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Curcumin is known for its anticancer properties, but its clinical application is limited due to its poor bioavail-
ability and chemical stability. In this study we report the curcumin derivative, ST03 (1,2-bis[(3E,5E)-3,5-bis[(2-
chlorophenyl)methylene]-4-oxo-1-piperidyl]lethane-1,2-dione) exhibits ~ 14 fold better bioavailability

IS\-;(;?I’)tosis compared to curcumin and is detectable in plasma up to 12 h. ST03 induces ROS, activates the intrinsic apoptotic

Bioavailability pathway as evident by disruption of mitochondrial membrane potential, and induction of proapoptotic proteins
in ovarian cancer lines PA1 and A2780. ST03 also blocked the migration of ovarian cancer cells. STO3 exerted its
antitumor effect in-vivo in the EAC mouse model by activating the intrinsic apoptotic pathway. Our findings
demonstrate ST03, a curcumin derivative, with better bioavailability and stability with no discernable toxicity in
vivo to be a promising drug candidate for anticancer therapies.

Introduction its clinical utility is limited [4,10,32]. To overcome this, several cur-

Cancer is a deadly disease on the rise, with implications on the
economy. Although there are few success stories in cancer treatment
owing to early detection and improved treatment modalities, complete
elimination of cancer is a challenge. Hence, there is a univocal urge to
develop an effective anticancer agent/treatment.

Compounds from natural sources such as phytochemicals have
gained popularity for cancer treatment due to their multimodal activity
and minimal systemic toxicity [39,54,61]. Curcumin is one such
phytochemical studied extensively for its therapeutic activity and least
toxicity [3]. It is a broad spectrum drug with a curative effect on diseases
like cancer and Alzheimer’s, cystic fibrosis, arthritis, other systemic
disorders, and infectious diseases [1,2,17,23,27,38,40,44]. Curcumin
targets multiple cellular pathways leading to cell death in cancer cells
[52,68]. However, due to its low potency, bioavailability, and stability,

cumin derivatives and formulations have been developed to enhance
bioavailability and stability [14,60].

Curcumin and curcumin derivatives have been shown to induce
reactive oxygen species (ROS) in several cancer cell lines [51,34]. High
levels of ROS have been shown to alter proteins, lipids and generate
breaks in DNA leading to cell death [46,58]. ROS is known to regulate
p53 and activate apoptosis [26]. In mitochondria, the complex I, com-
plex III and complex IV of ETC have been shown to be involved in
generation of ROS [66]. The mitochondria codes for 13 proteins which
are part of the OXPHOS complex [15]. Mutations in these genes have
been associated with tumour progression [65]. In general, if ROS levels
exceed a certain threshold, they will impair OXPHOS complexes and
further stimulate ROS production. Chemotherapeutic drugs are reported
to act via induction of ROS [63].

We have developed a series of 1, 2-bis [(3E, 5E)—3, 5-dibenzylidene-
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4-oxo-1-piperidyl] ethane-1, 2-dione derivatives derived from the
parent compound curcumin and tested it on various cancer cell lines
[30]. We observed these compounds (in nM range) were ~100 times
potent than curcumin (~10 uM range). Previous studies have reported
that these 1,2-bis[(3E,5E)—3,5-dibenzylidene-4-oxo-1-piperidyl]
ethane-1,2-dione derivatives are broad-spectrum anti-cancer com-
pounds exerting anti-cancer activity in multiple cancer cell lines [12,
50]. In the present study, we report that STO3 has better bioavailability
and stability than curcumin. STO3 induces ROS, intrinsic apoptotic
pathway, and inhibits migration in ovarian cancer cell lines. Further, we
also demonstrate that the compound can reduce tumor growth in EAC
tumor-bearing mice models without toxicity.

Materials and methods
In-vitro studies

Cell lines and cultures

PA1 (Ovarian Teratocarcinoma origin) and A2780 (Ovarian epithe-
lial origin) cell lines were purchased from NCCS (Pune, India) and ATCC
(Manassas, VA, USA) respectively. PAl cells were cultured in MEM
(GIBCO, Lonza) containing 10% FBS (GIBCO, South America origin), 1X
Antibiotic-Antimycotic (GIBCO) and 1X MEM NEA (GIBCO); A2780 cell
lines were cultured in RPMI-1640 supplemented with 10% FBS (GIBCO,
South America origin) and 1X Antibiotic-Antimycotic (GIBCO); all the
cell lines were maintained at 37°C with 5% CO2 in a humidified
incubator.

Chemicals and reagents

The study used reagents and chemicals purchased from MP Bio-
medicals, USA; Antibodies from Cell signaling technology, Santa Cruz
Biotechnology, and Biolegend, USA; JC1 was purchased from Sigma
Chemical Co. (St. Louis, MO). STO3 was synthesized as previously
described [30] with a purity of 97.7% (determined by HPLC).

Immunoblotting

STO03 treated and control cells were harvested and lysed in RIPA
buffer supplemented with Protease Inhibitor Cocktail (Sigma). Protein
concentration was determined by the Bradford method, and 40 pg of
protein were resolved by SDS-PAGE followed by transfer onto PVDF
membrane. The appropriate protein bands were cut and antibody hy-
bridization performed by standard immunoblotting procedures. The
protein bands were detected using the enhanced chemiluminescence
substrate (Biorad) and images acquired on the Biorad XR+ Gel doc
system. Protein band quantification was performed using GelQuant.Net,
BiochemLab solutions

Cell cycle analysis

Cell cycle analysis was performed by flow cytometry with PI stained
cells. Both PA1 and A2780 cells were seeded onto 6 well plate at a
density of 1 x 10° cells/well. Next day the cells were treated with ST03
(10, 50, and 75 nM) for 48 h. Post incubation cells were harvested,
washed in ice-cold 1X PBS and incubated in citrate buffer (0.1% triso-
dium citrate, 0.03% NP-40, 100 ng/ml RNase A) for 37 °C for 15 min. PI
(4 pg/ml) was added and incubated for 5 min at RT. 10,000 events were
acquired by flow cytometry (Gallios, Beckman Coulter) and histogram
represented using the in- built Gallios software (version 1.2, https:
//www.mybeckman.in/)

JC-1 mitochondrial membrane potential (A¥m) assay

The Mitochondrial staining kit (Sigma CS0390) was used to perform
this assay. Briefly, PA1 and A2780 cells treated with ST0O3 for 48 h were
harvested and resuspended in staining buffer containing JC-1 and
incubated in the dark for 20 min at 37 °C with 5% CO,. Valinomycin was
used as a positive control. Post incubation cells were resuspended in
fresh buffer and fluorescence of the JC1 with 10,000 events was
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acquired by flow cytometry (Gallios, Beckman Coulter).

Examination of intracellular ROS accumulation

Intracellular ROS levels were examined by staining the cells with
H2DCFDA (2/,7'-dichlorodihydrofluorescein diacetate) by flow cytom-
etry. Both PA1 and A2780 cells were cultured in 35 mm culture dish at a
density of 1 x 105 cells and treated with 50 nM STO03 for different time
points (10, 20 and 30 min). The cells were harvested post different time
points, washed in PBS, stained with HoDCFDA for 30 min and analyzed
by flow cytometry (Gallios, Beckman Coulter). HoO, treated cells served
as a positive control in this experiment. ROS production was measured
by examining the degree of shift in the histogram by considering Median
Fluorescence Intensity as a parameter.

For spectrometric ROS measurement, PA1 cells and A2780 cells were
plated at 20,000 cells/well on opaque 96 well plate. Post 24 h, the cells
were washed in 1X PBS and incubated with HoDCFDA (10 pM) with
different concentrations of ST03 also in combination with 20 mM N-
acetylcysteine (NAC) in 1X PBS for 1 h. Post incubation, the fluorescence
was measured at ex 485/em 535 using a fluorescent microplate reader.
200 uM H,04 was used as a positive control for this experiment.

Real time PCR

Total RNA was extracted from both A2780 and PA1 cells treated with
different concentrations of STO3 using manufacturers protocol (RNAi-
soPlus, Takara). 2 pg RNA was used for cDNA synthesis (PrimeScript RT
Reagent Kit, Takara). qPCR was performed in triplicates and assays
performed using the StepOnePlus Real-Time PCR System (Applied Bio-
systems). The primer sequence used were ND2 F- CACA-
GAAGCTGCCATCAAGTA, ND2 R-CCGGAGAGTATATTGTTGAAGAG,
CYTB F- TCATCGACCTCCCCACCCCATC, CYTB R-CGTCTCGAGT-
GATGTGGGCGATT, ATPase 6 F-GCCCTAGCCCACTTCTTACC, ATPase
6R-TTAAGGCGACAGCGATTTCT.

Cell viability assay

100,000 cells per well of a 24 well plate was seeded with either
A2780 or PA1 cells with ST03 and with NAC and treated for 48 h. Post
incubation, cell number for each condition was determined and plotted
as bar graphs.

Transwell migration assay

Transwell migration assay was performed using Corning Inc. 24-well
insert with 8 um pore size. Briefly, 1 x 10° PA1 cells treated with
different concentrations of ST03 for 48 h were seeded onto each insert in
serum free media. The bottom chamber was filled with complete media
and incubated for 5 h. Post incubation, the media was removed, and the
insert washed in 1X PBS. The cells were then fixed in 70% Ethanol. Cells
present in the inner chamber, which are the non-migratory cells, were
removed using cotton and were stained with 0.2% Crystal Violet and
imaged. Quantification was performed using ImageJ software (version
1.52a, https://imagej.nih.gov/ij/).

In vivo experiments

Animals

Mice were maintained and experiments conducted as per the rules
and guidelines of the Institutional Animal Ethical Committee of IBAB
and following Indian national law on animal care and use. The animal
experiments conducted for this project were approved by the Institu-
tional Ethical Committee of IBAB, Bangalore, India (Ref. IAEC/IBAB/
03/10-7-2018) and also follow the ARRIVE guidelines. Female Swiss
albino mice at 6-8 weeks old, with an average weight of 19-22 g, were
purchased from Liveon Biolabs Pvt. Ltd., Bangalore, India, and quar-
antined for 2 weeks the experimental room conditions for acclimatiza-
tion. Animals were maintained in a room with controlled humidity,
temperature (23+3 °C), and light cycles (12 h dark/ 12 h light). They
were housed in ventilated polypropylene cages and provided a standard
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pellet diet (Liveon Biolabs Pvt. Ltd.) and water ad libitum. The standard
pellet diet composed of 21% protein, 5% lipids, 4% crude fiber, 8% ash,
1% calcium, 0.6% phosphorus, 3.4% glucose, 2% vitamin, and 55%
nitrogen-free extract (carbohydrates).

Passaging and preparation of Ehrlich ascites carcinoma (EAC) cells for
tumor induction on the thigh

Passage EAC cells were maintained in animals by injecting a fixed
amount of cells taken from donor mice to the intraperitoneal cavity of
recipient mice. Every 7th day, this procedure was repeated for main-
taining EAC cells in vivo. On the 7th day, cells were withdrawn from the
intraperitoneal cavity, diluted in 1X PBS, counted, and re-injected 1 x
10° cells subcutaneously for developing solid tumor.

Evaluation of the antitumor activity of STO3 in mice models

The tumor measurements were done on the 7th day of tumor in-
duction using Vernier calliper and were segregated into different groups
where the average tumor size was maintained constant. Two groups of
animals were considered per batch, and every group received 5 animals
each. The experiment was repeated three times, and a total of n = 15
animals per group was used in the study. Group I animals served as
tumor control without any treatment; group II animals received STO3 10
mg/kg b.wt (bodyweight) as an intraperitoneal injection, every alter-
native day throughout the study. The dose was selected based on the
preliminary studies. The animal weight was recorded, and tumor size
was measured every alternative day using a Vernier calliper. The volume
was calculated by the formula: V= (ab2)/2, in which "a" and "b" are
major and minor diameters respectively. At the end of the experiment
period, animals were sacrificed, organs, including the tumor, collected
for histological staining and protein extraction.

Chemo preventive effect of STO3

The preventive chemo effect of STO3 was examined by taking two
different groups (n = 5/group). Group 1 received 15 doses of pre-
treatment with STO3 (alternate days) before tumor injection and
continued with 15 more doses of post tumor injection. Group 2 was
considered as tumor controls and did not receive ST03 treatment. The
tumor volume was measured from the 7th day of tumor injection. The
experiment was repeated two independent times, and the tumor vol-
umes, body weight, and other physiological parameters were measured
and compared with control animals.

Histological evaluation of tumor and organs

Hematoxylin and Eosin staining

The fixed tissues were processed as per the standard protocols [69],
and paraffin blocks were prepared. 10 um sections were taken using a
rotary microtome (Leica Biosystems, Wetzlar, Germany) and stained
with Hematoxylin and Eosin as per standard protocols [24]. Stained
sections were observed under a microscope and images captured.

Immunohistochemistry and immunoblotting

IHC analysis of the formalin-fixed treated tumor and control tumor
were performed as per standard protocols [25]. Briefly, 5 um sections
were taken using the rotary microtome (Leica Biosystems, Germany).
The slides were deparaffinized, rehydrated, and treated with 3% H305 in
1X PBS. Antigen retrieval was carried out by boiling the slides in 10 mM
sodium citrate buffer, pH 6. The sections were incubated with blocking
reagent (5% goat serum (Sigma)/ 1% BSA) for 30 mins, followed by
mouse anti-PCNA antibody (1:100) for 1 h RT or O/N at 4 °C, 1 h in
biotinylated Anti-mouse IgG (1:200), and 15-20 min in
Streptavidin-HRP (1:1000) for the signal amplification. The color was
developed using DAB- Hy05. The slides were then mounted with DPX,
and images captured using a light microscope. For immunoblotting
studies, the tumor tissue was crushed in liquid nitrogen and proteins
extracted in RIPA buffer. Protein concentration was estimated by the
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Bradford method, and 40 pg protein was used for SDS-PAGE.

Evaluation of STO3 toxicity in experimental animals

The toxicity induced by ST03 compound was analyzed during the
treatment period by measuring and comparing the body weight of
treated animals with the tumor controls and were plotted with error
bars. At the end of the study, blood samples were collected to study the
treatment effect on physiological functions. Blood samples were
collected in heparinized tubes for RBC, WBC cell count. Also, blood
without heparin was collected, and serum was separated for liver and
kidney function tests such as Alanine aminotransferase (ALT), Aspartate
aminotransferase (AST), and urease test using AUTOSPAN Liquid Gold
ALT, AST, Urease kit.

STO3 bioavailability studies

Chromatographic conditions

The analytes’ separation and retention were performed on a Shiseido
cap cell pack C18 column (S-5, 4.6 mm x 250 mm). 2% Acetic acid in
HPLC grade water (A) and HPLC grade Acetonitrile (B) (40:60, v/v) was
used as a mobile phase for ST03 and only acentonitrile was used for
curcumin. The flow rate was 1 mL/min, the detection wavelength was
312 nm for STO3 and 369 nm for curcumin, column temperature was
room temperature, and 20 pL of samples were injected. The mobile
phase was filtered through a 0.45 pm membrane filter and degassed
before use.

Sample preparation

Swiss albino mice were divided into four groups (n = 2). Each group
was administered STO3 orally, STO3 intraperitoneally, curcumin orally
or curcumin intraperitoneally. The mice in each group was administered
a single dose of ST03 at 10 mg/Kg b.wt or curcumin at 20 mg/Kg b.wt
and blood collected at different time points (5,10 and 15minand 1, 3, 6,
12 and 24 h). Plasma samples were collected by centrifuging at 1500
rpm for 15 min. Extraction of analyte from plasma was done using
protein precipitation procedure, an equal volume of acetonitrile was
added to the plasma, and vortexed for 2 min, followed by centrifugation
at 14,000 rpm 5 min and the upper organic layer was collected and used
for the analysis.

HPLC analysis

To evaluate linearity, mice plasma calibration curve was prepared
with a gradient of ST03 (97.7% purity) (1, 10, 50 and 100 uM) and
curcumin solution (1, 5, 10, 50 and 100 pM, in mobile phase). Selectivity
was assessed by comparing the chromatograms of blank plasma and
plasma spiked with known concentrations of ST03. LOQ and LOD for
both ST03 and curcumin were calculated using linear regression
method. Statistical analysis: For each experiment, the ANOVA test was
carried out based on the number of groups using the Graph pad prism7
tool, and the treatment results were compared with the control sample
to find out the statistical significance. P values less than 0.05 were
considered significant, and the bar graphs are represented as Mean
+SEM.

Results
STO03 induced cell death without affecting the cell cycle

Cell cycle analysis was performed using ovarian cancer cell lines,
PA1 (teratocarcinoma), and A2780 (epithelial) treated with different
concentrations of STO3 (10, 50, and 75 nM) for 48 h and subjected to
flow cytometry after staining with Propidium Iodide. The results showed
an accumulation of cells at the Sub GO/G1 stage after 48 h of treatment
(Fig. 1). At 50 nM concentration, ~ 70% of PA1 cells accumulated at the
sub GO/G1 stage (Fig. 1A), whereas ~ 60% in A2780 cells (Fig. 1B).
However, there was no notable cell cycle arrest observed at 48 h of ST03
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Fig. 1. Effect of STO3 on cell cycle distribution in ovarian cancer cell lines: Cell cycle distribution of PA1 and A2780 cells treated with different concentrations of
ST03 (10, 50, and 75 nM) for 48 h were analyzed by flow cytometer. The horizontal lines in the graph denotes cell populations in each phase of the cell cycle (G-D
denotes cells in G2/M phase, D and E in S phase, E-F in G0/G1 phase and after F in sub GO/G1 phase). Bar diagram shows percentage of cells distributed in each phase
of cell cycle. Each experiment was repeated for a minimum of 3 times and plotted as bar graphs with error bars. The p value was calculated between control and ST03
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treatment in both the cell lines. in the mitochondria, forming aggregates, exhibiting red fluorescence in
healthy cells. In apoptotic cells, the mitochondrial membrane is leaky,
JC1 cannot form aggregates and exhibits green fluorescence [49,55].
The flow cytometry analysis (Fig. 2A,B) showed an increase in the green
population upon STO3 treatment in both the cell lines, indicating
mitochondrial damage. No damage to mitochondria was observed in
vehicle control.

Loss of mitochondrial membrane potential is a distinctive feature of

STO3 alters mitochondrial membrane potential (Aym) and induces
intrinsic pathway of apoptosis

The mechanism of STO3 induced cytotoxicity was studied by treating
ovarian cancer cell lines PA1 and A2780 with increasing concentrations
of drug for 48 h and stained with JC1. JC1, a cationic dye, accumulates

A B
PA1 cell line A2780 cell line

R T T w oW W w W
] 10nmM 50nM 75nM °
c Q
§ Lz | Green Population § ‘st W Green Population
% | Il Red Population Q ® Il Red Population
2 / 3 3
o ) = 5
2 !/ - >
o | L) 2o
o v = .
g g
R T S 2 4 » R SV CuS
. Py o p o ' w o
Unstained Positive f@ R - ¥ v oo f
. Unstained Positive
Compound concentration Compound concentration
JC-1 Green fluorescence
JC-1 Green fluorescence
C PA1 cell line
s BCL2 w Bax
control 10nM 20nM 40nM g ! ns
1 1
e LR [T [ [ ] ]
= — (1} 2 ” ‘d’ w) (1}
A A
& S & -
23k0a [ ——— ., ¥ e e
5 F = 3 ~
i 4 . . Cytochrome C 5 CW'CN’O"‘G.C‘ % P53
_ o _ 20 ns
e é" in
53kDa ! P53 3 -
2 . 2 ,:
as
P g

sskoa | --- Tubulin n‘e‘ E g At

Campound concentr ations Compound concentratons

A2780 cell line
BCL2 a Bax

) "

s 8’

control 10nM 20nM 40nM ] !?2

2 . 3

2 £y

sioe [N . - - , :
BCL2 & & P R

km “‘ . Compound concentrations Compound concentrations

= I | Bax Cytochrome C s
ns

A3kue § ® ! - QI Cytochrome C

sakba [l . ' .l -

SSkDa | uuy WS SN B Tubulin

Fold change
i
Fold change
e an ow oa @

%,
w

& &
o ﬁe & &s & & ¢ & &

Compound concentrations Compound concentrations

Fig. 2. Examination of mitochondrial depolarization and expression of mitochondria related proteins in ovarian cancer cell lines upon ST03 treatment: 2 A, B depicts
the effect of STO3 treatment on mitochondrial membrane potential examined by JC1 staining in PA1 cells (a) and A2780 (b). Spectral shift from red to green as a
result of STO3 treatment (10, 50, and 75 nM) is shown in dot plots and the percentage was plotted as bar graph. Valinomycin was used as positive control. Median
fluorescent intensity (MFI) was plotted as bar graph. C represents the mitochondrial protein expressions upon ST03 in PA1 cells and D represents the mitochondrial
protein expressions upon ST03 in A2780. Each experiment was repeated for a minimum of 3 times and the p value was calculated between control and STO03 treated
groups, where, *: p value < 0.05, **: p value <0.005, ***: p value < 0.0001, ****: p value < 0.00001.
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apoptosis. The expression of outer mitochondrial membrane proteins
Bcl2 (antiapoptotic), and Bax (proapoptotic) was assessed using western
blotting. In both cell lines, a significant decrease in Bcl2 expression and
an increase in Bax expression was observed upon treatment with 40 nM
STO03 (Fig. 2C, D). Cytochrome C release from inner mitochondrial
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membrane space initiates the process of apoptosis [20] . An increase in
Cytochrome C was observed with increasing concentrations of ST03
treatment in both PA1 and A2780 cells (Fig. 2C, D). Proapoptotic p53
also showed upregulation upon ST03 treatment. In our previous study,
we reported a caspase-mediated intrinsic apoptotic pathway in ovarian

B
A2780 cell line
1 G 1 G | 1 G
1 10 10 1 1 "\" : " 1 1 10" - 10 10
- Control 10min 20min
s MFI: 4.48 MFI: 4.24 MFI: 4.32
3 . 8
3 ] 6
o - L z 6
s
&)
: g
<,
; 0
10 10 102 1 10 10' 10 10 °\ & & &
30min Positive & & &
MFI: 6.3 MFI: 14.5 g & ¥ 5
> Treatment time
Fluorescence intensity
A2780 Cell line PA1 Cell line
25 8 50
o
20 S 40
x
15 E 30
10 E 20
5 £ 10
0 S o
d & L L 3 O L
FFE LEE
cHSSsS S cSSsS S
L DI
g <)
& &
S o
A2780 Cell line PA1 Cell line
1.2 - H Control 1.2 - = Control
= 80nM =40nM
1 1
o8 | g,,o.s g
* S *
0.6 5 0.6 -
-}
0.4 - L 04 -
0.2 0.2
0 - 0 -
© Q V © Q v
3% Q < O
& &S & &S
v v

Fig. 3. ROS induction upon STO3 treatment in ovarian cancer cell lines, its suppression by NAC and its effect on OXPHOS genes: 3 A,B represents the ROS assay
histograms. PA1 and A2780 cells treated with STO3 for different time points were stained with H,DCFDA and subjected to flow cytometry analysis. A shift in the
histogram when compared to control histogram (dotted lines) shows presence of ROS due to STO3 treatment. Median fluorescent intensity (MFI) was plotted as bar
graph. C Graph represents the ST03-induced ROS in A2780 and PA1 cells. Graph was plotted against the fluorescence intensity measured by H,DCFDA staining. 20
mM N-acetyl cysteine (NAC) was used as ROS scavenger. Treatment with H,O, served as the positive control.. D represents the cell proliferation upon 20 nM ST03
and with 20 mM NAC for 48 h. E Represents transcript levels of mitochondrial oxidative phosphorylation genes upon treatment with STO3 after 48 h of treatment.
Each experiment was repeated for a minimum of 3 times and the p value was calculated between control and ST03 treated groups, where, *: p value < 0.05,. #
represents significancy between the ST03 treated and ST03 with NAC where p value < 0.0001.
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cancer cell line treated with STO3 [30] . Together, these findings confirm
that STO3 activates a mitochondrial-mediated intrinsic apoptotic
pathway in ovarian cancer cell lines.

STO3 treatment leads to peak ROS levels within 1 h and reduces
mitochondrial OXPHOS gene expression in 48 h

One of the mechanisms by which drugs induce mitochondrial dam-
age is the generation of ROS [64]. To investigate the effect of STO3 on
ROS production in the ovarian cancer cell lines, we utilized the fluoro-
genic dye HoDCFDA (2',7'-dichlorofluorescein diacetate). The cells were
treated with STO3 for 10, 20, and 30 min, stained with H,DCFDA, and
the fluorescence detected via flow cytometry. Compared to vehicle
control, the shift in the fluorescence histogram (measured by Median
Fluorescence Intensity) was considered a measure of intracellular ROS.
In PA1 cells, at 50 nM, STO03 treatment-induced ROS production within
10 min and gradually increased with time (Fig. 3A). Whereas, A2780
showed a shift in the histogram at 30 min with 75 nM ST03 concen-
tration (Fig. 3B). Cells treated with H202 were used as the positive
control. These results indicate that STO3 treatment triggers ROS pro-
duction stimulating oxidative stress as an initial response, which then
initiates the cascades of cell death programs in these ovarian cancer cell
lines. Further to establish STO3 induced mitochondrial ROS is an early
event initiating the change in mitochondrial membrane permeability
and subsequent changes in the mitochondrial OXPHOS transcription,
both PA1 and A2780 cells were treated with 20 nM and 40 nM for
various time points 15 and 30 min, and 1, 2, 24 and 48 h. Both cell lines
attained peak ROS levels after 1 h of 20 mM STO3 treatment. Further,
addition of 20 mM NAC, a ROS scavenger blocked ST03 induced in-
crease in ROS (Fig. 3C) in both cell lines. In accordance with diminished
levels of ROS, decrease in cell death was evident after 24 h treatment in
presence of NAC (Fig. 3D). This indicated that STO3 induced ROS

A CONTROL
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production is an early event driving the changes in mitochondrial
membrane and regulating cell death. After 48 h of treatment, a decrease
in the transcription of mitochondrially encoded OXPHOS genes (ND2
from complex I, CYB from Complex III and Atpase6 from Complex V of
the ETC) was observed in both cell lines (Fig. 3E) indicating that ST03
alters ROS production by directly interfering with mitochondrial
OXPHOS gene transcription. STO3 showed ROS induction, followed by
mitochondrial damage and cell death by a mitochondrial pathway in
vitro in both ovarian cancer cell lines.

STO03 inhibits the migration of ovarian cancer cells by altering MMP1

Transwell migration assay examined the migratory capacity of the
ovarian cancer cell line PA1 treated with ST03. A dose-dependent
decrease was observed in the migratory pattern of PA1 cells at 40 nM
STO03 treatment showing a 60% reduction in migration (Figs. 4A, 5B).
Since migration involves extracellular matrix degradation, we evaluated
the expression of MMP1, a crucial protease involved in this process, and
observed a significant decrease in its expression at 40 nM (Fig. 4C, 4D).

STO3 treatment reduced tumor growth in mice

To test the impact of ST03 in-vivo, mouse syngeneic breast adeno-
carcinoma model was used. To begin we tested the effect of drug on
human breast cancer cell lines hormone negative (MDA-MB-231, and
MDA-MB-468) and positive cells (MCF7). ST03 induced cytotoxicity in
all the breast cancer cell lines at IC50 ranging from 166 to 301 nM
(Supplementary Fig. 1). The hormone positive MCF7 had the least IC50.
EAC is a spontaneous breast cancer mice model and is widely used for
testing anti-cancer drugs.

EAC induced Swiss albino mice model was used for studying the in
vivo activity of ST03. Based on pilot studies, we found that 10 mg/kg b.
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Fig. 4. Effect of STO3 on migration and expression of MMP1 in PA1 cells. A: represents the migration of PA1 cells upon ST03 treatment performed by transwell
migration assay. The scale bar represents 150 um. B: represents the migration quantification C: represents the protein expression of MMP1 in PA1 cells upon ST03
treatment where the membrane corresponding to the protein band were cut and hybridized with the antibody D: represents the MMP1 protein quantification. Each
experiment was performed minimum 3 times and P value < 0.05 is represented as significant.
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Fig. 5. Evaluation of effect of STO3 on in vivo tumor growth: EAC cells (1 x 10° cells/ animal) were injected to induce solid tumors. After the 7th day of injection, i.p
injection with STO3 (10 mg/ kg b.wt) was started every alternate day throughout the experiment period. For pre-treatment experiment, animals were pre-treated with
15 doses of ST03 (10 mg/ kg b.wt) and then tumor was induced. A The gross appearance of a. control, b. STO3 post treatment, c. STO3 pre-treatment, d. normal mice
e. control tumor, f. STO3 post treatment tumor, g. STO3 pre-treatment tumor, h. normal thigh, i. Control spleen, j. STO3 post treatment spleen, k. STO3 pre-treatment
spleen, 1. normal spleen. B represents tumor volume after STO3 pre and post treatments C represents body weight of animals at the end of the study D Represents
Blood ALT, AST, Urease test results plotted as bar graph. Blood was collected at the end of the study E Represents RBC and WBC counts of experimental animals
plotted as bar graph F Represents Histopathological analysis of tumor and organs after STO3 treatment. At the end of the study, tumor tissue and organs were
collected and used for histological analysis. Representative images of H&E stained sections of a. control tumor, e. STO3 post-treatment tumor b. control kidney, f.
post-treatment kidney, c. control liver, g. STO3 post-treatment liver d. control spleen, h. STO3 post-treatment spleen, A. PCNA stained paraffin sections of control
tumor, B. STO03 post-treatment tumor. G Western blot analysis of tumor tissues of untreated control and ST03 post-treatment animals. Scale bar represents 30 um.

<

wt. exhibited tumor growth reduction without noticeable side effects
(data not shown). After the 7th day of the inoculation of EAC cells, mice
bearing tumors were treated with STO3 every alternate day throughout
the experiment (25 days). The results showed a significant reduction in
tumor growth in STO3 treated mice compared to untreated control mice
bearing tumor (Fig. 5A, 5B). The tumor tissue’s gross appearance after
the 25 days of treatment showed a significant difference in tumor size
(Fig. 5A) compared to the control tumor. The chemopreventive effect of
STO03 was also studied by pre-treating animals with 15 alternate doses of
ST03 (10 mg/kg b. wt.), no treatment was given during tumor inocu-
lation followed with post-treatment as described above after tumor in-
duction. The results showed a significant reduction in tumor growth in
pre-treated animals when compared to controls (Fig. 5A, 5B).

Similarly, tumor growth suppression was significant in pre-treated
animals than in post-treated animals. Enlargement of spleen is associ-
ated with tumor growth. One of the indications of a reduction in tumor
size is the restoration of the spleen to its standard size. STO3 induced
reduction in tumor growth was associated with a reduction in spleen size
compared to the enlarged spleen in untreated animals. These results
show that STO3 can act both as a chemo preventive and chemothera-
peutic agent in anticancer therapy.

STO3 treatment reduces tumor growth by activating apoptotic pathway

Western blot and immunohistochemistry analysis were carried out to
understand the cell death mechanism in vivo. A significant reduction of
tumor cells in the ST03 treated samples compared to control tissue was
observed using Hematoxylin and eosin staining (Fig. 5F). Also, a high
level of PCNA staining was observed in the control tumor vs. treated,
confirming the observation of a reduction in proliferating cells in treated
tissue (Fig. 5F (A)(B)).

Further, western blotting of the extracts from the treated tumor
showed significant up-regulation of proapoptotic proteins (Fig. 5G).
Proteins such as Bax, p53, Apaf-1, caspase 9, cleaved PARP, cleaved
caspase 3, and cytochrome C were upregulated. Unlike in in-vitro ex-
periments, where antiapoptotic protein Bcl2 was down-regulated, there
was an up-regulation observed in vivo. These results suggest that tumor
reduction by ST03 was brought about by tilting the balance between
proapoptotic vs. antiapoptotic signals and activation of mitochondrial-
mediated cell death pathway.

Toxicity studies on STO3 treated mice

The toxicity induced by STO3 treatment was examined by recording
the body weight throughout the experiment time frame. There was no
notable weight reduction observed in pre- and post-treatment animals
(Fig. 5C). We performed hematological, liver, kidney functional assays
to study the side effects of ST03. Interestingly, an increase in the number
of WBCs in the STO3 treated groups compared to the control group was
observed (Fig. 5E), which might correlate with the immune activation
property of the STO3 compound. No significant change was observed in
the number of RBCs (Fig. 5E). No significant change in ALT, AST, and
urea levels were observed (Fig. 5D), suggesting no apparent liver or
kidney toxicity. H&E of tumor tissues from the control group demon-
strated a large number of highly stained and densely packed nuclei

(Fig. 5F (a)), indicative of proliferating cells compared to the treated
group (Fig. 5F (e)). Also, in the tumor tissues of treated group cells with
fragmented nuclei were observed, indicating apoptosis. To test for any
histopathological changes upon treatment with ST03, sections of the
kidney (Fig. 5F (b, f)), liver (Fig. 5F (c, g)), and spleen (Fig. 5F (d, h))
tissues were taken and H&E staining was performed. The liver sections
of STO3 treated group showed normal architecture of hepatocytes and
kidney of the STO3 treated group showed normal glomeruli structure.
Overall, the sections did not show any significant cellular morphology
and integrity changes on treatment with ST03, which indicates no
pathological changes. Hence our study shows that STO3 did not exert
any major systemic changes.

ST03 showed better bioavailability than curcumin

Bioavailability of the ST03 and curcumin was performed using the
plasma of a single dose 10 mg/kg body weight STO3 and 20 mg/kg body
weight curcumin treated female Swiss albino mice. Two different modes
of drug administration were used. The drug was administered orally and
intraperitoneally. The plasma collected at different time points (5, 10
and 15 min and 1, 3, 6, 12 and 24 h) was analyzed using the Shimadzu
LC-20A system equipped with the UV-visible spectrometry detector
SPD-M20A photodiode array. The lowest amount of STO3 detectable was
1.65 pM and limit of quantitation was 5 pM. The maximum concentra-
tion of STO3 when administered orally was 55.2 uM at 2 h (Fig. 6A). In
contrast the maximum concentration STO3 was 98.4 uM at 8 h intra-
peritoneally (Fig. 6C). The drug t1/2 for oral was 3 h. Curcumin on the
other hand, was 13.7 pM at 15 min and intraperitoneally was 2.7 uM at
3 h (Fig. 6B. 6D). Curcumin was bioavailable for longer duration when
given intraperitoneally.

Discussion

Cancer is the second most deadly disease and a major public health
concern worldwide [53]. One of the biggest challenges is to develop an
anticancer drug with low toxicity and side effects. Curcumin has widely
attracted scientific attention from its discovery by Vogel and Pelletier
[59] as a novel anticancer agent due to its multifunctional characteris-
tics such as anti-oxidant, anti-inflammatory, and antitumor properties
[41]. Curcumin has shown anticancer properties on various cancer types
such as colorectal cancer, pancreatic cancer, lung cancer, breast cancer,
head and neck cancer, prostate cancer, and brain cancer [5]. However,
there has been limited clinical use of curcumin due to its low stability
and bioavailability in the in vivo system [48]. Several modifications of
curcumin have been made to enhance its potency and stability. The
presence of o, f unsaturated ketones, is responsible for the multitargeted
effect of curcumin, and is also responsible for its low stability [13,22].
Modifications of curcumin, which have hydrogen bond acceptors such as
oxygen, nitrogen, chlorine atoms, have shown enhanced potency and
ability to revert multi-drug resistance (MDR) [12,33]. Previous reports
have shown that the curcumin derivative 1,2-bis[(3E,5E)—3,5-diben-
zylidene-4-oxo-1-piperidyl]ethane-1,2-dione induce cytotoxicity in
multiple cancer cell lines in vitro with greater potency than the parent
compound curcumin [50]. Here the presence of oxygen atoms, amidic
groups, and aryl rings present in its structure improved its potency. The
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addition of four chlorine atoms to the structure improvised the potency
of ST03 compound (1,2-bis[(3E,5E)—3,5-bis[(2-chlorophenyl)methyl-
ene] —4-oxo-1-piperidyl]ethane-1,2-dione) [30], which is 5-6 fold bet-
ter than the 1,2-bis[(3E,5E)—3,5-dibenzylidene-4-oxo-1-piperidyl]
ethane-1,2-dione reported and ~100 fold better than the parent com-
pound curcumin.

In the current study, we elucidated the cell death mechanisms
induced by ST03 in ovarian cancer cell lines PA1 and A2780 in vitro and
its anticancer activity in vivo in EAC tumor-bearing mice models. Our
previous study has documented that STO3 selectively induces toxicity in
cancer cells compared to normal cells [30]. Interestingly, STO3 showed
better cytotoxicity on PA-1 cells, an undifferentiated teratocarcinoma
with stem cell-like property than on epithelial cell A2780. A similar
effect of curcumin has been observed in the context of breast cancer cell
line where curcumin showed a better effect on mesenchymal
MDA-MB-231 than epithelial MCF7 [28]. STO3 exhibited 100 fold better
cytotoxicity on both ovarian cancer cells as compared to curcumin. Also,
STO3 blocked the migration of PA1 cells, accompanied by the down-
regulation of MMP1, a crucial protease involved in ECM degradation
[29]. Curcumin regulates ECM degradation in several cancer cell lines
by modulating MMP activity [11,45]. One of the major challenges in
controlling cancer is metastasis. Therefore, drugs which can modulate
MMP activity can be used to target metastasis. In this regard, curcumin
derivatives have been designed using QSAR methods to target MMP
activity [31]. STO3 seems to be a promising candidate exhibiting its
inhibitory on migration and invasion via downregulation of MMP1 in
the ovarian cancer cell line.
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There are several pathways by which drugs can induce cell death.
ST03 induced cell death via the intrinsic pathway of apoptosis in both
ovarian cancer cell lines as evidenced by depolarization of mitochon-
drial membrane potential and upregulation of pro-apoptotic proteins
like Bax, cytochrome-c, and downregulation of antiapoptotic protein
like Bcl2. Curcumin is known to induce apoptosis in tumor cells by
disrupting the mitochondrial membrane potential and activating a
cascade of caspase pathways [47,57]. In A2780 curcumin induced cell
death by activating caspases [67]. STO3 induced alteration in the ratio of
BCL2-Bax was observed in both cell lines after treatment. It is known
that Bax oligomerizes with Bak, creates pores on the mitochondrial
membrane, leading to leakage of proteins such as cytochrome C [9].
STO03 treatment led to change in the antiapoptotic/ apoptotic ratio and
change in MMP leading to cell death.

ST03 induced ROS production, similar to its parent curcumin [6,7,
56], Mitochondria is the main source for ROS production in the cell.
Many chemotherapeutic drugs alter ROS production to induce cell death
[63]. STO3 induced ROS production in both ovarian cancer cell lines
PA-1 (40 nM, 10 mins) and A2780 (75 nM, 30 mins). Interestingly, at 20
nM both cell lines attained peak ROS afterl h of treatment. It is known
that ROS levels change over time and a critical level would decide cell
death vs cell survival [62]. N-acetyl cysteine (NAC), a ROS scavenger
abrogated cell death induced by ROS further emphasizing the role of
ST03 induced mitochondrial ROS in cell death. Elevated cellular ROS
production can be attributed to mitochondrial ETC or inhibition of the
cellular antioxidant system. The ROS production happens during
oxidative phosphorylation in mitochondria. STO3 induced changes in
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mitochondrially encoded OXPHOS genes (ATPASE6, ND2 and CYTB) to
alter ROS production. Also, metformin, tamoxifen, a-tocopheryl succi-
nate (a-TOS), and 3-bromopyruvate (3BP) have been shown to inhibit
ETC disrupting the function of respiratory complexes and inducing high
levels of ROS leading to cancer cell death [21]. ST03 induced cell death
by targeting mitochondria; destabilizing membrane and altering genes
involved in oxidative phosphorylation.

Based on the exciting in vitro results, in vivo activity of STO3 on EAC
induced tumor-bearing mice models was conducted. The mouse breast
adenocarcinoma cell line, EAC (Ehrlich ascitic carcinoma), has been
established for testing anticancer compounds in vivo [37]. EAC grows in
all strains of mice models aggressively, which induces local inflamma-
tory responses and creates favorable conditions for tumor growth. ST03
dosages of 10 mg/kg (15 doses) were sufficient to inhibit tumor growth
in the tumor allograft tested without adverse systemic toxicity. Whereas
curcumin is reported to exhibit its antitumor activity in vivo at 800
mg/kg of body weight and with encapsulated dendrosome, the effective
dosage is reduced to 40 mg/kg of body weight [19]. In xenograft models,
curcumin has been reported to be effective at a twice-daily dosage of 50
mg/kg b.wt in nude mice [18,35]. ST0O3 also led to no apparent organ
toxicity as the ALT, AST, and urea levels were near normal. Also, he-
matological parameters such as RBC and WBC count were close to
normal, indicating no systemic toxicity by ST03. It is important to note
that chemotherapeutic drugs have side effects such as anemia and
myelosuppression [36]. Interestingly an increase in WBC was observed
after STO3 treatment, as observed in immunomodulators like levamisole
[8,43]. Immunomodulation by ST03 is under investigation.

The effectiveness of STO3 observed in mouse models of tumour can
be attributed to its enhanced bioavailability compared to its parent
compound curcumin. The bioavailability of STO3 was ~14 folds more
than curcumin orally. The cmax was at 2 h for oral vs 8 h intraperitoneal
for STO3 indicating delayed release on i.p. The route of drug adminis-
tration had an impact on bioavailability in terms of release time and
concentration of STO3 and the same was observed for curcumin r. The
presence of STO3 in plasma until >12 h both oral and intraperitoneal
treatment indicates its enhanced stability compared to curcumin.
Further studies will establish the STO3 bioavailability based on various
formulations which might increase the stability and bioavailability of
the drug. ST03 was completely soluble in 0.6 N HCI. Further, modifi-
cations in the drug administration process and methods are being
developed to test if the drug’s bioavailability can be further increased.

Additionally, STO3 induced minimal organ toxicity and side effects,
which might be due to the lower dosage. H & E and PCNA staining
showed densely stained and packed nuclei in the untreated control tissue
section compared to the treated tissue section indicating the elimination
of proliferating cells by ST03. Interestingly, intrinsic apoptotic pathway
markers like Apaf-1, Bax, and cleaved caspase 3, cleaved PARP, were
upregulated in treated tumor samples compared to untreated control
tumor tissue.

Curcumin is also known for its chemo preventive activity on multiple
cancer conditions [16,42]. Similar to that, chemo preventive effect of
ST03 was evident as it slowed down the proliferation of injected tumor
cells. Pre and post-treatment with STO3 yielded better results than
post-treatment alone. The delay in tumor cell proliferation observed in
pretreated animals could be due to elevated levels of lymphocytes
induced by ST03, which is under investigation. Thus, the effectiveness of
ST03 at lower doses both in vitro and in vivo, makes it a better
chemotherapeutic target than the parent compound. Also, lower con-
centrations of drugs might help in reducing off-target effects.

Conclusion

1,2-bis[(3E,5E)—3,5-bis[(2-chlorophenyl)methylene] —4-oxo-1-
piperidyl]ethane-1,2-dione (ST03 regulates ROS production by altering
mitochondrial membrane proteins and oxidative phosphorylation and
induces cell. Owing to its bioavailability and stability than its parent
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compound curcumin, low doses of ST03 is effective against tumour
growth with no apparent systemic toxicity.
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