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Abstract

Purpose This study aimed at evaluating whether morin (a natural flavonoid and a known inhibitor of NF-kB) can sensitize
ovarian cancer cells to cisplatin by decreasing the expression of galectin-3, which is an anti-apoptotic protein regulated by
NF-kB transcription factor.

Methods To assess the possibility of augmentation the activity of cisplatin by morin, we studied the separate and the com-
bined effect of morin and cisplatin on viability, proliferation, and apoptosis of TOV-21G (cisplatin-sensitive) and SK-OV-3
(cisplatin-resistant) ovarian cancer cells. We also analysed the effect of morin and cisplatin on galectin-3 expression at the
mRNA and protein levels.

Results We demonstrated that morin possess antitumor activity against TOV-21G and SK-OV-3 ovarian cancer cells by reduc-
ing cell viability and proliferation as well as increasing the induction of apoptosis. Co-treatment of the cells with selected
concentrations of morin and cisplatin, accordingly to specific treatment approaches, reveals a synergism, which leads to
sensitization of the cells to cisplatin. During this sensitization, morin significantly reduces the expression of galectin-3 at
the mRNA and protein level, regardless of the presence of cisplatin.

Conclusions Morin sensitizes TOV-21G and SK-OV-3 ovarian cancer cells to cisplatin, what is associated with a decrease
of the expression of galectin-3.
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Introduction

Ovarian cancer is one of the leading causes of cancer death
in female worldwide [1-5], despite the fact that it accounts
for only 3% of all cancer in women [6]. Cytoreductive sur-
gery followed by treatment with combination of cisplatin (or
carboplatin) and paclitaxel is currently the standard method
for ovarian cancer therapy [3-5]. The two main reasons of
high mortality in ovarian cancer are lack of early symp-
toms and platinum resistance of cancer cells (intrinsic or
acquired). Due to the difficulties in detection, most patients
are diagnosed at an advanced stage in which often occurs
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intrinsic platinum resistance [1]. Even if the initial treatment
is successful, it often ensues recurrence with acquired resist-
ance to further chemotherapy [2]. Resistance to platinum at
the beginning of treatment or at relapse is the most signifi-
cant cause of ovarian cancer patient’s death and continues
to remain a major problem [1, 2]. Developing of new effec-
tual alternative modulators of platinum agents, to effectively
overcome resistance, is becoming an urgent need [3, 4].
The anticancer effect of cisplatin (cis-
diamminedichloroplatinum(Il)) involves active uptake into
cells, followed by forming DNA adducts, that cause single
or double-strand DNA breaks. The DNA damages result in
DNA replication and cell cycle arresting, as well as acti-
vation of the cellular apoptosis [7, 8]. Cisplatin resistance
cannot be explained by a simple mechanism. One of its
underlying factors is an impairment of apoptosis, involv-
ing the altered expression of proteins such as BCL-2 family
members and defects in several signal transducers, includ-
ing NF-xB [9, 10]. It is reported that NF-xB can also influ-
ence the expression of BCL-2 proteins and that constitutive
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NF-kB activation has been observed in many cancers resist-
ant to antitumor agents (including SK-OV-3 ovarian cancer
cells) [10, 11]. Moreover, NF-kB inhibitors enhance cispl-
atin’s antitumor capabilities against some cisplatin-resistant
cell lines (including ovarian cancer) [10, 12]. Another pro-
tein (which has been increasingly associated in the literature
with the cancer resistance, due to its structure similarity to
BCL-2 family members and its regulation by NF-kB) is
galectin-3 [13].

Galectin-3 (coded by LGALS3 gene), a chimera-type
member of B-galactose-binding protein family, is a mul-
tifunctional glycoprotein associated with cell growth, dif-
ferentiation, adhesion, migration, apoptosis, metastasis,
neoplastic transformation, and angiogenesis [5, 14-16].
Galectin-3 in cytoplasm is a well-known anti-apoptotic agent
[17]. It contains the NWGR (N, asparagine; W, tryptophan;
G, glycine; R, arginine) anti-death motif, which is specific
for the BCL-2 family and is resposible for an anti-apoptotic
activity of galectin-3 and BCL-2 [16, 18]. It has been shown
in several types of cancer that in response to chemothera-
peutic agents (such as cisplatin, etoposide, Tumour Necrosis
Factor-a (TNF-a), and nitric oxide), galectin-3 is transported
from the nucleus to the cytoplasm, where it stimulates the
phosphorylation of Bcl-2 associated death (Bad) protein and
the reduction of Bad expression. This results in the stabiliza-
tion of mitochondrial membrane integrity, and subsequently
it blocks cytochrome c release, caspase-3 activation, and
finally inhibits apoptosis [15-18]. Galectin-3 expression
is regulated by NF-«B since its promoter region contains
two NF-xB-like sites [13]. According to published data, the
overexpression of galectin-3 occurs in cancers of tongue,
thyroid, colon, liver, gastric, hepatocellular, and ovaries.
Furthermore, up-regulation of galectin-3 in various cancer
cells (including ovarian cancer) makes them resistant to
chemotherapeutic treatment [5, 15-18].

Since chemoresistance is one of the most significant
problems in ovarian cancer treatment, many studies focus
on plant-derived bioactive compounds, which could sensi-
tize cancer cells to cisplatin [10]. One of these natural com-
pounds is morin (3,5,7,2',4'-pentahydroxyflavone), a flavo-
noid originally isolated from Morus alba L. (white mulberry)
and widely distributed in fruits such as fig, almond, sweet
chestnut, and old fustic [19-21]. Morin exhibits various bio-
logical properties such as anti-inflammatory (inhibition of
cytokines release), anti-oxidative (xanthine oxidase inhibitor
property, prevention of low-density lipoprotein oxidation,
free radical scavenging activity), anti-mutagenic (protec-
tive effect against DNA damage caused by free radical) [7,
19]. Increasing evidences also reveal an anti-cancer poten-
tial of morin through inhibiting proliferation and promoting
apoptosis and chemo-sensitivity of various cancer cell lines
[19-21]; however, until now there has been no research on
the use of morin in ovarian cancer. The antitumor effect of
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morin is achieved by suppressing the activation of NF-xB,
what consequently inhibits expression of the genes regulated
by this factor [19, 20].

In view of the fact that morin is a known inhibitor of
NF-xB, which in turn may influence the expression of
galectin-3 (the anti-apoptotic protein), we hypothesized that
morin will sensitize ovarian cancer cells to cisplatin, what
will be achieved by reducing the expression of galectin-3.

Materials and methods
Cell culture and drugs

SK-OV-3 human ovarian cancer (adenocarcinoma) cells
from American Type Culture Collection (ATCC® HTB-
77™) were cultured in RPMI-1640 medium (Lonza) supple-
mented with 10% (v/v) FBS (foetal bovine serum; Gibco®)
and 50 pg/ml gentamycin (Biological Industries). TOV-21G
human ovarian cancer (grade 3, stage III, primary malignant
adenocarcinoma; clear cell carcinoma) cells from Ameri-
can Type Culture Collection (ATCC® CRL-11730™) were
grown in the mixture (1:1) of MCDB-105 medium (Bio-
logical Industries) and M-199 Earle’s Salts Base medium
(Biological Industries) supplemented with 15% (v/v) FBS
(Gibco®) and 50 pug/ml gentamycin (Biological Industries).
Both cell lines were cultivated at 37 °C in a humidified
atmosphere of 95% air and 5% CO,.

Morin was obtained from Sigma-Aldrich, dissolved in
DMSO (dimethyl sulfoxide; BioShop Canada Inc.) at a con-
centration of 50 mM and stored in — 20 °C. Cisplatin was
acquired from Sigma-Aldrich, dissolved in 0.9% NaCl solu-
tion (Polpharma) at a concentration of 1 mg/ml (3333 mM),
and stored in — 20 °C.

Cell viability assay

Cell viability assay was performed using: XTT (2,3-Bis(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car-
boxanilide inner salt; BioShop Canada Inc.) dissolved in
phosphate-buffered saline (PBS) solution (Gibco®); phena-
zine methosulfate (PMS) solution (Promega); and RPMI-
1640 medium without phenol red (Gibco®).

For the XTT assay, cells were seeded at 6 X 103
cells/100 pl medium/0.32 cm? growth area in 96-well
plates, grown overnight, and treated with morin or cispl-
atin for 24 h and/or 48 h. Concentrations of drugs’ solvents
were corrected in all wells (including control wells) to the
constant level, corresponding to the highest used concen-
tration of a particular solvent. Following the treatments,
the medium in each well was replaced with 100 ul of the
mixture of RPMI-1640 medium without phenol red, XTT
solution (at the final concentration of 200 ug/ml) and PMS
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solution (at the final concentration of 2 pg/ml), prior to
incubation at 37 °C for 3 h in the dark. The absorbance
of each well was measured at 450 nm with ELISA plate
reader (Dynex Technologies Triad Multi-Mode Microplate
Reader). All treated cells were compared against control
cells (considered as 100% viable). ICy, (half maximal
inhibitory concentration) values were determined for each
drug at each treatment time. Samples were prepared in
triplicate.

Cell proliferation assay

For the EdU (5-ethynyl-2'-deoxyuridine) incorpora-
tion assay, cells were seeded at 18x 10* cells/250 pl
medium/0.95 cm? growth area in 48-well plates, grown
overnight, and treated with morin or cisplatin for 24 h and/
or 48 h. Concentrations of drugs’ solvents were corrected in
all wells (including control wells) to the constant level, cor-
responding to the highest used concentration of a particular
solvent. After the treatments, the cell proliferation assay was
performed using Click-iT® EdU Imaging Kit (Invitrogen™)
according to the manufacturer’s protocol. Additionally, the
nuclei of the examined cells were visualised by staining for
5 min in DAPI (4',6-diamidino-2-phenylindole dihydro-
chloride; Sigma-Aldrich) at the final concentration of 5 pg/
ml. The cells were counted with a fluorescence microscope
Eclipse Ti (Nikon Instruments Inc.) For each well, the ratio
of proliferating cells to the total number of cells in three dif-
ferent fields was calculated and the results were compared
against control cells (considered as 100% proliferating). Gl
(half maximal growth inhibitory concentration) values were
determined for each drug at each treatment time. Samples
were prepared in triplicate.

Apoptosis assay

For the apoptosis assay, cells were seeded at 18 x 10°
cells/250 ul medium/0.95 cm? growth area in 48-well plates,
grown overnight, and treated with morin or cisplatin for 24 h
and/or 48 h. Concentrations of drugs’ solvents were cor-
rected in all wells (including control wells) to the constant
level, corresponding to the highest used concentration of a
particular solvent. After the treatments, the assay was per-
formed using FITC Annexin V/Dead Cell Apoptosis Kit
with FITC annexin V and PI (Invitrogen™) according to
the manufacturer’s protocol. The cells were counted with a
fluorescence microscope Eclipse Ti (Nikon Instruments Inc.)
For each well, the ratio of apoptotic cells to the total number
of cells in three different fields was calculated. Samples were
prepared in triplicate.

Drug combination studies

Evaluation of the combined effects of morin with cisplatin
on cell viability, proliferation or apoptosis was performed
exactly as described for each of these assays individually;
however, the drugs were combined (in a non-constant ratio),
rather than used separately. Briefly, the selected concentra-
tions of morin were mixed with the selected concentrations
of cisplatin. Concentrations of drugs’ solvents were cor-
rected in all wells (including control wells) to the constant
level, corresponding to the highest used concentration of
a particular solvent. The nature of the interaction between
morin and cisplatin was assessed using different approaches:
(APP:1) simultaneous treatment with both drugs for 24 h;
and/or (APP:2) pre-treatment with morin for 24 h, followed
by treatment with cisplatin alone for the another 24 h; and/
or (APP:3) pre-treatment with morin for 24 h, followed
by co-treatment with morin and cisplatin for another 24 h.
The cytotoxic, anti-proliferative, and pro-apoptotic effect
of morin—cisplatin combination against cancer cells over
a range of concentrations was compared to those obtained
for the individual drugs. A measure of the synergy between
the two drugs, referred to as the combination index (CI),
was calculated using CompuSyn software (ComboSyn,
Inc.) developed on the basis of median effect mathematical
algorithm [22]. The following assumption was made: a drug
combination was synergistic if its CI value was below 0.9;
the combination was additive when the CI was between 0.9
and 1.1; and the combination was antagonistic as indicated
by CI values above 1.1 [23].

Real-Time™ RT-PCR analysis

Total RNA was extracted from cells seeded at 3.75x 10*
cells/500 pl medium/2 cm? growth area in 24-well plates,
grown overnight, and treated with morin and/or cisplatin
for 24 h and/or 48 h. Concentrations of drugs’ solvents
were corrected in all wells (including control wells) to the
constant level, corresponding to the highest used concen-
tration of a particular solvent. The isolation procedure was
performed using Direct-zol™ RNA MiniPrep (ZymoRe-
search) supplemented with TRI Reagent™ Solution (Invit-
rogen™) according to the manufacturer’s protocol. Extracts
were quantified spectrophotometrically by BioPhotometer
(Eppendorf) equipped with uCuvette® G1.0 (Eppendorf),
and their quality and integrity were also verified by 1% aga-
rose gel electrophoresis.

The Real-Time™ RT-PCR was performed on the Strata-
gene Mx3000P Instrument using Brilliant Il SYBR® Green
QRT-PCR Master Mix Kit (Agilent Technologies). The
reagent mixture was prepared according to the instruction
manual with the final primers’ concentration of 0.2 uM
and the final template concentration of 8 ng/ul. The reverse
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transcription step was performed at 55 °C for 30 min. This
was followed by initial denaturation at 95 °C for 10 min;
40 cycles of denaturation (94 °C, 15 s), annealing (63 °C,
60 s, with fluorescence measurement at the endpoint), and
extension (72 °C, 30 s); and a final extension step at 72 °C
for 10 min. The dissociation curves were generated by incu-
bating the amplicons for 1 min at 95 °C, ramping down to
65 °C, and then increasing the temperature to 95 °C at a rate
of 0.5 °C/s and fluorescence measuring at the all points. To
confirm the specificity, amplification products were addi-
tionally electrophoresed on 3% agarose gels. The expression
of galectin-3 was quantified using the comparative method
(2724%), The reference gene, chosen for normalization, was
TATA-box binding protein (TBP) housekeeping gene. The
following primers were designed with the Primer-BLAST
(NCBI) and used for Galectin-3: 5'-GCC AAC GAG CGG
AAA ATG G-3' (forward), 5'-TCC TTG AGG GTT TGG
GTT TCC-3' (reverse), and for TBP: 5'-TAT AAT CCC
AAG CGG TTT GCT G-3' (forward), 5'-GCC AGT CTG
GAC TGT TCT TCA-3' (reverse). All primers were synthe-
sized by Institute of Biochemistry and Biophysics, Polish
Academy of Sciences in Warsaw. Samples were prepared
in triplicate and fluorescence measurement for each sample
was done in duplicate.

ELISA assay

For the assay, cells were seeded at 1.8 X 10° cells/1 ml
medium/3.8 cm? growth area in 12-well plates, grown over-
night, and treated with morin and/or cisplatin for 24 h and/
or 48 h. Concentrations of drugs’ solvents were corrected
in all wells (including control wells) to the constant level,
corresponding to the highest used concentration of a particu-
lar solvent. Total protein extraction and ELISA assay were
performed using Galectin-3 Human SimpleStep ELISA® Kit
(Abcam) and the concentrations of proteins in solutions were
determined using Bradford Reagent (Sigma-Aldrich) and
Bovine Serum Albumin Standard Set (Fermentas) according
to the manufacturers’ protocols. The absorbance of each well
was measured at 450 nm (ELISA assay) or 595 nm (Brad-
ford assay) with ELISA plate reader (Dynex Technologies
Triad Multi-Mode Microplate Reader). The concentration
of galectin-3 in 1 pg of protein extract in each sample was
determined by interpolating the blank control subtracted
absorbance values against the standard curve and by multi-
plying the resulting value by the appropriate sample dilution
factor. Samples were prepared in triplicate and absorbance
measurement for each sample was done in duplicate.

Statistical analysis

Differences between the groups were tested using Statis-
tica 12.5 (StatSoft) by a ¢ test for independent samples or
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a one-way or a two-way analysis of variance (ANOVA) fol-
lowed by post hoc Tukey’s HSD test. The assumptions of
normal distribution of variables and homogeneity of vari-
ances in each group were tested using the Shapiro—Wilk test
and the Levene’s test, respectively. Data are presented as the
mean =+ standard deviation (SD). A p values less than 0.05
were considered as significant.

Results

Morin enhances the cytotoxicity of cisplatin
against ovarian cancer cells

To investigate whether morin can modulate the cytotoxic
effect of cisplatin against ovarian cancer cells, we first
evaluated the viability of TOV-21G and SK-OV-3 cells
treated with cisplatin (3.125-200 uM) for 24 h or morin
(50-400 uM) for 24 h and 48 h. The viability of both cell
lines was inhibited by cisplatin in a dose-dependent man-
ner (both p<0.001; Fig. 1a). However, the calculated
ICs, values (IC5,=50.05+3.01 uM for SK-OV-3 and
1C5,=22.96 +3.22 uM for TOV-21G) were statistically dif-
ferent (p <0.001; Fig. 1d). Furthermore, morin treatment
also revealed its cytotoxic effect in a dose- and time-depend-
ent manner (TOV-21G p<0.01; SK-OV-3 p<0.001; Fig. 1b,
c), but there were no significant differences between ICy,
values obtained for both cell lines during 24-h treatment
(IC5,=392.59 +22.55 uM and 397.85 + 18.54 uM for TOV-
21G and SK-OV-3, respectively; Fig. 1d) or 48-h treatment
(IC5,=228.52+7.77 uM and 239.09 +16.59 uM for TOV-
21G and SK-OV-3, respectively; Fig. 1d).

Next, we performed morin—cisplatin combination cyto-
toxicity study to evaluate interactions between morin and
cisplatin and to choose the most effective doses of both
drugs for further steps of this experiment. The range of
concentrations for the assessment was selected based on
an approximate cytotoxicity of 30-50%, when the agents
were used alone. All r values calculated by CompuSyn soft-
ware (ComboSyn, Inc.) were greater than 0.95, as it was
described for the cell culture experiments [1, 24]. The results
are shown as a heat map in Fig. 2.

When TOV-21G cells were treated with morin and
cisplatin simultaneously for 24 h (APP:1; Fig. 2a), there
occurred a synergism at low concentrations of cisplatin
(3.125-6.25 puM), an additive effect at a medium dose of
cisplatin (12.5 uM), and an antagonism at high concen-
trations of cisplatin (25-50 uM). During pre-treatment of
TOV-21G cells with morin for 24 h, followed by treatment
with cisplatin alone for the next 24 h (APP:2; Fig. 2a), the
most frequently observed interaction was antagonism. The
exceptions were a synergism at the lowest dose of cispl-
atin (3.125 uM) and an additive effect at the cisplatin
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Fig. 1 Effects of morin and cisplatin on viability of TOV-21G (cis-
platin-sensitive) and SK-OV-3 (cisplatin-resistant) human ovarian
cancer cells. The cells were treated with indicated concentrations
of the drugs in indicated periods of time: a TOV-21G and SK-OV-3
cells treated with cisplatin (3.125-200 pM) for 24 h, b TOV-21G
cells treated with morin (50-500 uM) for 24 h and 48 h, ¢ SK-OV-3
cells treated with morin (50-500 uM) for 24 h and 48 h. Cell viabil-
ity was analysed by XTT assay. The data are shown as mean +SD of
triplicate experiments. Asterisk: ANOVA p<0.05 between the cells
treated with the different concentrations of drug and the untreated

concentration of 12.5 uM. Pre-treatment of TOV-21G cells
with morin for 24 h, followed by co-treatment with morin
and cisplatin for another 24 h (APP:3; Fig. 2a) revealed

(48h)

control group in the same period of time (dose-dependence). Double
asterisk: ANOVA p<0.05 between the cells treated with the same
concentration of drug in the different period of time (time-depend-
ence). The cytotoxicity of morin was dose- and time-dependent, and
cisplatin was dose-dependent. d Comparison of ICs, values obtained
for TOV-21G and SK-OV-3 cells treated with morin for 24 h and 48 h
or cisplatin for 24 h. Triple asterisk: T test p <0.05 between ICs val-
ues obtained for the same drug in the same period of time in different
cell lines (TOV-21G or SK-OV-3)

strong antagonism (CI >>1.1) in each combination of
morin—cisplatin concentrations.

Similarly to TOV-21G, when SK-OV-3 cells were
treated with morin and cisplatin simultaneously for 24 h
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Fig.2 Cytotoxic effect of morin-cisplatin combination on a TOV-
21G (cisplatin-sensitive) and b SK-OV-3 (cisplatin-resistant) human
ovarian cancer cells. The cells were treated with different combina-
tions of morin—cisplatin according to three approaches: APP:1—
simultaneous treatment with both drugs for 24 h; APP:2—pre-treat-
ment with morin for 24 h, followed by treatment with cisplatin alone
for the another 24 h; APP:3—pre-treatment with morin for 24 h,

(APP:1; Fig. 2b), synergism was observed at low doses of
cisplatin (3.125-6.25 uM) and low and medium doses of
morin (100-200 uM). Also an additive effect occurred at
the highest concentration of morin (250 pM) combined
with low concentrations of cisplatin (3.125-6.25 pM).
However, in contrast to TOV-21G, the additive effect
was observed also in case of high doses of cisplatin
(25-50 uM) and low doses of morin (100-150 uM). High
concentrations of morin (200-250 uM) and cisplatin
(25-50 uM) indicated antagonism, same as it was noticed
in TOV-21G cells. Pre-treatment of SK-OV-3 cells with
morin for 24 h, followed by treatment with cisplatin alone
for the next 24 h (APP:2; Fig. 2b) revealed an antago-
nism in most morin—cisplatin ratios. On the contrary to
TOV-21G, pre-treatment of SK-OV-3 cells with morin for
24 h, followed by co-treatment with morin and cisplatin
for another 24 h (APP:3; Fig. 2b) seemed to be much more
effective. Antagonism was observed only at high concen-
trations of cisplatin (25-50 uM). The rest combinations
mostly revealed an additive effect.

@ Springer

followed by co-treatment with morin and cisplatin for another 24 h.
After the treatments the cell viability was determined (XTT assay),
followed by the calculation of combination index (CI). The CI values
are shown as heat maps, where the effect of a drug combination is
synergistic if CI<0.9 (green colour); additive if 0.9<CI<1.1 (yel-
low colour); antagonistic if CI> 1.1 (red colour)

Morin boosts the anti-proliferative effect of cisplatin
against ovarian cancer cells

Based on the results obtained from morin—cisplatin com-
bination cytotoxicity study, in cell proliferation assay we
decided to analyse only the selected concentrations of these
drugs in optimal treatment approaches. Doses, which were
chosen for the assessment, were generally those that exhib-
ited the additive effect or synergism in morin—cisplatin com-
bination cytotoxicity study.

First of all, we treated TOV-21G and SK-OV-3 cells with
cisplatin (3.125-50 uM) for 24 h or morin (100-250 uM)
for 24 h (TOV-21G and SK-OV-3) and 48 h (only SK-OV-3
cells, because in the case of TOV-21G cells, APP:3, which
included 48 h treatment with morin, revealed strong antag-
onism between the both drugs). Cisplatin revealed an
anti-proliferative effect against both cell lines in a dose-
dependent manner (both p <0.001; Fig. 3a). Similarly to
IC5, values obtained from cell viability assay, the calcu-
lated Gls, values (GI5,=19.73 +0.81 uM for SK-OV-3 and
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Fig.3 Effects of morin and cisplatin on proliferation of TOV-21G
(cisplatin-sensitive) and SK-OV-3 (cisplatin-resistant) human ovar-
ian cancer cells. The cells were treated with indicated concentrations
of the drugs in indicated periods of time: a TOV-21G and SK-OV-3
cells treated with cisplatin (3.125-50 uM) for 24 h, b TOV-21G
cells treated with morin (100-250 uM) for 24 h, ¢ SK-OV-3 cells
treated with morin (100-250 uM) for 24 h and 48 h. Cell prolifera-
tion was analysed by EdU incorporation assay. The data are shown
as mean+SD of triplicate experiments. Asterisk: ANOVA p <0.05
between the cells treated with the different concentrations of drug

Gl5,=6.83 +£1.35 uM for TOV-21G) were statistically dif-
ferent (p <0.001; Fig. 3d). Moreover, morin exhibited an
anti-proliferative activity against TOV-21G cells in a dose-
dependent manner (p <0.001; Fig. 3b) and against SK-OV-3
cells in a dose- and time-dependent manner (p <0.001;
Fig. 3c). As in the case of the cytotoxicity assay, also in
this case there were no significant differences between
GlIs, values calculated for both cell lines during 24-h treat-
ment (Gl5,=166.44+3.13 uM and 154.21 +10.26 uM for
TOV-21G and SK-OV-3, respectively). The Gls, value for
SK-OV-3 cells treated with morin for 48 h was equalled
121.53 +£2.37 pM.

Second of all, we studied the effect of the morin—cispl-
atin combination on cell proliferation in order to select the
most efficient concentrations of both drugs for further steps
of this experiment. All r values calculated by CompuSyn
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and the untreated control group in the same period of time (dose-
dependence). Double asterisk: ANOVA p<0.05 between the cells
treated with the same concentration of drug in the different period of
time (time-dependence). The anti-proliferative effect of morin was
dose- (in both cell lines) and time-dependent (in SK-OV-3 cells), and
cisplatin was dose-dependent (in both cell lines). d Comparison of
Gl values obtained for TOV-21G and SK-OV-3 cells treated with
morin for 24 h and/or 48 h or cisplatin for 24 h. Triple asterisk: T test
p<0.05 between Gl values obtained for the same drug in the same
period of time in different cell lines (TOV-21G or SK-OV-3)

software (ComboSyn, Inc.) were greater than 0.95, as it
was described for the cell culture experiments [1, 24].
The results are shown as a heat map in Fig. 4. TOV-21G
cells, treated with morin (3.125-12.5 uM) and cisplatin
(100-250 uM) simultaneously for 24 h (APP:1; Fig. 4a),
mostly revealed strong synergism (CI <<0.9). In case of
SK-OV-3 cells, treatment with morin (3.125-50 uM) and
cisplatin (100-250 uM) simultaneously for 24 h (APP:1;
Fig. 4b) generally revealed an additive effect at low cis-
platin (3.125-6.25 uM) doses and a strong synergism (CI
<<0.9) at medium and high cisplatin (12.5-50 uM) con-
centrations. During pre-treatment of SK-OV-3 cells with
morin for 24 h, followed by co-treatment with cisplatin
and morin for the next 24 h (APP:3; Fig. 4b), the most fre-
quently noticed interaction was strong synergism (CI <<
0.9).

@ Springer



1188

Archives of Gynecology and Obstetrics (2018) 298:1181-1194

A B
APP:1 Cisplatin [uM] APP:1 Cisplatin [uM]
Morin Morin
kM) M)
APP:3 Cisplatin [uM]

Morin
[uM]

Fig.4 Anti-proliferative effect of morin—cisplatin combination on a
TOV-21G (cisplatin-sensitive) and b SK-OV-3 (cisplatin-resistant)
human ovarian cancer cells. The cells were treated with different
combinations of morin—cisplatin according to selected approaches:
APP:1—simultaneous treatment with both drugs for 24 h; APP:3—
pre-treatment with morin for 24 h, followed by co-treatment with

Morin promotes cisplatin-induced apoptosis
of ovarian cancer cells

In apoptosis assay we analysed the selected concentrations
of morin and cisplatin in optimal treatment approaches,
determined on the basis of the results obtained from
morin—cisplatin combination cytotoxicity and prolifera-
tion study.

First, we treated TOV-21G and SK-OV-3 cells with cis-
platin (6.25-100 puM) for 24 h or morin (100-400 uM) for
24 h (TOV-21G) or 48 h (SK-OV-3). Figure 5 shows that
both morin and cisplatin significantly induced apoptosis of
TOV-21G and SK-OV-3 cells in a dose-dependent manner
(all p<0.001). However, we found that the sensibility of
TOV-21G to cisplatin was greater than that of SK-OV-3.

Second, we evaluated the effect of the selected
morin—cisplatin concentration combinations on cell
apoptosis. All r values calculated by CompuSyn soft-
ware (ComboSyn, Inc.) were greater than 0.95, as it was
described for the cell culture experiments [1, 24]. The
results are shown as a heat map in Fig. 6. The simultane-
ous treatment of TOV-21G with morin (100-250 uM) and
cisplatin (6.25 uM) for 24 h (APP:1; Fig. 6a) revealed a
synergism. In the case of SK-OV-3 cells, pre-treatment
with morin for 24 h, followed by co-treatment with
morin and cisplatin (12.5 uM) for another 24 h (APP:3;
Fig. 6b), showed an additive effect at low morin doses
(100-150 pM) and a synergistic effect at high morin
(200-250 uM) concentrations.

@ Springer

morin and cisplatin for another 24 h. After the treatments the cell
proliferation was determined (EdU incorporation assay), followed by
the calculation of combination index (CI). The CI values are shown
as heat maps, where the effect of a drug combination is synergistic
if CI<0.9 (green colour); additive if 0.9 <CI<1.1 (yellow colour);
antagonistic if CI> 1.1 (red colour)

The sensitization of ovarian cancer cells on cisplatin
is associated with decreased level of galectin-3
expression

To evaluate if the sensitization of TOV-21G and SK-OV-3
cells to cisplatin, caused by morin, is associated with
changes in galectin-3 expression, we performed Real-Time™
RT-PCR analysis and ELISA assay. We tested selected and
optimal treatment approaches, based on the previous steps of
the experiment. TOV-21G cells were co-treated with morin
(100-250 uM) and cisplatin (6.25 uM) for 24 h (APP:1).
SK-OV-3 cells were pre-treated with morin (100-250 uM)
for 24 h and then co-treated with morin (100-250 uM)
and cisplatin (12.5 uM) for another 24 h (APP:3). In Real-
Time™ RT-PCR analysis, the machine did not detect any
amplification in no template controls (no C, values were
given by the software of the machine). The 7* values calcu-
lated for standard curves were greater than 0.995 in Bradford
assay and 0.999 in ELISA assay.

We found that morin at the concentration range of
100-250 pM significantly reduced the expression of galec-
tin-3 at mRNA and protein level in both cell lines in a dose-
dependent manner (all p <0.001; Fig. 7). Interestingly,
the effect of cisplatin was opposite, since it significantly
increased the level of galectin-3 mRNA and protein in TOV-
21G and SK-OV-3 cells (all p<0.001; Fig. 7). However, the
results also indicated that the presence of cisplatin did not
significantly affect the ability of morin to reduce the expres-
sion of galectin-3 at both levels (all p >0.05).
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with morin (100400 pM) for 48 h. Cell apoptosis was analysed by
FITC annexin V and PI staining. The data are shown as mean + SD of
triplicate experiments. Asterisk: ANOVA p<0.05 between the cells
treated with the different concentrations of drug and the untreated
control group (dose-dependence). The pro-apoptotic effect of morin
and cisplatin was dose-dependent in both cell lines
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Fig.6 Pro-apoptotic effect of morin—cisplatin combination on a
TOV-21G (cisplatin-sensitive) and b SK-OV-3 (cisplatin-resistant)
human ovarian cancer cells. The cells were treated with different
combinations of morin—cisplatin according to selected approaches:
APP:1—simultaneous treatment with both drugs for 24 h; APP:3—
pre-treatment with morin for 24 h, followed by co-treatment with

morin and cisplatin for another 24 h. After the treatments the cell
apoptosis was determined (FITC annexin V and PI staining), fol-
lowed by the calculation of combination index (CI). The CI values
are shown as heat maps, where the effect of a drug combination is
synergistic if CI<0.9 (green colour); additive if 0.9<CI<1.1 (yel-
low colour); antagonistic if CI> 1.1 (red colour)
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Fig.7 Effects of morin and cisplatin on the expression of galectin-3
at the mRNA and protein level in TOV-21G (cisplatin-sensitive)
and SK-OV-3 (cisplatin-resistant) human ovarian cancer cells. The
cells were treated with indicated concentrations of the drugs in indi-
cated periods of time: a, b TOV-21G cells treated with morin (100—
250 uM) and with or without cisplatin (6.25 uM) for 24 h (APP:1),
¢, d SK-OV-3 cells pre-treated with morin (100-250 uM) for 24 h
and then treated with morin (100-250 uM) and with or without cis-
platin (12.5 pM) for another 24 h (APP:3). At the mRNA level, the
expression was analysed by Real Time™ RT-PCR technique. At the
protein level, the expression was assessed by ELISA assay. The data

Discussion

Ovarian cancer is one of the most lethal cancers of the
female reproductive system worldwide. The early stages
can be effectively treated with platinum-based chemotherapy
(survival rates are more than 80%). However, most patients
are diagnosed at late stage, what correlates with resistance
to conventional platinum-based treatment and poor survival
rates of approximately 20%. Therefore, there is an urgent
need to discover novel therapeutic approaches to overcome
drug resistance [25, 26]. Recently, there has been a grow-
ing interest in natural dietary phytochemicals, which could
be co-administered with standard chemotherapeutic drugs
in order to achieve better clinical response [26]. Increasing
evidence suggests that many of these dietary compounds,
such as capsaicin [1], curcumin [1, 27], thymoquinone [24],
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are shown as mean + SD of triplicate experiments. Asterisk: ANOVA
p <0.05 between the cells treated with the different concentrations of
morin and the untreated control group (dose-dependence). Double
asterisk: ANOVA p<0.05 between the cells treated with the same
concentration of morin in the presence or absence of cisplatin. Morin
significantly reduced the expression of galectin-3 at mRNA and pro-
tein level in a dose-dependent manner in both cell lines. The presence
of cisplatin significantly increased the level of galectin-3 at mRNA
and protein level in both cell lines, without significantly affecting the
ability of morin to reduce the expression of galectin-3

epigallocatechin gallate [26], methoxyphenyl chalcone
[28], and delphinidin [29], sensitize ovarian cancer cells
to cisplatin, when acting in combination. The last three
of mentioned phytochemicals belong to flavonoids, which
are secondary metabolites widely distributed among fruits
and vegetables. Among flavonoids, there is also a subgroup
of flavonols, which, according to published data, augment
the activity of cisplatin against ovarian cancer cells. These
flavonols are: hyperoside [4], kaempferol [30], and the best
studied—quercetin [3, 24, 27, 31]. However, until now there
has been no research on the use of morin, a structural isomer
of quercetin, in ovarian cancer. In the present study, we for
the first time demonstrate that morin possesses antitumor
activity against ovarian cancer cells and that co-treatment of
the cells with selected concentrations of morin and cisplatin
reveals a synergism, which leads to sensitization of the cells
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to cisplatin by reducing cell viability and proliferation as
well as increasing the induction of apoptosis. We also dem-
onstrate that during this sensitization, morin significantly
reduces the expression of galectin-3 at the mRNA and pro-
tein level regardless of the presence of cisplatin.

Morin (3,5,7,2',4'-pentahydroxyflavone) is a flavonoid
(flavonol), originally extracted from plants of Moraceae
family [20, 21]. The anticancer effect of morin has been
well known by inhibiting proliferation of cells of multi-
ple tumours, such as leukaemia [20], squamous cell car-
cinoma [20], colorectal cancer [20, 32], and breast cancer
[33]. Moreover, morin enhances apoptosis and chemo-
sensitivity of prostate cancer cell lines to paclitaxel [21],
and in combination with MST-312 sensitizes 5-fluoro-
uracil (5-FU)-resistant human colorectal cancer cells for
5-FU [20]. Furthermore, morin derivatives potentiate the
effects of vincristine in the treatment of adriamycin-resist-
ant and -sensitive human myelogenous leukaemia [34].
These findings are consistent with our data that in TOV-
21G (cisplatin-sensitive) and SK-OV-3 (cisplatin-resistant)
ovarian cancer cell lines morin significantly supresses cell
viability (TOV-21G p <0.01; SK-OV-3 p<0.001; Fig. 1b,
¢) and proliferation (both p <0.001; Fig. 3b, ¢) in a dose-
and time-dependent manner as well as promotes apoptosis
(both p <0.001; Fig. 5b, ¢) in a dose-dependent manner. We
believe that our results also confirms the cisplatin-sensitivity
of TOV-21G cells and the cisplatin-resistance of SK-OV-3
cells, based on the statistical difference between the ICs, and
GlIs, values calculated for cisplatin for both cell lines (both
p<0.001; Figs. 1d, 3d). Moreover, our data also show that
despite the significantly different response of TOV-21G and
SK-OV-3 cell lines to cisplatin, their sensibility to morin
was comparable. The calculated ICs, and Gls, values for
morin were not statistically different in both cell lines (both
p>0.05; Figs. 1d, 3d). These data are in agreement with
those obtained for quercetin in pairs of cisplatin-sensitive
and -resistant ovarian cancer cell lines: OV2008 (sensi-
tive) and C13* (resistant) [3], as well as A2780 (sensitive)
and A2780°R (resistant) [2, 24]. In contrast, another study
showed that the ICs, value for quercetin in A2780*R is
almost twofold greater than in A2780 [1].

We also performed extensive drug combination studies
based on cell viability, proliferation, and apoptosis assays,
to select optimal treatment approaches. We found that in
TOV-21G (cisplatin-sensitive) cells the additive or syner-
gistic effects between morin and cisplatin occurred, when
cells were treated with both drugs simultaneously for 24 h
(APP:1; Figs. 2a, 4a, 6a), especially at low cisplatin con-
centrations (3.125-12.5 uM). On the contrary, the pre-
treatment with morin for 24 h, followed by treatment with
cisplatin alone for the next 24 h (APP:2; Fig. 2a), or the
pre-treatment with morin for 24 h, followed by co-treatment
with morin and cisplatin for another 24 h (APP:3; Fig. 2a)

mostly revealed the antagonism. In SK-OV-3 (cisplatin-
resistant) cells, we also observed the additive effect and the
synergism in APP:1 (Figs. 2b, 4b), but the effects occurred
not only at low concentrations of cisplatin, but in case of
all tested doses (3.125-50 uM). However, at high cisplatin
concentrations, the effects were observed only in combina-
tion with low doses of morin (100-150 uM). Furthermore,
we also noticed these effects in APP:3 (Figs. 2b, 4b, 6b),
especially at low cisplatin concentrations (3.125-12.5 uM).
On the other hand, similarly to TOV-21G, APP:2 (Fig. 2b)
also revealed mostly antagonism. Briefly, we believe that in
the SK-OV-3 (cisplatin-resistant) cell line the additive and
synergistic effects are noticeable in a broader range of doses
of cisplatin, than in the TOV-21G (cisplatin-sensitive) cells.
Moreover, in SK-OV-3 these effects occur not only in APP:1
(as it is in case of TOV-21G), but also in APP:3.
Analogous results, obtained for the combination of cispl-
atin and quercetin in SK-OV-3 ovarian cancer cells by other
researchers, are partially consistent with ours. According
to the published data, quercetin increased sensitivity of
SK-OV-3 ovarian cancer cells to cisplatin, when it was added
simultaneously with cisplatin (APP:1), as well as when it
was pre-administrated for 24 h (APP:2) [27]. This superfi-
cial incompatibility in APP:2 can be simply explained. The
authors treated cells with only one dose of cisplatin that
equalled 2 pg/ml (approximately 6.67 uM). Although gener-
ally we observed the antagonism in APP:2 (Fig. 2b), we also
noticed the synergism at the lowest concentration of morin
(100 uM) and cisplatin (< 6.25 uM). In contrast, another
study revealed that simultaneous treatment with quercetin
and cisplatin for 4 days did not significantly increase the
sensitivity of SK-OV-3 cells to the second drug. However, it
could be explained by a very low concentration of cisplatin
administrated to the cells by the authors (16.66 x 107 uM),
even though the experiment was performed for 4 days [31].
Our results may raise the question about the potential
cause of the differences in the cellular response between
TOV-21G and SK-OV-3 to the treatment. This might be
partially explained by the mechanism of action of morin
and a various nature of both cell lines. First of all, the anti-
tumor effect of morin lies in the repression of NF-kB acti-
vation, by inhibition of IKK (IkBa kinase) [19]. NF-xB is
a heterodimer (p50/p65), which is sequestered in the cyto-
plasm in an inactive form by [kBa inhibitory subunit. After
stimulation, e.g. by cisplatin, IKK complex (comprising of
IKKa, IKKf and IKKY isoforms) is activated, what leads
to IkBa phosphorylation by IKKf. Finally, this results in
ubiquitination and proteasomal degradation of IkBa and
subsequent translocation of p5S0/p65 heterodimer to nucleus,
where it regulates the expression of downstream genes [35].
It is well known that in SK-OV-3 ovarian cancer cell line,
NF-xB is constitutively active [11]. On the other hand, it was
found that SK-OV-3 has high baseline level of IKKf, while
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TOV-21G has low baseline level of IKKp [36]. Moreover,
in cisplatin-resistant cells of head and neck squamous cell
carcinoma, NF-xB/IKKf signalling is up-regulated [35].
Maybe, the constitutive activation of NF-xB is caused by
the high level of IKKp, which is also a mediator of cellu-
lar response to cisplatin. Second , this is not the only pos-
sible action of morin inside cells. This flavonol also acts
as an antioxidant, which reduces oxidative stress [7, 37].
The activity may be achieved due to the presence of the
hydroxyl groups attached at various positions in its charac-
teristic flavonoid structure, which can directly scavenge the
reactive species [38]. Nonetheless, the anti-oxidative nature
of morin results in sparing of cellular antioxidants, such as
glutathione and in vivo study showed that pre-treatment with
morin increased tissue GSH level [37, 38]. Moreover, an
increased glutathione (a nucleophilic molecule) concentra-
tion neutralizes cisplatin before its binding with the DNA,
and this leads to cisplatin-resistance [39]. As to the question
about the cause of different outcomes in our drug combina-
tion studies, it appears that the low baseline level of IKKf}
in TOV-21G compared to SK-OV-3 (according to [36]), may
increase the anti-oxidative activity of morin, due to reduced
amount of its molecular target (IKKf). Perhaps in TOV-
21G cells, simultaneous treatment with cisplatin and morin
(APP:1) moved the balance of morin activity from anti-oxi-
dative to IKK-inhibitive. However, after 24 h pre-treatment
(APP:2 and APP:3), the cells were less vulnerable to cis-
platin, what resulted in worse cellular response in APP:2
compared to APP:1. Moreover, co-administration of morin
and cisplatin for another 24 h (APP:3), caused even further
insensitivity to cisplatin. This idea could also clarify the out-
comes obtained in SK-OV-3 cells. Maybe, APP:2 gave the
worse results, because overcoming drug resistance, caused
by high baseline level of IKKp, can be achieved only during
co-treatment with morin and cisplatin (APP:1 and APP:3).
Furthermore, since the baseline level of IKK is high, in
APP:3 morin did not have an opportunity to act like the
antioxidant. Nonetheless, it should be noticed that the above
explanation might be too simplistic, due to the complexity
of the situation, caused by the involvement of multiple path-
ways associated with drug resistance.

Since we demonstrated that the combination of selected
concentrations of morin and cisplatin sensitizes ovarian can-
cer cells to cisplatin and we also mentioned the importance
of NF-kB pathway in cellular response for morin, it should
not be a surprise that we decided to evaluate whether the
sensitization of the cells is associated with the changes in the
expression of an anti-apoptotic protein, regulated by NF-kB
transcription factor [13]. This protein was galectin-3, which
exhibits similarities to BCL-2 family through sharing the
NWGR (N, asparagine; W, tryptophan; G, glycine; R, argi-
nine) anti-death motif [16—18]. Up-regulation of galectin-3
has been noticed in many cancers (however, in some occurs
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down-regulation), including ovarian cancer [5, 15-18]. It is
also well known that overexpression of galectin-3 in ovar-
ian cancer is involved in drug resistance to cisplatin and
paclitaxel [5, 15, 25]. Moreover, depletion of galectin-3
expression by siRNA enhances sensitivity of ovarian cancer
cells to paclitaxel (in SK-OV-3 cells) [5, 25] and cisplatin
[15], as well osteosarcoma cells to cisplatin [14], pancreatic
cancer cells to cisplatin and gemcitabine [16], cholangio-
carcinoma cells to cisplatin and 5-FU [18], anaplastic thy-
roid carcinoma cells to cisplatin [40], and prostate cancer
to cisplatin [41]. However, there were also some attempts
to decrease galectin-3 expression and sensitize cancer cells
to chemotherapeutic agents by natural dietary phytochemi-
cals. For example, modified citrus pectin (MCP), which is
a non-toxic polysaccharide galectin-3 antagonist, augments
prostate cancer cells to cisplatin [41]. Moreover, inhibition
of galectin-3 by MCP sensitizes SK-OV-3 ovarian cancer
cells to paclitaxel [25]. These data are consistent with our
findings that during sensitization of TOV-21G and SK-OV-3
cells to cisplatin by morin, there is a significant reduction in
galectin-3 expression at the mRNA and protein levels in both
cell lines in a dose-dependent manner (all p <0.001; Fig. 7).
Surprisingly, our results also suggest that cisplatin signifi-
cantly increases the level of galectin-3 mRNA and protein in
both cell lines (all p <0.001; Fig. 7); nonetheless, it does not
significantly affect the ability of morin to reduce the expres-
sion of galectin-3 at both levels (all p>0.05; Fig. 7). These
data are similar to that of others, which shows that cisplatin
effectively increases galectin-3 expression, what protects
K562 human leukaemia cells from apoptosis [42, 43].

To summarize, we believe that we demonstrated the
potential of morin as candidate for combination treatment
of ovarian cancer. It should also be noticed that morin has
certain advantages, which makes it an even more attractive
candidate for use in therapies. Morin has found to be more
active in blocking NF-kB activation than other flavonols
such as quercetin and kaempferol [44]. Moreover, com-
pared to morin, curcumin (another well-known inhibitor
of NF-kB) has poor bioavailability and solubility in water,
and so, its distribution in the body is limited [10]. In addi-
tion, morin appears to have no cytotoxic effect on normal
cells, even at higher concentrations. For example, the drug
did not affect the viability of MDA-MB-231 breast cancer
cells and EA.hy 926 human umbilical endothelial cells
at doses lower than 100 uM. However, at higher concen-
trations (100-200 pM), it reduced the viability of MDA-
MB-231, and surprisingly also increased the viability of
EA.hy 926 [33]. One more example is another experiment,
in which the viability of RAW264.7 macrophage cells was
not significantly altered during 24 h treatment with morin
at up to the concentration as high as 500 pM [45].
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Conclusion

In this paper, we demonstrated that morin sensitizes TOV-
21G (cisplatin-sensitive) and SK-OV-3 (cisplatin-resistant)
ovarian cancer cells to cisplatin, what is associated with a
decrease of the expression of galectin-3 (an anti-apoptotic
protein). Our findings could make morin a useful candidate
for oncological combination treatment with cisplatin. More-
over, the clinical application of cisplatin is limited by its
dose-dependent severe side effects in normal tissues, such as
nephrotoxicity, hepatotoxicity, neurotoxicity, ototoxicity and
allergic reactions [3, 7, 24]. Compensation of these adverse
effects can be achieved by combination treatment with a
drug, which would reduce the systemic toxicity by acting as
an antioxidant or by allowing to decrease the required dose
of chemotherapeutic agent [24]. In fact, it has been proven
that morin treatment along with cisplatin significantly miti-
gated the negative influence of cisplatin on liver [37] and
kidney function [7, 37, 38], through the reduction of oxida-
tive stress, inflammation and apoptosis [7]. On the other
hand, we (along with many others) have demonstrated that
morin sensitizes various cancer cells to chemotherapeutic
agents, what may allow to decrease the required doses in
clinical treatment in the future.
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