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Steroid based cancer chemotherapeutic agents of the type 20-amino-30-cyanocholest-6-eno[5,7-de]4H-
pyrans (1c–3c) have been synthesized and characterized by the various spectroscopic and analytical
techniques. The DNA binding studies of compounds (1c–3c) with CT DNA were carried out by UV–vis
and fluorescence spectroscopy and gel electrophoresis. The compounds (1c–3c) bind to DNA preferen-
tially through electrostatic and hydrophobic interactions with Kb values found to be 5.4 � 103,
2.3 � 103 M�1 and 1.97 � 103 M�1, respectively indicating the higher binding affinity of compound (1c)
towards DNA. The molecular docking study suggested that the electrostatic interaction of compounds
(1c–3c) in between the nucleotide base pairs is due to the presence of pyran moiety in steroid molecule.
All the compounds (1c–3c) cleave supercoiled pBR322 DNA via hydrolytic pathway, as validated by T4
DNA ligase assay. The compounds (1c–3c) were screened for in vitro cytotoxicity against the cancer
and non-cancer cells SW480, A549, HepG2, HeLa, MCF-7, HL-60, DU-145, NL-20, HPC and HPLF by MTT
assay. The compounds (1c–3c) were tested for genotoxicity (comet assay) involving apoptotic degrada-
tion of DNA and was analyzed by agarose gel electrophoresis and visualized by ethidium bromide stain-
ing. The results revealed that compound (1c) has better prospectus to act as cancer chemotherapeutic
candidate which warrants further in vivo anticancer investigations.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Steroids are a class of important polycyclic compounds which
exhibit diverse biological activities. Except for the naturally occur-
ring substances, most of steroidal pharmaceuticals are semi-syn-
thetic compounds [1]. Several steroidal derivatives have been
investigated as new curative agents for cancers and other diseases.
It is proved that a number of biologically important properties of
modified steroids are dependent upon structural features of the
steroid ring system or side chain so this chemical modification of
the steroid provides a way to alter the functional groups and
numerous structure–activity relationships have been established
by such synthetic alterations [2].

Pyran derivatives are of considerable interest in industry as well
as in academia owing to their potential biological and medicinal
activities, such as analgesic, anticancer, anti-inflammatory,
antibacterial and also serve as potential inhibitors of human Chk-
1 kinase (Fig. 1) [3]. Furthermore, the applications of pyran deriv-
atives are not only found in pharmaceutical ingredients and biolog-
ical agrochemicals [4] but they also constitute a structural unit of
number of natural products [5].
DNA cleaving agents have attracted extensive attention in the
field of molecular biology due to their potential applications [6].
Under uncatalyzed physiological conditions, the phosphodiester
bonds of DNA are extremely stable and the half life of DNA hydro-
lysis is estimated to be around 200 million years [7]. Some of the
metal complexes have been widely investigated as efficient cleav-
ing agents of nucleic acids [8] but the serious issues over their
lability and toxicity restricted the practical usage of these com-
pounds in pharmacy [9]. To overcome these limitations, Gobel
and co-workers [10] put forward the concept of ‘metal free cleav-
ing agents’ which are being applied to active phosphodiesters like
‘nucleic acid mimic’ and RNA.

Although various modifications of steroids have been tried
including derivatization, cyclization, and heterocyclization, very
few efforts have been made towards the efficient synthesis and
the study of DNA binding, cleavage, cytotoxic and genotoxic activ-
ity of steroid based 4H-pyrans. So in continuation of our previous
work [11] herein, we report the synthesis of new steroidal 4H-pyr-
ans as metal free DNA binding agents. The presence of ANH and
ACO groups in the molecules can cooperatively participate in the
interaction with DNA via hydrogen bonding. A computer aided
molecular docking study was carried out to validate the specific
binding mode of the compounds. Furthermore, these compounds
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Fig. 1. Substituted pyran derivative-an inhibitor of human Chk-1 Kinase.
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have also been screened for in vitro cytotoxicity against different
human cancer and non-cancer cell lines.
2. Experimental

2.1. Materials and methods

All chemicals were purchased from Sigma–Aldrich (India) and
Merck (India). Melting points were determined on a Kofler appara-
tus and are uncorrected. The IR spectra were recorded on KBr pel-
lets with Perkin Elmer RXI Spectrometer and values are given in
cm�1. 1H and 13C NMR spectra were run in CDCl3 on a JEOL Eclipse
(400 MHz) instrument with TMS as internal standard and values
are given in ppm (d). Mass spectra were recorded on a JEOL SX
102/DA-6000 Mass Spectrometer. Carbon, hydrogen and nitrogen
contents were determined on Carlo Erba Analyzer Model 1106.
Thin layer chromatography (TLC) plates were coated with silica
gel G and exposed to iodine vapors to check the homogeneity as
well as the progress of reaction. Sodium sulfate (anhydrous) was
used as a drying agent. Super coiled pBR322 DNA was purchased
from GeNei (India) and was used for the agarose gel experiment
without further purification. Double-stranded calf thymus DNA,
purchased from Sigma, was dissolved in a 0.1 M Tris-buffer. The
purity of DNA was verified by monitoring the ratio of absorbance
at 260 nm to that of 280 nm, which was in the range 1.8–1.9.
The concentration of the DNA was determined spectrophotometri-
cally using e260 = 6600 M�1 cm�1 [12]. The human cancer cell lines
used for the cytotoxicity experiment were SW480, A549, HepG2,
HL-60, MCF-7, HeLa and DU-145 which were obtained from Na-
tional Cancer Institute (NCI), biological testing branch, Federick Re-
search and Development Centre, USA. The treated and control
cancer cells were viewed with a FluoView FV1000 (Olympus, To-
kyo, Japan) confocal laser scanning microscope (CLSM) equipped
with argon and HeNe lasers. 2-Thiobarbituric acid (TBA) and tri-
chloroacetic acid (TCA) were purchased from Merck (India). T4
DNA ligase enzyme was purchased from CalBioChem and was uti-
lized as received.
2.2. Synthesis of cholest-5-ene derivatives (1a–3a)

3b-Acetoxycholest-5-ene (1a) was synthesized by heating mix-
ture of cholesterol (25 mg), pyridine (37 mL freshly distilled over
KOH) and freshly distilled acetic anhydride (25 mL) on a water
bath for 2 h [13]. 3b-Chlorocholest-5-ene (2a) was synthesized
by gently heating freshly purified thionyl chloride (10 mL) and
cholesterol (12.5 g) on water bath for 1 h [14]. Cholest-5-ene (3a)
was synthesized by dissolving 3b-chlorocholest-5-ene (5 g) in
warm amyl alcohol (115 mL) and sodium metal (10 g) was added
in small portions to the solution with continuous stirring over
the period of 8 h [15].
2.3. General method for the synthesis of cholest-5-en-7-one
derivatives (1b–3b)

A solution of tert-butyl chromate [tert-butyl alcohol (30 mL),
CrO3 (10 g), acetic acid (42 mL) and acetic anhydride (5 mL)] was
added at 0 �C to a solution of cholest-5-ene derivatives (1a–3a)
(4 g) in CCl4 (75 mL), glacial acetic acid (15 mL) and acetic anhy-
dride (5 mL) [15]. The contents were refluxed for 3 h and then di-
luted with water. The organic layer was washed with sodium
bicarbonate solution (5%) and water and dried over anhydrous Na2-

SO4. Evaporation of solvents under reduced pressure provided oil
which was crystallized from methanol to give cholest-5-en-7-one
derivatives (1b–3b).

2.4. General method for the synthesis of steroidal 4H-pyran derivatives
(1c–3c)

To a solution of cholest-5-en-7-one (1b–3b) (1 mmol) in abso-
lute ethanol (20 mL) was added malononitrile in equimolar ratio
followed by piperidine (1.5 mL). The reaction mixture was refluxed
for 11 h. The progress of reaction was monitored by TLC. After com-
pletion of reaction, excess solvent was removed to three fourths of
the original volume. The reaction mixture was taken in ether,
washed with water and dried over anhydrous sodium sulfate.
Evaporation of solvents and recrystallization from methanol affor-
ded respective products (1c–3c) (see Scheme 1).

2.4.1. 3b-Acetoxy-20-amino-30-cyanocholest-6-eno[5,7-de]4H-pyran
(1c)

White powder, yield 70%, m.p. 163–164 �C; IR (KBr, mmax/cm�1):
3340 (NH2), 2203 (CN), 1713 (OCOCH3), 1625, 1620 (C@C), 1065
(CAO), 1328 (CAN); 1H NMR (CDCl3, d, ppm): 5.69 (1H, s, C6 H),
4.7 (1H, m, C3a-H, W ½ = 15 Hz), 2.5 (2H, brs, NH2, exchangeable
with D2O), 2.05 (3H, s, OCOCH3), 1.2 (3H, s, C13-CH3), 1.14 (3H, s,
C10-CH3), 1.04 and 1.02 (other methyl protons); 13C NMR (CDCl3,
d, ppm): 173.1 (OCOCH3), 168 ðC02Þ, 157.2 (C7), 132.2 (CN), 111.6
(C6), 72.2 (C3), 67.2 ðC03Þ; Anal. Calcd for C32H48N2O3%: C, 75.43,
H, 9.26, N, 5.44. Found: C, 75.59, H, 9.44, N, 5.51. MS: m/z 508 [M+�].

2.4.2. 3b-Chloro-20-amino-30-cyanocholest-6-eno[5,7-de]4H-pyran
(2c)

Yellow powder, yield 80%, m.p. 143–144 �C; IR (KBr, mmax/
cm�1): 3396 (NH2), 2259 (CN), 1630, 1625 (C@C), 1116 (CAO),
1327 (CAN), 742 (C-Cl); 1H NMR (CDCl3, d, ppm): 5.3 (1H, s, C6

H), 3.9 (1H, m, C3a-H, W ½ = 17 Hz), 2.72 (2H, brs, NH2, exchange-
able with D2O), 1.23 (3H, s, C13-CH3), 1.16 (3H, s, C10-CH3), 1.04 and
1.02 (other methyl protons); 13C NMR (CDCl3, d, ppm): 166 ðC02Þ,
155.2 (C7), 129.2 (CN), 114.6 (C6), 50.6 ðC03Þ, 50.2 (C3). Anal. Calcd.
for C30H45ClN2O%: C, 74.26, H, 9.12, N, 5.61. Found: 74.38, H,
9.29, N, 5.78. MS: m/z 484/486 [M+�].

2.4.3. 20-Amino-30-cyanocholest-6-eno[5,7-de]4H-pyran (3c)
White powder, yield 75%, m.p. 149–150 �C; IR (KBr, mmax/cm�1):

3363 (NH2), 2234 (CN), 1630, 1617 (C@C), 1078 (CAO), 1327
(CAN); 1H NMR (CDCl3, d, ppm): 5.26 (1H, s, C6 H), 2.67 (2H, brs,
NH2, exchangeable with D2O), 1.2 (3H, s, C13-CH3), 1.17 (3H, s,
C10-CH3), 1.04 and 1.02 (other methyl protons); 13C NMR (CDCl3,
d, ppm): 164 ðC02Þ, 154.3 (C7), 134.4 (CN), 113.3 (C6), 66.7 (C3’),
23.2 (C3); Anal. Calcd. for C30H46N2O%: C, 79.96, H, 10.12, N, 6.17
found: C, 80.0, H, 10.22, N, 6.22; MS: m/z 450 [M+�].

2.5. DNA binding experiments

2.5.1. Absorption and emission spectroscopy
The DNA binding experiments of compounds (1c–3c) were car-

ried out by using absorption titration and emission spectroscopy
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Scheme 1. Schematic pathway for the formation of steroidal 4H-pyran derivatives (1c–3c).
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complies with the standard methods and practices [16–18]. To
eliminate the absorbance of the DNA while measuring the absorp-
tion spectra, an equal amount of DNA was added to both the com-
pound solution and the reference solution.
2.5.2. Cleavage experiments
Agarose gel electrophoresis [19] was used to carry out the

cleavage experiments of supercoiled pBR322 DNA (300 ng) by
compounds (1c–3c) (5–25 lM) in Tris-HCl/NaCl (5:50 mM) buffer
at pH 7.2. The samples were incubated for 45 min at 310 K. A load-
ing buffer containing 25% bromophenol blue, 0.25% xylene cyanol
and 30% glycerol was added and electrophoresis was carried out
at 50 V for 1 h in Tris–HCl buffer using 1% agarose gel containing
1.0 mg/mL ethidium bromide. Agarose gel electrophoresis was
used to monitor the DNA cleavage with added reductant as in case
of cleavage experiment without added reductant.
2.5.3. Detection of hydroxyl radicals (�OH)
The detection of hydroxyl radicals was investigated by the

method studied by Quinlan and Gutteridge [20]. The reaction mix-
ture (0.5 mL) containing Tris HCl (10 mM, pH 7.5), Calf thymus
DNA (200 lg), increasing concentrations of compound 1c and Cis-
platin (12.5 lM, 25 lM, 50 lM, 75 lM, 100 lM, 200 lM, 400 lM,
600 lM), Cu (II) (100 lM) and volume was made up to 1 mL by
buffer solutions and incubated for 60 min at 37 �C. Reaction was
stopped using 0.5 mL of TCA (28%) and 0.5 mL of 1% TBA was
added, boiled for 15 min and cooled to room temperature. The
intensity was read at 532 nm.
2.5.4. Relegation experiment with T4 DNA ligase enzyme
To support the hydrolytic mechanism of DNA cleavage, the DNA

relegation experiments were performed using T4 ligase enzyme by
following the standard DNA relegation protocol [21]. The com-
pounds (1c–3c) treated with pBR322 plasmid DNA (2 mg), ligation
buffer of 1.5 mL in 10X, T4 ligase 1 mL (2 units) and 2.5 mL of H2O
were mixed and incubated at 4 �C for 1 h. Subsequently, the sam-
ples were loaded on 1% agarose gel and visualized by staining with
an ethidium bromide solution.
2.5.5. Molecular docking
The rigid molecular docking studies were performed using HEX

6.1 software [22]. The initial structure of the steroidal pyran 3c was
generated by Mercury modelling software. The molecules of com-
pound were optimized for use in the following docking study. The
crystal structure of the B-DNA dodecamer d(CGCAAATTTCGC)2

(PDB ID: 1BNA) were downloaded from the protein data bank. All
calculations were carried out on an Intel CORE i5, 2.6 GHz based
machine running MS Windows 7 as the operating system.
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Visualization of the docked pose have been done using PyMol
molecular graphics program [23].

2.6. Anticancer activity

2.6.1. Cell lines and culture conditions
Human cancer cell lines SW480 (colon adenocarcinoma cells),

HeLa (cervical cancer cells), A549 (lung carcinoma cells), HepG2
(hepatic carcinoma cells), HL-60 (leukaemia), DU-145 (pancreatic
cancer cells) and MCF-7 (breast cancer cells) were taken for the
study. SW480, A549, HepG2, HL-60 and DU 145 cells were grown
in RPMI 1640 [24] supplemented with 10% fetal bovine serum
(FBS), 10U penicillin and 100 lg/mL streptomycin at 37 �C with
5% CO2 in a humidified atmosphere. HeLa and MCF-7 cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) [25] sup-
planted with FCS and antibiotics as described above for RPMI
1640. MCF10A immortalized breast cells were maintained in mam-
mary epithelial basal medium supplemented with an MEGM mam-
mary epithelial singlequot kit (Cambrex). NL-20 (normal lung
cells), HPC (normal pulp cells) and HPLF (periodontal ligament
fibroblasts) were grown at 37 �C with 5% CO2, 95% air under the
humidified conditions. 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 accord-
ing to known protocol [26–28]. Exponentially growing cells were
harvested and plated in 96-well plates at a concentration of
1 � 104 cells/well. After 24 h incubation at 37 �C under a humidi-
fied 5% CO2 to allow cell attachment, the cells in the wells were
respectively treated with target compounds at various concentra-
tions 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-dimethylthizao1-2-y1)-2,5-diphenyltetrazolium bromide
(MTT), was prepared at 5 mg/mL in phosphate buffered saline
(PBS; 1.5 mM KH2PO4, 6.5 mM Na2HPO4, 137 mM NaCl, 2.7 mM
KCl; pH 7.4). 20 lL of this solution were added to each well. After
incubation for 4 h at 37 �C in a humidified incubator with 5% CO2,
the medium/MTT mixtures were removed and the formazan crys-
tals formed by the mitochondrial dehydrogenase activity of vital
cells were dissolved in 100 lL of DMSO per well. The absorbance
of the wells was read with a microplate reader (Bio-Rad Instru-
ments) at 570 nm. Effects of the drug cell viability were calculated
using cells treated with DMSO as control. Cancer cells were grown
on glass cover slips in 12-well cell culture plates (CoStar). After
incubation with the test compound (1c), the disks were flipped
on glass plates and the treated and control cancer cells were ob-
served with a FluoView FV1000 (Olympus, Tokyo, Japan) confocal
laser scanning microscope (CLSM) equipped with argon and HeNe
lasers.

2.7. Data analysis

Cell survival was calculated using the formula: Survival
(%) = [(absorbance of treated cells-absorbance of culture med-
ium)/(absorbance of untreated cells � absorbance of culture med-
ium)] � 100 [29,30]. The experiment was done in triplicate and the
inhibitory concentration (IC) values were calculated from a dose
response curve. IC50 is the concentration in ‘lM’ required for 50%
inhibition of cell growth as compared to that of control. IC50 values
were determined from the linear portion of the curve by calculat-
ing 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 compris-
ing at least six microcultures per concentration level.
2.8. Comet assay (Single cell gel electrophoresis)

To assess the genotoxic effect of the steroidal 4H-pyrans (1c–3c),
comet assay [31,32] was performed in MCF-7 cells. MCF-7 (1 � 106)
cells were treated with three different concentrations, 10, 25 and
50 lg/mL of steroidal 4H-pyrans (1c–3c) for 24 h. The cells were
then washed and 200 lL of cell suspension in low melting agarose
(LMA) was layered on to the labelled slides precoated with agarose
(1.5%). The slides were placed on ice for 10 min and submerged in ly-
sis buffer (2.5% NaCl, 100 mM EDTA, 10 mM Tris, 10% DMSO and 1%
Troton X-100) at pH 10 at 4 �C for more than 1 h. The slides were
then equilibrated in alkaline buffer (30 mM NaOH, 1 mM EDTA) at
pH 13 at 4 �C, electrophoresed at 0.86 V/cm at 4 �C, neutralized,
washed and dried. At the time of image capturing, the slides were
stained with ethidium bromide (ETBr, 150 lL 1X) and cover slips
were placed over them. For visualization of DNA-damage, ETBr-
stained slides were observed under 209 objectives of a fluorescent
microscope (Olympus BX-51, Japan). The images of 50–100 ran-
domly selected cells were captured per slide using a CCD camera.
3. Results and discussion

3.1. Chemistry

Development of highly functional molecules from simple build-
ing blocks has always been the curiosity of synthetic chemists. We
herein report the convenient synthesis of new steroidal 4H-pyran
derivatives (1c–3c) by treatment of cholest-5en-7-one derivatives
(1b–3b) with malononitrile in presence of piperidine in refluxing
ethanol. The target compounds (1c–3c) were obtained in very good
yields (70-80%). The mechanism for the formation of compounds
(1c–3c) involves the Michael addition of active methylene reagent
to the steroidal a, b-unsaturated ketone which on subsequent
cyclization provided the desired products (Scheme 2) [33]. The ste-
reochemical assignation of C5-C bond has been made on the basis
of two parameters, one is the half band width (W1/2) values of
C3-axial proton in the 1H NMR spectra of Ic and 2c which clearly
suggested that A/B ring junction is trans [34]. Second is during
the course of reaction, the attack of the reagent should be from
the back (a) side which is less hindered and not from the front
(b) side which is more hindered due to C10 methyl group. Thus
C5-C bond should be axial (a) and trans to C10 methyl group.

The characterization studies are in good agreement with pro-
posed structures of steroidal pyrans. In the IR spectra, the absorp-
tion bands in the range 3340–3396 cm�1 show the presence of NH2

in the compounds (1c–3c) while as the absorption bands at 2203–
2259 cm�1 confirm the presence of CN in the compounds (1c–3c)
attached to the pyran ring. The weak absorption band in the range
1625–1630 cm�1 and 1617–1625 cm�1 confirm the presence of
two (C@C) in the compounds (1c–3c). In 1H NMR study, the broad
singlet displayed at d 2.5-2.72 integrating for two protons of
@CANH2 while as the presence of sharp singlet at d 5.26–5.69
was assigned to olefinic proton (C6-H) in compounds (1c–3c). In
13C NMR study, the signals at d 164–168, 154.3–157.2, 116–113,
50.2–67.2 confirm the presence of C20, C7, C6, C30, respectively in
the products (1c–3c). The signals at d 129–134 confirm the pres-
ence of CN in compounds (1c–3c). Finally the presence of distinct
molecular ion peak [M+�] at m/z: 508, 484/486 and 450 in the MS
also proved the formation of compounds (1c–3c).
3.2. DNA binding studies

3.2.1. Electronic absorption titration
The covalent and/or non-covalent interactions are responsible

for the binding of heterocyclic compounds with DNA. In covalent
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Fig. 2. Absorption spectra of steroid pyrans (1c–3c) in Tris-HCl buffer upon the addition of calf thymus DNA [compound] = 6.67 � 10-6 M, [DNA] = (0.70 � 4.24) � 10�5 M.
Arrow shows change in intensity with increasing concentration of DNA. Inset: plots of [DNA]/(ea � ef) verses [DNA] for the titration of DNA with the compound.
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binding, the easily leaving group of the compound is replaced by a
nitrogen base of DNA such as guanine N7 while the non-covalent
DNA interactions include electrostatic, intercalative and groove
binding of heterocycles outside of a DNA helix. The absorption
spectra of steroid pyrans (1c–3c) exhibited hyperchromism of
27.51%, 19.63% and 26.11%, respectively at intraligand absorption
band (267–271 nm) as shown in Fig. 2. The observed hyperchromic
effect revealed that compounds (1c–3c) bind to DNA electrostati-
cally via non-covalent bonding with the DNA double helix. More-
over, steroid pyrans (1c–3c) exhibited a higher DNA binding
profile due to the incorporation of NH2 into the DNA binding grove.
Since the hydrogen bonding interactions between ANH2 groups of
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steroidal pyran and the functional groups positioned on the edge of
DNA bases feature novelty as it provides molecular recognition at
the specific site at the cellular target. The intrinsic binding constant
values (Kb) of the compounds were determined by monitoring the
changes in the absorbance at the intraligand band with increasing
concentration of CT DNA. In order to further compare the binding
strength of the compounds, their intrinsic binding constant (Kb)
were determined from the following equation:

½DNA�=jea � ef j ¼ ½DNA�=jeb � ef j þ 1=Kbjeb � ef j ð1Þ

where [DNA] represents the concentration of DNA, ea, ef and eb are
the apparent extinction coefficients Aobs/[M], the extinction coeffi-
cient for free compound and the extinction coefficient for com-
pound in the fully bound form, respectively. In the plots of [DNA]/
ea � ef versus [DNA], Kb is given by the ratio of the slope to the
intercept.

The binding constants Kb obtained for compounds (1c–3c) are
5.4 � 103 M�1, 2.3 � 103 M�1 and 1.97 � 103 M�1, respectively.
Interestingly, the intrinsic binding Kb value of compound 1c is
higher in magnitude than compound 2c and 3c. It may be due to
the additional interaction like hydrogen bonding by the carbonyl
moiety of acetate group (OCOCH3) with DNA base pair which dem-
onstrates the remarkably higher binding propensity of compound
1c towards DNA.

3.2.2. Fluorescence spectral studies
An intense luminescence at 336 nm in 0.01 Tris–HCl/50 mM

NaCl buffer was obtained in the emission spectra of compounds
(1c–3c) at room temperature when excited at 269 nm. The emis-
sion intensity to a fixed amount of compounds gradually increases
with no apparent change in the shape and position of the emission
bands (shown in Fig. 3) on addition of increasing concentration of
CT DNA (0.70 � 10�5 to 4.24 � 10�5 M). The enhancement in
Fig. 3. Emission spectra of steroid pyrans (1c–3c) in Tris-HCl buffer (pH 7.2) in the prese
with increasing concentration of DNA.
emission intensity is related to the extent to which the compound
penetrates into the hydrophobic environment inside the DNA helix
therefore compound mobility is restricted at the binding site lead-
ing to a decrease in the vibrational mode of relaxation and thus
avoids the quenching effect of the solvent molecules. The increase
in the emission intensity revealed that the compound interacts by
hydrophobic interaction in the DNA major groove.

To compare the binding affinity of compounds to DNA quantita-
tively, the binding constant ‘K’ and binding site number ‘n’ were
calculated by using Scatchard equation (2) and (3).

CF ¼ CTðF=Fo � PÞð1� PÞ ð2Þ

r=c ¼ Kðn� rÞ ð3Þ

where CF is the concentration of free compound, CT is the total con-
centration of compound; F and Fo are fluorescence intensities in the
presence and absence of DNA, respectively. P is the ratio of observed
fluorescence quantum yield of the bound compound to that of the
free compound. The value P was obtained as the intercept by
extrapolating from a plot of F/Fo versus 1/[DNA], r denotes the ratio
of CB = (CT � CF) to the DNA concentration, ‘c’ is the free compound
concentration and ‘n’ is the binding site number.

The binding constant determined from the Scatchard equation
for compounds (1c–3c) was calculated to be 5.37 � 103 M�1,
2.51 � 103 M�1 and 2.2 � 103 M�1, respectively. The number of
binding sites ‘n’ for compounds (1c–3c) were found to be 1.36,
1.04 and 0.92, respectively indicating that compound 1c has higher
DNA binding propensity in agreement with the electronic absorp-
tion titration experiment.

3.2.3. Chemical nuclease activity
Heterocyclic compounds have played an important role in DNA

endonucleolytic cleavage reactions. DNA cleavage is normally
nce and absence of CT DNA at room temperature. Arrow shows change in intensity
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Fig. 4. Gel electrophoresis diagram showing cleavage of pBR322 supercoiled DNA
(300 ng) by compounds (1c–3c) at 310 K after incubation for 1 h. Lane 1: DNA
control; Lane 2: 5 lM of 1c + DNA; Lane 3: 10 lM of 1c + DNA; Lane 4: 15 lM of
1c + DNA; Lane 5: 20 lM of 1c + DNA; Lane 6: 25 lM of 1c + DNA; Lane 7: 5 lM of
2c + DNA; Lane 8: 10 lM of 2c + DNA; Lane 9: 15 lM of 2c + DNA; Lane 10: 20 lM
of 2c + DNA; Lane 11: 25 lM of 2c + DNA; Lane 12: 5 lM of 3c + DNA; Lane 13:
10 lM of 3c + DNA; Lane 14: 15 lM of 3c + DNA; Lane 15: 20 lM of 3c + DNA; Lane
16: 25 lM of 3c + DNA.

Fig. 6. Gel electrophoresis pattern for the cleavage pattern of pBR322 plasmid DNA
(300 ng) by compounds (1c–3c) (25 mM) in the presence of ROS at 310 K after
incubation for 1 h. Lane 1, DNA control; Lane 2, DNA + 1c + DMSO (0.4 lM); Lane 3,
DNA + 1c + ethyl alcohol (0.4 lM); Lane 4, DNA + 1c + NaN3 (0.4 lM); Lane 5,
DNA + 1c + SOD (15 Units); Lane 6, DNA + 2c + DMSO (0.4 lM); Lane 7, DNA + 2-
c + ethyl alcohol (0.4 lM); Lane 8, DNA + 2c + NaN3 (0.4 lM); Lane 9, DNA + 2c +
SOD (15 Units). Lane 10, DNA + 3c + DMSO (0.4 lM); Lane 11, DNA + 3c + ethyl
alcohol (0.4 lM); Lane 12, DNA + 3c + NaN3 (0.4 lM); Lane 13, DNA + 3c + SOD (15
Units).
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reflected by relaxation of the supercoiled circular form (Form I) of
pBR322 DNA resulting in nicked circular (Form II) and/or linear
form (Form III). The DNA cleavage ability of the compounds (1c–
3c) was performed on pBR322 DNA (300 ng) incubated at 310 K
with increasing concentration of compounds (5–25 lM) in aque-
ous buffer solution (5 mM Tris–HCl/50 mM NaCl, pH 7.2) for 1 h.
As shown in Fig. 4, it was observed that all the compounds are
found to exhibit nuclease activity at different concentration. The
steroidal pyrans converted supercoiled DNA (Form I) into NC
DNA (Form II) without concurrent formation of Form III suggesting
single strand DNA cleavage (Lane 2–11). Compound 1c showed
efficient cleavage in comparison to 2c and 3c; with increase in con-
centration intensified nicked form (Form II) was observed.

3.2.4. DNA cleavage in presence of recognition elements (Groove
binding agents)

The potential interacting site of compounds (1c–3c) with
pBR322 DNA were determined in presence of minor groove bind-
ing agent, DAPI and the major groove binding agent, methyl green
(MG). The supercoiled pBR322 DNA was treated with DAPI or
methyl green prior to the addition of compounds. The cleavage
reaction mediated by compounds (1c–3c) was inhibited in pres-
ence of DAPI while it remained unaffected in the presence of MG
(Fig. 5) indicating minor groove-binding preference of the
compounds.

3.2.5. DNA cleavage in presence of reactive oxygen species (ROS)
In order to explore the mechanistic pathway of the cleavage

activity, comparative DNA cleavage experiment of compounds
 1         2         3       4       5        6         7

Form II

Form I

Fig. 5. Agarose gel electrophoresis pattern for the cleavage of pBR322 plasmid DNA
(300 ng) by compounds (1c–3c) in the presence of DNA minor groove binding agent
DAPI and major groove binding agent methyl green at 310 K after incubation for
30 min. Lane 1: DNA control; Lane 2: DNA + 1c + DAPI (8 lM); Lane 3: DNA + 1c +
Methyl green (2.5 lL of a 0.01 mg ml�1 solution); Lane 4: DNA + 2c + DAPI (8 lM);
Lane 5: DNA + 2c + Methyl green (2.5 lL of a 0.01 mg ml�1 solution); Lane 6:
DNA + 3c + DAPI (8 lM); Lane 7: DNA + 3c + Methyl green (2.5 lL of a 0.01 mg ml�1

solution).
(1c–3c) were carried out in presence of some known radical scav-
engers such as DMSO and ethyl alcohol (EtOH) as hydroxyl radical
scavenger (�OH), sodium azide (NaN3) as singlet oxygen (1O2)
quencher and superoxide dismutase (SOD) as superoxide anion
radical ðO��2 Þ scavenger were used prior to the addition of com-
pounds to DNA solution (Fig. 6). The addition of DMSO (Lane 2),
EtOH (Lane 3) to compound 1c diminishes the cleavage activity
which is indicative of the involvement of hydroxyl radical in the
cleavage process. In the case of NaN3 and SOD (Lane 4 and 5),
the Form II of plasmid DNA was converted to linear Form III indi-
cating two subsequent and proximate single strand breaks of
DNA non-randomly. Similarly, compound 2c showed inhibition of
DNA cleavage in presence of DMSO (Lane 6) whereas ethyl alcohol
completely quench the formation of band II (Lane 7), suggestive of
involvement of diffusible (�OH) hydroxyl radicals as one of the ROS
responsible for DNA breakage. On the other hand, addition of NaN3

and SOD did not show significant quenching of the cleavage reveal-
ing that singlet oxygen and superoxide anion were not involved in
the cleavage process (Lane 8 and 9). The compound 3c also showed
inhibition of DNA cleavage in presence DMSO (Lane 10) while as
ethyl alcohol also quench the formation of band II (Lane 11),
revealing the fact (�OH) hydroxyl radicals being responsible for
DNA breakage. Since, the compounds (1c–3c) are able to cleave
DNA in the absence of any reducing agent, which reveal that
DNA might be cleaved by a discernible hydrolytic pathway.

3.2.6. Detection of hydroxyl radicals (�OH)
In the DNA cleavage reactions mediated by various antioxidants

in the presence of Cu (II), it has been established that Cu (II) is re-
duced to Cu (I) by the antioxidants and that Cu (I) is an essential
intermediate in the DNA cleavage reactions [35,36]. It is also gen-
erally understood that DNA cleavage by various antioxidants and
Cu (II) is the result of the generation of hydroxyl radicals. As men-
tioned in literature [37], Cu (II) is reduced to Cu (I) and the re-oxi-
dation of Cu (I) to Cu (II) by molecular oxygen gives rise to
superoxide anion which in turn leads to the formation of H2O2. Pre-
sumably Cu (I) is oxidized to Cu (II) by H2O2 in a Fenton type reac-
tion giving rise to hydroxyl radicals (�OH). To determine the
hydroxyl radical production and the role of copper ions in DNA
cleavage, an experiment was performed where progressively
increasing concentrations of compound 1c and Cisplatin (12.5–
600 lM) were tested on thiobarbituric acid induced DNA breakage
(Fig. 7) and from these results we may conclude that the DNA
cleavage by thiobarbituric acid involves endogenous copper ions
(Cu (I) acts an intermediate) that leads to DNA cleavage. The



Fig. 7. Comperative determination of hydroxyl radical production by compound 1c (A) and Cisplatin (B) by the assay of thiobarbituric acid.
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compound 1c-Cu (II) (Fig. 7A) and Cisplatin-Cu (II) (Fig. 7B) are
shown to generate the hydroxyl radicals (�OH) which react with
Calf thymus DNA, resulting in strand breaks. The assay is based
on the fact that degradation of DNA by hydroxyl radical results
in the release of TBA reactive material, which forms a colored ad-
duct readable at 532 nm [38]. Increasing concentrations of com-
pound 1c or Cisplatin in presence of Cu (II) showed a
corresponding increase in the generation of hydroxyl radicals.
The results in Fig. 7 confirmed the relatively higher rate of forma-
tion of hydroxyl radicals and correlated with the rate of DNA deg-
radation by the compound 1c as well as Cisplatin.
3.2.7. T4 ligation experiment
To confirm the discernible hydrolytic DNA cleavage pathway

mediated by compounds (1c–3c), DNA relegation experiment
was performed in which supercoiled pBR322 DNA was treated
with T4 ligase enzyme and subjected to gel electrophoresis [39].
Under our experimental conditions, the nicked form (Form II)
was relegated to a large extent in the presence of T4 ligase enzyme
in comparison to control DNA alone in supercoiled form (Fig. 8),
providing a direct evidence in favor of hydrolytic mechanism.
3.2.8. Molecular docking
The design of molecules that can recognize specific sequences

and structures of nucleic acids play an important role both for
understanding nucleic acid molecular recognition as well as for
the development of new chemotherapeutic drugs. Moreover
molecular docking technique is an attractive scaffold to under-
stand the Drug–DNA interactions for the rational drug design and
discovery, as well as in the mechanistic study by placing a mole-
cule into the binding site of the target specific region of the DNA
mainly in a non-covalent fashion [40], which can substantiate
the spectroscopic results.
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Fig. 8. Gel electrophoresis pattern for the ligation pBR322 plasmid DNA linearized
by compounds (1c–3c); Lane 1, DNA control; Lane 2, pBR322 plasmid DNA cleaved
by compound 1c; Lane 3, ligation of nicked pBR322 plasmid DNA by T4 DNA ligase,
Lane 4, pBR322 plasmid DNA cleaved by compound 2c, Lane 5, ligation of nicked
pBR322 plasmid DNA by T4 DNA ligase, Lane 6, pBR322 plasmid DNA cleaved by
compound 3c, Lane 7, ligation of nicked pBR322 plasmid DNA by T4 DNA ligase.
In our experiment, molecular docking studies of compounds
3a–3c with DNA duplex of sequence d(CGCGAATTCGCG)2 dode-
camer (PDB ID: 1BNA) were performed in order to predict the cho-
sen binding site along with preferred orientation of the molecules
inside the DNA groove. The electrostatic interaction between the
compounds and base pairs of DNA is mainly by hydrogen bonding
shown by the NH2 of the pyran ring. In the docked pose (Fig. 9a),
NH2 of the compound 1c forms two hydrogen bonds with the base
pairs of DNA; one hydrogen bond is with the 2nd oxygen of 15th
cytosine of DNA while second hydrogen bond is with the 3rd oxy-
gen of 16� guanine of DNA. In Fig. 9b, the oxygen of the pyran ring
of compound 2c forms one hydrogen bond with the first oxygen of
13th cytosine of DNA. In Fig. 9c, the NH2 of the compound 3c forms
three hydrogen bonds with the base pairs of DNA; one hydrogen
bond is with the 3rd oxygen of 15th cytosine of DNA; second with
5th oxygen of 16th guanidine of DNA while third hydrogen bond is
with the 4th oxygen of 16th guanine of DNA.

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 molecule
comes between the two base pairs of the DNA helix which makes
favorable stacking interactions between the ring systems of the
DNA bases and the pyran ring of compound. The resulting binding
energy of docked (steroid 4H-pyrans 1c, 2c, 3c –DNA) complexes
was found to be �311.34 kJ mol�1, �301.42 kJ mol�1 and
�308.61 kJ mol�1, respectively. The more negative the relative
binding, the more potent is the binding between DNA and target
molecule. Thus, we can conclude that there is a mutual comple-
ment between spectroscopic techniques and molecular docked
model, which can be substantiate our spectroscopic results and
at the same time provides further evidence of groove binding.

3.3. In vitro cytotoxicity

Some studies in recent past have showed that synthetic steroids
with a, b-unsaturated ketone core gave the potency against human
cancer cell lines [41–43]. Thus with this interest, an attempt of
synthesizing the steroidal 4H-pyran derivatives (1c–3c) from ste-
roidal a, b-unsaturated ketones (1b–3b) was made. Subsequently
the compounds were evaluated for cytotoxicity against human
cancer cell lines: SW480, A549, HepG2, HeLa, MCF-7, DU 145 and
HL-60. The conversion of the soluble yellowish MTT to the insolu-
ble purple formazan by active mitochondrial lactate dehydroge-
nase of living cells has been used to develop an assay system for
measurement of cell proliferation.

The preliminary anticancer screening data given in Table 1
shows that compounds 1c–3c exhibited different levels of cytotox-
icity during which compound 1c is found to have effective IC50
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Fig. 9. Molecular docked models of steroidal pyrans (a) 1c, (b) 2c, (c) 3c and (d) Docked pose showing the general intercalation of compounds with DNA dodecamer duplex of
sequence d(CGCGAATTCGCG)2 (PDB ID: 1BNA) and the yellow dashed lines showing hydrogen bond interaction. Steroidal 4H-pyrans are shown by the purple colour.

Table 1
Showing anticancer activity data of compounds (1c–3c) against cancer cell lines.

Compound IC50 (lmol L � 1)

Colon Lung Hepatic Cervical Breast Prostate Leukaemia
SW480 A549 HepG2 HeLa MCF-7 DU 145 HL-60

1c 16.56 19.87 15.23 19.61 13.21 14.77 20.57
2c >50 26.46 25.72 36.80 33.17 41.48 35.61
3c 27.45 31.34 >50 36.12 19.72 28.16 >50
Doxorubicin 10.34 8.28 7.36 11.53 12.41 6.26 9.64
Cisplatin 3.52 12.1 9.63 9.43 9.3 6.54 7.83
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values (<20 lmol L�1) against given cancer cells; 13.21 lmol L�1

(MCF-7), 14.77 lmol L�1 (DU-145), 15.23 lmol L�1 (HepG2),
16.56 lmol L�1 (SW480) and 19.87 lmol L�1 (A549). The com-
pound 2c is showing less cytotoxicity as its inhibition count
(IC50) values against given cancer cells is higher (>20 lmol L�1);
26.46 lmol L�1 (A549), 25.72 lmol L�1 (HepG2), 36.80 lmol L�1
(HeLa) and 33.17 lmol L�1 (MCF-7). The compound 3c is also
showing higher IC50 values against given cancer cells higher
(>20 lmol L�1), 27.45 lmol L�1 (SW 480), 31.34 lmol L�1 (A549),
36.12 lmol L�1 (HeLa), 19.72 lmol L�1 (MCF-7), 28.16 lmol L�1

(DU 145). The compound 2c and 3c are almost inactive as they
show IC50 > 50 lmol L�1 against SW480, HepG2 and HL-60 cells.
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From the table it is clear that the compound 1c was found to be
potentially cytotoxic among all screened compounds and its IC50

against MCF-7 was found to be 13.21 lmol L�1 which is very close
to the IC50 of standard drug, Doxorubicin (12.41 lmol L�1). Com-
pound 1c also showed potential cytotoxic behavior against DU-
145, HepG2 and SW480 cells by showing IC50 = 14.77 lmol L�1,
15.23 lmol L�1 and 16.56 lmol L�1, respectively. Since compound
2c and 3c were not found so much potent as their inhibition was
at higher concentration i.e.>25 lmol L�1 against given cancer cells
except MCF-7 cells against which compound 3c expressed a mod-
erate behavior by showing IC50 = 19.72 lmol L�1. During antican-
cer screening, none of the synthesized compounds were found as
effective as the standard anticancer drugs like Doxorubicin, 5-Flu-
orouracil or Cisplatin, except compound 1c which showed
IC50 = 13.21 lmol L�1 which is very close to the IC50 of 5-Fluoro-
uracil (16.32 lmol L�1) against MCF-7 cell line.
(A) (B)

(D) (E)

(G) (H)

(J) (K)
Fig. 10. Microscopic examination of the interaction of cancer cells with steroid pyran 1
pyran 1c for 24 and 37 h, respectively. (D), (E) and (F) represent HepG2 control and cells
represent MCF-7 control and cells treated with 24 mM of steroid pyran 1c for 24 and 37 h
that reacted with 24 mM of steroid pyran 1c for 24 and 37 h, respectively.
Microscopic examination of gross morphology of cancer cells
and comparison with steroid 4H-pyran 1c-treated normal and can-
cer cells is shown in Fig. 10. The growth of adenocarcinoma colon
cells (SW480) (Fig. 10A) treated with 24 mM was inhibited within
24 h (Fig. 10B) but after 37 h cells were completely dead (Fig. 10C).
The hepatic carcinoma cells (HepG2) (Fig. 10D) when treated with
24 mM also showed same behavior, the growth was inhibited
within 24 h (Fig. 10E) but after 37 h cells were almost completely
dead (Fig. 10F). The breast cancer cells (MCF-7) (Fig. 10G) and pros-
tate cancer cells (DU-145) (Fig. 10J) also followed the same pattern
of growth inhibition, as it is clear that after treatment for 24 h with
steroidal pyran 1c, the growth is inhibited in MCF-7 (Fig. 10H) and
DU-145 (Fig. 10K) while as after 37 h treatment the MCF-7
(Fig. 10I) and DU-145 cells (Fig. 10L) were almost completely dead.

To confirm the cytotoxicity of steroidal pyrans, the compounds
(1c–3c) were tested with some non-cancer cell lines NL-20 (lung)
(C) 

(F)

(I)

(L)
c. (A), (B) and (C) represent SW480 control and cells treated with 24 mM of steroid
treated with 24 mM of steroid pyran 1c for 24 and 37 h, respectively. (G), (H) and (I)
, respectively. (J), (K) and (L) represent DU-145 prostatic cancer cell control and cells



Table 2
The GI50 values shown by compound (1c–3c), Doxorubicin and Cisplatin against the
non-cancerous cells.

Compounds GI50 (lM L�1)

Lung Pulp Periodontal
NL-20 HPC HPLF

1c >100 >100 >100
2c >100 >100 93.81
3c 80.58 >100 >100
Doxorubicin 91.77 >100 >100
Cisplatin 51.25 63.35 61.17

Fig. 12. Graph comparing the effect of steroidal pyrans on the tail length in comet
assay. There was a concentration-dependent increase in the apoptotic DNA
fragmentation and hence an increase in tail length in all three pyran derivatives.
The extent of damage caused by Doxorubicin (0.1 lM) was more when compared to
the three pyran derivatives (1c–3c). Compound 1c caused maximum DNA damage
in the comet assay.
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and HPC (pulp) during which none of the synthesized compounds
were found toxic, all the compounds showed GI50 > 55 lmol L�1.
This also suggests that the steroidal pyran derivatives can be used
specifically for the treatment of cancer cells without showing tox-
icity to the non-cancer cells. The GI50 which is the molar concen-
tration causing 50% growth inhibition of non-cancerous cells by
compounds (1c–3c) and Cisplatin are given in Table 2.
3.4. Comet assay (Single cell gel electrophoresis)

In the comet assay, the images of cells treated with Cisplatin
and compounds (1c–3c) showed the formation of comets. No co-
met pattern was observed in the control cells (untreated). There
was dose-dependent increase in tail length when treated with
compounds (1c–3c) as shown in Fig. 11. Compound 1c presented
maximum apoptotic DNA damage among the three steroidal
4H-pyrans studied, which is in accordance with its maximum cyto-
toxicity as seen in MTT assay. None of the steroidal 4H-pyrans
exhibited apoptotic DNA damage to the extent of Cisplatin. The
quantified increase in DNA damage suggested that all three
4H-pyran derivatives induced dose dependent fragmentation of
chromosomal DNA leading to apoptosis. The images of comet assay
for control, cells treated with Cisplatin (0.1 lM, 54 lg/mL), 1c
(50 lg/mL), 2c (50 lg/mL), and 3c (50 lg/mL) are shown in
Fig. 12. Slides were analyzed for parameter like tail length (TL),
Control (Untreated) Comp. 2c (50

Comp. 1c (50 µg/mL) D

Fig. 11. Detection of DNA damage in MCF-7 cells. Treated cells (24 h) were layered ove
iodide. Control cells were treated with DMSO alone. The DNA fragmentation resulting in
using image analyzer CASP software version 1.2.2. The results of
the assay for tail length are shown in Fig. 12.
4. Conclusion

We have developed a facile, convenient and efficient approach
for the synthesis of new steroidal 4H-pyrans from steroidal a, b
unsaturated ketones. Absorption and fluorescence studies reveal
the stabilization of the energy levels of the compounds in presence
of DNA. The molecular docking studies undertaken in the present
work are in total agreement, with the primary intercalative mode
of binding and the intercalation of compounds in between the
nucleotide base pairs is due to the pyran moiety. The compounds
bind to DNA preferentially through electrostatic and hydrophobic
interactions. The gel electrophoresis demonstrated that the com-
pound 1c alone or in presence of Cu (II) causes the nicking of super-
coiled pBR322 and follow the mechanistic pathway involving
generation of hydroxyl radicals that are responsible for initiating
DNA strand scission. From the in vitro cytotoxicity screening, it is
clear that compound 1c were found to be potential cytotoxic agent
in comparison with standard drugs, Cisplatin and Doxorubicin.
From the comet assay, it is also clear that the compound 1c showed
 µg/mL) Comp. 3c (50 µg/mL)

oxorubicin (50 µg/mL)

r agarose gel, lysed, electrophoresed in alkaline buffer and stained with propidium
a comet-like appearance in cells treated with Doxorubicin and compounds (1c–3c).
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highest genotoxicity by showing the maximum tail length. In con-
clusion, the present study showed that the synthesized compounds
can be used as template for future development through modifica-
tion and derivatization to design more potent and selective cyto-
toxic agents.
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