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ABSTRACT

Background: Diallyl disulfide (DADS), a principal organosulfur component of garlic, is known for its
medicinal properties including anti-cancer activity. Prior studies have demonstrated that the compounds
containing Diallyl disulfide moieties exhibited diverse therapeutic potential with promising biological
activities. In the present study, we have investigated the in vitro anticancer activity of Diallyl disulfide
derivatives (5a-51 and 7e-7m) against human cancer cell lines.
Methods: The effect of DADS analogs on different cancer cell lines was measured through MTT assay. Cell
cycle progression, apoptosis, DNA fragmentation and levels of ROS were analyzed through FACS and
confocal imaging.
Results: Bis[3-(3-fluorophenyl)prop-2-ene]disulfide (compound 5b) was the most potent compound
among the tested DADS derivatives. FACS analysis revealed that increase in ROS generation by compound
5b was accompanied by cell cycle arrest in the G2/M phase and apoptosis in MIA PaCa-2 cells. Further, the
apoptosis was confirmed by TUNEL assay. Western blot analysis showed that compound 5b induces G2/M
phase arrest via ROS mediated DNA-damage, which in turn, induces phosphorylation of Chk1/Cdc25c/
Cdc2 pathway. Furthermore, altered levels of ROS triggers intrinsic apoptotic cascade, as evidenced by
dissipated mitochondrial membrane potential ({s), decrease in Bcl-2/Bax ratio, cytochrome c release and
cleavage of procaspase-3. Scavenging of ROS by antioxidant N-acetyl-cysteine (NAC) reversed the
compound 5b induced augmented intracellular ROS levels and cell death.
Conclusion: Taken together, the anti-proliferative effects of compound 5b were attributed to intracellular
ROS accumulation, which in turn, triggers apoptosis by mediating DNA damage-induced G2/M phase
arrest and evoking mitochondrial apoptotic pathway in MIA PaCa-2 cells.
© 2017 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier Sp. z o.0. All rights
reserved.

Introduction

more susceptible to oxidative stress-induced cell death [2].
Therefore, many chemotherapeutic strategies are designed to

Cancer is one of the main causes of death worldwide; with 14.1
million new cases and 8.2 million deaths in 2012, according to the
worldwide cancer statistics [1]. Chemotherapy is still one of the
primary regimens for the treatment of cancer. However, the use of
available chemotherapeutics is often limited mainly due to
toxicities and drug resistance. Therefore, identifying potent
antitumor agents with novel scaffolds are critically desired.

Oxidative stress plays an important role in controlling cancer
cell behavior. Due to their accelerated metabolism, cancer cells
exhibit higher ROS levels compared to normal cells, turning them
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overwhelming raise ROS levels, with the aim to induce irreparable
damages eventually resulting in tumor cell apoptosis [3].

Diallyl disulfide, a major organosulfur derived from garlic, is
well known to exhibit pharmacological activities against various
diseases, including the anti-cancer activity against various types of
human cancer cells such as breast [4], lung [5] and colon [6] cancer
cells. However, potential use of diallyl disulfide is limited due to its
highly volatile nature and low bioavailability. Therefore, to
supersede this problem; our laboratory took interest in the
synthesis of substituted DADS derivatives which demonstrated
greater stability along with potent pharmacological activities
[7-11].

The present study describes in vitro evaluation of anti-
proliferative activity of previously reported series of novel DADS
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derivatives (5a-51 and 7e-7m) [ 7] against human pancreatic cancer
cells, MIA PaCa-2; human cervical cancer cells, HeLa; human liver
cancer cells, HepG2; and normal human embryonic kidney cells,
HEK 293 cells. The most potent compound Bis[3-(3-fluorophenyl)
prop-2-ene]disulphide (5b), as shown in Fig. 1(b), was selected
from the 21 tested DADS analogs. Furthermore, to determine the
anti-cancer action of compound 5b, its effects on ROS generation,
cell cycle progression and apoptotic signaling pathways on
pancreatic cancer cells, MIA PaCa-2 was examined.

Materials and methods
Chemicals and reagents

MTT, Trypan blue, Tris-HCI, Triton X-100, H,DCFDA, Propidium
iodide (PI), ribonuclease-A and N-acetyl cysteine (NAC) were
obtained from Sigma Chemical Co. (St. Louis, USA). Potassium
phosphates, p-formaldehyde and dimethyl sulfoxide (DMSO) were
purchased from Merck Co. (Darmstadt, Germany). Penicillin-
streptomycin, trypsin-EDTA and fetal bovine serum (FBS) were
obtained from Himedia (Mumbai, India). The JC-1 assay and
Annexin-V/APC kit was purchased from BD biosciences (San Jose,
CA, USA) and e-biosciences (San Diego, USA), respectively

Cell culture conditions and DADS analogs treatment

All the cell lines were obtained from National Centre for Cell
Sciences (NCCS, India). Cells were cultured in the Dulbecco’s
Modified Eagle medium supplemented with 10% fetal bovine
serum at 37°C in 5% CO, atmosphere. All twenty-one DADS
derivatives were synthesized by scheme previously standardized
by our group [7]. DADS derivatives were dissolved in DMSO
followed by serial dilution in PBS and the final DMSO concentration
in all cultures was less than 0.3%.

Cell viability analysis and morphological changes

Cell viability analysis was carried out by colorimetric 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenylthiazolbromide (MTT) assay.
Cells were seeded at a plating density of 2000/well and treated
with different concentrations (100nM to 200 wM) of DADS
analogs. The final concentration of DMSO in the culture medium

was found to have no cytotoxic effect on either cell line. Following
treatment with different compounds for 48 h, MTT (Sigma) was
added, and the absorbance of samples was measured at 565 nm
using Tecan Infinite M200 plate reader. ICso, the concentration of
compound required to inhibit 50% cell growth, was determined by
plotting a graph of Log (concentration of compound) vs.% cell
viability. Calculation of ICsq value was done using GraphPad Prism
Software (Ver. 5.01). The assay was performed three times and the
results are given as mean + SEM of independent experiments.

Cell cycle arrest

Measurement of the relative DNA content of the cells was
performed by FACS analysis. Briefly, MIA PaCa-2 and Hela cells
were incubated with compound 5b (ICso=7.23 wM) for different
time intervals and then harvested, fixed in 70% ethanol (in PBS),
kept overnight at 4°C. Further, cells were resuspended in PBS,
incubated with 1 mg/ml of RNase for 30 min at 37 °C, followed by
incubation with propidium iodide (PI) (20 wg/ml) for 20 min.
Fraction of cells in different phases of cell cycle (10,000 events/
sample) were quantified using Cell Quest pro software. Results are
expressed as the mean + SEM of three independent experiments.

Annexin-V (APC)/propidium iodide dual staining assay

Mode of cell death was examined using Annexin V Apoptosis
Detection kit APC (e-Biosciences), as per the manufacturer’s
protocol. Briefly, MIA PaCa-2 and HeLa cells were treated with
compound 5b for different time intervals at its ICsqg value of
7.23 WM. Cells were harvested, resuspended in 1X binding buffer,
incubated with Annexin V-APC and PI stain for 20 min at 37°C.
10,000 events/sample were taken and data were acquired using
logarithmic amplification of FL4 (APC) and FL2 (PI) channels using
BD FACSCALIBUR™, and further analyzed by Cell Quest pro
software. Results are expressed as the mean+SEM of three
independent experiments.

Measurement of intracellular ROS accumulation
The levels of ROS from MIA PaCa-2 cells were examined and

determined by FACS using 2’,7'-dichlorodihydrofluorescein diac-
etate (H,DCFHDA, Sigma) for staining as previously described [12].
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Fig 1. Chemical Structure of (a) Diallyl disulfide (DADS) (b) Structure of Bis[3-(3-fluorophenyl)prop-2-ene]disulphide (5b).
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Briefly, cells were treated with compound 5b at its ICsq for different
time intervals to detect the changes in ROS. The cells were
harvested and washed twice, re-suspended in 500uM of
H,DCFHDA solution (10 uM stock), incubated at 37 °C for 30 min
and analyzed by FACS (10,000 events/sample). Results are
expressed as the mean 4 SEM of three independent experiments.

Effect on mitochondrial membrane potential (AY,)

Effect of compound 5b on mitochondrial membrane potential
was measured using the JC-1 dye (5,5',6,6'-tetraethylbenzimida-
zolecarbocyanine iodide) following manufacturer’s instructions
(BD™ MITOSCREEN (JC-1)). Briefly, after the desired treatments for
12 and 24 h, cells were harvested, washed twice with PBS and then
incubated at 37 °C for 20 min with staining buffer containing JC-1.
After incubation, cells were washed with staining buffer twice and
data were acquired (10,000 events/sample) using BD FACSCALI-
BUR™ and analyzed by Cell Quest pro software. The green and red
fluorescence ratio measured the proportion of mitochondrial
depolarization. Results are expressed as the mean + SEM of three
independent experiments.

DNA gel electrophoresis

MIA PaCa-2 cells (1 x10° cells/well) seeded in 6-well plates
were treated with compound 5b for 48 h. Cells were harvested and
DNA was extracted from cells using DNA isolation kit (Qiagen
Technology). The extracted DNA samples were electrophoresed on
a 1.5% agarose gel in Tris-acetic acid-EDTA buffer. After electro-
phoresis, the gel was stained with ethidium bromide (EtBr, Sigma-
Aldrich Corp.) and the bands obtained were visualized using a UV
light transilluminator.

TUNEL assay

Confocal microscopy was performed to observe morphological
nuclear DNA fragmentation in the MIA PaCa-2 cells using
DeadEnd™ fluorometric TUNEL system, following the manufac-
turer’s protocol (Cat# G3250, Promega, USA). Briefly, MIA PaCa-2
cells were seeded over slides and after the required treatments,
slides were fixed with 4% formaldehyde in PBS, followed by
permeabilization with 0.2% Triton® X-100 and labelling with TdT
reaction mix. DAPI (4/,6-diamidino-2-phenylindole) (Vector Lab
Cat. # H-1200) was used to stain nuclei. Confocal imaging was
performed with Nikon C2 laser scan confocal microscope with 60 x
objective magnification, numerical aperture 1.4, refractive index
1.5, Plan Apo optics equipped with an argon laser, using excitation
and emission wavelength of 490 and 525 nm respectively for FITC
and 461 and 500 nm respectively for nuclear stain DAPI. Data was
analyzed using the NIS Elements AR software.

Further, to quantitate the nuclear DNA fragmentation, FACS
analysis was performed in the MIA PaCa-2 cells using the same
TUNEL system, following the manufacturer’s protocol. DNase was
used as a positive control as previously described [13]. The
fluorescein-12-dUTP labeled DNA was quantitated by Cell Quest
pro software by measuring the green fluorescence (FL1) at 520 nm
using BD FACSCALIBUR™. The experiment was performed thrice
and the results were given as mean+SEM of independent
experiments.

Western blot analysis

MIA PaCa-2 cells (2x10% cells) were treated with the
compound 5b (7.23 uM) for 6, 12, 24 and 48h and cell pellets
were extracted with RIPA buffer (Cell Signaling Technology, MA,
US) with EDTA-free protease inhibitor containing phosphatase

inhibitors such as sodium orthovanadate and sodium pyrophos-
phate in the cocktail (Santa Cruz, USA). Protein quantification was
done using commercial protein estimation BCA™ kit (Bangalore
Genei). Equal amounts of protein (30-50 j.g) were loaded, resolved
on a 10-12% SDS-Polyacrylamide gel and transferred to a PVDF
membrane, blocked with 5% Bovine serum albumin protein for 2 h
at room temperature. The membrane was incubated overnight at
4°C with primary antibodies (1:1000-1:2000), followed by
incubation with horseradish peroxidase-conjugated secondary
antibodies (1:5000-1:10000) for 3h at room temperature.
Immunoreactive bands were probed with the enhanced chem-
iluminiscence (ECL) western blot detection system (Biogene, India)
according to manufacturer’s instructions and viewed in gel
documentation system LAS4000 (FUJIFILM, USA). All the bands
were quantitated by Image] software and normalized to vehicle
controls and the results were given as mean=+SEM of three
independent experiments. Antibodies against caspase-3 (sc-7272),
cytochrome-c (sc-13156), Bax (sc-7480), Bcl-2 (sc-7382), Cdc25C
(sc-13138), p-Cdc2 (sc-7989), Cyclin B1 (sc-25764) and 3-actin (sc-
130301) were purchased from Santa Cruz (USA). Antibodies against
cleaved caspase-3 (#9661), Chk-1 (#2360), p-Chk1 (#2348), and p-
Cdc25C (#4901), were purchased from Cell Signaling Technology,
Inc.

Statistics

Data are presented as mean+ SEM. The intergroup variation
was measured by one-way analysis of variance (ANOVA) followed
by Tukey post-hoc test, in which p <0.05 was considered to be
statistically significant. Statistical studies were performed using
Graph Pad Prism Software 5.0.

Results
Cell viability analysis

The effect of DADS analogs 5a-1 and 7e-m were studied against
normal human embryonic kidney cells (HEK-293) and three cancer
cell lines: MIA PaCa-2 (Human pancreatic cancer cell line), HepG2
(Human hepatic cancer cells) and HeLa (Human cervical cancer
cells) using MTT assay. The potencies of the compounds were
expressed as the half maximal inhibitory concentration (ICsq),
summarized in Table 1. The most potent compound Bis[3-(3-
flourophenyl) prop-2-ene| disulfide (5b), among the 21 tested
analogs, exhibited nearly similar activity against both HepG2
(ICs50=27.9 uM) and Hela (ICs0=26.6 uM) cell lines. However, the
ICsp values of compound 5b (7.23 wM) against MIA PaCa-2 were
three to fourfold lower as compared to the other two cancer cell
lines (supplementary Fig. S1). Henceforth, all the assays were
carried out on MIA PaCa-2 cells with compound at its IC5q of
7.23 M. In addition, the ICsg value of DADS was found to be 280,
242 and 155 uM for MIA PaCa-2, HepG2 and Hela cell lines,
respectively. Furthermore, phase contrast micrographs of com-
pound 5b treated cells showed loss of cell morphology, de-
adherence tendency and cell shrinkage instead of spreading along
with proliferation (Supplementary Fig. S2).

Annexin-V (APC)/propidium iodide dual staining assay

To elucidate the mechanism of cell death by compound 5b,
Annexin-V APC/PI dual staining assay was performed. As
illustrated in Fig. 2A, compound 5b could efficiently induce
apoptosis in MIA PaCa-2 cells in a time dependent manner at its
ICs value. It was observed that compound 5b treatment increased
the majority of MIA PaCa-2 cells in the early apoptotic stage (6.34%,
11%, 23.50% and 38.33%) and late apoptotic stage (19.81%, 21.61%,



816 V. Saini et al./ Pharmacological Reports 69 (2017) 813-821

Table 1

Shows ICsq value of Diallyl disulfide analogs on pancreatic cancer cell line (MIA PaCa-2), Hepatic cancer cell line (HepG2), Human cervical cancer cell line (HeLa) and Human

embryonic kidney cell line (HEK).

I \ 0
R " S
v ANF F
NG S. S F N S N
e I =
P Va
(5a-51) (7e-7Tm)
Compound Substituent ‘R’ ICso (WM)®
MIA PaCa—2? HepG2?* HeLa® HEK?

5a R=2-F 52.5+2.08 75+3.04 53.3+112 >100
5b R=3-F 723 +1.04 27.07+1.3 26.36 +£0.32 >100
5¢ R=3-Cl 46.09 + 1.96 67.5+2.32 39.81+0.75 >100
5d R=3,5- diCl 58.44 +1.52 56+ 1.16 43.53 +£1.02 >100
5e R=2,6-diF 43.3+3.36 52.5+2.09 38.52+2.11 92.5+2.65
5f R=4-Cl 25+2.53 38 +1.86 32.27+2.71 82.9+1.29
5g R=3-Br 83.13+4.12 875+2.84 54.82 +1.57 >100
5h R=4-Br 90.2 +4.56 80+3.22 92.31+1.76 >100
5i R=4-OH >100 >100 91.62 +1.34 >100
5j R=4-0OCH3 78.1+3.15 >100 82.91+1.26 >100
5k R=3,4-diOCH3 72.05+3.22 875+2.84 >100 >100
51 R=4-0H, 3-0CH3 95 +4.56 >100 >100 >100
7e R=4-F 51.07 +£2.51 55.5+2.32 60.89+1.14 >100
7f R=4-Cl 63.59 +3.62 54.6 +1.25 78.63 +2.51 >100
78 R=3-Br 82.36+2.84 754+2.65 66.80 +1.29 >100
7h R=4-Br 774+2.35 >100 >100 >100
7i R=4- OH 78.01 +£2.65 93.5+2.32 >100 >100
7j R=4-0OCHs 98 +1.14 >100 >100 >100
7k R=3,4-diOCH; >100 >100 >100 >100
71 R=4-0H, 3-0OCH3 >100 >100 >100 >100
7m R=2,4-diOCH3 >100 >100 >100 >100

Doxorubicin® 0.43 +£0.036 0.15+0.02 0.09 +0.02 0.59+0.01

DADS 242 +1.05 280 +£1.93 155+2.6 -

@ Cell lines were treated with different concentrations of the compounds for 48 h. Cell viability was measured by MTT assay as described in the experimental section.

b ICsp values are indicated as Mean +S.D of three independent experiments.
¢ Doxorubicin was taken as positive control.

21.58% and 43.90%), at time intervals of 6, 12, 24 and 48h,
respectively, in comparison to untreated control cells where only
0.55% and 1.68% of cells were found in early and late apoptotic
stage, respectively. These results demonstrated that compound 5b
effectively induced cell apoptosis in MIA PaCa-2 cells in a time-
dependent manner, eventually leading to cell death.

Detection of DNA fragmentation by TUNEL assay

To further consolidate our findings that compound 5b treated
MIA PaCa-2 cells shows late apoptotic characteristic, detection of
DNA fragmentation was examined by DAPI/TUNEL double
staining assay and monitored by confocal imaging and TUNEL
labelling by FACS analysis. As shown in Fig. 3A(j), an increase in
intensity of green fluorescence was observed after treatment with
compound 5b for 48 h, as compared to untreated control cells
which emitted only blue fluorescence indicating the presence of
healthy cells (Fig. 3A(a-d)). In positive control, brief treatment of
DNase for 1 h in MIA PaCa-2 cells induced DNA fragmentation as
indicated by increase in intensity of green fluorescence (Fig. 3A
(e-h)). However, the cells treated with compound 5b for 48 h
revealed nuclear condensation and formation of apoptotic bodies,
which was typical of late apoptosis (as indicated by the arrows in
Fig. 3A(j-1)).

Also, quantification of DNA fragmentation by FACS analysis
showed an increase in fluorescence intensity in compound 5b

treated cells (79.58%) as compared to control (20.63%) (Fig. 3B and
Q).
Further, a typical DNA ladder analysis was performed in MIA
PaCa-2 cells for 48 h at its ICso. The chromosomal DNA was
extracted from MIA PaCa-2 cells and used for agarose gel
electrophoresis. The results from Fig. 3D indicated that 5b induces
DNA fragmentation in MIA PaCa-2 treated cells, which lead to a
significant ladder pattern of internucleosomal DNA fragmentation
in gel lane D with respect to untreated control (Lane B), where
intact DNA was observed. However, in case of positive control,
DNase (Lane C), a smear was observed indicating excessive DNA
fragmentation, validating our findings of TUNEL assay.

Effect of compound 5b on apoptotic markers

To further examine the mechanism of compound 5b-induced
apoptosis, the effects of 5b on the protein expression of Bax, Bcl-2,
total cytochrome-c and caspase-3, which are important apoptosis-
associated proteins, were examined. MIA PaCa-2 cells were treated
with compound 5b for 6,12, 24 and 48 h and their expression levels
were determined by western blot analysis. As shown in Fig. 2B,
compound 5b treatment induced a time dependent up-regulation
in the levels of pro-apoptotic protein Bax with a concomitant
decline in the levels of anti-apoptotic protein Bcl-2 as compared to
control group. The decrease in Bcl-2/Bax proteins disrupts MMP
triggering the release of cytochrome c from mitochondrial
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Fig. 2. Compound 5b induces apoptosis in MIA PaCa-2 cells (A) FACS analysis for the detection of apoptosis by Annexin-V (APC)/PI double staining assay in MIA PaCa-2 cells,
treated with comp 5b for 6, 12, 24 and 48 h. Graph bars represents percentage of cells in the early and late apoptotic stages (mean + SEM, n=3). **#p <0.001 vs. control
(Annexin-V*[PI"); ***p < 0.001 vs. control (Annexin-V*/PI"). (B) Effect of compound 5b on the expression levels of proteins associated with mitochondrial dependent apoptotic
pathway at different time intervals in MIA PaCa-2 cells by western blot analysis. 3-actin was used as loading control (mean + SEM, n=3). Significant differences from
respective controls are as follows: p < 0.001; ®p < 0.001,°p < 0.001; 9p < 0.001 and °p < 0.001.

membrane into the cytoplasm. From Fig. 2B, it was evident that
compound 5b treatment induced cytochrome c¢ accumulation in
cytoplasm followed by decline in the levels of inactive procaspase-
3 and increased expression of its active form i.e. cleaved caspase-3
in a time dependent manner. The presence of active caspase-3
marked the execution of apoptotic cascade.

Effect on mitochondrial membrane potential (AW ,)

To further understand how the compound 5b induced the
apoptotic signaling pathway, the changes in mitochondrial
membrane permeability (MMP) were initially detected. In MIA
PaCa-2 cells treated with compound 5b at ICsq concentration for 12
and 24h, MMP was reduced in a time dependent manner as
indicated by red/green fluorescence (Fig. 4A). As shown in the
histogram, there was a remarkable shift in the green fluorescence
that increased to 37.43% and 67.73% in 12 and 24 h, respectively, as
compared to control cells.

Compound 5b increased intracellular ROS levels, and NAC reversed
compound 5b-induced ROS generation and cell death

To determine whether the cell apoptosis induced by compound
5b is ROS dependent, we evaluated the intracellular ROS

generation in MIA PaCa-2 cells. As shown in Fig. 4C, untreated
control cells generate low levels of intracellular ROS, as reflected by
corresponding low DCF fluorescence intensity. In contrast, cells
treated with compound 5b (7.23 wM) for 3, 6 and 12 h showed an
increase in intensity of the green fluorescence from 3 to 6h
followed by a decrease in 12 h. As shown in Fig. 4C, intracellular
ROS generation increased to 60.6% and 84.6% in 3 and 6h,
respectively, which further decreased to 66.4% after 12 h. In the
positive control, MIA PaCa-2 cells incubated with 100 wM H,0, for
6 h generated high intracellular ROS (94%), which was comparable
to compound 5b at 6 h. However, pre-treatment with NAC (5 mM)
for 1 h, significantly reduced 5b-induced ROS generation (Fig. 4C)
and cell death (Fig. 4D).

Cell cycle analysis

To further examine the anti-proliferative effect of compound
5b, we examined DNA distribution of cells into different phases of
the cell cycle at different time intervals of 6, 12, 24 and 48 h in MIA
PaCa-2 cells (ICsp=7.23 wM) by propidium iodide staining using
FACS. As revealed by DNA histograms in Fig. 5A, an increase in
accumulation of cells in G2/M phase in a time dependent manner
where the increase in cell population were found to be 24.30%,
34.30% and 63.59% in 6, 12 and 24h, respectively, which was
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Fig. 3. (A) Confocal images of MIA PaCa-2 cells stained with fluorescein-12-dUTP (green) and counterstained with DAPI (blue). (a-d) Untreated control cells without green
fluorescence represents intact DNA; (e-h) DNase was used as a positive control, showing fragmented DNA; (i-1) MIA PaCa-2 cells treated with compound 5b for 48 h, arrows
indicating fragmented DNA and formation of large vacuolated apoptotic bodies. (B) FACS quantification of compound 5b induced DNA fragmentation in MIA PaCa-2 cells.

(C) The bar graph displays the percentage of cells labeled with fluorescein-12-dUTP staining (mean + SEM, n = 3),

""p <0.001 vs. untreated control. (D) Compound 5b induced

DNA fragmentation. Lane A, 1 Kb ladder; Lane B, Untreated control; Lane C, positive control (DNase); Lane D, Compound 5b treatment for 48 h. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

comparatively higher as compared to untreated control (17.27%)
indicating a G2/M-phase arrest. However, after 48 h, there was an
increase in percentage of cells in the sub-G1/GO peak reflecting cell
population undergoing apoptosis.

Effect of compound 5b on cell cycle regulatory protein

To further validate the anti-proliferative activity of compound
5b was mediated by cell cycle arrest, the expression analysis of
various G2/M phase associated regulatory proteins was analyzed
by western blotting. In the current studies, compound 5b-
induced up-regulation in the expression of phosphorylated-Chk1
(p-Chk1) protein in MIA PaCa-2 cells in a time-dependent
manner. As shown in Fig. 5B, the increase in p-Chkl was
accompanied by an up-regulation of inactive phosphorylated
Cdc25C protein and simultaneously marked reduction in Cdc25C
expression. The accumulation of p-Cdc25C protein, in turn failed
to remove phosphate group from Cdc2 protein as indicated by
presence of elevated levels of phospho-Cdc2 in a time dependent
manner.

Discussion

The anti-cancer potency of DADS has been studied for many
years through in vitro and in vivo studies [ 14,15]. However, its use as
a therapeutic agent is restricted due to its unstable and highly
volatile nature. Previous studies in our laboratory have reported
the synthesis of substituted derivatives of DADS with greater
stability and efficacy than the parent compound DADS [7,9]. In the
present study, we have demonstrated the anti-proliferative effect
of DADS analogs and explored their mechanism of action.

Our experiment revealed potent inhibitory activity of DADS
derivatives against MIA PaCa-2 cancer cells and modest activity
against HepG2 and HeLa cancer cells. It was observed that between
the two series, derivatives from first series (5a-51) displayed higher
potency than their counterparts from second series (7e-7m). The
trend obtained within the two series revealed that compounds
bearing electron withdrawing substituents (—F > —Cl > —Br) exhib-
ited better activity than their electron donating counterparts (-OH,
-0OCH3) suggesting the influence of electronic nature of sub-
stituents on the potencies of the compounds. The introduction of
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3-Fluoro substituent on phenyl ring (compound 5b) afforded the
most efficacious analog. On the basis of preliminary cell viability
studies, the ICso of compound 5b was achieved at 7.23-27.07 uM
whereas the ICsq of DADS was in the range of 155-280 M, which
clearly indicated that DADS analogs were more potent than the
parent compound DADS. Inspired by the promising preliminary in
vitro results, Bis[3-(3-flourophenyl) prop-2-ene] disulfide (com-
pound 5b) was chosen to explore the mechanism of anti-
proliferative action against the MIA PaCa-2 cell line. In addition,
corresponding anti-proliferative and apoptotic activity of com-
pound 5b was also checked on other cell line such as HeLa, and
similar results were obtained but at higher concentration (ICsq=
26.36 M) than MIA PaCa-2 (Supplementary Figs. S3, S4). The
observed higher selectivity of compound 5b towards MIA PaCa-2
cells could be due to difference in the doubling time among the
cancer cell lines or by differential intrinsic ability of cancer cells to
respond to various chemotherapeutic agents. HeLa cells have a
shorter doubling time of 24h as compared to MIA PaCa-2 and
HepG2 cells, which doubles their cell number in 48 h and 40h,
respectively. The difference in time period of cell cycle progression
could affect the sensitivity of cells towards tested compounds. In

our studies, this effect of compound 5b could be correlated to
results obtained from cell cycle analysis, wherein HeLa cells were
observed to undergo G2/M phase arrest after 48 h as compared to
MIA PaCa-2 cells, where similar effect was observed in as early as
12-24h. Further, less sub G1/Go cells were observed in HeLa cells
(Supplementary Fig. S4), indicated lower population of apoptotic
cells, as compared to MIA PaCa-2 cells. Although, these observa-
tions may provide reasonable explanation for the selectivity of
tested compounds towards MIA PaCa-2 cells, but further studies
are required to provide a precise mechanism.

Apoptosis is one of the major pathways that lead to the process
of cell death. Therefore, it was considered of interest to investigate
the apoptosis inducing effect of compound 5b. The results showed
significant apoptotic induction in MIA PaCa-2 cells at its ICsq
(Fig. 2A). Another commonly used method to detect apoptosis is in
situ detection of DNA fragments, which are the end products of
apoptotic signaling cascade, using TUNEL system [13]. Treatment
of MIA PaCa-2 cells with compound 5b for 48 h resulted in the
incorporation of fluorescein-12-dUTP into terminal 3’-OH groups
of fragmented DNA, indicating that apoptotic DNA fragments
developed after compound 5b treatment. Further, agarose gel
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Fig. 5. Compound 5b induced G2/M cell cycle arrest in MIA PaCa-2 cells (A) FACS analysis of DNA distribution in MIA PaCa-2 cancer cells at time intervals of 6,12, 24 and 48 h,
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electrophoresis of pooled DNA extracts confirmed that compound
5b caused internucleosomal DNA fragmentation. Taken together,
these findings support the contention that compound 5b triggers
apoptosis of MIA PaCa-2 cells.

Oxidative stress is implicated in a number of pathological
processes including apoptosis, and many chemotherapeutic
agents are known to induce their cytotoxic effects on tumor
cells by a ROS-mediated mechanism [2,3]. Sulfur containing
compounds like disulfides and polysulfides are considered as
strong reducing agents which react rapidly with oxidants, such as
dioxygen and oxyhaemoglobin, to form reactive oxygen species
(ROS), such as the superoxide radical anion (0,*~’ and hydrogen
peroxide (H,0,) [16,17]. Accumulating evidences have also shown
that DADS induces apoptosis through the production of H,0, [18].
The present studies revealed that compound 5b promoted
intracellular ROS production in MIA PaCa-2. Interestingly, NAC,
an antioxidant, was able to alleviate compound 5b-induced ROS
generation and cell death in MIA PaCa-2 cells, indicating the
involvement of ROS in compound 5b-induced apoptosis in cancer
cells. Furthermore, pre-treatment of NAC with compound 5b,

significantly abrogated apoptosis (Supplementary Fig.S5), con-
firming that ROS production is indispensable to the apoptotic
action of compound 5b.

Mitochondria plays an essential role in the propagation of
apoptosis and its dysfunction is often associated with loss or
depolarization of MMP, which leads to collapse of mitochondrial
functions ensuing cell death [12]. The decline in MMP (-AW¥m)
revealed that the apoptosis induced by compound 5b might be
triggered by alteration of MMP by ROS. Subsequently, attenuation
of MMP initiates mitochondrial dependent intrinsic pathway
which was confirmed by down-regulation of the Bcl-2/Bax protein
ratio, increase in total cytochrome c levels and increase in
expression of cleaved caspase-3 proteins in compound 5b treated
MIA PaCa-2 cells. Cells have specialized responses to DNA damage
that arrest the progression of the cell cycle and facilitate the repair
process. In response to DNA damage, checkpoint kinase 1 (Chk1)
gets specifically phosphorylated at Serine 345 (S345) and interacts
with many downstream effectors to induce G2/M cell cycle arrest.
Primarily, the accumulation of phosphorylated Chk1l (p-Chk1)
subsequently, phosphorylates Cdc25C at Ser216 residue, which
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results in its proteasomal degradation [19]. The degradation has an
inhibitory effect on the formation of cyclin-dependent kinase
complexes i.e. Cdc2/Cyclin B1, which are key drivers of G2/M
transition [20]. The present study shows that compound 5b
treatment inhibited G2/M phase progression in MIA PaCa-2 cells, in
association with the increased expression of phosphorylated forms
of Chk-1, Cdc25C and Cdc2 proteins. Taken together the increased
expression of phosphorylated Chk1l (p-Chk1) on compound 5b
treatment and implication of ROS in cell death by causing DNA
damage-induced cell cycle arrest in cancer cells [21], it can be
inferred that DNA damage is due to increased ROS levels. The above
findings were also consistent with earlier reported studies of
DADS, which showed that DADS-induced G2/M checkpoint
response was mediated through the ATR/Chk1/Cdc25C/Cyclin B1
pathway [22].

However, polysulfides such as DADS were reported to exert the
anti-proliferative action by disarrangement of the cytoskeleton
[23] which may generate same pattern of alterations (as observed
in current studies). Moreover, NAC has also been proved as a
direct competitor with diallyl polysulfides in preserving thiols
oxidation and inhibition of microtubule disarrangement. There-
fore, it would be worth to inquire if the cell death by DADS
analogs involves more than one pathway, by investigating the
effect of DADS derivatives on cytosketeletal pathway in future, to
further delineate their mechanism of action. In conclusion, this
study is the first to demonstrate the in vitro therapeutic effect of
DADS derivatives on human cancer cell lines, including MIA PaCa-
2, HepG2 and HeLa. Moreover, it was evident from the results that
anti-cancer activity of DADS analogs was better than the parent
compound, DADS. The most potent analog, Bis[3-(3-flourophenyl)
prop-2-ene]disulfide (compound 5b), exhibited antitumor effects
by inducing ROS generation and subsequently, cancer cell
apoptosis and G2/M phase arrest in MIA PaCa-2 cells.Further
studies are required to determine detailed cytotoxic mechanism
and pharmacokinetic/pharmacodynamic properties of these
compounds. The results should expand the scope for further
investigation to achieve promising chemotherapeutic agents for
cancer treatment.
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