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A series of five (6a-8b) novel polyhalogenated derivatives and an interesting ester (9a) derivative have
been synthesized from cleomiscosin A methyl ether. All the six derivatives were subjected to in silico
QSAR modeling and docking studies and later the predicted results were confirmed through in vitro
experiments. QSAR modeling results showed that compounds 6a and 9a possessed anti-inflammatory
activity comparable or even higher than diclofenac sodium. Docking results revealed that compounds
9a and 6a showed very good anti-inflammatory activity due to low docking energies of viz., IL6
(—92.45 and —81.993 kcal mol™!), TNF-o (—94.992 and —69.235 kcal mol™') and IL1B (—67.462 and
Novel polyhalogenated derivative —65.985 kcgl mol_’]). Further all the six novel derivgtives were subjected fc_)r m vitro anti-inflammatory
Anti-inflammatory activity activity using primary macrophages cell culture bioassay system. At the initial doses of 1 pg/ml and
QSAR 10 pg/ml, the pro-inflammatory cytokines (IL-18, IL-6 and TNF-a) were quantified from cell culture
supernatant using enzyme linked immunosorbent assay (ELISA). The in vitro effect of 6a-9a on cell via-
bility in mouse peritoneal macrophage cells isolated from mice was evaluated using MTT assay. The in
silico and in vitro data suggested that all the derivatives might be considered as potential anti-inflamma-
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tory drug-like molecules.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Inflammation is the body’s immediate response to damage to its
tissues and cells by pathogens, noxious stimuli such as chemicals,
or physical injury. Acute inflammation is a short-term response
that usually results in healing: leukocytes infiltrate the damaged
region, removing the stimulus and repairing the tissue. Chronic
inflammation, by contrast, is a prolonged, dysregulated and
maladaptive response that involves active inflammation, tissue
destruction and attempts at tissue repair. Such persistent inflam-
mation is associated with many chronic human conditions and
diseases, including allergy, atherosclerosis, cancer, arthritis and
autoimmune diseases. To overcome the challenges of inflamma-
tory disorders, several classes of anti-inflammatory drugs have
been used. These include Non-steroidal anti-inflammatory drugs
(NSAIDs), Immune Selective Anti-Inflammatory Derivatives
(ImSAIDs), corticosteroids etc. The widespread use of NSAIDs in

* Corresponding author. Address: Process Chemistry and Technology Depart-
ment, Central Institute of Medicinal and Aromatic Plants, Council of Scientific &
Industrial Research, P.0.-CIMAP, Kukrail Picnic Spot Road, Lucknow 226 015, UP,
India. Tel.: +91 9648029167; fax: +91 522 2342666.

E-mail address: chattsk@yahoo.com (S.K. Chattopadhyay).

0928-0987/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ejps.2012.09.008

the treatment of rheumatoid arthritis and osteoarthritis leads to
adverse side effects like gastrointestinal ulceration, bleeding and
platelet dysfunction. The long-term use of corticosteroids in
rheumatoid arthritis increases the risk of serious side effects like
Cushing’s habitus, hypertension, hyperglycemia, muscular
weakness, increased susceptibility to infection, osteoporosis,
glaucoma, psychiatric disturbances, growth arrest, etc. (Gautam
and Jachak, 2009).

A very large percentage of our population depends on these
anti-inflammatory drugs in spite of their severe side effects. A log-
ical alternate has to provide against these side effects causing
drugs and therefore, natural products can only express a great
hope in the identification of biologically active metabolites that
can be obtained directly from the plant source or can be semi-syn-
thetically derived which serves as an alternate approach towards
anti-inflammatory drugs (Butler, 2008). A report on the origin of
the drugs developed between 1981 and 2002 showed that natural
products or natural product-derived drugs comprised 28% of all
new chemical entities (NCEs) launched onto the market. In addi-
tion, 24% of these NCEs were synthetic or natural mimic com-
pounds, based on the study of pharmacophores related to natural
products. This combined percentage (52% of all NCEs) suggests that
natural products are important sources for new drugs and are good
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lead compounds suitable for further modification during the drug
development process (Chin et al., 2006). The recent development
in the field of science provides the in vitro, in silico screening of nat-
ural product derived chemical entities and the semi synthetic
derivatives. This increased interest in the pharmaceutical industry
as a productive and cost-effective technology for the search of no-
vel hit or lead compounds.

Cleome viscosa (Family: Capparidaceae) commonly called as
Wild mustard, Hur Hur (in Hindi) is distributed throughout the
greater part of India, mostly in wastelands. In Ayurvedic system
of medicine the plant is known to be efficacious in fever, liver dis-
eases, bronchitis, infantile convulsions and inflammations (The
Wealth of India, 1950). Systematic investigations on the seeds of
plant Cleome viscosa has resulted in the isolation of coumarino-lig-
noids, cleomiscosin A, B and C. It is a novel class of natural products
in which a lignan (Ce—C3) unit is linked with a coumarin moiety
through a dioxane bridge having hepatoprotective activity (Chatto-
padhyay et al., 1999). The effect of coumarino-lignoid, cleomisco-
sin A, B and C isolated from the plant Cleome viscosa on
inflammatory mediators was earlier studied by our group in female
swiss albino mice. The result of this study concluded that the oral
administration of coumarino-lignoids inhibited the pro-inflamma-
tory mediators and enhanced the production of anti-inflammatory
mediator in a dose dependent manner (Bawankule et al., 2008). In
our previous publication (Sharma et al., 2010), we reported the
synthesis of six novel cleomiscosin A analogs and their correspond-
ing methyl ether derivatives. The result of in vitro target based
anti-inflammatory study using primary macrophages cell culture
bioassay system showed that only the halogenated derivatives,
1a (5-Bromo-9’ acetate) cleomiscosin A, 3a (5-Chloro) cleomiscosin
A methyl ether and 4a (5-Bromo)cleomiscosin A methyl ether
exhibited potent anti-inflammatory activity when compared with
diclofenac sodium taken as a control (Sharma et al., 2010). This
prompted us to synthesize several novel polyhalogenated deriva-
tives of cleomiscosin A methyl ether (Cliv-M) (Ray et al., 1985)
using a modified method of Surya Prakash et al. (2004) in order
to study the anti-inflammatory effects on various pro-inflamma-
tory targets.

In present communication, anti-inflammatory drug-like poten-
tial of Cliv-M derivatives (6a-9a) have been discussed on the basis
of their in silico and in vitro activity studies.

2. Materials and methods
2.1. Chemistry and instrument

All reagents were commercial and used without further purifi-
cation. Column chromatography was carried on silica gel (60-120
and 100-200 mesh). TLC has monitored all reactions; silica gel
plates with fluorescence F,s, were used. Melting points were
determined in open capillaries on a JSGW melting point apparatus
and are uncorrected. All the chemicals, reagents (BFs-Et,0, N-halo-
succinimides, Dimethyl carbonate) and solvents were obtained
from LobaChemie, Qualigens, MERCK and used as such. The purity
of the compounds were checked on TLC (Silica gel 60 F,s4). All the
products were characterized by 'H NMR (Bruker AVANCE
300 MHz), and 3C NMR (Bruker AVANCE 75 MHz, FT NMR) using
CDCl; and TMS as internal standard. Chemical shifts are reported
in parts per million. Splitting patterns are described as singlet (s),
broad singlet (brs), doublet (d), broad doublet (brd), double dou-
blet (dd), triplet (t), quartet (q), and multiplet (m). IR spectra
(KBr pellets) 600-4000 cm™~!, were recorded on Perkin Elmer FTIR,
BX spectrophotometer and Mass Spectra (Electrospray ionization
in positive mode, ESI+) were recorded on an API 3000 (Applied Bio-
system) mass spectrometer. All the synthesized compounds gave
satisfactory elemental analysis (carbon, hydrogen and nitrogen).

2.2. General procedure for the synthesis of (3,5,2'
trichloro)cleomiscosin A methyl ether (6a)/(5,6' dichloro)cleomiscosin
A methyl ether (6b)/(3,5,5,6' tetrabromo )cleomiscosin A methyl ether
(7a)/(3,5,5' triiodo)cleomiscosin A methyl ether (8a)/(5,6'
diiodo)cleomiscosin A methyl ether (8b)

BF3-Et;0 (4.0 ml, 32.4 mmol) was added to a mixture of the
cleomiscosin A methyl ether (50 mg, 0.10 mmol) and N-halosuc-
cinimide (50 mg, 0.30 mmol) in a 50 mL round bottom flask. The
reaction R.B. was closed and the mixture was stirred at room tem-
perature for a specified period of time (3-4 h). After completion of
the reaction, the reaction mixture then completely transferred to a
separating funnel using water (20mL) and dichloromethane
(2 x 20mL) and thoroughly shaken to extract the product into
the organic layer. The organic layer was then washed with
saturated solution of sodium bisulfate (15 mL) to remove any free
halogen present followed by saturated bicarbonate solution
(20mL) and brine (20mL). It was then washed with water
(2 x 20 mL) and dried over anhydrous sodium sulfate. The solvent
was removed under reduced pressure and the product was purified
by column chromatography (silica gel, 60-120 mesh, petroleum
ether/ethyl acetate, 70:30, 60:40, 50:30) to afford the desired
polyhalogentaed derivatives. The crude product was then
recrystallized from ethyl acetate/hexane.

2.2.1. (3,5,2' Trichloro)cleomiscosin A methyl ether (6a)

Light yellow solid (30.0 mg, 47.7%), m.p. 83-85 °C, IR (KBr):
Umax = 3443, 1739, 1604, 1569, 1473, 1448, 1390, 1260, 1168,
1070 cm™'. Mass (ESI +) [M +H]"/[M + 2 + H]|*: m/z=503/505. 'H
NMR (CDCl;, 300 MHz, 25°C): 6=8.16 (s, 1H, 4H), 6.92 (d,
J=129Hz, 1H, 5H), 6.88 (d, J=12.9Hz, 1H, 6H), 5.50 (d,
J=8.1Hz, 1H, 7'H), 4.35 (m, 1H, 8'H), 3.97 (m, 2H, 9'H), 3.91 (s,
3H, —OCH3), 3.99 (2s, 2 x 3H, 2 x —OCH3) ppm. 'C NMR (CDCls,
75 MHz, 25°C): =156.5 (C-2), 120.8 (C-3), 137.7 (C-4), 116.1
(C-5), 142.8 (C-6), 141.8 (C-7), 130.8 (C-8), 139.0 (C-9), 110.8
(C-10), 125.2 (C-1"), 123.9 (C-2'), 150.5 (C-3'), 148.7 (C-4'), 112.8
(C-5'), 111.1 (C-6'), 74.2 (C-7"), 78.3 (C-8'), 61.5 (C-9'), 61.8, 56.6,
56.7 (3 x —OCH3) ppm.

2.2.2. (5,6 Dichloro)cleomiscosin A methyl ether (6b)

Light yellow solid (22.0 mg, 37.6%), m.p. 132-133 °C, IR (KBr):
Umax = 3387, 2919, 1731, 1606, 1571, 1513, 1466, 1436, 1310,
1298, 1263, 1212, 1065, 823, 636 cm™'. Mass (ESI +) [M +H]J*/
[M+2+H]": m/z=469/471, [M+Na]": m/z=491/493, [M +K]":
mjz=507/509. 'H NMR (CDCls, 300 MHz, 25°C): §=6.40 (d,
J=9.9Hz, 1H, 3H), 8.00 (d, J=9.9 Hz, 1H, 4H), 6.92 (s, 1H, 2'H),
6.89 (s, 1H, 5'H), 5.50 (d, J=8.1 Hz, 1H, 7'H), 4.34 (m, 1H, 8'H),
3.88-3.91 (m, 2H, 9'H), 3.91 (s, 3H, —OCHs), 3.82 (2s, 2 x 3H, 2 x
—OCH;) ppm. 3C NMR (CDCls, 75 MHz, 25 °C): §=160.2 (C-2),
115.1 (C-3), 140.8 (C-4), 117.4 (C-5), 142.6 (C-6), 140.9 (C-7),
131.2 (C-8), 141.8 (C-9), 111.1 (C-10), 125.6 (C-1'), 113.2 (C-2"),
150.8 (C-3"), 149.0 (C-4'), 111.5 (C-5'), 124.6 (C-6'), 74.5 (C-7"),
78.6 (C-8), 61.5 (C-9'), 61.7, 56.7, 56.5 (3x —OCH3) ppm.

2.2.3. (3,5,5',6' Tetrabromo )cleomiscosin A methyl ether (7a)

White solid (40.0 mg, 44.8%), m.p. 146-148°C, IR (KBr):
Dmax = 3442, 2934, 1735, 1600, 1563, 1472, 1436, 1384, 1070,
915, 898, 752, 654cm™'. Mass (ESI +) [M+H]": m/z=713. 'H
NMR (CDCls, 300 MHz, 25 °C): §=8.40 (s, 1H, 4H), 6.96 (s, 1H,
2'H), 5.60 (d, J = 7.8 Hz, 1H, 7'H), 4.36 (m, 1H, 8'H), 3.88-3.99 (m,
2H, 9'H), 3.89 (s, 3H, —OCHs), 3.88 (2s, 2 x 3H, 2 x —OCH3) ppm.
13C NMR (CDCls, 75 MHz, 25°C): §=156.3 (C-2), 1104 (C-3),
143.9 (C-4), 106.5 (C-5), 147.2 (C-6), 141.1 (C-7), 131.2 (C-8),
139.9 (C-9), 122.9 (C-10), 131.4 (C-1"), 111.9 (C-2), 149.0 (C-3"),
153.2 (C-4'), 112.7 (C-5'), 117.1 (C-6"), 77.4 (C-7'), 78.5 (C-8'),
61.0 (C-9'), 61.3, 60.6, 56.4 (3 x —OCH3) ppm.
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2.2.4. (3,5,5' Triiodo)cleomiscosin A methyl ether (8a)

Pale yellow solid (36.6 mg, 37.6%), m.p. 144-145 °C, IR (KBr):
Umax = 3424, 2918, 1721, 1596, 1509, 1434, 1254, 1166, 1077,
1025, 884, 748, 670, 628 cm~. Mass (ESI +) [M + H]*: m/z= 779,
[M+Na]": mjz=801, [M+K]": m/z=817. 'H NMR (CDCls,
300 MHz, 25°C): 6=28.54 (s, 1H, 4H), 7.31 (s, 1H, 2’'H), 6.82 (s,
1H, 6’'H), 5.30 (d, J=8.1 Hz, 1H, 7'H), 4.34 (brs, 1H, 8H), 3.86-
3.99 (m, 2H, 9'H), 3.85 (s, 3H, —OCH3), 3.90 (2s, 2 x 3H, 2 x
—OCH3) ppm. 3C NMR (CDCls, 75 MHz, 25°C): §=157.0 (C-2),
82.8 (C-3), 156.5 (C-4), 84.5 (C-5), 146.1 (C-6), 140.5 (C-7), 132.1
(C-8), 140.7 (C-9), 115.8 (C-10), 129.4 (C-1'), 111.2 (C-2"), 150.1
(C-3"), 150.6 (C-4'), 87.4 (C-5), 122.0 (C-6"), 81.0 (C-7'), 79.3 (C-
8), 61.6 (C-9'), 61.6, 56.6, 56.7 (3 x —OCH3) ppm.

2.2.5. (5,6' Diiodo)cleomiscosin A methyl ether (8b)

Dark yellow solid (35.0 mg, 42.9%), m.p. 152-153 °C, IR (KBr):
Umax = 3429, 2919, 1724, 1596, 1505, 1513, 1432, 1374, 1256,
1064, 982, 839, 778, 750, 599 cm~'. Mass (ESI +) [M +H]*: m/
z=653, [M+Li]": m/z=659, [M+Na]": m/z=675, [M+K]": m/
z=691. 'TH NMR (CDCl3, 300 MHz, 25 °C): §=6.20 (d, J=9.9 Hz,
1H 3H), 7.80 (d, J = 9.9 Hz, 1H, 4H), 6.79 (s, 1H, 2'H), 7.23 (s, 1H,
5'H), 5.30 (d, J = 8.1 Hz, 1H, 7'H), 4.30 (m, 1H, 8'H), 4.00 (m, 2H,
9'H), 3.83 (s, 3H, —OCHjs), 3.79 (2s, 2 x 3H, 2 x —OCHs;) ppm. '3C
NMR (CDCls, 75 MHz, 25 °C): §=160.0 (C-2), 115.6 (C-3), 148.0
(C-4), 84.6 (C-5), 146.2 (C-6), 140.6 (C-7), 132.6 (C-8), 141.2
(C-9), 114.9 (C-10), 129.9 (C-1"), 111.7 (C-2'), 150.5 (C-3"), 150.9
(C-4'), 122.5 (C-5'), 87.9 (C-6'), 80.9 (C-7'), 79.3 (C-8'), 61.7 (C-9),
61.5, 56.7, 56.6 (3 x —OCH3) ppm.

2.3. General procedure for the synthesis of 9" methyl ester of
cleomiscosin A methyl ether (9a)

A mixture of cleomiscosin A methyl ether (100 mg, 0.30 mmol),
potassium carbonate (50 mg, 41.4 mmol), dimethyl carbonate
(5mL, 0.06 mol) and N,N-dimethyl formamide (5mL) in a
100 mL round bottom flask was refluxed at 100 °C for 24 h. After
completion of reaction, the reaction mixture was then cooled to
0 °C. Water (50 mL), was added which resulted in the formation
of a precipitate. The mixture was stirred at —5 °C for 1h, then
the solid was collected by filtration washed with water (50 mL)
and dried under high vacuum to give a methyl ester derivative of
cleomiscosin A methyl ether.

2.3.1. 9’ Methy!l ester of cleomiscosin A methyl ether (9a)

White solid (42.0mg, 36.7%), m.p. 158-160°C, IR (KBr):
Umax = 3422, 2959, 1751, 1718, 1577, 1508, 1458, 1304, 1269,
1141, 1025, 942, 791, 766 cm™". Mass (ESI +) [M + H]": m/z = 459,
[M+Na]*: m/z=481. '"H NMR (CDCls, 300 MHz, 25 °C): & =6.30
(d, J=9.3 Hz, 1H, 3H), 8.60 (d, J = 9.6 Hz, 1H, 4H), 6.53 (s, 1H, 5H),
7.00 (dd, J=8.1 Hz, 1H, 2'H), 6.90 (dd, J= 8.7, 1H, 5'H), 6.87 (dd,
J=8.7, 1H, 6'H), 5.00 (d, J = 7.8 Hz, 1H, 7'H), 4.05-4.10 (dd, J = 3.6,
12.0 Hz, 1H, 8'H), 4.35-4.49 (m, J=2.1, 12.0 Hz, 2H, 9'H), 3.88 (s,
9H, —OCH3), 3.79 (s, 3H, —OCH3) ppm. '3C NMR (CDCl;, 75 MHz,
25°C): 5 =160.6 (C-2), 111.4 (C-3), 143.6 (C-4), 114.3 (C-5), 145.8
(C-6), 137.1 (C-7), 131.8 (C-8), 138.7 (C-9), 111.8 (C-10), 126.9
(C-1"), 110.3 (C-2'), 150.0 (C-3"), 149.4 (C-4'), 100.4 (C-5'), 120.3
(C-6'), 75.4 (C-7'), 76.2 (C-8'), 65.7 (C-9'), 155.1 (C=0), 55.7, 56.3,
54.9, 53.7 (4 x —OCH3) ppm.

2.4. Structure cleaning and molecular docking

Drawing and geometry cleaning of the series of compounds was
performed through ChemBioDraw-Ultra-v12.0 (http://www.cam-
bridgesoft.com/). The 2D structures has transformed into 3D struc-
tures using converter module of ChemBioDraw. The 3D structures
then subjected to energy minimization, which has performed in

two steps. In the first step energy minimized using molecular
mechanics-2 (MM2) until the root mean square (RMS) gradient
value became smaller than 0.100 kcal/mol A then in second step
minimized MM2 (dynamics) compounds were subjected to
re-optimization through MOPAC (Molecular Orbital Package)
method until the RMS gradient attained a value smaller than
0.0001 kcal/mol A.

The 3D chemical structures of known drugs have retrieved from
the PubChem compound database at NCBI (http://www.pub-
chem.ncbi.nlm.nih.gov). Crystallographic 3D structures of target
proteins have retrieved from the Brookhaven Protein Databank
(http://www.pdb.org). The valency and hydrogen bonding of each
ligand as well as each target protein were subsequently checked
using the Workspace module of the Scigress Explorer software.
Hydrogen atoms were added to the protein targets to achieve the
correct ionization and tautomeric states of amino acid residues
such as His, Asp, Ser, and Glu. Molecular docking of the standard
compounds/drugs and studied derivatives against selected targets
was achieved using the FastDock Manager and FastDock Compute
engines of Scigress Explorer v.7.7.0.47 software (previously,
CAChe) (Fujitsu Ltd., Poland, http://www.fqs.pl/). To perform the
automated docking of ligands into the active sites, we used a ge-
netic algorithm with a fast and simplified potential of mean force
(PMF) scoring scheme (Muegge, 2000; Martin, 1999). PMF uses
atom types that are similar to the empirical force fields used in
mechanics and dynamics. A minimization has performed by the
FastDock engine, which uses a Lamarkian genetic algorithm
(LGA) so that individuals adapt to the surrounding environment.
The best fits sustained by analyzing the PMF scores of all chromo-
somes and assigning more reproductive opportunities to those
with lower scores. This process was repeated for 3000 generations
with 500 individuals and 100,000 energy evaluations. Other
parameters were left as their default values. Structure-based
screening involves docking of candidate ligands into protein tar-
gets and then applying a PMF scoring function to estimate the like-
lihood that the ligand will bind to the protein with high affinity or
not (Muegge, 2000; Martin, 1999; Yadav et al., 2010, 2011; Meena
et al,, 2011).

2.5. Parameters for QSAR model development

Initially, 34 anti-inflammatory drugs/compounds (see Supple-
mentary Table 1) with reported activities have used in training
data set while developing the QSAR model. The anti-inflammatory
activity was in inhibitory concentration (ICso in nM) form. Total 52
chemical descriptors (physico-chemical properties) (see
Supplementary Table 2) were calculated for each compound. The
Scigress Explorer software (Fujitsu, Poland) calculated descriptors
like electronic, steric and thermodynamic. Compounds selection
has based on structural similarity, to ensure diverse training data
set rather than same family. On the basis of small molecules
structural similarity, compounds selection was performed so that
to ensure diverse training data set. While selecting the best subset
of chemical descriptors, highly correlated descriptors were
excluded by using correlation matrix (see Supplementary file 3)
approach or co-variance analysis.

Similarly, when selecting the best subset of chemical descrip-
tors, highly correlated descriptors developed based on forward
stepwise multiple linear regression method. The resulting QSAR
model exhibited a high regression coefficient. The model was
successfully validated using random test set compounds, and
evaluated for the robustness of its predictions via the cross-valida-
tion coefficient. Validation of QSAR models used ‘“Leave-one-out
(LOO)” method (Yadav et al., 2010, 2011; Meena et al,, 2011).
The best model selection was based on various statistical parame-
ters such as correlation coefficient (r), square of correlation
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coefficient (1), quality of the each model was estimated from the
cross-validated squared correlation coefficient (rCV2), which con-
firm the robustness and applicability of QSAR equation.

2.6. Screening through pharmacokinetic properties

The ideal oral drug is one that rapidly and completely absorbed
from the gastrointestinal tract, distributed specifically to its site of
action in the body, metabolized in a way that does not instantly
remove its activity, and eliminated in a suitable manner without
causing any harm. It has reported that around half of all drugs in
development fail to make it to the market because of poor pharma-
cokinetics (PK) (Hodgson, 2001). The PK properties depend on the
chemical properties of the compound. PK properties such as
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) are important determinants of the success of the com-
pound for human therapeutic use (Hodgson, 2001; Sean et al.,
2006; Norinder and Bergstrém, 2006). Some important chemical
descriptors correlate well with PK properties, such as the polar
surface area (PSA, a primary determinant of fractional absorption)
and low molecular weight (MW, for oral absorption) (Reichel and
Begley, 1998). The distribution of the compound in the human
body depends on factors such as the blood-brain barrier (log BB),
permeability (such as the apparent Caco-2 permeability, apparent
MDCK permeability, logKp for skin permeability), the volume of
distribution and plasma protein binding (logKhsa for serum pro-
tein binding) (Reichel and Begley, 1998). These parameters were
calculated by QikProp v.3.2 software (Schrodinger, USA, 2009)
and checked for compliance with their standard ranges. The
octanol-water partition coefficient (logP) implicated in BBB pene-
tration and permeability prediction, as has PSA. It was reported
that the process of excreting the compound from the human body
depends on the MW and logP. Likewise, rapid renal clearance is
associated with small and hydrophilic compounds. On the other
hand, the metabolism of most drugs, which takes place in the liver,
is associated with large and hydrophobic compounds (Lombardo
et al,, 2003). Higher compound lipophilicity leads to increased
metabolism and poor absorption, along with an increased
probability of binding to unwanted hydrophobic macromolecules,
thereby increasing the potential for toxicity. In spite of some
observed exceptions to Lipinski’s rule, the property values of the
vast majority (90%) of orally active compounds are within their
cut-off limits (Lipinski et al., 2001). Molecules that violate more
than one of these rules may not be sufficiently bioavailable. When
studying PK properties, screening based on Lipinski’s rule of five
(which has used to assess drug likeness) has applied to the
Cliv-M derivatives. In addition, the bioavailability of each deriva-
tive was assessed through its topological polar surface area (TPSA)
using ChemAxon’s MarvinView 5.2.6: PSA plugin software (http://
www.chemaxon.com) (Ertl et al., 2000; Veber et al., 2002; Clark,
1999). This descriptor shown to correlate well with passive molec-
ular transport through membranes, thus allowing the prediction of
drug transports properties, and it has linked to drug bioavailability
(the percentage of the dose of the drug that reaches the blood
circulation). In addition, the number of rotatable bonds is a simple
topological parameter used by researchers as part of an extended
Lipinski’s rule of five as a measure of molecular flexibility. This is
a very good chemical descriptor for oral bioavailability (Ertl
et al., 2000; Veber et al., 2002; Clark, 1999). A rotatable bond is
defined as any single non-ring bond bound to a non-terminal
heavy (i.e., non-hydrogen) atom. Amide C—N bonds are not consid-
ered in this context because of their high rotational energy barrier.
Moreover, some researchers have also included the sum of H-bond
donors and H-bond acceptors as a secondary determinant of
fractional absorption. The primary determinant of fractional
absorption is PSA (Clark, 1999). According to the extended

Lipinski’s rule of five, the sum of H-bond donors and acceptors
should be <12 or the PSA should be <140 A%, and the number of
rotatable bonds should be <10 (Veber et al., 2002).

2.7. In vitro anti-inflammatory study

Inflammation is a multi-step process that is mediated by
activated inflammatory cells, including macrophages/monocytes
(Minagar et al., 2002). In the presence of stimuli such as lipopoly-
saccharide (LPS), activated macrophages induce the overproduc-
tion of pro-inflammatory cytokines such as TNF-o, IL-1B and IL-6
(Jung et al., 2007). In this study, we used macrophage cells stimu-
lated with LPS for target based in vitro anti-inflammatory evalua-
tion of compounds 6a-9a. The compounds (6a-9a) were
dissolved in DMSO at a concentration of 1 and 10 pg/mL. Primary
macrophage cells were collected from the peritoneal cavities of
mice (8-week-old female Swiss albino mice) after an intra-perito-
neal (i.p.) injection of 1 mL of 1% peptone (BD USA) 3 days before
harvesting. Mice were euthanized by cervical dislocation under
ether anesthesia and peritoneal macrophages were obtained by
intra-peritoneal (i.p.) injection of Phosphate Buffer Saline (PBS),
pH-7.4. The peritoneal macrophages at the concentration of
2.5 x 10° live cells/mL were used for the experimentation.

2.7.1. Quantification of pro-inflammatory mediators using Enzyme-
Linked Immunosorbent Assay (ELISA)

The cells were suspended in RPMI 1640 medium (Sigma Chem-
icals Co., USA) containing 10% heat-inactivated fetal calf serum
(Gibco, USA), 100 U/mL of penicillin and 100 mg/mL of streptomy-
cin and incubated in a culture plate (Nunc, Germany) at 37 °C in 5%
CO, in an incubator. Non-adherent cells removed after 2 h and the
adherent cells resuspended in RPMI 1640 medium. Cells were pre-
treated with (1 and 10 pg/mL) of test compounds, 30 min before
the stimulation with lipopolysaccharide (LPS, 0.5 pg/mL). After
incubation with LPS for 24 h, supernatants collected and immedi-
ately frozen at —80 °C. Harvested supernatants tested for quantifi-
cation of pro-inflammatory mediators (IL-1B, IL-6 and TNF-at) by
ELISA using commercial kits for mouse IL-1B, IL-6 and TNF-o. (BD
Biosciences, USA). All the synthesized derivatives dissolved in di-
methyl sulphoxide (DMSO) and cells treated with 10 pL of DMSO
were considered as a vehicle control. In vitro anti-inflammatory
activity of the compounds was compared with vehicle control
(Sharma et al., 2010).

2.7.2. Cell viability assay

Cell viability assay carried out in similar conditions where the
experiments for anti-inflammatory activity were done. Cell viabil-
ity was determined by using the 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium (MTT) assay. Murine Peritoneal Macrophage
Cells (0.25 x 10° cells/mL) were suspended in RPMI 1640 medium
(Sigma Chemicals Co., USA) containing 10% heat-inactivated fetal
bovine serum (Gibco, USA), 100 U/mL of penicillin and 100 mg/
mL of streptomycin and incubated in a culture 96 well plate (Nunc,
Germany) at 37 °C in 5% CO, in an incubator. 20 pL aliquots of
6a-9a solutions (10,100 and 1000 pg/mL) were added to each well
using DMSO as solvent. Cells incubated in culture medium alone
served as a control for cell viability (untreated wells). After incuba-
tion, cells with treatment compounds for 24 h, 20 pL aliquots of
MTT solution (5 mg/mL in PBS) added to each well. Then, the
200 pL of supernatant culture medium were carefully aspirated
and 200 pL aliquots of dimethylsulfoxide (DMSO) added to each
well to dissolve the formazan crystals, following by incubation
for 10 minutes to dissolve air bubbles. The culture plate was placed
on a micro-plate reader (Spectramax, Molecular Devices, USA) and
the absorbance was measured at 550 nm. The purple color
produced is directly proportional to the number of viable cell. All
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assays performed in six replicates for each concentration. Cell
viability rate was calculated as the percentage of MTT absorption
as follows: % survival = (mean experimental absorbance[mean control
absorbance x 100) (Brown et al., 2008).

3. Results and discussion

3.1. Chemistry of novel cleomiscosin A methyl ether (Cliv-M)
derivatives

The syntheses of five new cleomiscosin A methyl ether deriva-
tives (6a, 6b, 7a, 8a and 8b) were accomplished with BF3-Et,0
and N-halosuccinimides through the synthetic route reported in
Scheme 1. The reaction of Cliv-M with N-halosuccinimides, NXS
(X =Cl, Br, I) in the presence of BF3-Et,0 at room temperature pro-
duced trichloro, dichloro, tetrabromo, triiodo and diiodo deriva-
tives of Cliv-M. We have studied the halogenation of Cliv-M
using a combination of NXS and BF3-Et,O at room temperature.
This halogenation method developed as a modification of an earlier
method reported by Surya Prakash et al. (Surya Prakash et al.,
2004; Olah et al., 1989, 2001; Olah, 1993).

The reaction of Cliv-M with N-chlorosuccinimide and BFs-Et,0
at room temperature converted it into two chloro derivatives,
one was a trichlorinated derivative, 6a and other one was the
dichlorinated derivative, 6b of Cliv-M (Scheme 1). The trichlorinat-
ed derivative, 6a (Cy;H;705Cls, m.p. 83-85°C), [M+H]" and
[M+2+H]J" at m/z 503 and 505, in its 'H NMR spectrum showed
the presence of only three aromatic protons. The absence of cou-
marin C-3 proton and therefore the absence of diagnostic coupling
constant of ] = 10 Hz between C-3H and C-4H indicated the attach-
ment of a Cl atom to C-3 position. Also from the 'H NMR, the
attachment of second Cl atom was confirmed at C-5 position. This
finding has established because of the downfield shift of C-4H from
the original value of § 7.62-8.16 ppm and it appeared as a singlet.
The third Cl atom was introduced into the phenyl propane unit at
C-2'H position which was evident from the presence of three more
signals for quaternary carbons in its '>C NMR spectrum and
absence of three —CH signals for three aromatic protons. The
structure of second minor dichloro derivative, C;1H;305Cl,, m.p.

MeO

BF3- Etherate,
N-Halosuccinimde (NXS), R4
Room temperature, 3-4h

132-133 °C, was confirmed as 6b, as it showed the downfield shift
of the C-4H which appeared at 5 8.00 (d, J=9.9 Hz) and also
showed the absence of C-5H in its "H NMR spectrum which con-
firmed the attachment of one Cl atom at C-5 position. The other
Cl atom was put at C-6' position as C-5'H and C-2’'H appeared as
singlets at ¢ 6.89 and 6.92 ppm respectively.

The tetrabromo derivative 7a of Cliv-M was obtained when
Cliv-M was stirred with N-bromosuccinimide and BF3;-Et,0 at
room temperature for 2 h. Only one product has formed, which
was found to contain four Br atoms attached to coumarin and phe-
nyl propane unit (Cc—Cs unit). The ESI-MS (positive mode) of 7a,
C,1H160gBr4, m.p. 146-148 °C, showed [M + H]* at m/z 713. More-
over, the MS/MS spectrum showed two distinctive peaks, one at m/
z 697.5 that has obtained by the loss of a H;0 molecule from the
parent M* 713. Second major peak obtained from the retro Diels-
Alder cleavage of the parent molecule that gave two peaks at m/z
362 and 310.8. The '"H NMR spectrum of 7a displayed two singlets
for two aromatic protons at § 8.40 and 6.96 for C-4H and C-2'H,
respectively. In its '>C NMR spectrum, four quaternary carbon sig-
nals appeared at § 110.4, 106.5, 112.7 and 117.1 for C-3, C-5, C-5’
and C-6' respectively. Thus, based on NMR and mass spectral
data, structure 7a was assigned to the tetrabromo derivative of
Cliv-M.

In order to explore the reactivity of Cliv-M towards iodination
reaction, Cliv-M was treated with N-iodosuccinimide and
BF3-Et,0 at room temperature to give two iodo derivatives 8a
and 8b. Compound 8a, C,1H;70gl3, [M + H]": m/z 779, [M + Na]*:
m/z 801 and [M+K]*": m/z 817, m.p. 144-145°C, was a triiodo
derivative. Its 'TH NMR spectrum showed signals for three aromatic
protons at § 8.54, 7.31 and 6.82 ppm for C-4H, C-2’ H and C-6’ H,
and the absence of coupling between the C-3 and C-4 protons.
Furthermore, the downfield chemical shift of C-4 proton was ascer-
tained due to the presence of another iodo group at C-5H position.
The position of third iodo group at C-5’H position was confirmed
by HSQC and HMBC correlations. Compound 8b, (C;1H;50gl,, m.p.
152-153 °C), was a diiodo derivative. Its ESI-MS (positive mode)
spectrum showed [M+H]" at m/z 653, [M+Li]* at m/z 659,
[M+NaJ" at m/z 675 and [M +K]" at m/z 691. The 'H NMR of
compound 8b showed the presence of two singlets at § 6.79 and
7.23 indicating that C-2'H and C-5'H were intact. The two iodo

Ry

MeO R

OMe

Cliv-M

MeO

6a: R1= R2=R5=C|; R3=R4=H
6b: R2= R3=C|, R1=R4=R5=H
Ta: R1= R2= R3= R4=Br; R5=H
Sa:R1=R2=R4=I;R3=R5=H
8b:R2=R3=I;R1=R4=R5=H

Scheme 1. Reagents and conditions: cleomiscosin A methyl ether (0.10 mmol), N-halosuccinimide (NXS, X = Cl, Br, I) (0.30 mmol), BF3-Et,0 (4.0 ml, 32.4 mmol), 3-4 h, room

temperature.
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MeO

K,CO 3, Dimethyl carbonate,
DMF, 100 °C, 24 h,

MeO

MeO CHy- 0-C-OCH;

OMe

OMe
Cleomiscosin A methyl ether 9a

Scheme 2. Reagents and conditions: cleomiscosin A methyl ether (0.30 mmol), potassium carbonate (41.4 mmol), dimethyl carbonate (5 ml, 0.06 mol) and N,N-dimethyl
formamide (5 ml), reflux, 100 °C, 24 h.

G196 3

LY§154

SERA52
e SR224

Fig. 1. Compound 9a docked on anti-inflammatory target IL6 (PDB: 1N26) with high binding affinity docking score —92.450 kcal/mol.

Fig. 2. Compound 9a docked on anti-inflammatory target TNF-o (PDB: 2AZ5) with high binding affinity docking score —94.992 kcal/mol.
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Fig. 3. Compound 9a docked on anti-inflammatory target IL1-p (PDB: 3040) with high binding affinity docking score —67.462 kcal/mol.

Fig. 4. Diclofenac sodium docked on anti-inflammatory target IL6 (PDB: 1N26) with high binding affinity docking score —64.141 kcal/mol.

groups were positioned at C-6'H and C-5H. Finally, the structure of
8b was confirmed by its '3C NMR and DEPT 135° experiments.

We have also studied the reactivity of primary alcoholic group
of Cliv-M (Scheme 2). When it was refluxed with potassium car-
bonate, dimethyl carbonate and DMF at 100 °C for 24 h, an ester
derivative of cleomiscosin A methyl ether was obtained. When
the same reaction has performed with cleomiscosin A, no product
was formed. The structure of compound 9a (C3H»,019, m.p.
158-160 °C) was confirmed by spectral analysis. The IR of 9a
showed a carbonyl band at 1751 cm™'. The 'H NMR spectrum of
9a showed a singlet at § 3.72 for —OMe group of ester and '3C
NMR showed a carbonyl group at § 155.1.

3.2. Chemical structure-activity relationship

The QSAR results indicated that studied Cliv-M derivatives
(6a-9a) showed activity levels similar to or higher than that of
standard drugs. Thus, we designed and virtually optimized a
number of Cliv-M derivatives (6a-9a) based on the conformational
restricted functional moiety as a basic unit along with different
halogen atoms and groups at the different carbon position. We

Table 1
Docking scores (kcal mol~") of Cliv-M (6a-9a) derivatives with respect to the anti-
inflammatory targets IL-6, TNF-ot and IL-1p.

Drugs/compounds  Docking energy (kcal/mol) with anti-inflammatory

receptors

IL-6 TNF-o IL-1B
Cleomiscosin A -90.302 -35.912 —71.958
Cliv-M —96.164 -94.913 —-85.15
6a —81.933 —69.235 —65.985
6b —83.302 —45.258 —80.327
7a -93.787 —45.873 —77.38
8a -90.939 -90.881 —84.447
8b -99.394 -96.377 —65.367
9a -92.45 —94.992 —67.462
Diclofenac sodium —64.141 —76.282 —62.091
Ibuprefen —56.248 -63.135 —49.712
Aristolochic —-73.067 —88.284 —73.588
Indometacin —74.086 —30.964 —-54.819

report the anti-inflammatory activity of these newly designed
derivatives with the basic pharmacophore, which were found to
be comparable to potent standard compounds. Figs. 1-4 show
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Fig. 5. Multiple linear regression curve showing linear relationship between values of experimental and predicted logLDs, calculated by derived QSAR model.

Table 2
Predicted anti-inflammatory activity (LDso mg/kg) of Cliv-M (6a-9a) derivatives and
its virtual screening.

Drug/compounds Predicted logLD50 (mg/kg)  Predicted LD50 (mg/kg)

Cleomiscosin A 3.789 6151.77
Cliv-M 2.436 272.90
6a 2.467 293.09
6b 2.803 635.33
7a 2.543 349.14
8a 2.808 642.69
8b 2.602 399.94
9a 1.995 98.86
Diclofenac sodium  2.398 250 (Exp. LD50)
Ibuprofen 2.803 639 (Exp. LD50)

the Cliv-M based pharmacophore and its derivatives that were pre-
dicted to be active anti-inflammatory compounds through QSAR
and docking studies. Cliv-M derivatives has been designed by side
chain modification in the parent skeleton with various halogenat-
ing groups and an ester group.

3.3. Molecular docking revealed binding affinity against selected
targets

The aim of the molecular docking study was to elucidate
whether Cliv-M derivatives modulate the target, and to study
their possible mechanisms of action. The results of the molecular
docking suggest that derived compounds inhibit the activity of
IL6, TNF-a and IL1-B (Sharma et al., 2010; Yadav et al., 2010,
2011; Meena et al, 2011). In the work presented here, we
explored the orientations and binding affinities (in terms of the
docking energy in kcal mol~!) of Cliv-M derivatives (6a-9a)
towards anti-inflammatory and immunomodulatory targets IL6
(PDB:1N26), TNF-o. (PDB:2AZ5) and IL1-B (PDB:3040) (Figs. 1-3).

The binding affinity obtained in the docking study allowed the
activity of the Cliv-M derivatives (6a-9a), to compare with that
of the standard anti-inflammatory drugs (Fig. 4). All of the deriva-
tives showed high binding affinities (low docking energies) for tar-
gets. The comparison of how the binding pocket amino acid
residues of target interacted with the derivatives showed that

Table 3
Compliance of Cliv-M (6a-9a) derivatives to computational parameters of bioavailability and drug likeness properties.
Compound Pharmacokinetic property (ADME) dependent on chemical descriptors Rule of 5
violation
ADPM°© AEY ADME AD
Oral bioavailability: MwW! LogP” H-bond donor H-bond acceptor
TPSA® (A?) - - -
Amine group Sec-amine group Hydroxyl group Nitrogen atom  Oxygen atom
count count count count count
Cleomiscosin ~ 113.127 386.357 1.822 0 0 2 0 8 0
A
Cliv-M 99.558 400387 1853 0 0 1 0 8 0
6a 54.409 383.615 3.922 0 0 0 0 4 0
6b 95.263 469.274 2889 0 0 1 0 8 0
7a 96.124 715969 4.404 O 0 1 0 8 1
8a 96.417 778.072 5.009 0 0 1 0 8 2
8b 95.224 652.176 4368 0 0 1 0 8 1
9a 103.569 368.342 3366 O 0 0 0 7 0

4 A= absorption.
b D = distribution.
¢ M = metabolism.
4 E = excretion.
€ TPSA = topological polar surface area.
f MW = molecular weight.
" LogP = octanol/water partition coefficient.
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compounds 6a and 9a interacted with conserved hydrophobic ami-
no acid residues. Phenlyalanine (Phe, F), tyrosine (Tyr, Y), trypto-
phan (Trp, W), histidine (His, H), lysine (Lys, K), methionine (Met,
M), leucine (Leu, L), isoleucine (Ile, I), valine (Val, V), alanine (Ala,
A), threonine (Thr, T) and cysteine (Cys, C) are the conserved amino
acid residues of anti-inflammatory targets viz., IL6 (PDB:1N26),
TNF-o (PDB:2AZ5) and IL1-B (PDB:3040), thus lead to more stabil-
ity and potency in these cases (Table 1). The docking results for the
active derivatives showed that compound 9a docked onto anti-
inflammatory and immuno-modulatory targets IL6, TNF-ou and
IL1-B with high binding affinity, indicated by low docking energy
of -92.45 kcal mol~!, —94.992 kcal mol~! and —67.462 kcal mol~!
respectively (Figs. 1-3).

In 9a-IL6 complex (Fig. 1), the chemical nature of binding site
amino acid residues within a radius of 4A were nucleophilic e.g.,
Ser-101, Ser-152, Ser-224, basic e.g., Lys-105, Lys-154, acidic e.g.,
Glu-114, Asp-198, hydrophobic e.g., Val-112, aromatic e.g., Phe-
103 and polar amide type e.g., GIn-196. Likewise, in 9a-TNF-o
complex (Fig. 2), the chemical nature of binding site amino acids
within 4A of docked ligand were hydrophobic e.g., Val-13,
Ile-155, basic e.g., His-15, hydrophobic e.g., Leu-36, Leu-57,
Leu-120, aromatic e.g., Tyr-59, Tyr-119, nuleophilic e.g., Ser-60, po-
lar amide e.g., GIn-61 and hydrophobic, small e.g., Gly-121. Simi-
larly, 9a-IL1-B complex (Fig. 3) showed acidic residue e.g., Asp-
10, basic residues e.g., Arg-13, Lys-26, hydrophobic residues e.g.,
Ile-15, Ile-25, Pro-28 and aromatic residues e.g., Phe-30, Phe-107
within 4A of docked ligand. On the other hand diclofenac-IL6 com-
plex (Fig. 4) also showed similar type of residues in the binding site
pocket (within 4 A radius) such as polar and nucleophilic residue
e.g., Ser-101, aromatic and hydrophobic e.g., Phe-103, polar and
basic residues e.g., Lys-105, Lys-154, polar and acidic nature resi-
due e.g., Glu-114, polar and amide residue e.g., GIn-196. All bound
compounds showed hydrophobic interactions with anti-inflamma-
tory targets, therefore lead to more stability and potency in these
compounds, comparable to diclofenac.

Similarly, compound 6a docked onto anti-inflammatory
and immunomodulatory targets IL6, TNF-oo and IL1-B with
high binding affinity, indicated by low docking energy of
-81.933 kcal mol~!, —69.235 kcal mol~! and —65.985 kcal mol™!
respectively. On the other hand, the docking results for standard
anti-inflammatory drug diclofenac with receptors IL6, TNF-o. and
IL1-p showed a low docking energy of —64.141 kcal mol~},
—76.282 kcal mol~! and —62.091 kcal mol~! respectively. In these
complexes, the conserved binding pocket amino acid residues were
hydrophobic in nature within a selection radius of 4 A from bound
ligand. Superimposition study also suggests the similar binding
site residues for most favorable conformations of active
compounds during molecular docking experiments.

3.4. Predicting anti-inflammatory activity with the QSAR model

Prior studies related to structure activity relationship of cle-
omiscosin A methyl ether, showed promising role in the develop-
ment of anti-inflammatory and immunomodulatory drugs
(Sharma et al., 2010). Following so, in the present work, we have
predicted the activity of Cliv-M derivatives (6a-9a), through QSAR
model. The structure-activity relationship denoted by the QSAR
model yielded a very high activity-descriptors relationship accu-
racy of 91.81% referred by regression coefficient (r* =0.918119)
and a high activity prediction accuracy of 86.73%
(rCV? = 0.867314) (Fig. 5). Seven chemical descriptors were found
to be applicable to the activity. The QSAR equation indicated that
chemical descriptors namely, dipole vector X, dipole vector Y, ste-
ric energy, LUMO energy, size of smallest ring, size of largest ring
and carboxyl group count correlated well with activity. The QSAR
model equation given below (Eq. (1)), showing the relationship

Compliance of active Cliv-M derivatives (6a-9a) to computational parameters of pharmacokinetics (ADME).

Table 4

Qual. model for

human oral

% Human oral

Jorgensen
rule of 3

.,m,max

logKp for

skin

Apparent
MDCK

Apparent Caco-

log HERG for
K + channel
blockage

logKhsa for logBB for  No. of Predicted
brain/ CNS

logS for

Compound
name

absorption in
GI (£20%)

transdermal
transport
rate

2 Permeability

(nm/s)

metabolic
reactions

serum protein

binding

aqueous

absorption

violations

permeability

Permeability

(nm/s)

blood activity

solubility

High

82.308

-3.26 0.009

118.425

266.413

-5.69

5

-1.41

-0.078

—4.355

Cleomiscosin

High
High
High
Low

92.525

0.013

—2.655
-1.815
-2.884
—3.004
-2.923
—-2.893
-2.979
-1.589

278.284

10,000

587.266
2328.76

-5.79

5
2
5
5
5
5
2
4

-1.082

0.045
0.388
0.209
0.472

—4.823
—5.574
—5.669
—6.996
—6.987
—6.078
-5.43

Cliv-M
6a

100
96.806

91.346
91.052
85.612
89.448

0.016

—5.265
-5.439
-5.221
-5.413
-5.513
—6.749
—2.547

0.39
—0.802
-0.424
—0.488
—0.761
-1.283
-0.05

0.001

1124.282

584.821

6b
7a

7223.035

665.586

Low

5639.442

683.184

0.457

8a

High
High
High

0.001

1517.212

585.003
302.253

0.298
0.219
—0.032

8a

0.001

135.735
1001.69

9a

100

2.140

483.646

-5.176

Diclofenac

sodium
Stand. range®

(>80% is high)

(<25% is poor)

(maximum

(-8.0to (ng/cm? h)
is 3)

(<25 poor,
>500 great)

(<25 poor,

(-1.5/1.5) (-3.0/1.2) (1.0/8.0) -2 (concern

(=6.5/0.5)

—-1.0, Kp in

cm/h)

>500 great)

below —5)

(inactive)

+2 active)

2 For 95% of known drugs based on Schrodinger, USA - Qikprop v3.2 (2009) software results.
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Compliance of active Cliv-M derivatives (6a-9a) to computational toxicity risks parameters (i.e., mutagenicity, tumorogenicity, irritation, and reproduction).
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Compound Toxicity risk parameters Drug likeness parameters (Osiris)

MUT? TUMOP IRRI® REP! CLP® sf Mwe DL" DS
Cleomiscosin A No risk No risk No risk No risk 2.18 —3.26 386.0 -1.67 0.47
Cliv-M No risk No risk No risk No risk 2.37 -3.57 400.0 0.17 0.6
6a No risk No risk No risk No risk 4.0 -5.73 502.0 -2.07 0.24
6b No risk No risk No risk No risk 3.6 —5.04 468.0 -0.57 0.36
7a No risk No risk No risk No risk 4.92 -6.91 712.0 -9.84 0.12
8a No risk No risk No risk No risk 5.03 -6.02 778.0 3.0 0.24
8b No risk No risk No risk No risk 423 -5.8 652.0 -0.39 0.23
9a No risk No risk No risk No risk 3.12 —-4.3 458.0 -5.1 0.32
Diclofenac sodium No risk No risk No risk High risk 44 -4.64 295 2.06 0.36
Ibuprofen High risk No risk No risk* No risk 3.2 -2.89 206 3.97 0.31

a
b
c
d
e
f

& MW = Molecular weight.

h

i

MUT = Mutagenicity.

TUMO = Tumorogenicity.

IRRI = Irritation.
REP = Reproduction.
CLP = ClogP.

S = Solubility.

DL = Drug-likeness.
DS = Drug-score.

Table 6
In vitro target based anti-inflammatory activity of 6a-9a in murine macrophage cell culture system, quantification of pro-inflammatory cytokines using sandwich ELISA.

6a: Ry
6b:
7a: Ry
8a: Ry

MeO

OMe

Ry

R,= Rs=Cl;R=R;=R,;=H
R;=Cl;R=R;=R;=Rs=H
R,= Ry= R4=Br; R=R;=H
R,=R;=l;R=R;=Rs=H
R;=;R=R;=Rs;=H

2
9a: R=-COO0OCH;3; R1= R;= R3= R4=Rs=H

Compound R, R> R3 R4 Rs R Dose (pg/ml)  Pro-inflammatory cytokines
TNF-o pg/ml (Mean + SE)  IL-1B pg/ml (Mean +SE)  IL-6 pg/ml (Mean + SE)
Vehicle (DMSO) - - - - - - - 1336.50 + 104.10 1454.50 + 63.36 1307.95 +95.29
6a - - —-H —-H - -H 1 1115.50 £ 39.20™ 1087.39 + 64.48™ 1162.22 £73.91°
10 1036.09 + 28.97" 1029.14 +33.27" 1003.72 +80.34"
6b -H —-C - —-H -—-H -H 1 1141.83 £47.56™ 1090.67 + 75.53™ 1150.26 + 73.87"
10 1050.73 +34.17" 997.28 +44.19” 1058.83 + 59.00™
7a —Br —Br —-Br —Br —H —H 1 1043.81 +29.91™ 1080.17 + 75.54™ 949.33 +141.28™
10 1096.91 £ 59.64" 1028.78 +61.64" 1111.10 + 135.00™
8a —I —I —H - —H —H 1 1128.12 £75.21™ 1035.69 +30.51" 1186.92 £95.96"
10 1006.88 +31.95™" 986.81 +84.20™" 1164.16 + 85.80™
8b —H —I —I —H —H —H 1 1116.56 £ 67.41™ 989.39+86.45" 1191.41 £72.50"
10 997.68 +30.05" 938.31+92.05" 1058.03 + 74.10™
9a —H —-H —-H —H —H —COOCH; 1 1133.42 £50.01™ 1056.64 +77.55" 1260.76 +47.70°
10 1039.62 +36.41™ 1039.50 + 100.37" 1151.76 + 74.88"
Diclofenac sodium - - - - - - 1 944.43 +29.95™ 912.08 +81.95 1204.31 £ 58.35™
10 905.40 + 67.99" 8861.64+89.37" 957.40 + 64.55""

Vehicle vs treatment; ns - not significant; n = 6.
" P<0.05.

P<0.001.
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Table 7
% Inhibition of pro-inflammatory cytokines of derivatives 6a-9a.

MeO.

OMe

Ry

6a:Ry= R;= Rs=CI; R=R;=R,=H
6b:R,= R;=Cl;R=R;=R;=Rs=H
7a:R;= R, = Ry= Ry=Br; R=Rs=H
8a:Ry= R;=R,=I;R=R;=Rs=H

8b:R,= Ry =I; R=R4=Rs=H

9a: R=-COOCH;; Ry = Ry= Ry= Rg=Rs=H

Compound Ry R, R3 R4 Rs R Dose (pg/ml) % inhibition of Pro-inflammatory cytokines
TNF-o (Mean * SE) IL-1B (Mean # SE) IL-6 (Mean + SE)
Vehicle (DMSO) - - - - - - - 0.00 + 0.00 0.00 + 0.00 0.00 £ 0.00
6a —Cl —Cl —H —H —Cl —H 1 14.14 £ 6.79™ 24.46 +7.26™ 9.07+£7.36°
10 20.63 £5.01 28.98 +2.88" 21.92+6.40"
6b —H —Cl —Cl —H —H —H 1 11.96 + 8.04™ 24.90 + 4.67"™ 27.67 £22.97"
10 19.16 £ 6.32° 30.77 545" 17.45 +4.98™
7a —Br —Br —Br —Br —H —H 1 13.42 £9.80™ 24.64 + 8.52"™ 16.78 £9.38™
10 14.80 £ 10.02" 28.56+6.42" 28.88 + 16.46™
8a —I —I —H —I —H —H 1 11.15+12.39™ 28.13+5.27" 23.46 +16.46°
10 22516117 31.79+6.42"" 23.60 £ 17.32™
8b —H —I —I —H —H —H 1 13.28 £10.46™ 31.21+7.79" 6.95 +6.46
10 23.46+521" 34.60 + 8.45 13.06 £ 7.73™
9a —H —H —H —H —H —COOCH; 1 11.79+£9.70™ 26.44+7.75 16.64 +17.82°
10 17.68 £ 7.07™ 27.73+8.68" 23.28 +18.58"
Diclofenac Sodium - - - - - - 1 27.56+6.10" 36.47 £9.57" 30.99 +20.40™
- - - - - - 10 29.78 £9.34" 40.49 +6.72" 43.16+16.71"

Vehicle vs treatment; ns - not significant; n = 6.
* P<0.05.
" P<0.001.

between experimental activity in vivo [i.e., the lethal dose to 50% of
the population (LDsg)] as the dependent variable and seven inde-
pendent variables i.e., chemical descriptors:

Predicted log LDs (mg/kg) = +0.207651 x dipole vector X (debye)
—0.0872917 x dipole vector Y (debye)
+0.0150386 x steric energy (kcal/mole)
+0.102653 x LUMO energy (eV)
+1.26128 x size of smallest ring
+0.563956 x size of largest ring
—0.724896 x group count (carboxyl)
—7.41586 1)

Here, rCV? (the cross-validation regression  coeffi-
cient) = 0.867314, which indicates that the newly derived QSAR
model has a prediction accuracy of 86.73%, and 12 (regression coef-
ficient) = 0.918119, which indicates that the correlation between
the activity (dependent variable) and the descriptors (independent
variables) for the training data set compounds was 91.81%. Thus,
we successfully developed a predictive QSAR model for in vivo
anti-inflammatory activity of Cliv-M derivatives (6a-9a). A
multiple linear regression QSAR model was developed for activity
prediction that successfully and accurately (noting the correspond-
ing experimental activities) predicted the activities of newly

designed Cliv-M derivatives (6a-9a) that had the basic pharmaco-
phore. The QSAR model quantified the activity-dependent chemi-
cal descriptors and predicted the LDsy of each derivative, thus
indicating it potential range of effective dose (EDso) (Table 2,
Fig. 5). Results showed that the predicted activities were compara-
ble with those obtained experimentally. Compound 9a has higher
activity, while compound 6a showed comparable activity than
diclofenac sodium.

3.5. Assessment through pharmacokinetic parameters

We considered several physiochemical properties related to
pharmacokinetics, when screening for active derivatives. The re-
sults revealed that all of the derivatives followed Lipinski’s rule
of five (Table 3). The hydrophilicity of each compound measured
through its logP value. Low hydrophilicity and therefore a high
log P value may lead to poor absorption or permeation. For com-
pounds to have a reasonable probability of being well absorbed,
it has found that their logP values must not be >5. All compounds
showed calculated logP values less than 5, so these will be soluble
in aqueous solution and hence able to gain access to membrane
surfaces. Lipophilicity (ratio of a molecule’s solubility in octanol
to solubility in water) measured through logP. logP value linked
to blood-brain barrier penetration and utilized to predict perme-
ability. The process of excretion, which eliminates the compound
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Fig. 6. % Cell viability of compounds (6a-9a) using MTT assay.

from the human body, depends on its molecular weight and logP
(Yadav et al,, 2011). Molecules with intermediate lipophilicities
have a better chance of arriving at the receptor site (Yadav et al.,
2011; Hodgson, 2001; Sean et al., 2006; Norinder and Bergstrém,
2006). Similarly, all compounds showed calculated molecular
weight less than 500 Da, making these likely to have high solubility
and to pass through cell membranes easily. All the derivatives have
polarities that enabled better permeation and absorption, as re-
vealed by the number of H-bond donors and H-bond acceptors.
Similarly, the ADME parameters calculated for the active deriv-
atives and the values of these parameters showed close correspon-
dence with those of standard drugs and fell within the standard
range of values exhibited by 95% of all known drugs. Typically,
low solubility is associated with bad absorption, so the general
aim is to avoid poorly soluble compounds. The aqueous solubility
(logS) of a compound significantly affects its absorption and distri-
bution characteristics. The calculated logS values of the studied
compounds were within the acceptable interval. Calculations re-
lated to solubility, serum protein binding, the blood-brain barrier
(log BB and apparent MDCK cell permeability), gut-blood barrier
(Caco-2 cell permeability), central nervous system activity, meta-
bolic reactions, log ICsq for hERG K+ channel blockage, skin perme-
ability (Kp) and human oral absorption in the gastrointestinal tract
showed that the values for the active derivatives fall within the
standard ranges generally observed for the drugs (Table 4).

3.6. Toxicity risk assessment

In the present study, we calculated toxicity risk parameters for
example, mutagenicity, tumorogenicity, irritation, and reproduc-
tive/developmental toxicities of the Cliv-M derivatives. The toxic-
ity risk predictor locates fragments within a molecule that
indicate a potential toxicity risk. Toxicity screening results showed
that none of the compounds presented a risk of reproductive or
developmental toxicity. To judge the compound’s overall potential
to act as a drug, we calculated its overall drug score, which com-
bines its drug likeness and toxicity risk parameter values. The cal-
culated parameters of drug likeness for the active compounds were
within the acceptable interval, if used in long term, similar to stan-
dard drugs (Table 5). Results revealed that the overall drug scores
of active compounds are comparable to that of standard drugs.

3.7. In vitro anti-inflammatory activity

Inflammation is the body’s immediate response to damage to its
tissues and cells by pathogens, noxious stimuli such as chemicals,
or physical injury. Acute inflammation is a short-term response
that usually results in healing: leukocytes infiltrate the damaged
region, removing the stimulus and repairing the tissue. Chronic
inflammation, by contrast, is a prolonged, dysregulated and mal-

adaptive response that involves active inflammation, tissue
destruction and attempts at tissue repair. Such persistent inflam-
mation is associated with many chronic inflammatory conditions,
including allergy, atherosclerosis, cancer, arthritis and autoim-
mune diseases. The target based anti-inflammatory activities of
compounds 6a-9a (Tables 6 and 7) have been evaluated in
in vitro condition at the initial dose of 1 pg / ml and 10 pg / ml.
When compared with the standard drug Diclofenac sodium it
was seen that the compounds 6a, 7a, 8b and 9a showed significant
inhibition of pro-inflammatory targets in lipo-polysaccharide (LPS)
induced inflammation in primary macrophages cell culture model.
The pro-inflammatory cytokines (IL-1, IL-6 and TNF-o) quantified
from cell culture supernatant using enzyme linked immunosorbent
assay (ELISA). The compounds 6a, 7a, 8b and 9a showed the signif-
icant inhibition of pro-inflammatory targets, which are the media-
tors of various chronic inflammatory disorders. The in vitro effect of
6a-9a on cell viability in mouse peritoneal macrophage cells iso-
lated from mice was evaluated using MTT assay. The significant
change in percent cell population was not observed (P < 0.05) at
any concentration of the treatment when compared with normal
cells. The % cell viability MTT assay of all the synthesized com-
pounds was carried out and the results were shown in Fig. 6.

4. Conclusion

In conclusion, we report the polyhalogenation reactions of cliv A
methyl ether using a modified method of Surya Prakash et al.
When Cliv-M was treated with BFs-Et,0 and NXS (X =Cl, Br and
) at room temperature, we obtained a series of polyhalogenated
compounds like trichloro, dichloro, tetrabromo, triiodo and diiodo
derivatives (6a-8a). An ester derivative, 9a was also formed when
Cliv-M was refluxed with potassium carbonate, dimethyl carbon-
ate and DMF. All the above derivatives 6a-9a were made for the
first time from cleomiscosin A methyl ether. In addition, the syn-
thesized derivatives were tested for in vitro target based anti-
inflammatory activity. The preliminary in vitro studies on these
derivatives concluded that compound 6a, 7a, 8b and 9a showed
the significant inhibition of pro-inflammatory targets, which are
the mediators of various chronic inflammatory disorders. These
findings suggested that compounds 6a and 9a inhibit (P < 0.05)
the production of TNF-a, IL-1B and IL-6 at concentration level of
10 pg/ml. The production of TNF-o was significantly inhibited by
compounds 6b and 7a at concentration of 10 and 1 pg/ml, similarly
IL-1pB was inhibited by 6a, 7a, 8a and 9a at concentration level of 1
and 10 pg/ml. Molecular docking and QSAR studies was also per-
formed on Cliv-M derivatives (6a-9a) in order to predict the poten-
tial anti-inflammatory compounds. During the molecular docking
studies, all of the derivatives showed high binding affinities against
selected anti-inflammatory targets. Linear model is developed by
the forward stepwise multiple linear regression method to link
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the structures to their reported activity. The QSAR study indicates
that chemical descriptors are well correlated with anti-inflamma-
tory activity. Based on oral bioavailability, drug likeness, ADMET
and toxicity risk assessments studies, we concluded that com-
pound 9a possesses higher activity than diclofenac sodium, while
compound 6a showed comparable activity than diclofenac. The
calculated parameters of drug likeness and ADME for the active
compounds were within the acceptable interval. Results indicated
no sign of toxicity, similar to standard drug diclofenac. Results also
revealed that the overall drug scores of active compounds are com-
parable to that of standard drugs.
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