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ABSTRACT

Suppression of pro-inflammatory cytokines (TNF-a, IL-13 and IL-6) along with nitric oxide reduction in RAW
264.7 cells by 7,8-dihydroxy-4-methylcoumarin, ethyl p-coumarate, ethyl caffeate and ethyl ferulate drove us to
search structural-analogues of the aforementioned compounds through structure-based drug design. Docking
studies revealed that substituted cinnamic acids and their ethyl esters (2-7c¢) showed higher GoldScore-fitness
(GSF) and non-bonding interactions with target proteins than 7,8-dihydroxy-4-methylcoumarin (1a) and 7,8-
dihydroxy-5-methylcoumarin (1b). With this background, the methylcoumarins (1a and 1b) and the cinnamic
acid derivatives (2-7¢) were fused in different permutations and combinations to generate sixty novel fused-
cyclic coumarinolignans (FCLs) (8-13k). Docking studies on 8-13k indicated that several FCLs possess higher
GSF, interesting active site interactions and distinctive s-rt interactions compared to the standards (cleomiscosin
A, diclofenac Na and prednisolone). Based on these findings, four novel FCLs (9d, 10d, 11d and 11e) were
synthesized and tested for inhibition effect on TNF-a, IL-1f and IL-6 expressions in LPS and oxalate crystal-
induced in-vitro models. Compound 10d exhibited significant effect (P < 0.0001 at 100 uM) with an ICsq value
of 8.5 uM against TNF-a. Compound 11e possessed ICs, values of 13.29 uM and 17.94 uM against IL-6 and IL-13,
respectively. Study on SAR corroborated the requirement of C-4-methyl substituent in the coumarin moiety,
dihydroxyl groups in the phenyl ring, and esterification of lignans for potent activity. Additionally, the reported
excellent anti-inflammatory activity of cleomiscosin-A-glucoside was corroborated by from the higher GSF and
better hydrophobic interactions than cleomsicosin A in the docking study. As an outcome, some novel and
potentially active FCLs acting through NFkB and caspase 1 signaling pathways have been discovered as multiple
cytokine inhibitors.

1. Introduction

inflammatory diseases such as rheumatoid arthritis, osteoarthritis,
asthma, chronic obstructive pulmonary diseases, ischemic injury, etc.,

Management of inflammation with considerable efficacy is a chal-
lenge, as several factors play a role in inflammation. Pro-inflammatory
cytokines like tumour necrosis factor-alpha (TNF-a), interleukin-6 (IL-
6) and interleukin-1beta (IL-1f3) have implications in the development
of inflammation and neuropathic pain leading to chronic inflammatory
conditions and progression of autoimmune diseases [1-5]. These cy-
tokines are produced majorly through NFxB, p38MAP kinase and JAK/
STAT signaling pathways [6-8]. Developing pro-inflammatory cytokine
antagonists could be another therapeutic approach for the treatment of
pathological pain and inflammation caused due to nerve injury as they
act on both immune cells and cancer cells [9]. Further, the onset of
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was due to the participation of multiple cytokines. Therefore, blocking
one particular cytokine would provide an inadequate protection
[6,10-12]. In view of this, development of inhibitors having pan-cy-
tokine inhibition effect was aimed. Discovery and development of such
inhibitors could be achieved through mining structurally diverse and
biologically active natural molecules [13].

Coumarins reported to reduce tissue oedema and inflammation, and
inhibit prostaglandin biosynthesis [14-17] was selected for the study.
Several coumarin derivatives, especially those having the substitution
at the C-4 position had been reported to be active against pro-in-
flammatory cytokines [18]. Coumarins with substitution at C-5 are
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relatively unexplored [17] and hence 5-methyl and 4-methyl sub-
stituted coumarin derivatives were included as the initial lead com-
pounds in the present study.

Another set of interesting natural molecules evaluated in the present
study was cinnamic acid derivatives, which belong to phenyl propanoid
group of compounds. They had been reported to possess various
pharmacological actions such as anti-inflammatory, anti-microbial,
anti-cancer, anti-human immunodeficiency virus, and antiparasitic
[19-21]. Cinnamate esters of monoterpene alcohols such as menthol
and pulegol had been reported to display potential anti-inflammatory
activity [22]. In the present study, naturally occurring cinnamic acid
derivatives, p-coumaric acid (3), caffeic acid (4), and ferulic acid (5)
were selected since they possess potential anti-inflammatory activity
[23].

Initially, 7,8-dihydroxy-4-methylcoumarin (1a), ethyl p-coumarate
(3b), ethyl caffeate (4b) and ethyl ferulate (5b) were synthesized and
tested for their inhibition effect against LPS-induced TNF-a, IL-6 and IL-
1 secretions in RAW 264.7 cells using ELISA kit and also nitric oxide
(NO) production. On detecting their inhibition effects, twenty two
compounds based on coumarin and cinnamate scaffolds were designed
as test ligands and docked against TNF-a, IL-6 and IL-1f proteins. The
inhibition effect of the test compounds was assessed based on
GoldScore-fitness (GSF) and the critical interactions with the active site
amino acid residues. Further, sixty fused-cyclic coumarin-based lignans
(FCLs) (8-13k) were generated in silico by fusing the above tested 22
compounds (1a-7c¢) in different combinations and docked. The fusion of
different test compounds was judicially carried out by considering the
cytokine inhibition effects and docking results.

The work further highlights the distinct binding pattern, hydro-
phobic interactions, as well as common interactions shared by the
tested ligands, FCLs and some popular anti-inflammatory drugs. The
results were validated by synthesizing some representative compounds
and testing their inhibition effect and mechanism through in-vitro
studies. In addition, a comparative analysis of cytokine inhibition effect
of methyl coumarin and cinnamate derivatives versus the newly syn-
thesized FCLs has been discussed in this paper.

2. Results and discussion
2.1. Chemistry

Several small natural molecules have been reported for their effi-
cacy against inflammation, which can be repurposed as lead molecules
for developing anti-cytokine drugs [18]. Through literature search,
coumarins and cinnamic acid derivatives were identified as potential
target molecules based on their effect to control inflammation and cy-
tokine expression [14-17,19-21]. Radwan et al. had demonstrated the
efficacy of certain coumarin derivatives under carrageenan-induced
edema and against cyclooxygenase enzymes [24]. Cheng et al. studied
structure-activity relationship of coumarin derivatives and reported
dimethylcarbamic acid 3-benzyl-4-methyl-2-oxo-2H-chromen-7-yl ester
as inhibitor of TNF-a (ICso value of 1.8 uM) [25]. Fylaktakidou et al.
had reported the attenuation of chronic inflammation and tissue da-
mage associated with collagen induced arthritis by C-4 methylcoumarin
derivatives possessing C-7 and C-8 hetero atoms or C-7 and C-8 fused
heterocycles [26]. Thus, 7,8-dihydroxy-4-methylcoumarin (1a) was
selected for the study and synthesized.

As ester derivatives can be good pro-drugs, releasing the parent
acids in the physiological system to impart intended biological activ-
ities, esters of p-coumaric acid, caffeic acid and ferulic acid were chosen
for the study. The acid group may have good ionic interactions with the
target cytokines to control their over-expressions during chronic in-
flammation. Indeed, p-coumaric acid, caffeic acid and ferulic acid had
been reported to inhibit LPS-induced TNF-a and IL-6 secretions and also
control production of NO [18,27]. Generally, ethyl ester groups are
excellent pro-drugs undergoing metabolism by esterases in the body
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and forming non-toxic ethanol [28]. Hence, ethyl p-coumarate (3b),
ethyl caffeate (4b) and ethyl ferulate (5b) were synthesised.

2.2. Synthesis of 7,8-dihydroxy-4-methylcoumarin (1a), ethyl p-coumarate
(3b), ethyl caffeate (4b) and ethyl ferulate (5b)

7,8-Dihydroxy-4-methylcoumarin (la) was prepared by reacting
pyrogallol with ethyl acetoacetate in the presence of HClO,SiO, at
130 °C according to the reported method [29,30]. Ethyl esters 3b, 4b
and 5b were synthesized via Fisher esterification using the corre-
sponding acids 3, 4 and 5, and ethanol in the presence of conc. H,SO4.
Their structures were confirmed by ESI-MS and IR spectra.

2.3. In-vitro protein inhibition assay of 1a, 3b, 4b and 5b using ELISA

Compounds 1a, 3b, 4b and 5b were tested for their effect on pro-
duction of TNF-a, IL-1p and IL-6 in the culture supernatant of RAW
264.7 cells using LPS-induced ELISA assay kit. Comparison of the TNF-a
inhibition effect revealed ethyl ferulate (5b) to be significantly active
with an ICsy value of 7.12uM, followed by ethyl caffeate (4b, ICso
16.68 uM/mL), dihydroxymethylcoumarin (1a, ICso 62.36 uM) and
ethyl p-coumarate (3b, ICsy 74.07 uM). Further, compounds 4b and 5b
significantly inhibited IL-1B with ICs values of 32.51 and 47.84 uM.
The other two compounds 3b and 1a inhibited IL-1f secretions with
ICso values of 62.19 and 113.72puM. Compound 3b exhibited more
potency (29.39 uM) in inhibiting IL-6 expression than 4b (33.39 pM),
1la (41.22uM) and 5b (68.03 uM). Further, the inhibition effect of all
compounds was concentration dependent (Fig. 1). Prednisolone (17), a
corticosteroid prescribed for the treatment of a wide range of in-
flammatory and autoimmune diseases was used as a positive control
(10 uM), which showed inhibition of 50.32, 69.79, 94.59% against TNF-
a, IL-1p and IL-6, respectively. Thus, the effective down-regulation of
the pro-inflammatory cytokines by the selected coumarins and cin-
namic acid derivatives was ascertained.

2.4. Inhibition of nitric oxide (NO) production by 1a, 3b, 4b and 5b

NO is a reactive species that participates in normal physiological
processes such as vasodilation and neurotransmission; however, its
overexpression might result in disease like asthma, cardio-vascular
disorders, organ transplant rejection and certain degenerative diseases
[31]. Hence, the effect of lead compounds on NO production was
measured using Griess method. 7,8-Dihydroxy-4-methylcoumarin (1a)
significantly reduced LPS-induced NO production with an ICsq value of
25.4uM. The ethyl cinnamate derivatives exhibited ICso, values of
33.22 uM (4b), 47.74 uM (3b) and 50.27 uM (5b) (Fig. 1). The observed
decrease in NO production supported the pro-inflammatory cytokine
inhibitory effects of the tested compounds. Further, no basal NO pro-
duction was found when the cells were incubated only with the tested
compounds.

Further, no cytotoxicity was exhibited by these compounds when
tested by MTT assay on LPS-stimulated RAW 264.7 cell lines (ICs, va-
lues of 423.79 (1a), 354.68 (3b), 333.82 (5b), 252.78 (4b) uM). These
results verified that the inhibition effect was through controlling the
LPS-elevated cytokines levels but not through cell toxicity.

In order to examine the binding efficacy of 1a, 3b, 4b and 5b to the
inflammatory proteins, (TNF-a, IL-6 and IL-1B) in silico study was
performed. Additionally, some simple derivatives of these tested com-
pounds were designed and docked to identify more potential com-
pounds.

2.5. Molecular docking studies of coumarin and cinnamic acid derivatives
Twenty cinnamic acid derivatives (2-7c¢) and two methylcoumarin

derivatives (1a and 1b) were designed as test compounds (Table 1) and
docked against TNF-a, IL-6 and IL-1, using the Genetic Optimization
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Fig. 1. In-vitro inhibition effect of synthesized 7,8-dihydroxy-4-methylcoumarin (1a), ethyl p-coumarate (3b), ethyl caffeate (4b) and ethyl ferulate (5b) against
TNF-a, IL-1B, IL-6 and NO production induced by LPS and cytotoxicity effect (MTT assay) using RAW 264.7 cells. The values are presented as mean *+ SEM from
triplicate. ****P < 0.0001 vs LPS control, ***P < 0.001 vs LPS control, **P < 0.01 vs LPS control, *P < 0.05 vs LPS control.

Table 1
Structures of coumarin and cinnamic acid derivative ligands.
R R"
X R1 (@]
R, AN
HO 0" ~o OR
OH Rs
1a-R'- H;R"- CHs Rq
1b-R'- CHgR" - H 2-Tc
Code R Ri Ry Rj3 R4 Code R Ry Ry Rs R4
2 H H H H H 5 H H H OH OMe
2a Et H H H H 5a H H H OAc OMe
3 H H H OH H 5b Et H H OH OMe
3a H H H OAc H 5¢ Et H H OAc OMe
3b Et H H OH H 6 H H H Ph H
3c Et H H OAc H 6a Et H H Ph H
4 H H H OH OH 7 H NO, H H H
4a H H H OAc OAc 7a Et NO, H H H
4b Ft H H OH OH 7b H H NO, H H
4c Et H H OAc OAc 7c¢ Et H NO, H H

for Ligand Docking (GOLD) ver. 5.2 molecular docking protocol. Two
clinically used reference ligands, diclofenac Na (16) and prednisolone
(17) were also subjected to docking studies for comparison. The in-
teractions between the active site of targeted proteins and ligands were
studied.

2.5.1. Docking interactions with TNF-a protein

The reference anti-inflammatory drugs diclofenac Na (16) (GSF of
47.87) and prednisolone (17) (GSF of 47.93) individually showed some
common interesting hydrophobic interaction pattern with TNF-a re-
sidues such as Leu-344, Tyr-346, Tyr-406, Leu-407, Gly-408, Gly-409,
Leu-492, Tyr-494, Ser-495, Tyr-554, Leu-555 and Gly-556 (Fig. 2).
Cinnamic acid derivatives (2-7¢) interacted with most of the common

TNF-a hydrophobic residue exhibited by 16 and 17, whereas coumarins
(1a and 1b) exhibited only a few common interactions (Fig. 2).

7,8-Dihydroxy-4-methylcoumarin (1a) (GSF, 39.64) was found to
possess relatively high GSF as compared to 7,8-dihydroxy-5-methyl-
coumarin (1b) (GSF, 36.72). Fraxetin (14), a natural 7,8-dihydroxy-6-
methoxycoumarin showed GSF of 41.34. Most of the cinnamic acid
derivatives showed higher GSF (range 33 to 50) compared to the cou-
marin derivatives (Table 2) with compounds 4c¢, 5¢ and 6a gaining the
top three GSF scores of 52.35, 48.44 and 47.59, respectively.

2.5.2. Docking of coumarin and cinnamic acid derivatives to IL-1f3 protein

Docking of diclofenac Na (16) and prednisolone (17) to IL-13 pro-
tein revealed similar hydrophobic interactions with Ile12 and Ile22
residues showing GSF scores of 49.56 and 44.89, respectively (Fig. 3).
Similar interactions had also been observed in cinnamic acid deriva-
tives. Comparative analyses of docking poses of ethyl p-coumarate (3b)
(GSF, 39.15), ethyl caffeate (4b) (GSF, 40.52) and ethyl ferulate (5b)
(GSF, 41.63) revealed similar interactions to that of diclofenac Na
(Asp7, ArglO0, Lys23, Cys24, Pro25, Leu26, Phe27 and Phe104), but not
to that of prednisolone (Table 2 and 3, Fig. 3). Further, a majority of the
cinnamate acid derivatives exhibited higher GSF scores (4a, 47.58; 4c,
47.30; 5¢, 43.97) than the coumarin derivatives (GSF of 1a, 36.0630
and GSF of 1b, 37.6342) however, slightly lesser than the reference
ligands (Table 2).

2.5.3. Docking of coumarin and cinnamic acid derivatives to IL-6-a protein
Diclofenac Na (16) (GSF, 31.22) and prednisolone (17) (GSF, 28.54)
shared common hydrophobic interactions with the residues of IL-6-a
protein (Ser101, Cys102, Phel03, Pro199 and Glu 286) (Fig. 4). Cou-
marin 1a (33.25) and 1b (32.72) exhibited nearly equal GSF scores
(Table 2), but slightly higher than that of fraxetin (14) (Table 5).
Interestingly, docking of cinnamic acid derivatives to IL-6-a ex-
posed compounds 3a, 4c and 5a (39.66, 36.55 and 36.60, respectively)
to have considerably higher GSF values than the reference ligands
(Table 2). Comparison of the 3D docked poses of ethyl p-coumarate
(3b), ethyl caffeate (4b) and ethyl ferulate (5b) with those of the re-
ference ligands (16 and 17), Phel03 was found to be a common
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Fig. 2. 3D TNF-a docking images exhibiting binding and interactions of diclofenac Na (16) (a), prednisolone (17) (b), 7,8-dihydroxy-4-methylcoumarin (1a) (c),

ethyl p-coumarate (3b) (d), ethyl caffeate (4b) (e) and ethyl ferulate (5b) (f).

Table 2
GOLDScore- fitness (GSF) of coumarins (1a, 1b), cinnamic acid derivatives (2-
7¢), diclofenac Na (16) and prednisolone (17).

Code GSF Code GSF

TNF-a IL-18 IL-6-a TNF-a IL-1B IL-6-a
la 39.6371 36.0630 33.2572 5 38.3304 40.4810 C
1b 36.7150 37.6342 32.7255 b5a 42.0710 C 36.6038
2 33.0836 35.4120 C 5b 41.8482 41.6374  32.0876
2a 35.5602 37.1717 C 5¢ 48.4354  43.9733  29.9335
3 33.9676  37.3230 36.8807 6 44.1037 42.4658 C
3a 39.2807 40.4697 39.6625 6a 47.5894 43.1172 C
3b 36.2836  39.1552 28.3808 7 35.6355 39.6456  32.5114
3c 42,9940 42.0356 30.7187 7a 39.3024 37.9971  25.6510
4 34.1892 39.4171 33.4072 7b 35.1135 39.8929  32.9254
4a 45.7224  47.5829 35.7948 7c¢ 38.0254 38.9802 28.1634
4b 37.7156  40.5260 32.3594 16 47.8740  49.5659  31.22
4c 52.3522  47.3047 36.5551 17 47.9332  44.8907 28.54

C - Clashes

interaction residue (Fig. 4). Compounds 4b and 5b possessed an addi-
tional common interaction with Ser101, which was also found in the
reference ligands (Table 3 and Fig. 4).

2.5.4. Outcome of in-vitro and docking studies on coumarin and cinnamic
acid derivatives

On perceiving the proinflammatory cytokine inhibitory effect de-
monstrated by the coumarin and cinnamic acid derivatives under in
vitro ELISA protein assay and on witnessing the docking interactions
between the active sites of targeted proteins and designed ligands, an
idea of making novel inhibitors by fusing the coumarins (1a and 1b)
and cinnamic acid derivatives (2-7c¢) emerged. This fusion might yield
potential inhibitors having a synergistic effect. Hence, molecular
docking studies were performed first on the new set of fused-cyclic
compounds with an intention to understand their fitness and binding
interactions with the TNF-a, IL-6-a and IL-1p proteins. Such coupling
resulted in creating cyclic molecules that mimicked a group of natural
secondary metabolites called, coumarinolignans. These coumar-
inolignans possessing 1,4-dioxane bridge belong to natural non-con-
ventional lignans, formed by the oxidative coupling of vicinal dihy-
droxycoumarins and phenylpropene derivatives [32].

Although these coumarinolignans exist as linearly/angularly fused
compounds and as positional isomers, our docking study was restricted
to one type of regioisomer having an angularly fused structure. Around
sixty novel fused-cyclic coumarin-based lignans (FCLs) molecules were
designed (Table 4) and studied using the same drug design software.
The results were compared with cleomiscosin A (15), diclofenac Na
(16) and prednisolone (17). Cleomiscosin A was selected as a reference
compound as it was the first natural coumarinolignan reported to
possess anti-inflammatory activity [33].

2.6. Molecular docking studies of fused-cyclic coumarin-based lignans
(FCLs) to TNF-a protein

The GSF score of cleomiscosin A (15) was observed to be higher
(57.57) than those of diclofenac Na (16) (47.87) and prednisolone (17)
(47.93) (Table 5). All three reference compounds interacted with most
of the hydrophobic residues (Leu-344, Tyr-346, Tyr-406, Leu-407, Gly-
408, Gly-409, Leu-492, Tyr-494, Ser-495, Tyr-554, Leu-555, and Gly-
556) found on the active site of the TNF-a protein. Cleomiscosin A (15)
and diclofenac Na (16) were found to form hydrogen bond interaction
with Tyr586 residue which was not observed in case of prednisolone
(17). Further, in cleomiscosin A (15), an exclusive n-rt stacking inter-
action between the aromatic rings of Tyr346 and the coumarin moiety
was observed, which was not found in the other two reference drugs.
Such st-7 stacking and hydrogen bond interactions could be a reason for
the higher GSF of cleomiscosin A (15) (Fig. 5, Table 5 and 6).

Majority of the designed FCL ligands exhibited higher GSF scores
(ranging from 45.32 to 62.30) than those of coumarins, cinnamic acid
derivatives, reference drugs and cloemiscosin A (15) (Table 2 and 5).
The molecular bulkiness of the designed FCL compounds improved
their ligand fitness within the binding sites and favored the moieties for
hydrophobic interactions with more TNF-a residue. Also, these FCLs
had all the common hydrophobic interactions that existed in diclofenac
Na (16), prednisolone (17) and cleomiscosin A (15). Further, on ex-
amining the ligand-TNF-o docking interaction map of some re-
presentative compounds, it was found that compounds 9d (GSF, 59.40),
10d (GSF, 59.92), 11d (GSF, 56.15) were having an additional sn-%t
interaction with Tyr346 similar to that of natural cleomiscosin A (15)
(Fig. 5, Table 5 and 6). All these interactions have collectively made the
FCLs gain high GSF scores (Table 5 and 6).
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Fig. 3. 3D IL-1p docking images showing binding and interactions of diclofenac Na (16) (a), prednisolone (17) (b), ethyl p-coumarate (3b) (c), ethyl caffeate (4b) (d)

and ethyl ferulate (5b) (e).

2.7. Molecular docking studies of FCLs to IL-1f protein

Amongst the reference compounds, cleomiscosin A (15) was found
to display highest GSF of 53.82 (Table 5). The ligand-IL-1B docking
interaction map revealed a common hydrophobic interaction with Ile12
and Ile22 residues by all FCLs and the reference compounds. Further,
cleomiscosin A (15) formed the interactions with the residues that were
also involved in the interaction with prednisolone (GInl3, Vall4,
Ala20, Met119, Tyr143) and diclofenac Na (Lys23, Pro25, Leu26,
Phe27, HB with Argl0). Additionally, cleomiscosin A (15) formed the
hydrophobic interactions with IL-1(3 residues such as Asp7, Glnlland
Phel04 (Figs. 3 and 6; Table 3 and 6).

In terms of GSF, most of the FCLs (8-13k) were found to show
higher scores than the reference drugs (Table 5). Further, the com-
pounds 9d (GSF, 51.71), 10d (GSF, 52.65) and 11d (GSF, 53.28) had
equally interacted with prednisolone—interacting IL-1f residues (Vall4,
Asn139 and Tyr143), diclofenac Na—interacting IL-1 residues (Arg10,
Lys23, Pro25, Leu26, Phe27) and cleomiscosin A-interacting IL-1(3 re-
sidues (Asp7, GInl1, Arg21 and Phe104) (Figs. 3 and 6, Table 5 and 6).
The common interacting hydrophobic residues found between 9d, 10d,
11d, 15 and the reference ligands were found to be Ile12 and Ile22.
These features have collectively made most of the compounds to show
better fitness score than the reference compounds.

2.8. Molecular docking studies of FCLs to IL-6-a protein

In case of docking with IL-6-a protein, cleomiscosin A (15) showed
a strikingly higher GSF value of 50.95 compared to diclofenac Na (16)
(31.22) and prednisolone (17) (28.54). On examining the ligand-IL-6
binding interaction map, the hydrophobic residues found in diclofenac
Na (16) and prednisolone (17) were relatively lesser than those in
cleomiscosin A (15). The residues observed in the interaction of cleo-
miscosin A with IL-6-a were found to be Phel03, Arg104, Asnl10,
Vallll, Vall12, Glul14, Ser149, Ser152, Ser156, GIn158, Asp198 and
Ser224. However, only one common interaction residue (Phel03) was
observed among the three reference compounds (15, 16 and 17).
Additionally cleomiscosin A (15) exhibited four hydrogen bond inter-
actions, i.e. two with lysine residues (Lys105 similar to diclofenac Na
(16), Lys154) and other two with serine residues (Ser106 and Ser109)
(Table 3 and 6). These exclusive interactions could be the reason behind
the higher GSF of cleomiscosin A (15) (Table 5 and 6).

Docking analysis of the FCLs (8-13Kk) indicated good interactions
with most of the hydrophobic residues which are similar as in case of
cleomiscosin A (15) i.e. Phel03, Argl04, Asnl110, Vallll, Valll2,
Glull4, Serl49, Serl52, Ser156, Asp198, and Ser224 (Fig. 7). The
unique hydrophobic interaction residues (Ser106, Glu114 and His223)
found in the newly designed FCLs made them strongly bind and gain
fitness scores higher than the reference drugs (16 and 17) and cleo-
miscosin A (15) (Table 5).
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Fig. 4. 3D IL-6 docking images showing binding and interactions of diclofenac Na (16) (a), prednisolone (17) (b), ethyl p-coumarate (3b) (c), ethyl caffeate (4b) (d)

and ethyl ferulate (5b) (e).

2.9. Synthesis and characterization of FCLs (9d, 10d, 11d and 11e)

Based on the results of molecular docking studies on FCLs, com-
pounds 9d, 10d, 11d and 11e were selected as representative FCLs for
synthesis since compounds 1a, 3b, 4b and 5b were already available
through our earlier study. Tanaka et al. reported the oxidative coupling
of 7, 8-dihydroxy-4-methylcoumarin (1a) and phenylpropenes using
diphenyl selenoxide in their synthesis of naturally occurring coumar-
inolignans [34]. This method was followed since it was simple and
straightforward although the oxidative coupling reaction reportedly
afforded four possible stereo- and regio-isomers (Scheme 1).

Compound 11d was obtained in 12.5% yield as a major coupling
product by reacting 7,8-dihydroxy-4-methylcoumarin (1a) with ethyl
ferulate (5b) in the presence of diphenyl selenoxide followed by re-
peated silica gel column chromatography (Scheme 1). The product 11d
(mp. 139-141 °C) was determined to be a desired FCL compound by
NMR and APCI-MS analysis. The UV spectrum of 11d showed absorp-
tion bands at A, 194, 229, 259 and 312 nm, which were characteristic
of coumarinolignans [32]. The isolated product can be any one of the
structures A-D depicted in Scheme 1 and it was elucidated to be type A
structure after its conversion to the corresponding acetate 1le (vide
infra) followed by 2D NMR analysis including HMBC spectrum. The 'H
and '3C NMR spectroscopic data of 11d and 11e are listed in Table 7.
The acetate 11e derived from 11d discerned two oximethine protons at
8 5.33 and 4.82, which were unambiguously assigned to H-7’ and H-8’,
respectively, since the former proton showed an HMBC correlation to C-

2’ (6 111.1) and C-6’ (§ 119.5) and the latter showed an HMBC cor-
relation to C-9’ (§ 166.7). A key three-bond HMBC correlation was
observed from H-8’ to C-8 (§ 130.2, having an HMBC correlation from
H-6), but not to C-7 (§ 143.2, having an HMBC correlation from H-5).
Cis relationship of H-7” and H-8" (Ji.7-ns = 5.8Hz for 1le) was
suggested from a structurally similar natural coumarinolignan (Jy.7-u.
g = 5.6 Hz) [35] and this was confirmed by an NOE correlation be-
tween 7’-H and 8’-H. Thus, the structure of 11e was unambiguously
established to be type A isomer (Fig. 8). Compounds 9d and 10d were
synthesized in 3.2% and 10.9% yield in the same manner as described
above and both were assumed to have the same regio- and stereo-
structure (type A) as in 11d.

2.10. In-vitro testing of FCLs (9d, 10d, 11d and 11e) under LPS-induced
and oxalate crystal-induced protein inhibition assay

In-vitro assay using ELISA kits to determine the inhibition effect of
compounds 9d, 10d, 11d, and 11e against pro-inflammatory cytokines
was performed. While LPS-induced model in mouse macrophage RAW
264.7 cell lines was followed for determining TNF-a and IL-6, LPS and
calcium oxalate-induced model was used for IL-1B. Prednisolone
(10 uM) was used as a positive control and the results were also com-
pared with our recent report on cleomiscosin A [36].

Results (Fig. 9) presented significant inhibition effect against TNF-a
and IL-6 (****P < 0.0001 vs LPS control). The compound 10d ex-
hibited ICsqo values of 8.5 uM, 22.48 uM, 47.57 uM against TNF-a, IL-6
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Table 4
Structures of fused-cyclic coumarin-based lignans (FCLs) designed for docking study.
Ry R
X
Rs O o "0
R4 (0]
Rs COOR,
Re

Code R Ry R, Rs R4 Rs R Code R R, R, Rs ) Rs R

8 Me H H H H H H 11 Me H H H H OH OMe
8a Me H Me H H H H 11a Me H H H H OAc OMe
8b Me H Et H H H H 11b Me H Me H H OH OMe
8c H Me H H H H H 11c Me H Me H H OAc OMe
8d H Me Me H H H H 11d Me H Et H H OH OMe
8e H Me Et H H H H 11e Me H Et H H OAc OMe
9 Me H H H H OH H 11f H Me H H H OH OMe
9a Me H H H H OAc H 11g H Me H H H OAc OMe
9b Me H Me H H OH H 11h H Me Me H H OH OMe
9c¢ Me H Me H H OAc H 11i H Me Me H H OAc OMe
9d Me H Et H H OH H 11j H Me Et H H OH OMe
9e Me H Et H H OAc H 11k H Me Et H H OAc OMe
of H Me H H H OH H 12 Me H H H H Ph H
9g H Me H H H OAc H 12a Me H Me H H Ph H
9h H Me Me H H OH H 12b Me H Et H H Ph H

9i H Me Me H H OAc H 12¢ H Me H H H Ph H

9j H Me Et H H OH H 12d H Me Me H H Ph H
9k H Me Et H H OAc H 12e H Me Et H H Ph H

10 Me H H H H OH OH 13 Me H H NO, H H H
10a Me H H H H OAc OAc 13a Me H H H NO, H H
10b Me H Me H H OH OH 13b Me H Me NO, H H H
10c Me H Me H H OAc OAc 13d Me H Me H NO, H H
10d Me H Et H H OH OH 13c Me H Et NO, H H H
10e Me H Et H H OAc OAc 13e Me H Et H NO, H H
10f H Me H H H OH OH 13f H Me H NO, H H H
10g H Me H H H OAc OAc 13g H Me H H NO, H H
10h H Me Me H H OH OH 13h H Me Me NO, H H H
10i H Me Me H H OAc OAc 13i H Me Me H NO, H H
10j H Me Et H H OH OH 13j H Me Et NO, H H H
10k H Me Et H H OAc OAc 13k H Me Et H NO, H H

and IL-1f3, respectively. Another compound 11e showed ICsq values of
18.37 uM, 13.29uM and 17.94 uM against TNF-a, IL-6 and IL-13, re-
spectively. Compound 11d exhibited ICsq values of 23.63 pM, 18.79 uyM
and 23.81 uM against TNF-a, IL-6 and IL-1p, respectively. Compound
9d showed ICs, values of 36.31 uM, 16.04 uM and 29.99 uM against
TNF-a, IL-6 and IL-1, respectively. Cleomiscosin A (15) had been re-
ported to exhibit ICso values of 39.89uM, 12.67 uyM and 57.7 uM
against TNF-a, IL-6 and IL-1, respectively [29]. Thus it was observed
that the FCLs were found to be more active than cleomiscosin A. The
standard drug, prednisolone (17) showed 50.32%, 94.59% and 69.79%
inhibition of TNF-a, IL-6 and IL-1f, respectively at 10 uM concentra-
tion.

2.11. Effect of FCLs (9d, 10d, 11d and 11e) on nitric oxide production and
cell viability

All the tested FCLs were found to be significantly active
(****P < 0.0001 vs LPS control, ** P < 0.01vs LPS control at 100 uM
concentration) in controlling the LPS-induced production of NO.
Compounds 10d, 9d, 11e and 11d demonstrated 64.9%, 56.33%,
48.54% and 33.6% inhibition at 100 uM. Cleomiscosin A (15) had been
reported to exhibit 56.53% inhibition on LPS-induced NO production at
100 uM concentration [36] (Fig. 9).

Cytotoxicity of the FCLs on RAW 264.7 cell lines was also de-
termined through MTT assay. All the tested compounds (9d, 10d, 11d
and 11e) were found to be non-toxic (ICso > 150 uM) against the

macrophages. The cell viability observed in the assay is presented in
Fig. 9.

2.12. Cytokine inhibition effects of methyl coumarin and cinnamate
derivatives versus the newly synthesized FCLs

The in-vitro inhibition effects of FCLs (9d, 10d, 11d and 11e) were
compared with those of 7,8-dihydroxy-4-methylcoumarin (1a) and
ethyl cinnamate derivatives (3b, 4b, and 5b) in order to see if any
synergistic effect was observed. Overall, the newly synthesized FCLs
(9d, 10d and 11d) demonstrated higher cytokine-suppression effect
than the individual compounds 1a, 3b, 4b and 5b. In controlling LPS-
induced TNF-a expression the FCL 10d was significantly effective with
an ICso value of 8.5uM than ethyl caffeate 4b and the coumarin 1a,
which showed ICs, values of 16.68 and 62.36 uM, respectively.
Similarly, the FCL 9d exhibited an ICso value of 36.31 uM, whereas
ethyl p-coumarate 3b had an ICsq value of 74.04 uM. In the third case,
the FCL 11d yielded an ICso value of 23.63 uM and the reactant 5b
showed an ICsqg value of 7.12 uM. The FCL 11e (ICsq value 18.37 pM),
an acetate derivative of 11d, was found to be more active than 11d.
Among all the tested compounds, ethyl ferulate (5b) was found to be
most active (ICso value 7.12 uM) against TNF-a. In controlling LPS-in-
duced IL-1p expression, the FCL 9d was much more effective (ICso:
29.99 uM) than the coupling reactants 1a (ICso: 113.72uM) and 3b
(ICsp: 62.19 uM). Similarly, the FCL 11d (ICsp: 23.81 pM) was more
active than the reactant 5b (ICso: 47.84 uM). In the third case, the FCL



S. Santhosh Kumar, et al.

Table 5
GOLD Score-fitness (GSF) of fused- cyclic coumarin-based lignans (FCLs).

Code GSF Code GSF

TNF-a IL-18 IL-6-a TNF-a IL-18 IL-6-a
8 46.6835 46.5559 32.8437 1lc 52.6564 51.1333 36.8913
8a 51.4547 48.1702 33.2933 11d 56.1472  53.2784  48.0317
8b 53.6472 50.9737 35.4272 1le 52.1771 58.1060  40.8652
8c 48.4196  49.0282 36.6735 11f 53.2147  43.5003 43.6014
8d 49.2526  49.8731 32.0130 11g 55.5148 52.1821 42.1018
8e 47.1398 45.1339 37.3528 11h 50.1984 50.0924 40.1319
9 49.8308 46.0206 39.4931 11i 53.9055 50.0165 38.7230
9a 53.9619 54.5236 41.5125 11j 56.3945 49.8465 43.9686
9b 47.0372  47.5044 38.7284 11k 58.8847 58.3145 36.5802
9c 51.9952  53.6919 40.5444 12 57.7514 53.9526 39.3797
9d 59.4029 51.7056 38.9855 12a 51.8688 55.4296 39.4247
9e 57.6349 57.9566 39.5485 12b 56.5652  58.3562  41.3329
of 51.7274  50.2477 41.5324 12c 56.2755 49.1496  43.8684
9g 49.4624  50.6667 42.5869 12d 56.6258 62.4274 41.4689
9h 53.1731 52.0776 35.5819 12e 58.0009 60.5262  40.8035
9i 45.3250 51.8900 42.5262 13 47.6642  49.5333  38.5448
9j 46.8089 53.2484 35.3333 13a 48.9603  46.5412 41.5983
9k 56.8943 57.4901 40.3730 13b 50.2107 52.9579  35.3154
10 52.0526 57.9928 44.0145 13d 51.8740 52.4619 34.9193
10a 56.7857 53.0583 47.1820 13c 50.5442  48.6569  39.8088
10b 56.0628 54.7027 39.5441 13e 53.3481 51.5739 39.6346
10c 61.1623 52.7946 42.6145 13f 48.4341 45.1603  37.5192
10d 59.9119 52.6486 44.1542 13g 47.4747  46.7880  40.7927
10e 62.3072  61.0903 44.7179 13h 46.9380 48.0753 37.4956
10f 51.1031 50.5193 41.7252 13i 52.2485 47.7728  36.6347
10g 60.4847 51.6898 47.0590 13j 55.4013 45.5244  40.3923
10h 50.5115 51.8350 40.4457 13k 57.9702  51.8253  42.0117
10i 60.1746  61.5607 42.3399 14 41.3391 39.2916  31.6331
10j 51.6454 49.3056 38.8646 15 57.5719 53.8236 50.9474
10k 55.7624  60.0575 36.0019 15g 61.4666  58.2413  44.8447
11 53.6585 51.1453 44.5141 16 47.8740  49.5659  31.22
11a 54.6883 51.9669 39.3284 17 47.9332  44.8907 28.54
11b 52.5530 52.0693 44.0750

10d showed lesser inhibition (ICso value of 47.57 uM) than the reactant
4b (ICso: 32.51 pM). Among all the tested compounds, the acetate 11e
was found to be most active with ICso value 17.94 uM against IL-1f.

In controlling LPS-induced IL-6 expression, the FCL 9d (ICsq:
16.04 uM) was more potent than the reactants 1a (ICsqy: 41.22 uM) and
3b (29.39 uM). Similarly, the FCL 10d exhibited ICs, value of 22.48 uM,
which was more active than the reactant 4b (ICso: 33.39 uM). In the
third case, the FCL 11d showed an excellent ICs, value of 18.79 uM
compared to that of the reactant 5b (ICs value of 68.03 pM). As in the
case of TNF-a and IL-1f, the acetate 11e (ICso: 13.29 uM) was found to
be more active than 11d. Overall, the newly designed FCLs exhibited
potent inhibition effect than the individual coumarin and cinnamate
derivatives, which validated the results of docking studies. Thus, the
pro-inflammatory inhibition effect by the FCLs was found to be sy-
nergistic.

2.13. Mechanism of anti-inflammatory activity of FCLs (Western blot)

FCL 10d was used as a representative compound for mechanistic
studies to identify the targeted signaling pathway. Western blot analysis
evidenced the reduction of phosphorylated NF-kB compared to LPS+
oxalate crystal control group (Fig. 10). Thus, the NF-kB signaling acti-
vated by LPS + oxalate crystal was downregulated by 10d, thereby the
inhibition of pro-inflammatory cytokines TNF-a, IL-1 and IL-6. On the
other hand, it even reduced the protein expression of pro-form as well
as mature form of caspase 1 compared to LPS and crystal control group
(Fig. 10). This explained the inhibition effect of 10d on pro-caspase
processing and conversion to active caspase 1, due to which secretion of
IL-13 was attenuated [6]. Moderate action on NF-xB and caspase 1
ascertained the protective role and pan-cytokine inhibition effect of
10d.

Bioorganic Chemistry 89 (2019) 102991

2.14. Docking studies on cleomiscosin A glucoside (15g)

Recently a semi-synthetic derivative of cleomescosin A, cleo-
mescosin A 9’-O-glucoside (15g) was reported to show pro-in-
flammatory cytokine inhibitory effect [36]. Therefore, in yet another
attempt, docking studies on the glucoside 15g was performed. When
docked with TNF-a, 15g showed high GSF score (61.46) than cleo-
miscosin A (15) and reference drugs (16 and 17). The GSF score of 15g
was found to be second highest among all the tested ligands with
compound 10e possessing the highest score (62.30) (Table 5). On
comparing the docking interaction maps of the glycoside (15g), diclo-
fenac Na (16) and prednisolone (17), it was found that compounds 15g
and 17 exhibited exactly the same hydrophobic interaction with TNF-a
residues (Leu344, Tyr346, Ser347, Tyr406, Leu407, Gly408, Gly409,
lle442, Leu492, Tyr494, Ser495, GIn496, Tyr554, Leu555, Gly556 and
Tyr586) (Fig. 7). However, 15g was found to display only one different
interaction residue with His302. Further, the glycoside 15g exhibited
an interesting m-w stacking interaction with Tyr346, which was also
found in the parent compound 15. In addition, the glycoside 15g
showed a distinct hydrogen bond interaction with Tyr438, which was
not observed in any of the previously discussed molecules (Fig. 7).

Docking of cleomiscosin A glycoside (15g) against IL-1 showed
GSF score (58.24) higher than the reference drugs (16 and 17), cleo-
miscosin A (15), dihydroxy methylcoumarins, cinnamic acid deriva-
tives and most of the FCLs (Tables 2 and 5). On comparing the docked
poses, it was observed that the glycoside (15g) exhibited a well-ba-
lanced interaction with IL-1f3 residues as found in diclofenac Na (16)
(Argl0 (exactly similar fashion with two hydrogen bonding)), Ilel12,
Ile22), prednisolone (17) (Ile12, GIn13, Vall4, Ala20, Ile22, Tyr143)
and cleomiscosin A (15) (Asp7, Arg21, Phel04) (Fig. 6). All these in-
teractions could have collectively contributed for the high GSF score of
15g.

Similar results were observed when the glycoside (15g) was docked
with IL-6-a protein, yielding a high GSF score (44.84). However, the
score was found to be lesser than cleomiscosin A (50.94) (Table 2 and
5). The comparative analysis of the docked poses of IL-6-glucoside 15g,
the glucoside showed some common hydrophobic interaction with IL-6-
a residues, which were observed in diclofenac Na (16) (Ser101, Phel103
and Glu286), prednisolone (17) (Lys105, GIln196 and a hydrogen
bonding with Asp198) and cleomiscosin A (15) (Ser152, Lys154 and
Ser224). Interestingly, the glycoside 15g had one distinctly different
hydrogen bond interaction with Glul14 residue (Fig. 7).

Overall, docking studies disclosed cleomiscosin A glycoside (15g) as
a better scaffold than cleomsicosin A (15). Thus, the present work
substantiated our recent findings of five-fold more activity than 15 by
15g in a mouse endotoxemia model [36].

3. Implications and future perspectives

The present study demonstrated significant TNF-a, IL-1(3, and IL-6
protein inhibition effect of 7,8-dihydroxy-4-methylcoumarin (1a) and
ethyl cinnamate derivatives (3b, 4b and 5b). Under molecular docking,
cinnamic acid derivatives presented better interactions and GSF scores
than the coumarin 1a and comparable scores to those of diclofenac Na
and prednisolone. Also, the continued work on ligand-based docking on
the designed FCLs achieved higher GSF scores, active site interactions,
distinctive m-m interactions when compared to a natural coumar-
inolignan, cleomiscosin A and clinically used acute and chronic anti-
inflammatory drugs like diclofenac Na and prednisolone. The active site
residues (Leu-Gly-Gly) identified in the PDB-reported co-crystal ligand
over a [} strand of the TNF-a subunit C was also observed during the
binding of FCLs and standard drugs, which unambiguously confirmed
the inhibition effect and possible emergence of FCLs as the anti-in-
flammatory agents. A structure-based study on the discovery of qui-
nuclidine (ICso 5 pM) and indoloquinozolidine (ICso 10 pM) derivatives
as TNF-a inhibitors had also revealed the contact of hydrophobic ring
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Fig. 5. 3D TNF-a docking images revealing the binding and interactions of cleomiscosin A (15) (a), FCLs [9d (b), 10d (c) and 11d (d)] and cleomiscosin A glucoside

(15g) (e).

system with a (3 strand (Leu-Gly-Gly) of TNF-a subunit A [37]. This
active site interaction that is crucial to the binding and inhibition effect
further authenticated the effect of FCL compounds. Also, the GSF scores
became doubled in some FCL molecules when compared to the parent
coumarins and cinnamates, which corroborated the synergistic effect
(virtual) of FCL compounds.

Overall analysis of docking results revealed compounds 10c, 10d,
10e, 10i, 11d, 11e, 15 to be highly active small molecules and potent
inhibitors against multiple cytokines. Moreover, it was observed that
the FCLs made by coupling 7,8-dihydroxy-4-methylcoumarin with ethyl
cinnamate derivatives consistently demonstrated excellent GSF scores,
selectivity and binding mode towards TNF-a, IL-13 and IL-6 proteins.
Noticeably, cleomiscosin A was distinctive in terms of binding mode
into the binding sites of all three proteins compared to diclofenac Na
and prednisolone. Thus the present study validated the previous reports
[32,33,36].

Protein inhibition assay of the synthesized FCL compounds corro-
borated the docking results of newly designed FCLs. Further, the me-
chanism of pro-inflammatory inhibition effect was found to be through
NF-kB and caspase 1 signaling pathways. In conclusion, the study
strongly suggested the requirement of vicinal hydroxyl groups in the
phenyl ring of cinnamate moiety, 4-methyl substituent in coumarin
nucleus and an esterification of lignans for potent activity.

In another embodiment, cleomiscosin A glucoside, which had been
reported to attenuate pro-inflammatory cytokine secretion, was also
docked using the same procedure in order to compare the docking
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score, hydrophobic interaction with those of the FCLs and cleomiscosin
A. Thus the study explored the promising scope of FCLs as pro-in-
flammatory cytokine inhibitors.

4. Experimental
4.1. General

Multi detection reader (Spectramax M4, California, USA), IR (Jasco
FT/IR-4200, Maryland, US), MS (LC-MS-2020, Shimadzu, Japan), NMR
(JNM-AL300 or JNM-GSX500, JEOL, Japan) instruments were used as
per the requirements. MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide) was purchased from Himedia Laboratories
Pvt. Ltd., Mumbai, India. Mouse macrophages cell line RAW 264.7 was
obtained from the Cell Bank of National Center for Cell Sciences, Pune
(Maharashtra, India). Polyvinylidene difluoride (PVDF) membrane was
procured from Bio-Rad (US). Silica gel (# 230-400 and 100-200), silica
gel for TLC (G and GFas4), dimethyl sulfoxide (DMSO) were procured
from Merck Specialties Private Limited, India. Concentrated suphuric
acid and absolute ethanol (S. D. Fine-chem Ltd. Mumbai, India), che-
micals and solvents for synthesis (Sigma-Aldrich; Alfa Aesar; Merck
Millipore), prednisolone (Sigma-Aldrich, MO, USA) and lipopoly-
saccharide (E. coli serotype 0111:B4, Sigma-Aldrich, MO, USA), TRI
Reagent® (Sigma-Aldrich, MO, USA) were used. ELISA kits for TNF-a,
IL-6 and IL-1(3 were purchased from eBiosciences Inc. (San Diego, USA).
All reagents used were of analytical grade. Synthesised compounds (1a,
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Fig. 6. 3D IL-1f docking images exhibiting the binding and interactions of cleomiscosin A (15) (a), FCLs [9d (b), 10d (c) and 11d (d)] and cleomiscosin A glucoside

(15g) (o).

3b, 4b, 5b, 9d, 10d, 11d and 11e) and standard prednisolone (17)
were dissolved in DMSO and added directly to the culture media before
the addition of LPS. The final concentration of DMSO was never al-
lowed to exceed 0.1%.

4.2. Synthesis of 7,8-dihydroxy-4-methylcoumarin (1a)

Pyrogallol (1 mM), ethyl acetoacetate (1.1 mM) and HClO4SiO,
(50 mg) were mixed and stirred at 130 °C in a pre-heated oil bath for
90 min {HClO4SiO, was prepared by adding perchloric acid 70%
aqueous solution (12.5mM) to silica gel (23.6 g, 230-400 mesh) sus-
pension in diethyl ether. This mixture was kept under vacuum for 72h
at 100 °C to yield HCIO4-SiO,}. After cooling, the reaction mixture was
filtered. The filtrate was concentrated and the resulting residue was
washed with ethyl acetate twice. The combined ethyl acetate layer was
evaporated to give a solid residue [29,30]. This was chromatographed
over silica gel using DCM-methanol to give compound 1a.

7,8-Dihydroxy-4-methyl-2H-chromen-2-one (1a): Yellow amor-
phous powder, yield: 94%; mp: 241-242°C; FT-IR vpax (KBr, cm™1):
3416, 3233, 3080, 1648, 1609, 1513, 1457, 1300, 1026; APCI-MS m/z:
191.1000 [M-H] ™, 192.9500 [M+H]™".

4.3. Preparation of ethyl cinnamates (3b, 4b and 5b)

Cinnamic acid derivative (3b, 4b or 5b) (1.0g) was dissolved in
ethanol (10mL). Concentrated sulphuric acid (1 mL) was cautiously
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added to the solution along sides. After the completion of the reaction
(typically 12 h), most of alcohol was evaporated under reduced pressure
and the residual mixture was extracted with ethyl acetate. The extract
was then washed with sodium bicarbonate, dried with sodium sulfate
and concentrated under reduced pressure. The crude product was pur-
ified by silica gel column chromatography using hexane-ethyl acetate to
give the respective known ethyl ester (3b, 4b or 5b) in good yield.

4.3.1. Ethyl (E)-3-(4-hydroxyphenyl)acrylate (3b): White amor-
phous powder; yield: 92%; mp: 73-74 °C; FT-IR vpax (KBr, cm ™ 1): 3290,
2984, 1682, 1633, 1604, 1583, 1515, 1439, 1371, 1034, 977, 830;
APCI-MS: m/z 191.1500 [M-H]~ (Calcd for C;;H;;05~, 191.0708).

4.3.2. Ethyl (E)-3-(3,4-dihydroxyphenyl)acrylate (4b): Brown
amorphous powder; yield: 95%; mp: 149-150 °C; FT-IR vpax (KBr,
em™1): 3455, 2983, 1669, 1605, 1522, 1443, 1371, 1282, 1187, 1137,
1043, 984, 870; APCI-MS: m/z 207.0000 [M-H]~ (Caled for
C11H11047, 207.0657).

4.3.3. Ethyl (E)-3-(4-hydroxy-3-methoxyphenyl)acrylate (5b): Pale
yellow crystal; yield: 96%; mp: 64-65 °C; FT-IR vpax (KBr, cm ™ Y): 3421,
2979, 1702, 1633, 1592, 1516, 1430, 1372, 1269, 1180, 1034, 978, 846;
APCI-MS m/z: 221.0500 [M-H] ~ (Calcd for C;5H;30,™, 221.0814).

4.4. In-vitro screening of compounds using LPS and calcium oxalate
induced model (ELISA)

In-vitro assay using ELISA kits to determine the inhibition effect of
test compounds (1a, 3b, 4b, 5b, 9d, 10d, 11d and 11e) against pro-
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Fig. 7. 3D IL-6-a docking images displaying the binding and interactions of cleomiscosin A (15) (a), FCLs [9d (b), 10d (c) and 11d (d)] and cleomiscosin A glucoside

(15g) (o).
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Table 7

'H and '3C NMR spectroscopic data (8/ppm) of compound 11d and 11e.

Bioorganic Chemistry 89 (2019) 102991

Positions Compound 11d* Compound 11e”

8 ¢ in ppm 8 y in ppm 8 ¢ in ppm 8 y in ppm
2 160.8 - 160.2 -
3 112.3 6.20 (1H, q, 1.2Hz) 112.7 6.20 (1H, q, 1.2Hz)
4 153.3 - 152.6 -
5 116.7 7.18 (1H, d, 8.7 Hz) 116.8 7.16 (1H, d, 8.5Hz)
6 113.3 6.95 (1H, d, 8.7 Hz) 113.1 6.93 (1H, d, 8.5Hz)
7 143.0 - 143.2 -
8 130.1 - 130.2 -
9 145.7 - 145.3 -
10 114.7 - 114.9 -
1’ 125.7 - 133.3 -
2’ 109.8 6.91-6.88 (m) 111.1 6.99 (1H, s)
3 146.8 - 151.4 -
4 145.7 - 140.5 -
5 114.8 6.91-6.88 (m) 123.2 7.05 (1H, d, 8.5Hz)
6’ 120.5 6.91-6.88 (m) 119.5 6.99 (1H, d, 8.5Hz)
7’ 76.1 6.20 (1H, d, 6.3 Hz) 75.8 5.33 (1H, d, 6.0 Hz)
8’ 76.3 5.23 (1H, d, 6.3 Hz) 75.9 4.82 (1H, d, 5.5Hz)
9 166.8 - 166.7 -
C-9’-OCH,CH3 61.9 4.21 (2H, q, 7.2Hz) 62.1 4.14 (2H, q, 7.2Hz)
C-9’-OCH,CH3 13.7 1.12 (3H, t, 7.2Hz) 13.8 1.13 (3H, t, 7.2Hz)
C-4-CH3 18.7 2.43 (3H, d, 1.2Hz) 18.9 2.41 (3H, d, 1.2Hz)
C-3’-OCH3 55.8 3.89 (3H, s) 56.0 3.83 (3H, s)
C-4-OCOCH3 - - 168.7 -
C-4’- OCOCHj3 - - 20.1 2.32 (3H, s)

@ Recorded at 300/75 MHz in CD3;0D-CDCl; (10:1).
b Recorded at 500/125 MHz in CDCls.

Fig. 8. HMBC correlations (H — C) of compound 11e.

inflammatory cytokines was performed. LPS-induced model in mouse
macrophage RAW 264.7 cell lines was followed and the results were
compared with that of standard drug prednisolone. LPS used in the
assay, triggers the secretion of pro-inflammatory cytokines such as TNF-
a, IL-1f3 and IL-6.

For TNF-a and IL-6 estimations, RAW 264.7 cells were subjected to
varying concentrations of the compounds (3pM, 10puM, 30 uM and
100 uM) one hour prior to the stimulation with 1 pg/ml LPS. For IL-1f
measurements, after four hours of LPS administration, cells were sti-
mulated with 250 pg/ml calcium oxalate crystals. After stimulating the
cells for 24 h, cell free supernatant was collected and protein estimation
was done using commercially available ELISA kits as per the manu-
facturer’s instruction. ELISA plates were coated using capture antibody,
followed by blocking using 5% BSA in PBS-Tween buffer for 1 h. After
incubating with samples for 2 h, detection antibody was added and kept
for incubation for 2 h. Streptavidine-HRP was then added to the plates
followed by the addition of TMB solution. Finally reaction was stopped
using 2N H,S04. Detection was done using spectrophotometer at 450
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and 540 nm wavelengths and protein was quantified [38,39].

4.4.1. Determination of NO production

The compounds were tested for their ability to inhibit NO produc-
tion. For this RAW 264.7 cells were cultured in a 96 well plate and
treated with compounds for 6h followed by induction with LPS for
24 h. Around 100 pL of supernatant was collected and then mixed with
100 pL of Griess reagent (1% sulfanilamide and 0.1% naphthylethyle-
nediamine dihydrochloride in 2.5% phosphoric acid) and kept for in-
cubation at room temperature for 10 min. Then the absorbance was
measured at 540 nm in a multiplate reader [40].

4.5. Cytotoxicity assay

Cell viability assay was carried out to determine the toxicity of the
compounds on RAW 264.7 cell lines. Cells were seeded and cultured in
a 96 well plate. Cells were treated with compounds after adherence.
After 24 h of treatment, 50 uL of MTT reagent (5 mg/mL dissolved in
phosphate buffer saline) was added into each well and incubated at
37 °C for 3 h. Then the whole media was removed and 100 puL of DMSO
was added into each well to dissolve the formed crystal. Absorbance
was measured at 570 nm in multiplate reader [41].

4.6. Molecular docking studies

4.6.1. Protein preparation

The 3D structural coordinates of TNF-a (extracellular domain), IL-6-
a (extracellular domain) and IL-1f proteins were retrieved from RCSB
PDB (https://www.rcsb.org/) with assigned PDB IDs viz. 2AZ5, 1 N26
and 3040, respectively. The crystal structures of the above proteins
were prepared for docking using protein preparation module of
SYBYL X ver. 2.1.1. The protein preparation steps involved the addition
of protons, removal of water molecules, fixing of side chains and pro-
tein backbone ¢, y and w angles. The protonation states of the acidic
residues, such as Asp and Glu were set at normal physiological pH of
7.4. The amide group orientations in GIln and Asn and the tautomeric
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Fig. 9. In-vitro inhibition effect of 9d, 10d, 11d and 11e against TNF-a, IL-1f3, IL-6 and NO production induced by LPS and cytotoxicity effect (MTT assay) using
RAW 264.7 cells. The values are presented as mean *+ SEM from triplicate. ****P < 0.0001 vs LPS control, ***P < 0.001 vs LPS control, **P < 0.01 vs LPS
control, *P < 0.05 vs LPS control.

states of Histidine residues were fixed for optimal hydrogen bond in- 4.6.2. Ligand preparation
teractions with the neighbouring residues. Gasteiger Huckel charges The 3D structures of the ligands (Table 1 and 4) were obtained from
were applied on protein residues, followed by energy minimization ChemDraw ver. 8.0. These ligand structures were further prepared for
using MMF94S forcefield. The optimized protein structures were used docking using the Prepare Ligands module of Biovia Discovery Studio
for docking experiments. ver. 3.5 using default settings.
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Fig. 10. Estimation of Caspase-1 and P-NFkB protein expression in LPS + oxalate crystal induced RAW 264.7 cells by western blot analysis, and densitometry
analysis results (right panel). (A) shows the expression levels of caspase-1 both pro and mature form in normal control group, LPS + oxalate crystal control group and
10d treated group. (B) depicts the expression levels of P-NFkB protein and NFxB protein in normal control group, LPS + oxalate crystal control group and 10d treated
group.
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4.6.3. Protein-ligand docking

For docking experiments involving TNF-a as target protein (PDB ID:
2AZ5), the co-crystallized ligand [6,7-dimethyl-3-[(methyl{2-[methyl
({1-[3-(trifluoromethyl)phenyl]-1H-indol-3-yl}methyl)amino]ethyl}
amino)methyl]-4H-chromen-4-one; ICsy, = 22 uM] present on the in-
terface region of B, C and D chains was extracted and the same was
assigned as the centroid. From the centroid, amino acid residues cov-
ering within a radius of 6 A were defined as active site residues for the
purpose of docking, which included Leu55B, Leul57B, Leu57C-GIln61C,
Tyr119C-Glyl122C, Tyrl51C, Leu57D, Tyr59D-Gln61D, Tyr119D-
Gly121D, Tyrl51D and Ile155D.

In case of IL-6-a (PDB ID: 1 N26), the Cy atom of the Phe-103 re-
sidue with x, y, z coordinate values of 16.471, 48.983, 82.154 respec-
tively was assigned as the centroid; and the binding site radius was set
to 12A as described in the previous literature [42]. Thus, active site
residues covered within 12 A radius included the Ser-101A, Ser-224A,
Lys-105A, Glu-114A, Asp-198, Val-112A, Phe-103 and GIn-196 re-
sidues.

For IL-1B (PDB ID: 3040), the backbone carbonyl oxygen atom of
Lys-26 was defined as the centroid with x, y, z coordinate values of
—5.0840, 7.195, 4.932 respectively; and the radius was set to 10A
from the centroid. The binding site region included the residues viz.
Asp-10B, Arg-13B, Lys-26B, Ile-15B, Ile-25B, Pro-28B, Phe-30B and
Phe-107B, which were considered based on the previously reported
literature [42].

For each ligand, 10 docked solutions were generated with their
corresponding GOLD fitness scores. The selection of best ligand pose
was done based on their interactions with amino acid residues of the
target protein showing least clashes and having highest fitness score.
Higher the GOLD fitness score of the ligand pose, better is the activity
because it is calculated based on the negative sum of the component
energy terms. The optimized fitness function was used for the predic-
tion of well-fitted ligand binding position that has the least energy with
average Gold fitness score.

The prepared ligands were docked to the TNF-a, IL-6 and IL-1
(domain) proteins using GOLD 5.2. software enabling them to undergo
flexible docking process and commenced with default parameters.
Docking protocol was validated by re-docking the co-crystallized ligand
(6,7-Dimethyl-3-[(Methyl{2-[Methyl({1-[3-(Trifluoromethyl)phenyl]-
1h-Indol-3-Y1}methyl) amino]ethyl}amino)methyl]-4h-Chromen-4-
One) in case of TNF-a as this protein was available with co-crystallized
ligand (PDB ID: 2az5). The RMSD for the co-crystallized ligand and
docked ligand conformation was found to be 1.0211 A (see supple-
mentary Fig. 3). This value was well within the widely accepted RMSD
range (< 2}0\) to validate the followed docking protocol [43].

4.7. Synthesis of compounds 9d, 10d, 11d and 11e

7, 8-Dihydroxy-4-methylcoumarin (1a) (1.92 mmol) and diphenyl
selenoxide (3.26 mmol) were dissolved in a mixture of methanol
(15mL) and benzene (15 mL). The solution was stirred at room tem-
perature for 15 min to obtain a homogenized solution. A solution of the
cinnamate derivative (3b, 4b or 5b) (2.67 mmol) in methanol (5mL)
was added dropwise to the above solution and the mixture was stirred
at room temperature for 36 h (disappearance of 1a was monitored by
TLC analysis). When the reaction was completed, the solvent was
evaporated, ice water (15 mL) was added and the mixture was extracted
with ethyl acetate twice. The combined ethyl acetate layer was dried
with sodium sulphate and then evaporated. The dried crude product
was purified by silica gel column chromatography using hexane-ethyl
acetate solvent system. The fraction eluted with hexane-ethyl acetate
65:35 was further separated by silica gel (40-60 ) flash chromato-
graphy using increasing polarity of hexane-ethyl acetate to afford
compounds (9d, 10d or 11d).
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4.7.1. Ethyl 3,9-dihydro-3-(4-hydroxy-3-methoxyphenyl)-7-methyl-9-oxo-
2H-[1,4]dioxino[2,3-h] chromene-2-carboxylate (11d)

yield based on 1a: 12.5%; pale yellow amorphous powder; 'H-and
13C NMR (300/75 MHz, CDCl5-CDs0D, 10:1) data (see Table 7); APCI-
MS m/z: 411.1500 [M-H]™ (Calcd for Cy5H190g™: 411.1080).

4.7.2. Ethyl 3,9-dihydro-3-(3,4-dihydroxyphenyl)-7-methyl-9-oxo-2H-
[1,4]dioxino[2,3-h]chromene-2-carboxylate (10d)

Yield based on 1a, 10.9%; colorless crystals; 'H NMR (300 MHz,
CDCl5-CD3OD, 10:1): § 7.17 (1H, d, J = 8.7 Hz, 5-H), 6.92 (1H, d,
J =8.7Hz, 6-H), 6.88-6.78 (3H, m, 2’-, 5, 6’-H), 6.19 (1H, q,
J=1.2Hz, 3-H), 5.20 (1H, d, J=5.9Hz, 7’-H), 4.80 (1H, d,
J = 5.9Hz, 8’-H), 4.14 (2H, q, J = 7.2 Hz, 9’-OCH,CHs), 2.42 (3H, d,
J = 1.2Hz, 4-CH3), 1.13 (3H, t, J = 7.2 Hz, 9-OCH,CH3); ESI-MS m/z:
397.1000 [M-H]~ (Caled for CyyH;,0g™: 397.0923).

4.7.3. Ethyl  3,9-dihydro-3-(4-hydroxyphenyl)-7-methyl-9-oxo-2H-[1,4]
dioxino[2,3-h]chromene-2-carboxylate (9d)

Yield based on 1a, 3.2%; pale brown amorphous solid; APCI-MS m/
z: 381.1500 [M-H] ™~ (Calcd for Cy1H;,0, 7 : 381.1186).

4.7.4. Compound 11e

Compound 11d was treated with acetic anhydride and pyridine, and
stirred for 12h under room temperature. The reaction mixture was
diluted with water, extracted with dichloromethane and the organic
layer was dried with sodium sulphate. Removal of the solvent under
reduced pressure afforded the acetate 11e.

Ethyl 3-(4-acetoxy-3-methoxyphenyl)-3,9-dihydro-7-methyl-9-oxo-
2H-[1,4]dioxino[2,3-h]chromene-2-carboxylate (11e): Yield: 90%;
white amorphous solid; 'H- and '*C NMR (500/125 MHz, CDCl;) data
(see Table 7); APCI-MS m/z: 455.0000 [M+H] " (Caled for C24H2300*:
455.1342).

4.8. Protein isolation and western blot analysis

RAW cells were pretreated with compound 10d one hour prior to
stimulation with LPS and oxalate crystals. After 24 h of stimulation,
protein isolation was carried out (RIPA buffer). Isolated protein was
quantified using bicinchoninic acid and copper sulphate. 40 pug of
quantified protein was loaded into each well in 15% SDS-PAGE gel and
was separated based on the molecular weight through electrophoresis
followed by electro transferring of separated proteins to PVDF mem-
brane. Membrane blocking was done for 1h using 5% BSA in PBS-
Tween buffer, thereafter incubated overnight at 4 °C with primary an-
tibody of Caspase-1, NFkB p65, phosphorylated NFkB p65 and B-actin.
Membrane was then subjected to incubation for 1 h with horseradish
peroxidase conjugated secondary antibody. After extensive washing,
protein was detected with an Enhanced Chemiluminescence Detection
System [44]. Quantitative analysis was done using image j software and
B-actin was used as internal control [45,46].
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