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Cytotoxicity of Standardized Curcuminoids Mixture
against Epithelial Ovarian Cancer Cell Line SKOV-3
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Abstract: Herbal medicine has been in use for centuries for a wide variety of ailments; however,
the efficacy of its therapeutic agents in modern medicine is currently being studied. Curcuminoids are
an example of natural agents, widely used due to their potential contribution in the prevention
and treatment of cancer. In this study, the three main compounds of curcuminoids—curcumin,
desmethoxycurcumin, and bisdesmethoxycurcumin—were determined by reversed-phase high
performance liquid chromatography (HPLC) to quantify total content in a mixture. Subsequently,
the effect of the three curcuminoids, employed as one sample, was evaluated, to study the proliferation,
apoptosis, cell cycle, and migration of the human ovarian cancer cell line SKOV-3. The results reveal
that curcuminoids inhibit the proliferation of SKOV-3 cells with concentration- and time-dependent
mechanisms. The morphological analysis of the treated SKOV-3 cells showed a typical apoptotic
phenotype—cell shrinkage and membrane blebbing in a dose-dependent manner. In addition,
flow cytometry demonstrated an increase in apoptosis with an IC5p of 30 uM curcuminoids.
The migration of SKOV-3 cells was also inhibited, reflected by a decrease in wound area. Furthermore,
the curcuminoids were found to have no stimulation effect on the expression of cytokines TNF-« and
IL-10. These results suggest that a curcuminoid mixture can effectively suppress epithelial cancer cell
growth in vitro by inducing cellular changes and apoptosis.

Keywords: curcuminoids; ovarian cancer; SKOV-3; free radical scavengers; apoptosis; cell cycle;
cell migration

1. Introduction

Natural remedies have been used since ancient times, and are still in use today. In addition to being
a vital part of traditional herbal medicine—due to their effectiveness and minimal side-effects—they are
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also being used to develop new drugs. Turmeric has been receiving increased attention from researchers
due to its anticancer, antibacterial, antiseptic, antioxidatory, and anti-inflammatory activity, as well as
its role in treating autoimmune diseases. Turmeric is an orange-yellow pigment extracted from the
rhizomes of Curcuma longa, a green leafy plant from the Zingiberaceae family. It exhibits pharmacological
activity, mainly attributed to the curcuminoids found within it. Curcuminoids are composed of
three compounds (Figure 1): curcumin, desmethoxycurcumin (DMC), and bisdesmethoxycurcumin
(BDMC) [1-4]. The chemotherapeutic and chemopreventive potential of curcuminoids makes them
a promising candidate for the treatment of cancer. In addition, curcuminoids are able to regulate a
wide number of biological targets without inducing side-effects [5,6], and target multiple signaling
pathways involved in survival, cell cycle regulation, metastasis, and angiogenesis in many cancers.
The acceptable daily intake of curcumin, as defined by the World Health Organization (WHO),
is around 0-3 mg/kg. Curcuminoids are also widely used as a coloring agent and food additive that
can prolong the shelf life of food due to its antioxidant and antibacterial activities [1,7]. Curcumin is
non-toxic, even at relatively high doses. It has no lethal effect on healthy organs at doses as high as 8
g/day; however, cancer cells are sensitive to the cytotoxic activity of curcumin [8]. Curcuminoids have
been listed as safe by the Food and Drug Administration (FDA) and are included in pharmacopeia in
Europe, UK., U.S,, Japan, China, and India.
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Figure 1. Structure of the three main curcuminoids.

Ovarian cancer is the eighth most commonly occurring cancer in women worldwide and the
18" most commonly occurring cancer overall, according to World Cancer Report 2018. In most cases,
women with ovarian cancer are diagnosed at advanced stages due to the absence of early symptoms.
Thus, ovarian cancer has a five-year survival rate of 46% [9,10]. Standard treatment regimens depend
on the stage of the disease. However, the usual treatment after surgical cytoreduction involves
a combination of platinum (Cisplatin and Carboplatin) and Taxane-based therapy. Although this
régime has been found to be effective in 60-80% of cases, most women with advanced ovarian cancer
face recurrence of the disease [11,12]. Hence, there is an increased demand for effective therapeutic
approaches and alternative healing agents for advanced-stage drug-resistant ovarian cancer.

Curcuminoid compounds have been shown to exhibit cancer growth suppression, both in vitro
and in vivo, and inhibit tumorigenesis and cell proliferation in several cancer cell lines [13].
Commercially available pure curcumin, DMC, and BDMC are not accessible as food supplements.
Therefore, this study aimed to assess the effect of the three curcuminoids together as one sample
against the epithelial ovarian cancer cell line SKOV-3, which is highly resistant to various cytotoxic
drugs. To the best of our knowledge, this is the first report studying the three curcuminoid components
as one sample—with the aim to investigate their combined effects on proliferation, apoptosis, cell cycle,
and migration in cultured human ovarian cancer cells.
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2. Materials and Methods

2.1. Preparation of Curcuminoids Solutions

The curcuminoids mixture from India Glycols Ltd. was kindly provided as a gift by Jamjoom
Pharmaceuticals, SA. A stock solution of curcuminoids (10 mM) was prepared in dimethyl-sulfoxide
(DMSO) and stored at —20°C in the dark. Subsequent dilutions were prepared in Dulbecco’s modified
Eagle’s medium (DMEM) (UFC-Biotech) to obtain different concentrations.

2.2. Analysis of Curcuminoid Compositions by HPLC

The analysis of total curcuminoid composition was carried out by reversed-phase high performance
liquid chromatography (RP-HPLC) on a chromatographic column Phenomenex (4.6 mm X 25 cm, 5 um).
In brief, 20 mg of curcuminoids was dissolved in acetone to a total volume of 50 mL. The generated
solution was subjected to sonication for 30 min, followed by centrifugation at 400x g for 5 min.
Before the HPLC experiment, the stock solution was diluted with a mobile phase consisting of
Tetrahydrofuran (THF) and 1 mg/mL of citric acid in water (4:6). Then, 20 uL of the sample was injected
automatically and the mobile phase used for the elution of curcuminoids. The amount of curcuminoid
compound was quantified by UV detection at 420 nm. The compositional distribution of curcuminoids
in the sample was compared to the peak area correlated with the United States Pharmacopeia (USP)
Reference Standard.

2.3. DPPH Radical Scavenging Assay

The antioxidant activity of curcuminoids was evaluated using 1,1-Diphenyl-2-picrylhydrazyl
(DPPH) (Sigma, St. Louis, MO, USA). A 0.1 mM DPPH solution was freshly prepared in pure ethanol
and mixed with curcuminoids at different concentrations (1, 2, 4, 6, 8, 10 uM). The reaction mixture
was shaken vigorously and left in the dark for 30 minutes at room temperature. As a control, a DPPH
solution with the absence of curcuminoids was prepared; absorbance for this solution and the samples
was measured at 517 nm. The percentage of DPPH scavenging radical activity was calculated using
the following equation:

Absplank — AbSSample

DPPH scavenging effect (%) = e % 100.
Blank

The ICsg value was calculated using a four-parameter logistic nonlinear regression model
by plotting the percentage of DPPH scavenging radical activity against the concentrations of the
curcuminoids [14]. Ascorbic acid was used as a standard reference compound.

2.4. Cell Culture

SKOV-3 cells were obtained from the American Type Culture Collection (ATCC). SKOV-3 cells
were cultured in DMEM and complemented with 10% fetal bovine serum (FBS) (Gibco), 100 L.U/mL

penicillin, and 100 pg/mL streptomycin (Sigma). The cells were grown in a humidified incubator at
37 °C and 5% COs.

2.5. Cell Morphological Analysis

SKOV-3 cells were plated at a seeding density of 2.5 x 103 cells/well in a 6-well plate and tested
with curcuminoids (0, 10, 30, 70 uM). Both untreated and treated cells were then cultured at 37 °C
in a 5% CO; incubator for 24 h. For morphological apoptotic evaluation, the SKOV-3 cells were
stained with the Wright-Giemsa stain following the manufacturer’s instructions (Rapi-Diff II Stain
Kit, Atom Scientific Ltd., Manchester, UK). Any visible changes in cell morphology following the
experimental procedure were captured by microscopic images.
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2.6. WST-1 Assay for Cell Viability

The cytotoxicity of curcuminoids was examined using the water-soluble tetrazolium salt (WST-1)
assay (Abcam, Cambridge, UK) according to the manufacturer’s instructions. SKOV-3 cells were
seeded into 96-well plates at a density of 5 x 10% cells/well in a 200 L medium. After a culture time of
24 h, the culture supernatant was discarded and fresh medium containing various concentrations of
curcuminoids was added and incubated for 1h, 3h, 6 h, 24 h, and 48 h. Ateach time point, 10 uL WST-1
was added to each well and the cultures were incubated for an additional 3 h at 37 °C. Absorbance was
measured at 450 nm using an ELISA reader.

2.7. Quantitative Analysis of Cell Apoptosis by Flow Cytometry

The apoptotic activity of the SKOV-3 cells in response to curcuminoids was determined by Annexin
APC, as per the manufacturer’s instructions (BD Biosciences). Briefly, the SKOV-3 cells were grown
in a 25 cm? flask at a density of 3 x 10° cells/well. The induction of apoptosis was investigated in
untreated and treated SKOV-3 cells with curcuminoids at a concentration of 30 uM for 6 h, 12 h, 24 h,
and 48 h. After harvesting by trypsinization and washing with PBS, the cells were stained with 5 uL
Annexin APC and incubated for 15 min in the dark, then immediately analyzed using a FACS flow
cytometer (BD Biosciences).

2.8. Analysis of Cell Cycle by Flow Cytometry

The SKOV-3 cells were seeded in cell culture flasks at a density of 2.5 x 10° cells per 25 cm?.
After 6 h, 24 h, and 48 h, the culture medium was replaced by a fresh one containing 30 pM
curcuminoids. The untreated cells were left as negative control. After harvesting by trypsinization and
washing with PBS, the cells were fixed with 70% ethanol and stained with Hoechst 33342 (Thermo
Fisher Scientific), which is a DNA dye used to assess DNA content. After 45 min incubation at 37 °C in
the dark, the cells were resuspended in PBS and analyzed using a FACS flow cytometer.

2.9. Wound Healing Assay

The SKOV-3 cells (2.5 x 10%) were plated in a 24-well plate for 24 h and allowed to attach overnight.
The confluence monolayers were scratched using a pipette tip to create a linear wound devoid of cells,
which was subsequently washed with PBS. Images were captured at 0 h and 24 h using a camera
attached to a microscope. The migration was evaluated microscopically and the wound area quantified
by image J [15]. The captured images were converted to grayscale and the edges of the wound areas
were automatically identified using an MRI wound healing tool after image sharpening. The size of
the initial wound area was compared to that after 24 h in both untreated cells and cells treated with
curcuminoids. The migration index was calculated as follows:

initialized width of the scratch — final width of the scratch N

initialized width of the scratch 100

2.10. Cytokine ELISA

The SKOV-3 cells were treated with 30 uM curcuminoids. Cell culture supernatants were collected
after 24 h, 48 h, and 72 h of culture. Tumor necrosis factor-alpha (TNF-o) and interleukin 10 (IL-10)
levels were quantified using human ELISA kits as per the manufacturer’s instructions (Invitrogen,
Frederick, MD, USA). The analytical sensitivity of the assay was 1.7 pg/mL and <1 pg/mL for human
TNF-a and human IL-10, respectively.

2.11. Statistical Analysis

The data are presented as the mean + standard deviation (SD) of the mean from two or three
different replicates for individual assays. Statistical significance was determined using SPSS 22.0.
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* p<0.05 *p<0.01, and *** p < 0.001 indicated statistical significance, compared to the untreated
control cells.

3. Results

3.1. HPLC Analysis of Total Curcuminoids

The HPLC analysis was performed to offer quantitative results of the three analogues of
curcuminoids. Figure 2 shows the curcuminoid compounds—curcumin, DMC, and BDMC—eluted
as single peaks at different retention times. The identification of each peak for each compound
corresponds with its standard; the most common curcuminoid in the mixture was found to be curcumin.
Table 1 summarizes the characteristics of the curcuminoids sample, as detected by HPLC and the
USP standard.

DetA Chi

T TRy

min

1 DA Chl F420nm

Figure 2. HPLC chromatograms of curcumin, desmethoxycurcumin (DMC), and bisdesmethoxycurcumin
(BDMC) in a curcuminoid sample. The injection volume was 20 uL and flow rate was 1.0 mL/min.

Table 1. HPLC elution of the three compounds in the curcuminoid sample as well as the USP standard.

Curcuminoids USP Standard Curcuminoids Sample
Parameters
Curcumin DMC BDMC  Curcumin DMC BDMC
Area (%) 74.857 20.146 4.997 81.755 15.161 3.084
Retention Time (min) 16.68 19.41 2248 16.96 19.75 22.92
Tailing Factor 1.231 1.183 1.145 1.241 1.195 1.163
Resolution 0.000 3.631 3.716 0.000 3.635 3.711

3.2. Free Radical Scavenging Activity of Curcuminoids in a Cell-Free System

The antioxidant activity of curcuminoids was investigated by DPPH free radical scavenging
activity assay (Figure 3). The curcuminoids were found to be able to bleach stable radical DPPH
in a concentration-dependent manner; the bleaching increased with a rise in concentrations of the
curcuminoids (1 to 10 uM). These results present curcuminoids as powerful free radical scavengers
with an estimated ICsy value of around 9.14 uM.
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Figure 3. DPPH radical scavenging activity of different concentrations of curcuminoids.

3.3. Effect of Curcuminoids on SKOV-3 Cell Morphology

Using macroscopic evidence, one can measure cell apoptosis qualitatively by evaluating the
morphological features of cells. Figure 4 shows images of SKOV-3 cells before and after treatment
with various curcuminoids concentrations (10, 30, 70 uM) for 24 h. These images show an increase in
cell death in a dose-dependent manner. The growth inhibitory effect of curcuminoids was exhibited
in microscopic images, which showed fewer cells after the treatment. The untreated SKOV-3 cells
showed an epithelial morphology, while cells treated with increasing curcuminoids concentrations were
long, thin, and irregular in shape (varying in size and with evident aberrant nuclei). Cell shrinkage,
membrane damage, and blebbing were also seen. Further, the curcuminoids-treated cells showed a loss
of adhering ability and were observed as floating cells. All these findings indicate that curcuminoids
induce apoptosis in SKOV-3 cells.
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Figure 4. Morphology of SKOV-3 cells before and after exposure to curcuminoids at different
concentrations for 24 h. Cells were stained with Giemsa dye and imaged using bright field microscopy.

3.4. Cytotoxicity of Curcuminoids against SKOV-3 Cells

The ability of curcuminoids to inhibit SKOV-3 cell growth was investigated by WST-1 assay after
the cells were treated with various concentrations of curcuminoids (5-100 uM). Figure 5A shows
the concentration- and time-dependent effect of curcuminoids on the viability of SKOV-3 cells for 24
and 48 h. Even at low concentrations, the curcuminoids significantly decreased SKOV-3 cell viability,
as compared to untreated cells (p < 0.001 and p < 0.01). In order to more precisely evaluate the
chronology of the cellular events induced by curcuminoids, the time-course effect of curcuminoids
on SKOV-3 cells was analyzed at a concentration corresponding to its half-maximal activity (30 uM).
Figure 5B shows a non-significant decrease in cell viability within 1 h, 3 h, and 6 h of treatment
by approximately 3.36%, 10.15%, and 25.54%, respectively, and inhibition in cell viability reached
approximately 50% and 80% at 24 h and 48 h, respectively (Figure 5A). Hence, the 30 uM concentration
was used for further investigations.
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Figure 5. (A) Effects of various concentrations (5-100 pM) of curcuminoids on the viability of human
SKOV-3 cells treated for 24 h and 48 h, as measured by WST-1 assay. ** and *** indicate statistical
significance (p < 0.01 and p < 0.001, respectively) compared to the untreated cells. (B) The survival rate
of SKOV-3 cells treated with 30 uM curcuminoid for 1 h, 3 h, and 6 h; n.s., no significant difference
when compared to the untreated cells.

3.5. Curcuminoids Induce Apoptosis in SKOV-3 Cells

The ability of curcuminoids to induce SKOV-3 cell apoptosis was evaluated by Annexin APC
staining (Figure 6). The SKOV-3 cells were treated with 30 uM curcuminoids for 6 h, 12 h, 24 h, and 48 h;
the cell apoptotic rate was then detected by flow cytometry. The results show that curcuminoids induce
apoptosis in a time-dependent manner and the apoptotic rate was markedly increased after 12 h,

compared to the untreated cells.
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Figure 6. Effect of curcuminoids on SKOV-3 cell apoptosis. (A) Flow cytometry analysis of apoptosis

in SKOV-3 cells either untreated or treated with 30 uM of curcuminoids for various time periods.

After the treatment periods, the cells were stained with Annexin APC and subsequently analyzed by
flow cytometry. (B) The percentage of apoptotic cells in response to curcuminoids. ** and *** indicate
statistical significance (p < 0.01 and p < 0.001, respectively), compared to the untreated cells.
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3.6. Effect of Curcuminoids on SKOV-3 Cell Cycle Distribution

For further analysis of the effect of curcuminoids on proliferation inhibition, SKOV-3 cells were
treated with 30 uM curcuminoids for 6 h, 24 h, and 48 h; and the cell cycle was investigated by flow
cytometry (Figure 7). The results indicate that exposure of SKOV-3 cells to curcuminoids for various
periods markedly changed the cell cycle phase, compared to the untreated cells. The percentages of
sub-G1 phase cells, which is attributed to fractional DNA content in the treated groups, were found to
be non-significantly decreased after 6 h treatment and significantly increased after treatment times
of 24 h and 48 h. Reciprocally, the percentages of S and G2/M phase cell populations in the treated
groups increased after the 6-h treatment and decreased after 24 h and 48 h treatment periods. Further,
treatment with curcuminoids significantly decreased the percentages of G1/G0 phase cells in all treated
groups, compared to the control. However, curcuminoids treatment at 30 uM resulted in decreased
cell populations in G1/G0, S, and G2/M phases at 24 h and 48 h.

A 6h 24h
’ 5 % S 2
o 9 @ am e G’ am EE
- #H b6t PrE Sub G1 e
3 &
] EE
o & & 8
E = o] et
© w o = 0 « ) o w0 o ® w0 o %0 P
DAPHA 1om) DAPHA i) DAPIA 1200)
0 | G1/60 o & 61160 s - & iich s e
3 # B o
o =8 b6t =4 - )
o 3 2] 3%
5 . — | —
= & FE| &
w w0 o ™ 0 - © w & ™ & - © o o = 0
100 DAPHA «1900) DAPLA 100 DAPHA 100)
B. Hekek
90
80
= *
s 70 + " Untreated Cells (6h)
M
@ 6o | = Treated Cells (6h)
I - _ Untreated Cells (24h)
% = Treated Cells (24h)
3 40 Untreated Cells (48h)
3 30 *k - I u Treated Cells (48h)
(]
20 \ i * ns n.s
®T 5 . - i : I i
- . i
0 [ [ | — a0 *
Sub G1 G1/G0 S G2/Mm

Figure 7. The cell cycle distribution of untreated and curcuminoid-treated (30 uM) SKOV-3 cells for
the analysis of time-dependent effects. (A) Flow cytometry analysis of the cell population of SKOV-3
cells either untreated or treated with 30 uM curcuminoids for various time periods. (B) The percentage
of cell cycle phase in response to curcuminoids (30 uM) at different treatment periods. *, **, and ***
indicate statistical significance (p < 0.05, p < 0.01, and p < 0.001, respectively).

3.7. Curcuminoids Impair Wound Healing in SKOV-3 Cells

The ability of curcuminoids to suppress SKOV-3 cell migration was investigated through the
wound healing assay and quantification of the wound area using image J (Figure 8). Scratch wound
healing was carried out following treatment with 30 uM curcuminoids for 24 h. This was achieved
by tracing the wound perimeter before and after curcuminoids treatment. The obtained results
show that curcuminoids markedly inhibit cell migration and impair wound closure, compared to the
untreated cells.
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Figure 8. Wound healing assay of SKOV-3 cells with and without curcuminoids (30 uM) treatment.
(A) Representative microscopic images show scratch wounds at 0 and 24 h. (B) The wound area was
quantified by automated image J and the results confirm the ability of curcuminoids to inhibit SKOV-3
cell migration.

3.8. Effect of Curcuminoids on TNF-a and IL-10 Secretion in SKOV-3 Cells

Although cytokines are highly expressed in vivo in ovarian carcinomas, the release of some
cytokines in vitro is rare in several ovarian carcinoma cell lines [16]. Thus, we aimed to monitor the
impact of curcuminoids on the release of the inflammatory cytokine TNF-« and the anti-inflammatory
cytokine IL-10. SKOV-3 cells were cultured in the absence and presence of curcuminoids (30 uM)
and the supernatants were collected after 24 h, 48 h, and 72 h of incubation. In untreated cells,
neither TNF-o nor IL-10 in the collected culture media was detectable by ELISA, indicating that the
SKOV-3 cell line did not produce them. In a similar manner, curcuminoids did not influence cytokine
secretion in SKOV-3 cells. None of these cytokines were detectable, exhibiting the absent induction of
TNF-a and IL-10 release in response to curcuminoids (data not shown).

4. Discussion

Curcuminoids have been extensively used in ancient Chinese and Indian medicine. Moreover,
they still attract great attention in modern medicine due to their ability to treat and prevent several
diseases and conditions such as cancer, inflammation, and wounds. Pure curcumin, DMC, and BDMC
are not available in the market; however, commercial curcumin consists of a mixture of these three
curcuminoids [17]. Thus, the present study aimed to investigate the combined effect of these three
curcuminoids compounds on ovarian cancer cells. Since the contents of the three curcuminoids may
vary among different curcuminoid sources, it was important to quantify the amount of each analogue
by HPLC. The three curcuminoids were resolved as individual peaks with no interface with other
compounds. The sample was found to consist of 81.76% curcumin, 15.16% DMC, and 3.08% BDMC.
These results show curcumin to be the main component among the three curcuminoids, which meets
the requirements of pharmacopeia in Europe and China.

Turmeric contains powerful natural antioxidants, and thus acts as a singlet oxygen quencher and a
radical scavenger that can arrest the generation of free radicals after oxidative stress and can lower the
molecular damage to the cell [18-20]. Due to the ability of DPPH to assess the free radical scavenging
activity of antioxidant substances, it has been used to investigate the efficiency of curcuminoids
to scavenge the free radicals formed by reactive oxygen species (ROS). The antiradical power of
curcuminoids can be detected by recording the decrease of DPPH absorbance values. At 517 nm,
DPPH has an absorbance that disappears or decreases when it accepts an electron or hydrogen radical
from an antioxidant [21,22]. Thus, the decrease of absorbance values is attributed to the scavenging
effect of curcuminoids and the formation of stable non-radical DPPH molecules. Previous works
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showed different ICs5j values for DPPH radical-scavenging activity for curcuminoids. For example,
curcumin, DMC, and BDMC displayed free radical scavenging activity with ICsy values 31.8, 92.5,
and 104.4 uM, respectively [23]. In another study by Akter et al., (2019), the ICsy values were 18, 47,
and 198 uM for curcumin, DMC, and BDMC, respectively [24]. In the present study, curcuminoids
effectively exhibited DPPH scavenging activity with ICsy = 9.14 uM in a cell-free system. Here, a low
ICs value indicates high free radical scavenging activity of DPPH.

For cytologic details, the effect of curcuminoids was tested on ovarian cancer cells, as ovarian
cancer is the most aggressive gynecological cancer [25]. The ovarian cancer cell line SKOV-3 was
chosen in the current study because it is one of the most invasive cell lines [26]. Morphological
alterations and nuclear fragmentation are important to be investigated because these changes are
attributed to cell response and sensitivity toward drugs. Besides reflecting the growth and fission of
cells, these biological characteristics of cell morphology reflect the apoptotic phenotype. The main
morphological hallmarks of apoptotic cells are membrane blebs and cell shrinkage [27]. Therefore,
cellular morphological changes can be investigated to evaluate cell apoptosis qualitatively. In this
study, treating SKOV-3 cells with curcuminoids leads to morphological changes and reduction in size
and cell number. Further, treated cells exhibited the distinctive morphological features of apoptotic cell
death, including membrane damage, cell shrinkage, and subsequent cell death. The cellular changes
were concentration-dependent.

Cellular migration is critical in cancer as it contributes to the development of cancer metastasis.
The scratch wound healing assay is a simple and cost-effective strategy used to investigate cell
migratory activity. Several studies have confirmed the ability of curcuminoid members to suppress
cancer cell migration and invasion. For example, curcumin inhibits migrated cells from entering into
the wound area of lung [28], breast [29], and bladder [30] cancer cells, while DMC inhibits the motility
of breast [31] and prostate [32] cancer cells. Further, BDMC inhibits the migration of ovarian [33] and
lung [34] cancer cells. In the current work, the percentage closure was calculated to assess the effect
of curcuminoids on wound healing. The wound closure reached 100% after 24 h in untreated cells,
while treatment with curcuminoids diminished the wound area to 36.77%. These results confirm the
ability of curcuminoids to suppress SKOV-3 cell motility and scratch closure.

Dysregulation in the expression of cellular proliferation, apoptosis, and cell cycle are distinctive
marks of cancer cells. Cancer cells are resistant to antiproliferation signals and begin proliferation
in a dysregulation manner in the absence of exogenous mitogenic growth factor signals. Indeed,
irregular apoptosis is mainly attributed to uncontrolled cell numbers. However, cancer cells have
several mechanisms to skip regulatory proliferative and apoptosis signals. Furthermore, the initiation
and growth of cancer is associated with dysregulation in the regulatory pathways of the cell cycle,
which involves abnormalities in oncogenes and tumor suppressor genes [35,36]. While curcuminoids
are composed of three main members—curcumin, DMC, and BDMC—all have shown efficient
anticancer effects against various malignancies and induce apoptosis, but with different potencies.
Although many studies present curcumin as the active ingredient in turmeric, with a strong ability
to kill different cancer cells such as hepatic [37], lung [28], breast [38], pancreas [27], bladder [30],
and ovarian [39] cancer cells, DMC, which is more stable than curcumin, was reported by Simon et
al. [40] to exhibit the strongest antitumor activity among the three curcuminoids against breast cancer
cells. DMC has also shown ability to inhibit the growth of prostate cancer cells [32]. Furthermore, BDMC,
the minor constitute, has shown the highest stability compared to the other two curcuminoids and was
found to inhibit tumor growth in various cell lines such as HeLa and ovarian cancer cells [33,41,42].
In the present study, the three members of curcuminoids jointly exhibited a toxic effect against SKOV-3
cells with an IC5p of 30 uM. This low value indicates that the tested curcuminoid mixture has high
anticancer potency against ovarian cancer cells and can effectively inhibit cell proliferation. Besides the
classic apoptotic phenotype, treated SKOV-3 cells quantitatively showed the ability of curcuminoids to
induce apoptosis in ovarian cancer cells. The number of apoptotic cells measured by flow cytometry
increased markedly with increasing treatment time. The cellular damage induced by curcuminoids
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may contribute to the inhibition of growth activity and subsequent cell death. Moreover, the cell cycle
analysis showed an increasingly high population of cells in the sub-G1 phase in a time-dependent
manner, which may be attributed to cell death via apoptosis. Interestingly, curcumin and DMC induce
G2/M cell cycle arrest in hepatic [37] and prostate [32] cancer cells, respectively, while BDMC induces S
phase arrest in the lung [43]. Due to curcumin ability to exhibit dynamically biphasic dose-response
on a broad range of cells, a recent study by Calabrese et al. (2019) showed that curcumin prompts
hormetic responses in neural stem cells and further improves the biological resilience. These findings
show that the hormetic responses of curcumin may be independent of biological model, cell type,
endpoint, and inducing agent and mechanism [44].

It has become widely clear that epithelial cells as a first line of defense mechanism can play
a crucial role in modulating the function of immune cells through production of cytokines and
other mediators, which ultimately maintain immune homeostasis [45]. Although epithelial cells
modulate immune responses via their own ability to produce a plethora of cytokines in vivo, not all
cell lines produce constitutive amounts of cytokines in vitro [16,45—47]. In vivo assays have shown
that highly elevated levels of the inflammatory cytokine TNF-x and the anti-inflammatory cytokine
IL-10 are detected in ovarian cancer [48,49]. In contrast, in in vitro assays, the expression of TNF-x
and IL-10 in ovarian cancer cell lines is not a common event. For example, IGROV-1 and TOV21G
cell lines release a detectable amount of TNF-«, while OVCAR-3 cell line releases IL-10. In contrast,
other human ovarian cancer cell lines such as TOV112D, CAOV-3, and OAW-42 do not produce TNF-«x
or IL-10[16,50]. Further, it has been shown that the induction of TNF-« protein by TNE-ot is common in
malignant but not normal ovarian surface epithelial cells [51]. Several polyphenols such as curcumin,
quercetin, and catechins exhibit their effects on the balance between secretion of pro-inflammatory
and anti-inflammatory cytokines. They inhibit the release of pro-inflammatory cytokines and activate
anti-inflammatory cytokines’ production [52]. However, curcumin has shown the ability to inhibit the
production of TNF-« and some pro-inflammatory interleukins such as IL-1 and IL-6, while increasing
the production of anti-inflammatory IL-10 [49,53,54]. In the current study, to investigate whether
curcuminoids may influence pro-inflammatory or anti-inflammatory activation, SKOV-3 cells were
cultured in a basal medium without an additional stimulation agent in the absence and presence of
curcuminoids. The obtained results exhibit that SKOV-3 cells are similar to the normal ovarian surface
epithelial cells that do not produce TNF-« or IL-10, and the curcuminoids mixture has no activation
effect on cytokine secretion.

5. Conclusions

In the present study, we found that curcuminoids have potent anticancer effects against SKOV-3
cells, one of the most drug-resistant ovarian cancer cell lines. Treating cells with curcuminoids resulted
in a decrease in cell migration and proliferation and an increase in apoptosis in the cell-based system.
Further, the obtained results show that curcuminoids mixture has no activation effect on cytokines
secretion since releasing cytokines is a limited event in ovarian cell lines. In the cell-free approach,
curcuminoids may have a therapeutic potential to prevent and treat cancer due to their scavenging
effect on DPPH radicals and their inhibitory effect on cell migration. However, since the obtained HPLC
results show curcumin as the dominant compound in the curcuminoids sample, the main treatment
effect may be attributed to curcumin. Nevertheless, the presence of DMC and BDMC improves the
effectivity of the curcuminoids as an antitumor agent due to their higher stability and longer half-life
compared to curcumin. The main obstacle preventing curcuminoids from being used clinically is their
poor solubility in water and poor bioavailability by the oral route. Hence, several attempts have
been made by integrating drug delivery systems and nanobiotechnology to encapsulate curcuminoid
compounds [37,55]. In future works, novel platforms should be exploited to deliver therapeutic
agents [56]. Furthermore, the various mechanisms involved in cell proliferation, apoptosis, cell cycle,
and metastasis that are targeted by curcuminoids need to be investigated.
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