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Abstract

anticancer investigations.

In an attempt to find a new class of cytotoxic agents, a series of fused steroidal derivatives containing lactone
moiety were prepared via Michael addition reaction of a, B-unsaturated steroidal ketones with ethyl chloroacetate
in basic medium. The characterization of novel compounds was accomplished by spectroscopic techniques such
as IR, '"H NMR, ®C NMR, Mass spectrometry and elemental analysis. The compounds were screened for in vitro
cytotoxicity against some particular human cancer cell lines using the MTT assay during which the compound 4 and
5 depicted potential anticancer behavior after showing 1C,=19.41 ymol L™" and 19.27 pmol L™" against HelLa and
MCEF-7 cell line, respectively. The Gel electrophoresis demonstrated that steroidal lactone showed strong interaction
during the concentration dependent cleavage activity with pBR322 DNA. The molecular docking study suggested
the non-covalent bonding of steroidal lactones in minor groove of DNA. The results revealed that the synthesized
compounds have better prospectus to act as cancer chemotherapeutic candidates which warrants further in vivo

Keywords: Steroidal lactone; Ethyl chloroacetate; Anticancer; MTT
assay

Introduction

Cancer is a disease in which the control of growth is lost in one or
more cells, leading either to a solid mass of cells known as a tumour
or to a liquid cancer (i.e. blood or bone marrow-related cancer). It is
one of the leading causes of death throughout the world, in which the
main treatments involve surgery, chemotherapy, and/or radiotherapy.
Chemotherapy involves the use of drugs to selectively destroy tumour
cells or at least limit their proliferation. The use of chemotherapy began
in the 1940s with nitrogen mustards, which are extremely powerful
alkylating agents, and antimetabolites. Since the early success of these
initial treatments, a large number of additional anticancer drugs
have been developed [1,2] which, to date are not totally successful
interferences. Therefore, anticancer drug design is a very active area in
medicinal chemistry and over the past few decades extensive research
hasled to the development of many chemotherapeutic agents. However,
none of these agents are able to eliminate the cancer completely [3,4].
The limitations of current anticancer drugs and rapid development of
drug resistance [5-7] have highlighted the need for the discovery of
new anticancer agents, preferably with novel mechanisms of action.

The modified steroidal derivatives have been a rich source of
candidates with potential pharmaceutical applications that have
encouraged the design and synthesis of new analogs with increased
pharmacological activity. Recently, several steroidal derivatives
have been investigated as new curative agents for cancers [8-10]. In
addition, a great number of the modified steroids containing a, p
-unsaturated ketone described as anticancer agents [11-13]. Moreover,
a, B-unsaturated carbonyl steroids fused heterocyclic rings were
indicated as an aromatase inhibitors to resist cancers [14]. Inspired
by the prior art, we became interested in developing heterosteroid
compounds, in which pharmacologically crucial structural elements
from two molecules are combined to produce a non-identical twin
drug, is a rational approach to obtain therapeutically useful molecules.
In view of the facts mentioned above, and in continuation with our
earlier work [15], we herein report the synthesis of new steroidal
derivatives clubbed with lactone moiety with the aim of investigating
their cytotoxic behavior.

Experimental

Chemistry

All chemicals were purchased from Sigma-Aldrich and Merck
(India) and were used without further purification. Melting points
were recorded Kofler apparatus and were uncorrected. IR spectra were
recorded on KBr pellets with Pye Unicam SP3-100 spectrophotometer
and values are given in cm™. 'H and “C spectra in dilute CDCI,
solutions at 303 K were run on a Bruker Avance DRX 500 NMR
spectrometer equipped with a 5 mm diameter broad band inverse
probehead working at 500 MHz for 'H and at 125 MHz for “C,
respectively. "H chemical shifts were referenced to the trace signal of
CHCI, (7.26 ppm from int. TMS) and “C chemical shifts to the center
peak of the solvent signal (77.00 ppm from int. TMS). The following
abbreviations were used to indicate the peak multiplicity s-singlet, d—
doublet, t-triplet, m-multiple and values are given in parts per million
(ppm) (8). Mass spectra were recorded on a JEOL SX 102/ DA-6000
Mass Spectrometer. Analytical data of C, H, N were within 0.04% of
the theoretical values and were obtained using Carlo Erba Analyzer.
Thin layer chromatography (TLC) plates were coated with silica gel G
and exposed to iodine vapours to check the homogeneity as well as
the progress of reaction. Sodium sulphate (anhydrous) was used as a
drying agent.

General procedure for the syntheses of the steroidal lactone
derivatives (4-6)

To a solution of steroidal a, B-unsaturated ketone 1-3 (1 mmol)
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in ethanol (10 mL), ethyl chloroacetate (1 mmol) and few drops of
piperidine were added. The reaction mixture was refluxed for 12-15
h. After completion of reaction, as determined by TLC, the reaction
mixture was diluted with water and extracted thoroughly with ether.
The extracts were washed successively with water and dried over
anhydrous sodium sulfate (Na,SO,). Evaporation of solvents gave the
crude product which was recrystallized from methanol to obtain pure
products as steroidal lactones 4-6.

3'-Chloro-3', 4'-dihydro-3f-acetoxy-5a-cholestano[5,7-c d]-2H-
Lactone (4): Yellow powder, Yields (80%); M.p.123°C;Anal.Calc. for
C, H,ClO,: C,71.26, H, 8.98. found: C,71.28, H,8.99 ; IR (KBr) v cm':
1735 (OCOCCI), 1712 (OCOCH,), 1615 (C=C), 1142 (C-O), 754 (C-
Cl) ;'H NMR (CDCI,, 500 MHz): & 5.3 (s, 1H, C,H), 4.4 (s,1H, C,'H),
4.6 (m, 1H, C,a-H, W¥%=12Hz, A/B trans), 2.21 (s, 3H, OCOCH3), 1.12
(s,3H,C, H), 1.06 (s, 3H, C;H), 0.87 (d, 6H, C, H, C_H), 0.78 (s, 3H,
ClgH), 0.71 (s, 3H, CBH), 0.92 (d, 3H,C21H), 0.92 and 0.85 (other side
chain methyl groups). *C NMR (CDCI3, 125 MHz): § 170, 162, 150,
122,70, 66, 57, 48, 43, 42, 40, 39, 36, 35, 34, 33, 32, 31, 29, 28, 27, 26, 25,
24,23, 22,21,20,19, 16, 12. MS: m/z 517/519 [M*].

3'-Chloro-3/, 4'-dihydro-3p-chloro-5a-cholestano[5,7-cd]
-2H-Lactone (5): Yellow powder, Yields (78%); M.p.122°C; Anal.Calc.
for CZQH“CIZOz: C, 70.14, H, 8.90. found: C, 70.29, H, 8.95 ; IR (KBr)
v cm™: 1732 (OCOCCI), 1612 (C=C), 1140 (C-0), 749, 752 (2 x C-Cl)
; 'H NMR (CDCIL,, 500 MHz): 8 5.1 (s, 1H, C,H), 4.2 (s,1H, C,H ), 3.8
(m, 1H, C,a-H, W%=12 Hz, A/B trans), 1.12 (s, 3H, C H), 1.06 (s, 3H,
C,,H), 0.87 (d, 6H, C,_H, C,_H), 0.78 (s, 3H, C H), 0.71 (s, 3H, C H),
0.92 (d, 3H, C,;H), 0.92 and 0.85 (other side chain methyl groups). *C
NMR (CDCI3, 125 MHz): 6§ 162, 150, 122, 66, 59,53, 49, 44, 43, 42, 41,
40, 37, 36, 34, 33, 32, 31, 29, 28, 27, 26, 25, 24, 23,22, 19, 16, 12. MS: m/z
491/493 [M*].

3’-Chloro-3',4'-dihydro -5a-cholestano [5,7-cd]-2H-Lactone (6):
Yellow powder, Yields (76%); M.p.124°C; Anal. Calc. for C,;H CIO,:
C, 75.34, H, 8.91. found: C, 75.54, H, 9.84 ; IR (KBr) v cm™: 1730
(0COCCI), 1614 (C=C), 1145 (C-0) 751 (C-Cl) ; 'H NMR (CDCI, 500
MHz): 85 (s, 1H, C.H), 4.3 (s,1H, C,H), 1.12 (s, 3H, C ;H), 1.06 (s, 3H,
C,,H), 0.87 (d, 6H, C, H, C,H), 0.78 (s, 3H, C H), 0.71 (3H, s, C ,H),
0.92 (d, 3H, C, H), 0.92 and 0.85 (other side chain methyl groups). *C
NMR (CDC13, 125 MHz): § 162, 150, 122, 66, 56, 48, 45, 44, 43, 40, 38,
37, 36, 35, 34, 31, 29, 28, 27, 26, 25, 24, 23, 22, 21, 20, 19, 16, 12. MS:
m/z 459/457 [M*].

In vitro cytotoxicity

Cell lines and culture conditions: Human cancer cell lines HeLa
(human cervical cancer cells) / ATCC (CCL-2), A549 (human lung
carcinoma cells) / ATCC (CCL- 185), MCEF-7 (breast cancer cells)
/ ATCC (HTB-22) and HL-60 (human Leukaemia) / ATCC (CCL-
240) were taken for the study. A549 and HL-60 cells were grown in
RPMI 1640 supplemented with 10% foetal bovine serum (FBS), 10
U penicillin and 100 ug/mL streptomycin at 37°C with 5% CO, in
a humidified atmosphere. HeLa cells and MCF-7 were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplanted with FCS
and antibiotics as described above for RPMI 1640. Fresh medium was
given every second day and on the day before the experiments were
done. Cells were passaged at preconfluent densities, using a solution
containing 0.05% trypsin and 0.5 mM EDTA.

Cell viability assay (MTT): The anticancer activity in vitro was
measured using the MTT assay. The assay was carried out according

to known protocol [16,17]. Exponentially growing cells were harvested
and plated in 96-well plates at a concentration of 1 x 10 cells/well.
After 24 h incubation at 37°C under a humidified 5% CO, to allow cell
attachment, the cells in the wells were respectively treated with target
compounds at various concentrations for 48 h. The concentration of
DMSO was always kept below 1.25%, which was found to be non-
toxic to the cells. A solution of 3-(4,5-dimethylthizaol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT), was prepared at 5 mg/mL in
phosphate buffered saline (PBS; 1.5 mM KH,PO,, 6.5 mM Na HPO,,
137 mM NaCl, 2.7 mM KCI; pH 7.4). 20 pl of this solution were added
to each well. After incubation for 4 h at 37°C in a humidified incubator
with 5% CO,, the medium/MTT mixtures were removed, and the
formazan crystals formed by the mitochondrial dehydrogenase activity
of vital cells were dissolved in 100 pl of DMSO per well. The absorbance
of the wells was read with a microplate reader (Bio-Rad Instruments)
at 570 nm. Effects of the drug cell viability were calculated using cell
treated with DMSO as control.

Data analysis: Cell survival was calculated using the formula:
Survival (%)=[(absorbance of treated cells-absorbance of culture
medium)/(absorbance of untreated cells - absorbance of culture
medium)] x 100 [18,19]. The experiment was done in triplicate and
the inhibitory concentration (IC) values were calculated from a dose
response curve. IC, is the concentration in ‘uM’ required for 50%
inhibition of cell growth as compared to that of untreated control.
IC,, values were determined from the linear portion of the curve by
calculating the concentration of agent that reduced absorbance in
treated cells, compared to control cells, by 50%. Evaluation is based on
mean values from three independent experiments, each comprising at
least six microcultures per concentration level.

Gel Electrophoresis

Two concentrations (50 and 100 uM) of compounds and 3 ul of
0.5 pg/pl of pUC19 DNA was loaded with 2 pl of EtBr into 1% agarose
gel. The final volume of the reaction mixture for all the wells of gel was
10 pl. The DNA band was visualized under UV transilluminator [20].

Molecular Docking

The rigid molecular docking studies were performed using HEX
6.1 software [21]. The steroidal lactone was taken for the following
docking study. The crystal structure of the B-DNA dodecamer
d(CGCAAATTTCGC)2 (PDB ID: 1BNA) was downloaded from the
protein data bank. All calculations were carried out on an Intel CORE
i5, 3.1 GHz based machine running MS Windows XP as the operating
system. First, the water molecules were deleted. The DNA was enclosed
in a box with number of grid points in x x y x z directions, 76 x 78 x
120 and a grid spacing of 0.375 A. All calculations were carried out on
an Intel CORE i5, 3.1 GHz based machine running MS Windows XP as
the operating system. Visualization of the docked pose have been done
using Discovery Studio 3.5 molecular graphics program.

Results and Discussion

Chemistry

Easily accessible steroidal a,B-unsaturated ketones 1-3 were
synthesized by literature method [22]. The substrates used for initial
studies are 3f-acetoxycholest-5-en-7-one 1, 3[B-chlorocholest-5-en-
7-one 2 and cholest-5-en-7-one 3 when allowed to react with ethyl
chloroacetate in the present of few drops of piperidin in absolute ethanol
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to afforded 3'-chloro-3',4'-dihydro-3p-acetoxy-5a cholestano[5,7-c d]-
2H-Lactone 4, 3'-chloro-3',4'-dihydro -3B-chloro-5a cholestano[5,7-c
d]-2H-Lactone 5 and 3'-chloro-3',4'-dihydro-5a cholestano- [5,7-c d]-
2H-Lactone 6 as shown in (Scheme 1).

CI'CH,COOEt

Piperidine-Ref[ux

Scheme 1: Showing the formation of steroidal lactones (4-6).

The yield of products was in the range of 76-80%. The products
have been characterized based on their spectral (IR, "H NMR, “C NMR
and MS) studies and elemental analysis. The selected diagnostic bands
of IR spectra of synthesized products provide useful information for
determining structures of the lactone derivatives. All the compounds
4-6 exhibited absorption bands at 1735 -1730 cm™ due to(OCOCCI)
and 1612-1615 cm™ due to C=C. The absorption band at 1140-1141
cm! as ascribed to the C-O which also confirmed the formation of
lactone rings in all compounds and the absorption band at 749-754
cm! assigned to C-Cl which also conformed by Beilstein test [23]. The
structure of the lactone derivatives was further confirmed by '"H NMR
spectra, which proves as a diagnostic tool for the positional elucidation
of the proton. Assignments of signals are based on chemical shift and
intensity pattern. The "H NMR shows showed one singlet in the region
0 5-5.3 for (C, H), signal as a singlet at § 4.2-4.4 indicating the presence
(C,’-H, lactone ring). The broad multiple signal appeared at § 3.8-4.6
(C,a-H, W¥=12 Hz) attributed to C, a -H (A/B ring junction trans).
Other prominent peaks of steroidal nucleus in the compounds 4-6 were
observed at their characteristic positions and are given in experimental
section.?”C NMR spectrum of the compounds also supported the
proposed structure. All the compounds exhibited signals at § 162 due
to (OCOCCI). Signals at § 150-122 for C, and C, and signals at § 66 due
to C,' of the lactone ring are also observed. In MS, the distinctive signals
were observed, the mass spectra of compounds 4-6 which followed
the definite fragmentation pattern. The molecular ion peaks (M*) for
compounds 4-6 were observed at m/z 517/519, 491/493 and 459/457
respectively. The stereochemical assignation has been performed based
on half band width (W, ) value of C -axial proton in the 'H NMR
spectra of compounds 4 and 5 which clearly suggested that A/B ring
junction is trans [24] and based on model chemistry which suggest that
the attack of enolate it must be from («) side which is less hindered
compare to (f3) which is more hindered due to present of C,  methyl.

Based on foregoing discussion, a tentative mechanism has
been proposed for the formation of steroidal lactone via Michael
addition reaction (Scheme 2) which involve in first step, removes the
acidic a-hydrogen by piperidin giving the reactive enolate. In second
step, nucleophilic enolate will attack the conjugated ketone at the

electrophilic alkene in nucleophilic addition type process afforded
the intermediate, which subsequently underwent intramolecular
cyclization to give the ultimate compounds 4-6.

Scheme 2: Mechanism showing the formation of steroidal lactones.

In vitro cytotoxicity

In vitro evaluation of anticancer activity of the synthesized
compounds was carried out using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay [16]. The conversion of
the soluble yellowish MTT to the insoluble purple formazan by active
mitochondrial lactate dehydrogenase of living cells has been used to
develop an assay system for measurement of cell proliferation. Cell
viability was measured with the purple formazan that was metabolized
from MTT mitochondrial lactate dehydrogenase, which is active only
in live cells. The screening of compounds 4-6 (Table 1) was done
using the human cancer cell lines lines; HeLa (human cervical cancer
cells) / ATCC (CCL-2), A549 (human lung carcinoma cells) / ATCC
(CCL- 185), MCF-7 (breast cancer cells) / ATCC (HTB-22) and HL-
60 (human Leukaemia) / ATCC (CCL-240). Anticancer potency of the
compounds was indicated by IC_ values that were calculated by linear
regression analysis of the concentration-response curves obtained
for each compound. Anticancer study showed that the compound
5 was most active towards MCF-7 cell among the four cancer cell
lines with IC, =19.41 + 0.7 while the compound 5 was more active
against HeLa with IC_=19.27 £ 0.8. These results support the previous
studies that steroids can regulate a variety of biological processes and
specific potential drug candidates for the treatment of leukaemia and
breast cancers [25]. The results indicate that the presence of electron
withdrawing groups chlorine and acetoxy at position 3§ has an impact
on the bioactivity of the compounds [26,27]. It is worth pointing
out that 3'-chloro-3',4-dihydro-5a cholestano [5,7-c d]-2H-lactone
derivatives 4-6 are not only potent but also selective against cancer cell
lines, specifically against breast and leukemia cells, compared to the
other cancer cell lines.

IC,,(umol I')?
Compound A549 HelLa HL-60 MCF-7
S4 29.32+0.2 | 1941+0.7 | 23.21+0.9 34.71+0.3
5 4544 +1.3 >50 31.71+0.2 19.27 £ 0.8
6 >50 2717+0.5 >50 27.12+0.7

- Cell-growth inhibition was analyzed by the MTT assay.
-21C,, is the concentration of compound that inhibits 50% of cell growth.

Table 1: Showing anticancer activity data of compound 4-6 against Human cancer
cell lines.
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Gel Electrophoresis Assay

All the compounds (4-6) were examined for their binding abilities
with DNA by agarose gel electrophoresis. At low concentration, the
compounds (4-6) do not show any visible change in the band intensity
of DNA (lane 2, 4, 6). However, at higher concentrations band intensity
gets decreased by compounds 4-6 (lane 3, 5, 7). Thus electrophoretic
pattern demonstrate that all the compounds interact with DNA. The
loss in the band intensity at higher concentration may be assumed
due to the non-covalent binding mode of the compounds 4-6 to
DNA, which in turn results in the displacement of EtBr, as depicted
by molecular docking studies. In case of lane 2, 4, 6 the concentration
of the compounds is not sufficient for the displacement of EtBr. In the
Figure 1, lane 1 contains DNA only, lane 2, 4, 6 contains DNA and
50 uM of compounds 4-6 and lane 3, 5, 7 contain DNA and 100 uM
of compounds 4-6. This conclusion was further supported from the
fluorescence studies, which also gave evidence for interaction of the
compounds with DNA.

Molecular Docking

The molecular docking technique is an attractive tool to get insight
of the mechanistic study, by placing a molecule into the binding site
of the target specific region of the DNA. In our experiment, rigid
molecular docking (two interacting molecules were treated as rigid
bodies) studies were performed with HEX 6.1 software to predict
the binding modes of compounds with a DNA duplex of sequence
d(CGCAAATTTCGC), dodecamer (PDB ID: 1BNA), and provide
an energetically favourable docked structures (DNA-steroidal lactone
shown in Figure 2). It is evident from the figure that these type of
compounds gets attached with DNA through minor groove and their
lactone moiety shows groove binding between the nucleotide base
pairs. The docked steroidal lactone-DNA complex is shown in Figure
2 which depicts that during the binding there is no hydrogen bonding
between the steroidal lactone in between the base pairs of minor groove
but literature reveals that intercalating forces like van der Waals forces
are much more important than hydrogen bonding of the compound to
the base pairs of DNA [21]. In this configuration, the group at 3p-axial
position (i.e., X-moiety) remains inclined towards the phosphodiester
bond of DNA and the possibility of H- bonding cannot be ruled out.

Since the changes in accessible surface area of interacting residues
show a preferential binding of compound between G-C base pairs and
bends the DNA slightly in such a way that a part of the steroidal lactone
comes between the two base pairs of the minor groove of DNA helix.
The resulting relative binding energy of docked steroidal lactone-DNA
complex was found to be —279.72 kJmol . This value is consistent with
the high binding constant obtained from spectroscopic techniques.

Conclusion

The present work involves the simple and convenient strategy
for the synthesis of steroidal lactones in reasonably good yields.
During cytotoxicity experiments (MTT assay) the compound 5 has
been identified showing potential anticancer behaviour of IC, =19.27
against MCF-7 cell line. This study also supports the reported studies
about specialty of steroid as anticancer against leukaemia and breast
cancer [25]. The molecular docking studies undertaken in the
present work are in total agreement with the non-covalent mode of
binding (minor groove binding). The gel electrophoresis revealed that
compounds depicted concentration dependent DNA strand scission.

Figure 1: Agarose gel electrophoresis of reaction mixtures containing DNA
and compounds 4-6 lane 1, DNA only, lanes 2, 3 DNA and 4 (50 and 100
pUM), lanes 4, 5 DNA and 5 (50 and 100 pM) and lanes 6, 7 DNA and 6 (50
and 100 pM).

Figure 2: Molecular docked model of steroidal lactone with DNA dodecamer
duplex of sequence d(CGCGAATTCGCG), (PDB ID: 1BNA).
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In conclusion, the synthesized compounds have better prospectus to
act as cancer chemotherapeutic candidates which warrants further in
vivo anticancer investigations.
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