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A series of 3,19-O-acetal derivatives of andrographolide 1 have been synthesized by protecting hydroxyls at C-3 and C-19 in a
novel route. All the derivatives were evaluated for in vitro anticancer activity. Among the synthesized derivatives, compound 3,
3a, 3d, 3e, 7 and 8 showed potential cytotoxicity against human cancer cell lines A549 (lung), Hela (cervical), ACHN (renal), B-16
(melanoma) and IEC-6 (small intestine). Binding mode conformation was evaluated through docking simulations, while
bioavailability/drug likeness was evaluated through predictive ADME screening studies. All the derivatives were characterized

by spectroscopy and the stereo chemistry of compounds 3a and 3e were also confirmed by X-ray analysis.

Introduction

Andrographis paniculata Nees. (Family: Acanthaceae),
commonly known as ‘king of bitters,” is a well-known medicinal
herb of India used in a variety of human illness.'
Andrographolide 1 and 14-Deoxy-11,12-
didehydroandrographolide 2 (Figure 1), are the two major
bioactive constituents of this plant. Extracts of the plant and the
major compounds have shown multiple pharmacological
properties such as, antibacterial,? antimalerial,’
immunostimulant,* anti-HIV,’ anti-inﬂammatoryf’
antihepatotoxic,’ antihyperglycaemic,® antimicrobial,’
cardiovascular,'® antidiabetic'! and anticancer activities.'?
Structurally, compound 1 is a bicyclic diterpene with a-
alkylidene y-butyrolactone ring, two olefin bonds A*'7, A'2(19),
and three hydroxyls at C-3, C-14 (secondary) and C-19 (primary)
respectively. Structure-Activity Relationship (SAR) studies of 1
showed that an intact y-butyrolactone ring, double bonds at C-8,
C-12 and hydroxyl at C-14 are important for cytotoxic activity.
Substitution of acetyl functionality at C-14 hydroxyl as well as
protection of C-3 and C-19 hydroxyls with aromatic aldehydes
increased the cytotoxicity.'*'® Also, the 15-alkyldene derivatives
with protection of hydroxyls at C-3 and C-19 by aromatic
aldehydes were reported as potent o-glucosidase inhibitors.'” '8

Andrographolide and its analogues promote apoptosis in
human cancer cells by suppressing cell signalling pathways and
regulating the expression of some pro-apoptotic markers. It was
also reviewed that, andrographolide showed promising anticancer
activity by downregulating tumor promoting factor, hypoxia-
inducible factor-la, and also one of the cell surface receptors
EGFR in A549 cell line (Ref:19). Hence, multiple and versatile
anticancer mechanisms of action made andrographolide and its
analogues potential anticancer drug candidates.

In continuation to our earlier work on semi synthesis of natural

bioactive molecules,”” compounds 1 and 2 were isolated from 4.

paniculata as reported,”’ and designed a synthetic scheme to
so obtain novel alkoxy derivatives. To our surprise, when compound

1 reacted with ethanol in presence of Ceric Ammonium Nitrate

(CAN), at ambient temperature, a cyclic acetal 3 was obtained

instead of an ether formation without effecting 14-hydroxyl

group, which is an important pharmacophore of andrographolide
ss (Scheme 1).

HO"

"’/i OH

1 2
14-deoxy-11,12-didehydro-
andrographolide

Andrographolide
Figure 1. Structures of compounds isolated from 4. Paniculata.

Acetals have been used as a common masking agents for 1,3-
diols and is usually synthesized by treating with carbonyls in
0 presence of acid catalysts (inorganic or organic), lewis acid with
or without dehydrating agents.”>*’ Due to the greater stability of
acetals to basic, nucleophilic and redox conditions, they are most
commonly used as protecting groups for diols and carbonyl
compounds in organic synthesis and for the generation of chiral
¢ auxiliaries for asymmetric induction.®® * However, these
synthetic approaches suffer harsh reaction conditions (strong
acids, high temperatures), multiple products formation, tedious
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procedures, expensive catalysts and chemicals harmful to the
environment. Further, the acidic catalysts can lead to cleavage of
other protecting groups and can undergo competitive reactions
such as elimination (dehydration) or isomerization etc. Hence,
there is a need to find out efficient catalysts which can selectively
protect 1,3-diols, under mild reaction conditions, to generate
more stable acetal derivatives of natural bioactive molecules like
andrographolide 1. Acetal derivatives of compound 1 were
reported using direct condensation with aldehydes in presence of
H,S0,, under reflux conditions.'®

Hear, we disclose the role of CAN as a highly efficient catalyst
in cyclic acetal formation, giving moderate to excellent yields in
one pot from diols and alcohols, without resorting to prolonged
reaction times, high temperatures, azeotropic removal of water
etc. Besides being a one-electron oxidizing agent, CAN also act
as either bronsted acid or as a lewis acid.****CAN is widely used
in oxidation of alcohols,* cleavage of acetals and ketals,>*
formation of carbon-carbon®® *°or carbon-heteroatom bond,*® 3’
including etherification,®® esterification,® 1,3-
oxathioacetalisation*’ etc.

This paper reports the formation of cyclic acetals derivatives
(3-8) of 1, instead of simple ethers, when reacted with various
primary alcohols in presence of CAN. All the derivatives were
screened for in vitro anticancer activity against human cancer cell
lines A549 (lung), HeLa (cervical), ACHN (renal cell carcinoma),
B-16 (melanoma) and IEC-6 (small intestine). Binding mode
conformation of the studied compounds was evaluated through

(- vi)

~
HO
Andrographolide (1)

S

S

iy

molecular docking studies on receptor targets Epidermal Ggrowth
Factor ~ Receptor  (EGFR) and  o,f-tubulin. Oral
bioavailability/drug likeness compliance of studied compounds
through predictive ADME (Absorption,
Distribution, Metabolism, Excretion) screening.

was evaluated

Results and discussion
Chemistry

Compounds 3-8 were synthesized, in one pot, by protecting
1,3-diols (C-3 and C-19) of 1 with five equivalents of primary
alcohols (i-vi) in presence of two equivalents of CAN in
acetonitrile (Scheme 1) at ambient temperatures in quantitative
yields (35-95%). CAN initially alcohols to
corresponding aldehydes which then leads to the formation of
cyclic acetals by protecting 1,3-diols (Fig. 2). Acetonitrile was
found to be the best solvent amongst water, acetone, chloroform
and methanol. Increase in the reaction time and increase in the
quantity of CAN did not show significant effect on the overall
yield. As the carbon chain length of alcohols is increased, the
yields of cyclic acetals decreased. Methanol, iso-propyl alcohol,
t-butanol, cyclohexanol and phenol did not undergo this reaction,
as they were unable to form corresponding aldehydes/ketones at
above said conditions. Blank reaction of 1 with CAN did not

oxidizes

so show any conversion of C-3, C-14 and C-19 hydroxyls into

respective aldehydes/ketones.

CAN

CH3CN

RT, 24 h. H
up to 90 % H

3-3)

R =methyl (3), ethyl (4), n-propyl (5),
n-butyl (6), 7-pentyl (7), phenyl (8)

Scheme 1.Synthetic route for derivatives 3-8 from andrographolide 1.
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/\OH + 2 (NH4)[Ce(NO3)s] ——> RJ\H+ 2 (NH4)2[Ce(NO3)5] + 2H + 2 NO3

+ 0

Figure 2.Proposed mechanism for Scheme 1.

Compound 3, with an ethylidenyl moiety was further subjected
e to structural modifications (Scheme 2). In order to determine the

role of C-14 hydroxyl towards cytotoxic activity, compound 3
was acetylated with Ac,O/TEA in CH,Cl, to yield 3a, which
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when treated with DMAP in CH,Cl, yielded 3¢ by loss of 14-
hydroxyl as its acetate.*’ But when compound 3 was refluxed
with ALO; in pyridine, dehydration product 3b yielded.** To

Further, the stereochemistry of compounds 3a and 3e were
10 confirmed by single crystal X-ray diffraction studies (Figure 3).
The absolute stereochemistry at C-3, C-4, C-5, C-8, C-9, C-10

and C-14 was assumed to be the same as that reported in 1.'7%!
Based on this crystallographic information, the stereo centre at
acetal ring is confirmed as (R) configuration.

understand the role of the exocyclic double bond at C-8,
s compounds 3, 3a and 3b were treated with m-CPBA in CH,Cl, to
obtain epoxides 3d, 3e and 3f respectively.
Structures of all analogues were elucidated by various s
spectroscopy experiments like 'H&'*C-NMR, Mass and IR etc.

e'/m\

- -Q

%\1 "' /
of T

3
g T
1
W ’
: %,
\;'t — H 3f B S
= 0 HO
H

Scheme 2.Synthesis of compounds3a-f from compound 3.Reagents and conditions: (i) Ac;O/TEA, CH,CL, 1t, 30 min, 95 % yield; (ii) ALOs3, dry
pyridine, reflux, 12 h, 90 % yield; (iii) DMAP, CH,Cl, rt, 1 hr, 72 % yield; (iv) m-CPBA, CH,Cl, 1t, 4 h, 65-70 % yields.

20 Figure 3.Single X-ray crystal structures (ORTEP drawing) of compounds3a and 3ewith thermal displacement ellipsoids drawn at 30%probability.

fold potentially cytotoxic against A549 (ICso 2.43 pg/mL) and
two fold potential against HeLa (ICs4.27 pg/mL) cell lines when
compared to parent 1. As the length of the aliphatic carbon chin
increased on acetal functionality from ethylidene to n-pentylidene
30 3-6 cytotoxicity was decreased in almost all the cell lines.

Compounds 3-8 including 3a-3f were evaluated for in vitro
cytotoxic activity against five human cancer cell lines A549
(lung), HeLa (cervical), ACHN (renal cell carcinoma), B-16
(melanoma) and IEC-6 (small intestine) by MTT assay.* Table 1

2s reveals that the 3,19-O-ethylidene andrographolide 3 was four

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |3



Medicinal Chemistry Communications

Further, the benzylidene acetal derivative 8 was twofold
cytotoxic when compared to 1 in HeLa (ICsy 3.80 pg/mL) and
A549 (IC504.07 pg/mL) cell lines. Acetylation of 14-hydroxyl of
3 (3a) did not significantly affected the cytotoxicity potential
s except in case of ACHN cell line. The dehydration of 3 resulted
in positional isomers 3b and 3¢, were inactive in all the cell lines.
Epoxidation of 3, 3a, 3b resulted in 3d, 3e, 3f were either
retained or decreased their cytotoxicity potential.
In conclusion, these results indicate that the protection of 3,19-
10 hydorxyl  groups of  Andrographolide  with  suitable
ethylidene/benzylidene moiety induced significant cytotoxicity.
Either acetylating or dehydrating the 14-hydroxtyl of lead
compound 3 affected its cytotoxic effect in all the cell lines.
Epoxidation of 3 at C-8 position did not impart any significant
15 change on its overall cytotoxicity.

Table 1./n vitroanticancer activity of andrographolide derivatives against
human cancer cell lines

Compound Cell growth inhibition in ICs) (ug/mL)*
HeLa IEC-6 ACHN B-16 AS549
1 10.42 8.26 3.03 7.54 9.71
2 149.09 169.36  327.77 25.17 117.40
3 4.27 6.34 2.47 4.78 2.43
4 8.91 14.21 14.68 10.23 8.12
5 27.03 14.14 3291 4435 2298
6 14.07 31.21 1535  21.09 3353
7 8.51 2237 9.54 10.0 7.07
8 3.80 19.23 4.78 9.54 4.07
3a 443 7.23 8.54 4.01 3.34
3b 56.21 94.3 12523  62.01 88.71
3c 48.56 39.98 60.65 43.0  46.87
3d 6.97 8.76 4.49 6.34 434
3e 7.12 14.51 5.58 6.98 437
3f 7.78 35.06 5734 4407 1821
Doxorubicin 1.28 2.60 2.08 3.16 32

“ Data represents mean value of two independent determinations.

20
Molecular docking

The aim of the molecular docking study was to elucidate whether
the synthesized derivatives modulates the activity of human
anticancer targets, epidermal growth factor receptor (EGFR) and
25 a,f-tubulin and also to identify the molecular mechanism of
action. Due to the availability of X-ray 3D-crystallographic
protein structures of cervical cancer (HeLa cell) derived alpha
beta-tubulin dimer (a,f-tubulin) at 3.5A resolution (PDB: 1JFF)*
and lung cancer (A549 cell) derived EGFR at 2.88A resolution
3 (PDB: 2ITW)*, molecular docking study was performed to
explore the mechanism of action of studied active
andrographolide derivatives. Anticancer active compounds were
docked on EGFR kinase domain and explored the orientation and

binding site residues. When compared to the docking score of
35 standard drug doxorubicin (total score 4.9812), except compound
3e (total score 4.7946), docking results of compounds 3, 3a, 3d,
and 7 on EGFR kinase domain showed high binding affinity with
total scores of 5.3004, 5.7828, 5.0596, and 5.3047 respectively
(Suppl. Table 2) (Figure 4). Moreover, compound 3 showed
hydrogen (H-) bonds with amino acid residues THR-854 and
ASP-855, 3a with THR-854, 3d with THR-854, THR-790 and
MET-793 and 3e with GLY-144 and LYS-254 respectively. Here
the identified interacting binding site residue THR-854 is also be
reported as a ‘gatekeeper’ residue of EGFR kinase domain®.
s Similarly, in comparison to control drug doxorubicin (total
score 4.6952), docking results of compounds 1, 3a, 3e and 7
against o,f-tubulin dimer protein showed higher binding affinity
with total scores of 8.9906, 4.7654, 4.7946 and 5.2077,
respectively (Suppl. Table 3) (Figure 5). Moreover, compound 1
showed H-bonds with binding site residues ALA-174, GLY-142,
ILE-171, GLY-146 and GLN-11, while compound 3a showed H-
bonds with binding site residues ALA-12, LYS-254 and GLY-
146. Similarly, compound 3e showed H-bonds with GLY-144
and LYS-254 and compound 7 showed an H-bond with VAL-
ss 177.

=
S

w
=

Pharmacokinetic parameters compliance

The pharmacokinetics parameters such as ADME are important
0 descriptors for human therapeutic use of any compound. These
ADME descriptors were calculated and checked for compliance
with their standard ranges. Screening for active and ADME
compliant 3,19-O-acetal derivatives of andrographolide namely,
compounds 1, 3, 3a, 3d, 3e, 7, and 8 were evaluated through its
calculated logP (octanol-water partition coefficient), which has
been implicated in logBB (blood—brain barrier) penetration and
permeability studies. The logP descriptor used to correlate
passive molecular transport through membranes. All derivatives
showed compliance with standard range of Lipinski’s rule of
five*® for oral bioavailability. The distribution of each derivative
in human was evaluated by following calculated descriptors e.g.,
logBB, permeability (apparent Caco-2 (a human colon carcinoma
cell line) and MDCK (Madin-Darby canine kidney cell line)
permeability, logKp for skin permeability), which also showed
compliance with standard cut-off range of 95% of known drugs
(Qikprop, Schrodinger, USA). The volume of distribution and
plasma protein binding refer by logKhsa. The process of
excretion, which eliminates the compound from the human body,
evaluated by molecular weight and calculated logP. The
calculated values of these ADME parameters showed close
similarity with that of standard drug doxorubicin and lies within
the standard range of values exhibited by 95% of all known drugs
(Suppl. Table 4).
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1,2,3,4-Tetrahydrogen-
staurosporine

Figure 4.Compounds 3, 3a, 3d, 3e, and 7docked on anticancer target EGFR (PDB ID: 21 TW) revealing respective binding site residues. The co-
crystallized inhibitor 1,2,3,4-tetrahydrogen staurosporine re-docked on EGFR (PDB: 21TW) with 0.6245 A of RMSD (root mean square deviation).

Figure 5. Compound 1, 3a, 3e, and 7 docked on anticancer target ¢,f-tubulin (PDB ID: 1FF) revealing respective binding site residues.
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Methodology
Molecular docking parameters

To find the possible interactions of derivatives of compound 1,
we docked all compounds on known human anticancer targets
ap-tubulin and epidermal growth factor receptor (EGFR). Sybyl
X v2.0 molecular modeling software (Tripos/Certara, USA)
interfaced with Surflex-Dock module was used for molecular
docking studies. Program automatically docks ligand into binding
pocket of a target protein by using protomol based algorithm and
empirically  produced  scoring function. The  X-ray
crystallographic structures of op-tubulin complex (PDB: 1JFF)*
and EGFR complex (PDB: 2ITW)* were retrieved from the
protein databank (PDB; www.rcsb.org) and modified for docking
calculations. Protein structure minimization was performed by
applying Tripos force field and partial atomic charges were
calculated by Gasteiger-Huckel method. In reasonable binding
pocket, all the compounds were docked into the binding pocket
and 20 possible active docking conformations with different
scores were obtained for each compound. During the docking
process, all of the other parameters were assigned to their default
values*®. Calculations of ADME properties of studied derivatives
were calculated through trial license of QikProp software
(Schrodinger, USA).

Conclusions

Developing promising anticancer agents by synthesis of 3,19-O-
acetal derivatives (3-8) of andrographolide with alcohols in
presence of CAN in one pot, is a novel method. Compounds 3, 4,
and 7 are structurally novel and compounds 3, 7 and 8 showed
promising cytotoxic activities, in in vitro mode, compared to the
parent 1. Potent anticancer active compound 3 was further
derivatized to 3a-3f to explore Structure Activity Relationship. It
was found that by inducing cyclic acetal protection at C-3 and C-
19 or ester at C-14 and or both, enhances the anticancer
activitybut removing the C-14 hydroxyl reduces the cytotoxicity.
Binding affinity of studied derivatives revealed on known
anticancer targets EGFR and «, f-tubulin through docking. All
compounds showed compliance with standard range of known
drug’s ADME parameters.
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