituted derivativeés—5u and
6a—6b as COX inhibitors. These derivatives were testedrf vitro COX-1 and COX-2
inhibition. Compoundm showed most the potent inhibition of both enzymih higher
selectivity to COX-2, close to that of diclofen@ompoundm was, thus, selected as a
balanced COX inhibitor and evaluated for its imavianti-inflammatory activity. Compound
5m exerted anti-inflammatory activity through teeppression of the expression of
pro-inflammatory factors, including iNOS, NO, COXRGE, TNF-, and IL-6 in
LPS-stimulated murine RAW264.7 macrophages. A riédaén ROS was also observed.
Compoundsm decreased the phosphorylation of IKKBb, and NFkB. A possible
anti-inflammatory mechanism &fn was proposed based on the in vitro results. Compou
5m may first inhibit COX-2, leading to a decrease @Rproduction. Decreased ROS
production culminates in the suppression of #fFactivation and endonuclear translocation,
thereby attenuating the expression of pro-inflanamamediators, such as iINOS, COX-2,
TNF-a, and IL-6 (Fig. 9). These results may have impturiaplications for the therapeutic
potential ofsm, and compoun8m may serve as a potential anti-inflammatory leadther
investigation on the comparison of side effecthWSAIDs, especially non-selective and

selective COX inhibitors, may be of value.

inactive

cytoplasm

Fig. 9. A diagram of the speculative anti-inflammatory imacism of the COX inhibitosm in
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LPS-induced RAW?264.7 cells.

5. Experimental section
5.1. Chemistry

All reagents used were commercially available; songanic solvents were redistilled
under a positive pressure, if necessary. Reactiens monitored by thin-layer
chromatography (TLC) on glass plates coated wiitesgjel using a fluorescent indicator
(GF254, Merck, Germany). TH and**C NMR spectral data were recorded on Varian Unity
500 MHz and 400 MHz NMR spectrometers, respectividhg high-resolution fast-atom
bombardment mass spectrometry (HRFABMS) data wet&reed by using an Agilent 1200
UHPLC accurate-mass Q-TOF MS spectrometer. All ¢gbalmneagents were purchased from

Sigma-Aldrich and Alfa Aesar.
5.1.1. Synthesis of compourids-5u

General procedure fa2: A solution of indole-3-carboxylic acid (1.0 mmeduiv.) and the
appropriate anhydrous methyl alcohol (25 mL) wefuxed in the presence of a few drops
of sulfuric acid (97%) for 24 h. The progress af tkaction was monitored by TLC (Silica
gel 60ks4 Merck, Germany). PrecipitatedHdindole-3-carboxylate methyl ester was filtered
and recrystallized from an ethanol-water (3:2) omet
5.1.1.1. MethylH-indole-3-carboxylate. Pale yellow solid after recrystallization; 77%lyi
'H-NMR (500 MHz, DMSO#dg, § = ppm)s 11.94 (s, 1H), 8.09 (s, 1H), 8.02 (tk 7.5
Hz, 1H), 7.50 (dJ = 7.6 Hz, 1H), 7.26—7.14 (m, 2H), 3.81 (s, 3HE-NMR (125 MHz,
DMSO-ds, 6 = ppm)d 164.8, 136.4, 132.4, 125.7, 122.4, 121.3, 122,41 106.3, 50.6.
HRFABMS m/z176.0673 [M+H] (calcd for GgHgNO,, 176.0706).

General procedure fofa—u: 1H-Indole-3-carboxylate methyl est2(1.0 mmol-equiv.) was
refluxed with hydrazine hydrate (12.5 g, 0.25 Mpppropriate ethanol (30 mL) for 2 h. The
progress of the reaction was monitored by TLC. Aftaoling the reaction mixture to room

temperature, the mixtures were filtered to givetersblid crude products without purification.
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Next, indole-hydrazide3( 1.0 mmol) in ethanol (30 mL) was added dropwge the
appropriate aldehyde (1.5 mmol-equiv.) and a fespslof propionic acid; the mixture was
stirred and refluxed for 2.5 h. After cooling, thecipitates were filtered and washed several
times by methanol to yield the crystal substarieesi.

General procedure foba—u/6a—b: A solution of4a—u (1 mmol) in DMF (10 mL) was added
to the solution of sodium hydride (NaH) (1.5 mmalDMF (10 mL) and the reaction

mixture was stirred for 1 h at room temperatureBchloride/benzoyl chloride (1.5 mmol)
was added, and the reaction mixture was stirre@4dn at room temperature. The reaction
mixture was poured into ice water, filtered offdahen washed several times with methanol

to yield the target compoun8a—u/6a—b.

5.1.1.1. (E)-1-(4-Chlorobenzyl)-N'-(2-methylpropine)-1H-indole-3-carbohydrazida.

Pale yellow solid after recrystallization; 35% yiel

'H-NMR (500 MHz, DMSO#ds, & = ppm)5 10.92 (s, 1H), 8.20 (s, 1H), 7.54 (s 7.9
Hz, 1H), 7.41 (m, 2H), 7.28 (d,= 8.1 Hz, 2H), 7.18 (m, 2H), 7.17 (m, 2H), 5.4948),
2.53 (m, 1H), 1.06 (d] = 6.5 Hz, 6H)*C-NMR (125 MHz, DMSOdg, § = ppm)d 164.1,
155.2, 136.0, 132.3, 129.3, 128.7 (x6), 122.4,0242), 110.6 (x2), 48.7, 30.9, 19.7 (x2).
HRFABMS m/z354.1358 [M+H] (calcd for GoH,cCIN;O, 354.1368).

5.1.1.2. (E)-1-(4-Chlorobenzyl)-N'-(2,2-dimethylpytidene)-1H-indole-3-carbohydrazide

5b. Pale yellow solid after recrystallization; 55%yi:

'H-NMR (500 MHz, DMSO¢s, 8 = ppm)3 10.87 (s, 1H), 8.22 (s, 1H), 7.55 (0= 7.8
Hz, 1H), 7.41 (dJ = 8.4 Hz, 2H), 7.29 (d] = 7.7 Hz, 2H), 7.19 (m, 2H), 7.17 (m, 2H), 5.48
(s, 2H), 1.07 (s, 9H}3C-NMR (125 MHz, DMSO#s, 5 = ppm)d 165.6, 156.1, 135.9, 132.3,
129.3, 128.7 (x6), 122.4, 121.0 (x2), 110.6 (x8)7434.4, 19.7 (x3). HRFABMB)/z
368.1525 [M+H] (calcd for GH,,CIN:O, 368.1524).

5.1.1.3. (E)-1-(4-Chlorobenzyl)-N'-(2-methylbutgliat)-1H-indole-3-carbohydrazide. Pale

yellow solid after recrystallization; 42% vyield:

'H-NMR (500 MHz, DMSO¢s, § = ppm)d 10.95 (s, 1H), 8.20 (s, 1H), 7.54 (d5 7.9
Hz, 1H), 7.42 (m, 2H), 7.28 (d,= 8.3 Hz, 2H), 7.20 (m, 2H), 7.17 (m, 2H), 5.5pJH),
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2.31 (m, 1H), 1.50 (m, 1H), 1.40 (m, 1H), 1.05J&; 6.2 Hz, 3H), 0.90 (] = 7.4 Hz, 3H).
3C-NMR (125 MHz, DMSOdg, 5= ppm)s 164.3, 153.9, 136.3, 132.3, 129.3, 128.7 (x6),
122.4,121.1 (x2), 110.6 (x2), 48.7, 37.6, 27.03171.4. HRFABMSn/z368.1525 [M+H]
(calcd for GiH2,CIN3O, 368.1524).

5.1.1.4. (E)-1-(4-Chlorobenzyl)-N'-(cyclopropylmddne)-1H-indole-3-carbohydrazidl.

Pale yellow solid after recrystallization; 60% yiel

'H-NMR (500 MHz, DMSOds, 8 = ppm)& 10.91 (s, 1H), 8.15 (s, 1H), 7.49 (& 8.0
Hz, 1H), 7.39 (m, 2H), 7.24 (d,= 8.5 Hz, 2H), 7.16 (m, 2H), 7.14 (m, 2H), 5.4838),
1.66 (m, 1H), 0.86 (ddl = 8.1, 2.2 Hz, 2H), 0.63 (dd,= 6.6, 4.1 Hz, 2H)**C-NMR (125
MHz, DMSO-dg, 5 = ppm)d 165.3, 154.1, 136.2, 132.2, 129.1 (428.6 (x4), 122.3, 121.5,
120.9 (x2), 110.5 (x2), 48.7, 13.4, 5.8 (XARFABMS m/z352.1205 [M+H] (calcd for

Co0H1sCINSO, 352.1211).

5.1.1.5.(E)-1-(4-Chlorobenzyl)-N'-(cyclohexylmethylene)-itdele-3-carbohydrazidée.

Pale yellow solid after recrystallization; 45% yiel

'H-NMR (500 MHz, DMSO#ds, & = ppm)5 10.93 (s, 1H), 8.13 (s, 1H), 7.54 (5 7.6
Hz, 1H), 7.41 (dJ = 8.2 Hz, 2H), 7.28 (dl = 7.6 Hz, 2H), 7.18 (m, 2H), 7.16 (m, 2H), 5.49
(s, 2H), 2.23 (m, 1H), 1.73 (m, 4H), 164 (m, 1HRI(m, 1H), 1.24 (m, 4H}’*C-NMR (125
MHz, DMSO-dg, 5 = ppm)d 164.1, 152.8, 136.2, 132.3, 129.2, 128.6 (x4),3p%2), 121.5,
121.0 (x2), 110.5 (x2), 48.7, 29.8 (x2), 25.6, 4%3). HRFABMSmM/z394.1668 [M+H]
(calcd for GsH24CINZO, 394.1681).

5.1.1.6.(E)-1-(4-Chlorobenzyl)-N'-hexylidene-1H-indole- 3Heahydrazidesf. Pale yellow

solid after recrystallization; 50% yield:

'H-NMR (500 MHz, DMSQO#ds, 5 = ppm)& 10.96 (s, 1H), 8.19 (s, 1H), 7.52 (& 7.9
Hz, 1H), 7.40 (m, 2H), 7.25 (m, 2H), 7.18 (m, 2AY15 (M, 2H), 5.50 (s, 2H), 2.24 (m, 2H),
1.49 (m, 2H), 1.29 (m, 4H), 0.87 &= 5.6 Hz, 3H)**C-NMR (125 MHz, DMSOds, 5 =
ppm)& 166.3, 153.8, 136.2 (x2), 132.2, 129.0 (x2), 1288, 122.3 (x2), 121.5, 120.9 (x2),
110.5 (x2), 48.7, 31.7, 30.7, 25.7, 21.8, 13.7. NBRAS m/z382.1695 [M+H] (calcd for

C22H24CIN3O, 382.1681).
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5.1.1.7.(E)-1-(4-Chlorobenzyl)-N'-nonylidene-1H-indole-3dsahydrazidebg. Pale yellow

solid after recrystallization; 55% yield:

'H-NMR (500 MHz, DMSO#ds, & = ppm)5 10.95 (s, 1H), 8.17 (s, 1H), 7.50 (& 8.0
Hz, 1H), 7.38 (dJ = 8.4 Hz, 2H), 7.24 (d] = 8.4 Hz, 2H), 7.16 (m, 2H), 7.15 (m, 2H), 5.48
(s, 2H), 2.23 (ddJ = 12.9, 7.3 Hz, 2H), 1.47 (m, 2H), 1.24 (m, 108183 (t,J = 6.4 Hz, 3H).
¥C-NMR (125 MHz, DMSOds, 5 = ppm)s 165.5, 154.5, 136.2 (x2), 132.2, 128.9 (x2),
128.5 (x2), 122.3x2, 121.5, 120.9x2, 110.5 (x2)7481.7, 31.1, 28.7, 28.5, 26.0, 23.2, 21.9,
13.8. HRFABMSm/z424.2143 [M+H] (calcd for GsHz,CIN;O, 424.2150).

5.1.1.8.(E)-1-(4-Chlorobenzyl)-N'-(3-phenylpropylidene)- tiole-3-carbohydrazidéh.

Pale yellow solid after recrystallization; 65% yiel

'H-NMR (500 MHz, DMSO#dg, § = ppm)5 11.04 (s, 1H), 8.17 (s, 1H), 7.59 (s, 1H), 7.49
(d,J=8.0 Hz, 1H), 7.37 (dl = 7.7 Hz, 2H), 7.26 (m, 6H), 7.17 (m, 2H), 7.14 @hl), 5.47
(s, 2H), 2.82 () = 7.7 Hz, 2H), 2.57 (di] = 12.7, 6.3 Hz, 2H)*C-NMR (125 MHz,
DMSO-ds, = ppm)d 163.8, 153.3, 141.1, 136.2 (x2), 135.9, 132.3,1,228.7 (x2), 128.4
(x2), 128.3 (x2), 125.9, 122.4 (x2), 121.5, 12k2)(110.6 (x2), 48.8, 33.6, 32.2.
HRFABMS m/z416.1517 [M+H] (calcd for GsH,,CIN;O, 416.1524).

5.1.1.9.(E)-N'-benzylidene-1-(4-chlorobenzyl)-1H-indole&4wohydrazidei. Pale yellow

solid after recrystallization; 45% yield:

'H-NMR (500 MHz, DMSO¢s, 3 = ppm)d 11.48 (s, 1H), 8.36 (s, 1H), 8.25 (s, 1H), 7.68
(s, 1H), 7.58 (dJ = 7.9 Hz, 1H), 7.44 (m, 5H), 7.34 (s, 2H), 7.22 @H), 7.21 (m, 2H), 5.56
(s, 2H)."*C-NMR (125 MHz, DMSOdq, § = ppm)3 164.4, 154.3, 136.2 (x2), 135.9, 134.6
(x2), 132.3, 129.5, 129.3, 128.8 (x2), 128.7 (426.7, 122.5 (x2), 121.5, 121.2 (x2), 110.6
(x2), 48.8. HRFABMS/2388.1198 [M+H] (calcd for GsH1sCIN:O, 388.1211).

5.1.1.10(E)-1-(4-Chlorobenzyl)-N'-(4-hydroxybenzylidene)-itidole-3-carbohydrazid§j .

Pale yellow solid after recrystallization; 80% yiel

'H-NMR (500 MHz, DMSO¢s, § = ppm)d 11.70 (s, 1H), 11.26 (s, 1H), 8.23 (s, 1H),
8.20 (s, 1H), 7.66 (dl = 8.6 Hz, 1H), 7.50 (m, 5H), 7.18 (m, 2H), 7.16 @Hl), 7.10 (d;) =
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8.7 Hz, 2H), 5.17 (s, 2H¥*C-NMR (125 MHz, DMSOds, 5 = ppm)d 168.9, 159.2, 156.4,
135.8, 132.4, 129.4 (x3), 128.4 (x3), 128.2 (x2).1, 122.1 (x2), 121.1, 120.6 (x2), 115.2
(x2), 111.8, 68.5. HRFABM&1/2404.1165 [M+H] (calcd for GaH1sCIN3O,, 404.1160).

5.1.1.11(E)-1-(4-Chlorobenzyl)-N'-(4-chlorobenzylidene)-ittiole-3-carbohydrazidék.

Pale yellow solid after recrystallization; 85% yiel

'H-NMR (500 MHz, DMSO#dg, § = ppm)5 11.46 (s, 1H), 8.30 (s, 1H), 8.22 (s, 1H), 7.67
(s, 1H), 7.56 (dJ = 8.0 Hz, 1H), 7.49 (d] = 8.3 Hz, 2H), 7.42 (d] = 8.3 Hz, 2H), 7.30 (]
= 7.3 Hz, 2H), 7.21 (m, 2H), 7.18 (m, 2H), 5.5378)). *C-NMR (125 MHz, DMSOds, § =
ppm)d 166.1, 154.3, 136.1, 135.8, 133.8, 133.5, 1328,21(x2), 128.8 (x2), 128.6 (x2),
128.2 (x2), 122.5 (x2), 121.4, 121.2 (x2), 110.B)(48.7. HRFABMSM/z422.0828 [M+H]
(calcd for GsH17CIoN5O, 422.0821).

5.1.1.12(E)-1-(4-Chlorobenzyl)-N'-(4-methoxybenzylidene H#iole-3-carbohydrazidél.

Pale yellow solid after recrystallization; 85% yiel

'H-NMR (500 MHz, DMSO¢s, 3 = ppm)d 11.31 (s, 1H), 8.24 (s, 2H), 7.60 (s, 1H), 7.57
(d,J = 7.9 Hz, 1H), 7.45 (m, 2H), 7.33 (m, 2H), 7.22 @Hl), 7.20 (m, 2H), 7.01 (d,= 8.3
Hz, 2H), 5.54 (s, 2H), 3.81 (s, 3HJC-NMR (125 MHz, DMSOds, § = ppm)s 163.9, 160.4,
154.3, 136.2 (x2), 135.2, 132.4, 129.3, 128.6 (%2B.2 (x2), 127.2, 122.4 (x2), 121.5, 121.1
(x2), 114.3 (x2), 110.5 (x2), 55.2, 48FRFABMS m/z418.1322 [M+H] (calcd for
CaH2oCINGO,, 418.1317).

5.1.1.13(E)-1-(4-Chlorobenzyl)-N'-(4-cyanobenzylidene)-Iidale-3-carbohydrazidém.

Pale yellow solid after recrystallization; 58% yiel

'H-NMR (500 MHz, DMSO¢s, § = ppm) 11.49 (s, 1H), 8.32 (s, 1H), 8.23 (s, 1H), 7.64
(m, 3H), 7.57 (dJ = 8.0 Hz, 1H), 7.44 (d] = 8.2 Hz, 2H), 7.32 (d] = 7.2 Hz, 2H), 7.22 (m,
2H), 7.21 (m, 2H), 5.55 (s, 2HJC-NMR (125 MHz, DMSOds, = ppm)s 168.2, 157.4,
139.8, 136.8, 136.6, 133.3 (x2), 133.1, 130.0,4984), 129.2, 127.9 (x2), 123.3, 122.1,
122.0 (x2), 119.3, 111.9, 111.4, 494RFABMS m/z413.1168 [M+H] (calcd for
CoH1CIN,O, 413.1164).



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

5.1.1.14(E)-N'-(4-bromobenzylidene)-1-(4-chlorobenzyl)- Itdole-3-carbohydrazidén.

Pale yellow solid after recrystallization; 65% yiel

'H-NMR (500 MHz, DMSO¢s, 3 = ppm)d 11.66 (s, 1H), 8.35 (s, 1H), 8.23 (s, 1H), 7.90
(m, 1H), 7.86 (s, 2H), 7.58 (d,= 8.2 Hz, 1H), 7.45 (d] = 7.2 Hz, 2H), 7.32X= 7.7 Hz,
2H), 7.23 (m, 2H), 7.21 (m, 2H), 5.56 (s, 2HC-NMR (125 MHz, DMSOds, 5 = ppm)3
164.8, 155.7, 136.1 (x2), 135.8, 133.9, 132.3 (%3),7, 129.2 (x2), 128.6 (x2), 128.5 (x2),
122.5 (x2), 121.5, 121.2 (x2), 110.6 (x2), 48.7 FARMS m/z466.0314 [M+H] (calcd for
CasH17BrCIN;O, 466.0316).

5.1.1.15(E)-4-((2-(1-(4-Chlorobenzyl)-1H-indole-3-carbonydrazono)methyl)benzoic acid

50. Pale yellow solid after recrystallization; 78%!yi:

'H-NMR (500 MHz, DMSO#dg, § = ppm)s 11.61 (s, 1H), 8.36 (s, 1H), 8.25 (s, 1H), 7.82
(s, 1H), 7.58 (dJ = 7.9 Hz, 1H), 7.54 (d] = 8.4 Hz, 2H), 7.49 (m, 2H), 7.43 (@l= 8.4 Hz,
1H), 7.32 (dJ = 7.8 Hz, 2H), 7.24 (m, 2H), 7.22 (m, 2H), 5.3738!). ®*C-NMR (125 MHz,
DMSO-ds, = ppm)d 166.3, 165.1, 155.2, 139.2, 136.1, 135.0, 1328,81(x2), 129.7 (x2),
129.2, 128.6 (x2), 128.4 (x2), 126.8, 122.5 (x2)1.4, 121.2 (x2), 110.6, 48.7. HRFABMS
m/z432.0966 [M+H] (calcd for G,H1sCIN3Os, 432.0964).

5.1.1.16(E)-1-(4-Chlorobenzyl)-N'-(4-fluorobenzylidene)- Itiole-3-carbohydrazidép.

Pale yellow solid after recrystallization; 85% yiel

'H-NMR (500 MHz, DMSO#dg, § = ppm)5 11.43 (s, 1H), 8.31 (s, 1H), 8.23 (s, 1H), 7.72
(s, 1H), 7.57 (dJ = 8.0 Hz, 1H), 7.44 (d] = 8.2 Hz, 2H), 7.30 (m, 2H), 7.27 (@l= 8.7 Hz,
2H), 7.21 (m, 2H), 7.17 (m, 2H), 5.54 (s, 2HC-NMR (125 MHz, DMSOds, 5= ppm)3
165.6, 161.5, 156.9, 136.1, 132.3, 131.2, 129.2, (¥28.8 (x2), 128.7 (x2), 128.6 (x2),
122.4,121.4, 121.1 (x2), 115.8, 115.6, 110.6 (48)7. HRFABMSmM/z406.1112 [M+H]
(calcd for GsH17CIFN3O3, 406.1117).

5.1.1.17(E)-1-(4-Chlorobenzyl)-N'-(3,5-dichlorobenzylidefidj-indole-3-carbohydrazide

5g. Pale yellow solid after recrystallization; 86%&Iyi:

'H-NMR (500 MHz, DMSO¢s, 3 = ppm) 11.71 (s, 1H), 8.37 (s, 1H), 8.21 (s, 1H), 7.74
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(s, 2H), 7.58 (dJ = 7.8 Hz, 1H), 7.42 (d] = 8.3 Hz, 2H), 7.31 (d] = 7.7 Hz, 2H), 7.22 (m,
2H), 7.20 (m, 2H), 5.55 (s, 2HC-NMR (125 MHz, DMSOds, = ppm)3 164.5, 155.2,
136.2 (x2), 134.5 (x2), 129.0 (x2), 128.9 (x2), BA&2), 128.4, 124.9 (x2), 122.5 (x2),
121.8, 121.2 (x2), 110.6 (x2), 48.7. HRFABM®Sz456.0426 [M+H] (calcd for
CasH1ClaN5O, 456.0286).

5.1.1.18(E)-1-(4-Chlorobenzyl)-N'-(3,5-dibromobenzylideri¢}-indole-3-carbohydrazide

5r. Pale yellow solid after recrystallization; 75% lyi:

'H-NMR (500 MHz, DMSO¢s, 3 = ppm)d 11.71 (s, 1H), 8.36 (s, 1H), 8.21 (s, 1H), 7.88
(s, 2H), 7.57 (d) = 7.8 Hz, 1H), 7.42 (d] = 8.3 Hz, 2H), 7.31 (d] = 7.4 Hz, 2H), 7.22 (m,
2H), 7.20 (m, 2H), 5.54 (s, 2HYC-NMR (125 MHz, DMSOd,, = ppm)s 162.8, 157.8,
140.8, 138.8, 136.2, 133.6, 132.3, 129.0 (x3),6.283), 128.1 (x2), 122.8 (x2), 122.5, 121.2
(x2), 110.6 (x2), 48.7. HRFABMBY/z543.9271 [M+H] (calcd for GiH¢Br.CIN;O,
543.9276).

5.1.1. 19.
(E)-N'-(3-chloro-5-methoxybenzylidene)-1-(4-chlanbyl)- 1H-indole-3-Carbohydrazidss.

Pale yellow solid after recrystallization; 75% yiel

'H-NMR (500 MHz, DMSOds, & = ppm)& 11.45 (s, 1H), 8.30 (s, 1H), 8.23 (s, 1H), 7.94 (d
J=10.2 Hz, 1H), 7.65 (s, 1H), 7.56 (M= 7.8 Hz, 1H), 7.42 (d] = 8.3 Hz, 2H), 7.32 (s, 2H),
7.21 (m, 2H), 7.19 (m, 2H), 5.53 (s, 2H), 3.903(4). **C-NMR (125 MHz, DMSOdg, & =
ppm)& 166.0, 156.2, 136.2 (x2), 132.3, 130.6, 129.1,(%2B.7, 128.6 (x4), 127.6, 122.4
(x2), 121.4, 121.1 (x2), 112.7, 111.1, 110.6, 568}7. HRFABMSM/z496.0259 [M+H]

(calcd for G4H19BrCIN3O,, 496.0276).

5.1.1.20.
(E)-1-(4-Chlorobenzyl)-N'-((4-methylthiazol-5-yl)thglene)-1H-indole-3-carbohydrazide.

Pale yellow solid after recrystallization; 88% viel
'H-NMR (500 MHz, DMSO#d, & = ppm)s 11.49 (s, 1H), 9.00 (s, 1H), 8.59 (s, 1H), 8.26

(s, 1H), 8.20 (s, 1H), 7.55 (d= 7.8 Hz, 1H), 7.40 (dl = 8.2 Hz, 2H), 7.29 (s, 2H), 7.19 (m,
2H), 5.49 (s, 2H), 2.45 (s, 3HJC-NMR (125 MHz, DMSOds, § = ppm)s 164.5, 154.1,
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153.0, 136.2, 132.4, 129.3, 128.8 (x4), 128.1 (£20.6 (x2), 121.4, 121.3 (x2), 110.7 (x2),
48.8, 15.3. HRFABMSn/z409.0873 [M+H] (calcd for GH::CIN,OS, 409.0884).

5.1.1.21(E)-1-(4-Chlorobenzyl)-N'-(furan-2-ylmethylene)- Itiole-3-carbohydrazidéu.

Pale yellow solid after recrystallization; 67% yiel

'H-NMR (500 MHz, DMSOds, 8 = ppm)& 11.50 (s, 1H), 8.36 (s, 1H), 8.25 (s, 1H), 7.55
(d,J = 7.7 Hz, 1H), 7.42 (d] = 8.2 Hz, 2H), 7.31 (d] = 7.1 Hz, 2H), 7.21 (m, 2H), 7.20 (m,
2H), 6.86 (d,J = 3.0 Hz, 1H), 6.63 (ddl = 3.1, 1.6 Hz, 1H), 5.53 (s, 2HYC-NMR (125
MHz, DMSO-dg, 5 = ppm)d 166.8, 149.8, 144.5, 136.1 (x2), 135.8, 132.3,1292), 128.6
(x4), 122.5 (x2), 121.5, 121.2 (x2), 112.0, 118&8. HRFABMSmM/z378.0840 [M+H]

(CaICd for GiH16CIN3O,, 3780858)

5.1.1.22(E)-1-(4-Chlorobenzoyl)-N'-(4-cyanobenzylidene)-ibele-3-carbohydrazidéa.

Pale yellow solid after recrystallization; 88% viel

'H-NMR (500 MHz, DMSOds, 8 = ppm)& 11.84 (s, 1H), 8.32 (s, 1H), 8.26 (s, 1H), 7.89
(s, 1H), 7.87 (m, 2H), 7.85 (m, 2H), 7.70 (m, 26 (s, 1H), 7.41 (m, 2H), 7.39 (m, 2H).
¥C-NMR (125 MHz, DMSOd,, 8= ppm)d 167.7, 163.5, 159.6, 132.5 (x3), 131.3, 128.9 (x6),
127.4, 125.4 (x2), 124.7 (x2), 122.0, 118.5, 1188, 111.7 (x2). HRFABMS$n/z427.0961
[M+H]" (calcd for G4H1sCIN,O,, 427.0956).

5.1.1.23(E)-1-(4-Bromobenzoyl)-N'-(4-cyanobenzylidene)-hHeile-3-carbohydrazidéb.

Pale yellow solid after recrystallization; 85% yiel

'H-NMR (500 MHz, DMSO#dg, 5 = ppm)5 11.88 (s, 1H), 8.36 (s, 1H), 8.29 (s, 1H), 7.90
(s, 1H), 7.88 (m, 2H), 7.87 (m, 2H), 7.83 (m, 2A);2 (s, 1H), 7.46 (m, 2H), 7.43 (m, 2H).
¥C-NMR (125 MHz, DMSOds, 5 = ppm)s 168.4, 160.2, 157.4, 145.3, 142.9, 139.3, 133.3
(x2), 132.6 (x5), 132.1, 128.0, 126.1, 125.4 (42Q.4, 119.2, 116.3 (x2), 112.4 (x2).

HRFABMS m/z471.0441 [M+H] (calcd for G4H:sBrN4O,, 471.0451).
5.2. Biological evaluation

5.2.1. In vitro cytotoxicity

5.2.1.1. Cell culture
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RAW264.7 murine macrophages were purchased frorKdinean Cell Line Bank
(KCLB®, Seoul, Korea) and rat liver Ac2F cells amduse fibroblast cells (L929) were
obtained from the American Type Culture Collect{si CC, Rockville, MD, USA). Cells
were cultured at 37°C in a 5% @Bumidified incubator and maintained in high glueos
Dulbecco’s Modified Eagle Medium (DMEM, Nissui, Tyak Japan) supplemented with 100
mg/mL streptomycin, 2.5 mg/L amphotericin B, an&dBeat-inactivated fetal bovine serum

(FBS).

5.2.1.2. In vitro cytotoxicity assay

Suspensions of tested cell lines ( 1.0 % ddlis/well) were seeded in a 96-well culture
plates, cultured for 12 h, then treated with vasidiluted concentrations 6Mm for 24 h. The
control cells were treated with culture medium alofihe test compounds were evaluated at
three dilutions and the highest concentration viashb. Cell viabilities were evaluated by
using water soluble tetrazolium (WST) reagent (BA4-@x, Daeil Lab Service Co., Ltd.,
Seoul, Korea), which was added to each wellyl0and incubated at 37°C for 1 h. The
absorbance at 450 nm was read by using an iMarkoldliate Absorbance Reader (Bio-Rad
Laboratories, Hercules, CA, USA). In all experingrtells in the exponential phase were

used.

5.2.1. 3. Cyclooxygenase (COX) inhibition assays

The assay was performed by using a COX fluoredoéitiitor screening assay kit
(Cayman Chemical, MI, USA) in accordance with thennrfacturer’s protocol, COX-1 (ovine)
and COX-2 (human recombinant) were utilized tolgataarachidonic acid into PGGwvhich
is reacted with ADHP (10-acetyl-3,7-dihydroxypheapixe) to produce the highly
fluorescent compound resorufin. Resorufin fluoreseecan be analyzed using an excitation
wavelength of 510 nm and an emission waveleng8806fnm. In brief, 15QL of assay
buffer, 10uL heme, 1QuL enzyme (COX-1 or COX-2), and 1@ vehicle were mixed in a
well to serve as 100% initial activity wells; 160 of assay buffer, 1QL heme and 1QL
vehicle were mixed in a well and served as backgtouvells; 15QuL of assay buffer, 1QL

heme, and 1QL enzyme (COX-1 or COX-2) and 1. compounds were mixed in a well and
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served as inhibitor wells. The plate was incubd&ed min at room temperature, and then 10
uL of ADHP was added to each well. To initiate teaation, 1QuL of arachidonic acid

solution was quickly added to each well, incubditgd® min at room temperature, and then
the fluorescence spectrum was measured by usiegdatation wavelength of 510 nm and an
emission wavelength of 580 nm by TriStar LB 941 fitabde Microplate Reader (Bad

Wildbad, Germany).

5.2.1.4. Production of NO, TN&-IL-6, and PGE

RAW264.7 macrophages (cal. 1 x*1ells/well) were seeded in a 96-well culture plate
and cultured for 12 h. The cells were pre-treatéd warious concentrations of drug for 1 h
and then co-incubated with 25 ng/mL LPS for 24 tme NO concentrations in medium were
determined by using the Griess assay. Griess reg@pnl) was added to the medium
supernatants (80L) and then incubated at 37°C for 15 min in thekd@he absorbance at
520 nm was measured by using an iMark Microplateokbance Reader (Bio-Rad
Laboratories, Hercules, CA, USA). NO concentratimese calculated by using 0—10M
sodium nitrite standards. TNkand IL-6 expression in culture medium was quasditby
using a sandwich-type ELISA kit (Biolegend, SandaieCA, USA) and the absorbance at
450 nm was measured. The production of prostagidBdiPGE) in medium was determined
by using the PGEexpress ELISA kit (Cayman Chemical, MI, USA) ircardance with the

protocol and the absorbance at 415 nm was measured.

5.2.1.5. Reactive oxygen species (ROS) measurement

RAW264.7 macrophages were grown on a confocalatishtreated with the test
compound treatment for 1 h. LPS solution was adidedthe dish at a final concentration of 1
ug/mL and continually cultured for 24 h. The mediwars removed and washed with PBS;
DCFH-DA diluted in FBS-free medium to a final cont®tion of 10QuM was added and
cultured at 37°C for 30 min. The medium was remaoaed the cells were washed once with
PBS. The fluorescence was viewed using a conforabstope (FluoView FV10i; Olympus,
Australia) with an excitation wavelength of 485 and an emission wavelength of 520 nm.

The quantification of cellular oxidative stress vpasformed by using a slightly



627 modified previously reported method [38]. RAW26@Acrophages (cal. 1 x “16ells/well)
628  were seeded into black 96-well cell culture plated cultured for 12 h. The cells were

629  pre-treated with test compound for 1 h and theincabated with ug/mL LPS for 24 h. The
630 medium was removed and washed with PBS; l0DCFH-DA diluted in FBS-free medium
631  to a final concentration of 1QM was added and cultured at 37°C for 30 min. Thdioma

632  was removed, 100L PBS was added to each well, and the fluorescerasedetected at an
633  excitation wavelength of 485 nm and an emissionelength of 520 nm by TriStar LB 941
634  Multimode Microplate Reader (Bad Wildbad, Germany).

635

636  5.2.1.6. Immunofluorescence staining of AB-p65 in RAW264.7 cells

637 The cells were grown on a confocal dish and treaféithe test compounds for 24 h.
638 Subsequently, the cells were fixed in 10% formabtution for 15 min, washed three times
639  with PBS, treated with 0.5% (v/v) Triton X-100/PB# 15 min, washed three times with
640  PBS again, and then blocked at room temperaturg@donin in 10% FBS/PBS. The cells
641 were then incubated with rabbit anti-kB~p65 antibody (Cell Signaling Technology, USA)
642  at 4°C overnight, washed three times with PBS,bated for 30 min at room temperature
643  Wwith secondary antibody anti-rabbit Alexa 488 (G&itinaling Technology, USA) as a

644  molecular probe, washed three times with PBS agaith then incubated with DAPI (5

645  g/mL) at room temperature for 20 min. The locdiaraof NF«B-p65 was observed by

646 using a confocal microscope (FluoView FV10i, OlyrapAustralia) with an excitation

647  wavelength of 499 nm and an emission waveleng826fnm.

648

649 5.2.1.7. Western blotting

650 RAW?264.7 cells were harvested and suspended is bysdfer containing protease and
651  phosphatase inhibitor cocktails. The protein cotregion was determined by using a BCA
652 protein assay (Thermo Scientific, Rockford, IL, USEqual amounts of proteins were

653  resolved by 10% SDS-polyacrylamide gel electropsisrand electrophoretically transferred
654  to polyvinylidene difluoride (PVDF) membranes. Ngpecific binding to the membranes was
655  blocked by incubation of the membrane in Tris-brgfesaline containing 0.1% Tween 20

6s6  (TBS-T) and 5% skimmed milk for 1 h at room tempera, and then incubated with specific
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primary antibodies (Cell Signaling Technology, Dars; MA, USA) overnight at 4°C.
Anti-rabbit IgG-HRP was used as the secondary adyibT he signals were developed by

using the ChemiDoc™Touch Imaging System (Bio-Raldratories, Hercules, CA, USA).

5.3. Molecular modeling

Docking calculations were performed by using Autob¥ina 1.1.2 software. The
default settings and scoring function of Vina wapplied. To prepare the ligands, Chem3D
Ultra 8.0 software was used to convert the 2D #siires of the candidates into 3D structural
data with the minimized energy. The protein coaatis were downloaded from the Protein
Data Bank (accession code 1EQH/4COX). Chain A wepgred for docking within the
molecular modeling software package, Chimera 1t:3emoval of the additional chains and
all ligands and water molecules, as well as byutatimg the protonation state of the protein.
The addition of polar hydrogen and setting of dmick parameters was performed by using
MGLTools 1.5.4 and the exhaustiveness parametesetas 8. PyMol v1.5 was used for

analysis and visual investigation of the ligandtpi interactions of the docking poses.
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Highlights:

® New balanced cyclooxygenase (COX-1 and COX-2) inhibitors were designed
based on anti-inflammatory ascidian metabolites.

® (COX-1and COX-2inhibitory activity of these analogues was evaluated in vitro.

® Compound 5m showed substantial in vitro anti-inflammatory activity via

inhibition of the NF-xB (nuclear factor-kappa B) pathway.



