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ARTICLE INFO ABSTRACT

Keywords: Ovarian cancer represents a leading cause of cancer-related deaths in women worldwide. Chemotherapeutic
3D tumor spheroids agents are usually employed to treat the patients, and Ruthenium(II)-based compounds have been investigated as
Apoptosis

possible substitutes for platinum drugs. In this work, we studied three different Ru(II)-phosphine-mercapto
complexes (1-3) as potential cytotoxic agents against A2780 and A2780-cisR ovarian cancer cells. A time-
dependent cytotoxicity was observed for 2, which also exhibited better selectivity than cisplatin control. A
similar cytotoxic behavior was observed on 3D tumor spheroids. Although no changes were observed in cell cycle
distribution, compound 2 affected the mitochondrial membrane potential on A2780 cells, and caused cell death
via apoptotic pathway, which was confirmed by flow cytometry assay. Western blotting experiments revealed
that 2 affected the expression of p53, PCNA, yH2AX and cleaved caspase-3, making it a promising anticancer
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agent for ovarian cancer.

1. Introduction

Ovarian cancer (OC) is one of the most common cancers of the female
reproductive system and the leading cause of cancer-related deaths in
women worldwide. It can be distinguished into different types, and
epithelial ovarian carcinomas (EOCs) are identified in about 90 % of
women diagnosed with the disease [1]. In addition to surgery, treating
this disease involves different strategies such as chemo, radio, hormone,
targeted, and immunotherapies, which can be employed isolated or in
combination. Regarding chemotherapy [2], as the first treatment, a
combination of cisplatin/carboplatin and paclitaxel or docetaxel is
indicated for ovarian cancer however, its efficacy is limited due to drug
resistance. Cisplatin and carboplatin bind to DNA forming platinum
adducts, thus inhibiting both replication and transcription processes

[3,4]. Mostly, the resistance to platinum-based drugs comes from the
failure of DNA repair process, which is activated after structural alter-
ations in the double helix [5]. Additionally, the resistance in ovarian
cancer cells involves several biological tasks such as cell metabolism,
oxidative stress, cell cycle regulation, and apoptosis [6,7]. Therefore,
new strategies to overcome this issue are urgently needed.

Several metal complexes have been extensively investigated as
possible anticancer agents and Ru-based compounds are considered a
promising alternative to platinum drugs [8-13]. Although the success of
NAMI-A, KP1019, and KP1339, no one ruthenium complex presented
the requirements to reach the marketplace until nowadays [14,15].
Thus, efforts have been made in our group to obtain new Ru(Il)-based
phosphine complexes as possible chemotherapeutic agents. These
compounds have gained attention in the medicinal chemistry field due
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Fig. 1. Chemical structures of ruthenium(II) compounds (1-3). dppe = 1,2-bis
(diphenylphosphino)ethane, and Hmtz = 1,3-thiazolidine-2-thione, Hmmi =
mercapto-1-methylimidazole, and Hdmp = 4,6-diamino-2-mercaptopyrimidine.
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Fig. 2. Cytotoxicity activity of compounds 1-3 on A2780 cells after 24, 48 and
72 h. Data are presented as mean + SD of three independent replicates.

to their increased cytotoxicity against different cancer cell lines [16-22]
and their ability to interact with several biological targets, such as DNA
and mitochondria. These cellular organelles are present in most
eukaryotic cells and play a crucial role in cellular metabolism via
oxidative phosphorylation (OXPHOS) to produce adenosine triphos-
phate (ATP). Moreover, recent studies revealed that Ru(II)-phosphine
complexes can induce mitochondrial dysfunction in different cancer
cells, revealing apoptosis via mitochondrial damage as a possible
mechanism of action [ 23,24]. Despite these promising results, to the
best of our knowledge, studies involving Ru(II)-phosphine compounds
as potential chemotherapeutic agents for ovarian cancer cells are
limited, and there is a lack of deeper biological investigations on the
theme.

Here we investigate the in vitro anticancer profile of three ruthenium
compounds with the general formula [Ru(N—S)(dppe)2]PFg {dppe =
1,2-bis(diphenylphosphino)ethane and N-S = 1,3-thiazolidine-2-thione
(1, mtz), mercapto-1-methylimidazole (2, mmi) or 4,6-diamino-2-mer-
captopyrimidine (3, dmp) in their deprotonated forms} against A2780
(Human Ovarian Carcinoma) and A2780-cisR (Human Ovarian Carci-
noma Cisplatin Resistant) (Fig. 1). Compound 2 [Ru(mmi)(dppe)2]PFg
was further studied to obtain a deeper understanding of its biological
profile. Morphological and clonogenic experiments were also per-
formed. We demonstrate that 2 causes disruption of mitochondrial
membrane potential (MMP) and induces cell death via apoptosis without
affecting cell cycle distribution on A2780 ovarian cancer cells.
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2. Experimental section
2.1. Synthesis and characterization

All Ruthenium compounds (1-3) have been previously reported
[25]. In a Schlenk flask with a mixture of 15 mL of methanol and 15 mL
of CH,Cl; previously degassed, 0.12 mmol of the respective mercapto
ligand was added along with 32 pL (24 mmol) of triethylamine. Poste-
riorly, 0.10 mmol (0.097 g) of the precursor cis-[RuCly(dppe)2] and 0.13
mmol (0.024 g) of KPFg were added to the flask. The system was kept
under stirring and reflux for approximately 12 h. The volume of the
solution was reduced to about 2 mL and water was added to precipitate a
yellow powder. The precipitate was filtered off, washed with water and
ethyl ether, and dried under vacuum. 31p NMR spectra were recorded on
a Bruker DRX 400 MHz using CH,Cly/D-0. Elemental analyses were
performed in the Microanalytical Laboratory at the Universidade Fed-
eral de Sao Carlos, Sao Carlos, Brazil, with an EA 1108 CHNS micro-
analyzer (Fisons Instruments). Mass spectrometry analyses were
performed using an Agilent 6545 ESI-QTOF-MS instrument. The target
MS/MS data were produced across the mass range of 50-1200 Da.
Samples were dissolved in MeOH/0.1 % formic acid and analyzed by FIA
in a flow rate of 0.35 mL min ' and volume injection of 2.0 pL at 38 °C.
The mobile phase consisted of H,O + 0.1 % formic acid and MeOH +0.1
% formic acid (20:80) with 4.0 min of analysis time.

2.2. Biological investigation

2.2.1. Cell culture

The ruthenium compounds (1-3) were tested against human ovarian
cancer cells A2780 (ECACC 93112519), cisplatin-resistant human
ovarian cancer cells A2780-cisR (ECACC 93112517) and non-cancerous
lung cells MRC-5 (ATCC CCL-171). The cells were routinely maintained
with Roswell Park Memorial Institute 1640 medium (RPMI 1640, for
A2780 and A2780-cisR) or Dulbecco’s modified Eagle’s medium
(DMEM, for MRC-5) supplemented with 10 % fetal bovine serum (FBS),
at 37 °C in a humidified 5 % CO, atmosphere. The cells were obtained
from Rio de Janeiro Cell Bank (BCRJ). Cell culture media and FBS were
obtained from Vitrocell and Gibco, respectively.

2.2.2. Invitro cytotoxicity

The cytotoxic activity of the complexes was investigated via 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
[26]. Cells were seeded in 96-well plates (150 pL/well) and incubated
for 24 h (37 °C, 5 % COy).

After this period, 0.75 pL of the compounds were added at 8 different
concentrations (0.012 to 30 pmol L’l), containing a final concentration
of 0.5 % DMSO, and the plates were kept in the incubator for 24, 48 or
72 h. After the incubation, 50 pL of MTT (1.0 mg mL~! in PBS) was
added to each well and the cells were incubated again for 4 h. After that,
the medium was removed, and the formazan crystals formed were sol-
ubilized by adding 150 pL of isopropyl alcohol. The absorbance was
measured using a microplate spectrophotometer (BioTek™, Epoch™) at
540 nm. All compounds were tested in three independent experiments
performed in triplicate. Cisplatin drug was also tested as the positive
control and DMSO was used as the negative control (0.5 %). From the
absorbance, ICs (concentration required to inhibit cell viability by 50
%) was calculated using GraphPad Prism 8.0 software and reported as
mean + standard deviation.

2.2.3. Morphological changes

Cells (0.6 x 10° cells/well) were seeded in a 12-well plate and after
24 h were treated with different concentrations of 2 for an additional 48
h (0.5 x ICsp, ICs9, 2 x ICs9 and 4 x ICsy concentrations based on
cytotoxicity results for 48 h). Cells were examined at 0, 24, and 48 h
under an inverted optical microscope (NIKON ECLIPSE TS100) with a
10 x objective lens, coupled with a Motcam 1SP camera. DMSO was
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used as the negative control (0.5 %). The morphological changes of the
cells exposed to the treatment were compared to those of the negative
control.

2.2.4. Clonogenic assay

A total of 500 cells were cultured per well in a 6-well plate. After 24
h, 2 was added at different concentrations (0.5 x ICs, ICs0, 2 x IC59 and
4 x ICsp concentrations based on cytotoxicity results for 48 h). The
plates were incubated (37 °C, 5 % CO3) during 48 h. Then, the culture
medium was replaced by a fresh medium and the plates were incubated
for an additional 10 days. After this period, the culture medium was
removed, and the wells were washed with PBS. The colonies formed
were fixed with a methanol/acetic acid (3:1) solution (30 min), and then
colored with violet crystal 0.5 % (30 min). Further, the plates were
washed with water and dried. The images were taken using an Invi-
trogen iBright 1500 Imaging System (Thermofisher). The test was per-
formed in triplicate and DMSO was used as the negative control (0.5 %).
Relative survival was calculated using ImageJ software using the “Col-
ony Area” Plug-in and the “Watershed” and “Analyze Particles” func-
tions. The parameters size (0.01-infinity) and circularity (0.30-1.00)
were employed.

2.2.5. MCTS growth inhibition

For the multicellular tumor spheroids (MCTS) culture, the Bioprint
Kit from Magnetic 3D Cell Culture Technology m3D-Greiner (Greiner
Bio-One, Frickenhausen, Germany) was used. In a 25 cm? bottom con-
taining A2780 cells, was added 150 pL of nanoparticle solution (Nano-
Shuttle - PL) for the magnetization. After 24 h, the cells were trypsinized,
counted and seeded in a 96-well plate (1.5 x 10° cells/well). The plate
was used in a magnetic drive to obtain the spheroids and incubate at
37 °C and 5 % CO,. The growth was observed using a microscope
CELENA® S Digital Imaging System (Logos Biosystems). After this
period, compound 2 was added at different concentrations (0.1, 0.4, 1.0,
6.25 and 10 pM) and incubated for 6 days. After the last day, 4',6-dia-
midino-2-phenylindole (DAPI) and propidium iodide (PI) were added
and the images were taken using a CELENA® S Digital Imaging System
(Logos Biosystems). The diameters of the spheroids were analyzed using
ImageJ software and treated statistically in GraphPad Prism 8.0.

2.2.6. Cell cycle analysis

The distribution of cell cycle was investigated by flow cytometry.
A2780 cells (1.0 x 10° cells/well) were seeded in a 12-well plate and
incubated (37 °C, 5 % COy) for 24 h. After this period, 2 was added at
different concentrations (0.5 x ICsg, ICsg and 2 x ICsq concentrations
based on cytotoxicity results for 48 h) and the cells incubated for an
additional 24 h. Subsequently, the cells were collected with a scraper,
washed with ice-cold PBS, and fixed in 70 % ethanol at —20 °C for 24 h.
After fixation, the cells were centrifuged at 2000 rpm and 4 °C for 10
min, resuspended in 250 pL of PBS buffer containing RNAse A (0.2 mg
mL 1) and PI (Propidium Iodide, 5 pg mLfl), and incubated for 30 min
on ice and in the dark. The DNA contents were analyzed on an Accuri C6
(BD Biosciences) flow cytometer;; 10 000 events were recorded. The cell
cycle phase distribution was analyzed in triplicate by using the FlowJo
Software. Treated cells with DMSO (0.5 %) were the negative control.

2.2.7. Mitochondria membrane potential test

A2780 cells were seeded at a density of 1.0 x 10* cells/well in black
96-well plates (Corning) and maintained at 37 °C in a 5 % CO4 atmo-
sphere for 24 h. Cells were treated with different concentrations of 2
(0.01-5 pM) and incubated for an additional 24 h. After this period, the
medium was removed and treated with a JC-1 solution (100 pL, culture
medium without phenol red) and maintained at 37 °C in a 5 % CO»
atmosphere for 30 min. After incubation, the cells were washed with
PBS, the fluorescence signal of JC-1 was read using a Synergy/H1-Biotek
fluorometer (aggregate, Ex/Em: 535/590 nm and monomer, Ex/Em:
475/530 nm), and the images were taken using a CELENA® S Digital
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Imaging System (Logos Biosystems). The data were analyzed using
GraphPad Prism 8 software.

2.2.8. Apoptosis assay

The programmed cell death was evaluated by flow cytometry using
an annexin-V-PE Apoptosis Detection Kit (BC Biosciences). A2780 cells
(1.0 x 10° cells/well) were seeded in a 12-well plate and incubated
(37 °C, 5 % COy3) for 24 h. Then, the cells were exposed to increasing
concentrations (0.5 x ICsg, ICsg, 2 x ICs¢ and 4 x ICsg concentrations
based on cytotoxicity results for 48 h) of 2 for 24 h. After treatment, the
medium was removed, 150 pL of binding buffer was added to each well,
PE-Annexin V (2.5 pL) and 7ADD (2.5 pL) were added, which was fol-
lowed by incubation in the dark at room temperature for 20 min. Then,
under ice, the cells were collected with a scraper, centrifuged at 1000
rpm and 4 °C for 5 min, the supernatant removed, resuspended in 200 pL
of binding buffer, and analyzed on an Accuri C6 (BD Biosciences) flow
cytometer; 10 000 events were recorded. Cell samples were analyzed in
an Accuri C6 flow cytometer (BD Biosciences) using FL2 and FL3
channels. DMSO (0.5 %) was used as the negative control and the
experiment was performed in triplicate.

2.2.9. DAPI/PI staining

Cells (0.7 x 10° cells/well) were seeded in a 12-well plate and after
24 h, were exposed to 2 (2 x ICsq) for an additional 48 h. Then, the cells
were incubated with 4',6-diamidino-2-phenylindole (DAPI) and propi-
dium iodide (PI) for 1 h and the images were taken using a CELENA® S
Digital Imaging System (Logos Biosystems).

2.2.10. Western blotting

The effect of compound 2 on some molecular signaling pathways was
studied using Western blot assay. In this sense, its action on genomic
stability, cell proliferation, capacity to induce DNA damage and
apoptosis was evaluated through the expression of the proteins p53,
PCNA, yH2AX and cleaved caspase-3, respectively. The A2780 cells were
treated with the 2 at concentrations of ICsg and 2 x ICsg for 24 h.
Experimental procedures were conducted as described by Ribeiro et al.
[27] Cells were lysed using RIPA buffer supplemented with phosphatase
and protease inhibitors (Sigma-Aldrich). Protein concentrations were
measured using the BCA assay (Thermo Scientific, Waltham, Massa-
chusetts, USA). Protein extracts (120 pg) were loaded onto a 12 %
polyacrylamide gel (SDS-PAGE) and separated by electrophoresis, fol-
lowed by transfer to a polyvinylidene fluoride (PVDF) membrane (Bio-
Rad Laboratories, Hercules, California, USA). The PVDF membrane was
blocked for 2 h in Tris-buffered saline with 0.1 % Tween (TBST, Bio-Rad
Laboratories) containing 5 % of non-fat dry milk.

After blocking step, the membrane was incubated overnight at 4 °C
with the primary antibodies: p53 (DO-1) (Santa Cruz Biotechnology,
Dallas, Texas, USA; 126), PCNA (D3HS8P) (Cell Signaling, Danvers,
Massachusetts, USA;13110S), phosphorylated histone yH2AX (Ser 139)
(Santa Cruz Biotechnology, Dallas, Texas, USA; sc-517348), and cleaved
caspase-3 (Asp 175) (Cell Signaling; # 9661). The anti-beta actin anti-
body was used as the loading control (Cell Signaling; 13E5).

The membrane was subsequently incubated for 1 h at room tem-
perature with secondary antibodies (anti-mouse m-IgGk BP-HRP - Santa
Cruz Biotechnology - 516102; and anti-rabbit IgG-HRP - Li-Cor - 926-
80011). The protein bands were detected using Immobilon Western
Chemiluminescent HRP Substrate reagent (Merck). The intensity, ab-
solute area, and relative percentage of area of band were determined
using the ImageJ software.

The results were expressed as the ratio between the relative per-
centage of the band area of the target antibody (p53, PCNA, yH2AX,
and/or cleaved caspase-3) and the relative percentage of the band area
of the p-actin antibody (loading control), according to the following
formula:
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Table 1

In vitro cytotoxicity (ICso, pM) results against A2780 and A2780-cis ovarian
cancer cells, and non-cancerous lung cells MRC-5 after 48 h of incubation. Data
are presented as mean =+ SD of three independent replicates. Hmtz: 1,3-thiazoli-
dine-2-thione, Hmmi: mercapto-1-methylimidazole and Hdmp: 4,6-diamino-2-
mercaptopyrimidine. SI1 = ICso MRC-5/ICso A2780; SI2 = ICso MRC-5/ICsq
A2780-cis.

Complex A2780 A2780-cisR MRC-5 SI1 SI2
1 0.25 £ 0.04 0.19 + 0.05 1.11 +£ 0.09 4.44 5.84
2 0.11+£0.01 012:+0.08  071+012 645 5.92
3 0.97 + 0.13 1.49 £0.31 1.22 £ 0.15 1.26 0.82
Hmtz > 100 > 100 > 100 - -
Hmmi > 100 > 100 > 100 - -
Hdmp > 100 > 100 > 100 - -
[RuCly(dppe)-] 0.93 + 0.01 0.94 + 0.22 2.83 + 0.06 3.04 3.04
Cisplatin 8.73 £ 0.45 37.02 £ 5.10 29.09 £ 0.79 3.33 0.79
Ratio — (R.P.( antibody of %nterest) )
R.P.p — Actin

The data obtained were statistically analyzed using analysis of
variance (ANOVA) for completely randomized experiments, with the
calculation of the F-statistic and its respective p-value. In cases where p
< 0.05, Tukey’s test was used to calculate the minimum statistical dif-
ference for p = 0.05. Statistical analysis was performed using GraphPad
Prism 8 software.

3. Results and discussion
3.1. Synthesis and characterization

The reaction between the precursor [RuCly(dppe)2] and the respec-
tive mercapto ligands (N—S) in the presence of EtsN provides the
complexes 1-3. These compounds were characterized by 3'P NMR and
mass spectrometry, and their purity confirmed by elemental analyses
(See Supplementary Information) [25]. 31P{lH} NMR experiments
confirmed their stability in DMSO during 48 h, as reported by Silva and
co-workers [25]. After characterizing the Ru(II) compounds, these same
samples were used for the biological experiments.

Control % IC,,

Journal of Inorganic Biochemistry 265 (2025) 112819
3.2. In vitro cytotoxicity

The cytotoxicity of compounds 1-3 was investigated on A2780 and
A2780-cisR ovarian cancer and MRC-5 non-cancerous lung cells using
MTT assay. In general, all compounds presented better performance
against A2780 cells in comparison to the resistant lineage and were
more cytotoxic than cisplatin control (Table 1). These Ruthenium
complexes were also cytotoxic on MRC-5 non-cancerous cells, exhibiting
ICsp values from 0.71 to 1.22 pM. Although our results revealed 2 as the
most cytotoxic compound on ovarian cells, we should highlight the
similar behavior for 1 in different cancer cell lines, such as A549 (lung)
and MDA-MB-231 (breast) [25]. Analogous compounds, such as Ru(mtz)
(dppb)(bipy)]PF¢ and Ru(mmi)(dppb)(bipy)]PF¢ were cytotoxic on
these cell lines, exhibiting lower ICsq values around 0.11-0.22 pM (bipy
= 2,2"-bipyridine and dppb = 1,4-bis(diphenylphosphino)butane) [28].
As observed, the free mercapto ligands had no activity at the maximum
concentration tested (100 pM).

In a next step, we were able to assess the selectivity index (SI) for
these compounds. The results revealed 2 as the most promising com-
pound, exhibiting the best SI index on A2780 cells. It should be high-
lighted that 2 was found as more selective than 1 and 3, and 2-fold more
selective than cisplatin drug.

To verify the time-dependent cytotoxicity of the complexes we
evaluate their activities after 24 h and 72 h of incubation (Fig. 2). The
results revealed that the incubation-time effect cause slightly changes on
cytotoxicity* of 1 and 2. For example, the ICso values goes from 0.32 to
0.07 puM (for 1) and from 0.21 to 0.03 pM (for 2). Although 3 presented
the lowest cytotoxicity, the incubation time revealed a remarkable
change in its ICs9, which goes from 1.26 to 0.34 pM (almost 4 times
increased activity). This behavior was previously reported for other
metal-based compounds in ovarian cancer cells [29,30].

3.3. Morphological and clonogenic assays

The morphology of ovarian A2780 cancer cells was studied after
exposition to compound 2 during 48 h. Alterations in the shape of the
cells were observed, and non-adherent and spherical cells were found,
mainly after 24 h of treatment at concentrations higher than ICsg, which
are typical marker of cell death (Fig. 3) [31]. Upon verifying morpho-
logical alterations on A2780 cells, a clonogenic assay was performed to
study how 2 affected the colony formation in this cell line [32] (Fig. 4).

2 xICy, 4 xIC,,

Fig. 3. Microscopy images showing the cellular morphology of A2780 cells after 48 h treatment with different concentrations of 2. DMSO was used as negative

control (0.5 %).
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Fig. 4. Effects of compound 2 on colony formation. (a) Assessment of the cell survival by clonogenic assay. Representative colony formation images of A2780 cells
after treatment with different concentrations of 2. A representative image from one of the triplicates is shown. (b) Quantitative data representing the colony number
and area with relation to the concentration of 2. DMSO was employed as negative control (0.5 %). Data are expressed as mean + SD of three independent mea-

surements. The statistical analysis was performed with one-way ANOVA test (*p < 0.05; **p < 0.01; ***p < 0.001 and **

Thus, A2780 cells were treated with different concentrations of the
compound, and the colonies formed after 10 days were colored with
violet-blue, washed and dried. The results presented in Fig. 4a revealed a
decrease on the cell survival upon treatment with 2 at 0.05 pM (% ICsq
concentration). The number and the area of the colonies were drastically
reduced with the increasing the concentration, thus revealing both
cytotoxic and cytostatic activities of 2 (Fig. 4b). This behavior has been
reported for similar Ru-phosphine compounds on different cell lines
[17,22].

3.4. MCTS growth inhibition

After evaluation of the cytotoxicity on 2D monolayer cells, the effect
of 2 was studied on multicellular tumor spheroids (MCTS). The 3D
approach presents advantages compared to conventional 2D assays.
MCTS are cell aggregates that simulate the gradient of nutrients and
oxygen, mimicking the in vivo tumor environment [33-35]. In this
experiment, the spheroids were incubated for 6 days upon the treatment
with the ruthenium(II) compound at different concentrations. As shown
in Fig. 5a and b, 2 inhibited the spheroid growth at 0.4 pM, leading to a
decrease in tumor volume after 48 h of treatment. It is worth mentioning
that the cell death was triggered in 3D MCTS only in concentrations
higher than observed in the 2D assay, as observed for other Ru(II)-based
compounds [36]. Further, to obtain more insights regarding the cell

p < 0.0001).

damage, DAPI/PI dual staining assay was performed after day 6
(Fig. 5¢). The images reveal a similar profile for 2 in a concentration
range from 0.4 to 10 pM, which is reinforced by the intensification of PI
colour, confirming the cell death.

3.5. Mechanism of action

A series of targeted biological experiments were performed to gain a
deeper understanding of the mechanism of action of compound 2. First,
cell cycle analysis distribution was assessed by flow cytometry. As pre-
sented in Fig. 6, most of the untreated cells were found at the G1 phase of
the cell cycle (~ 62 %) (Fig. 6a). The effect of compound 2 is only
observed at concentrations higher than ICsy, where it can see a change in
cell cycle distribution due to an increase of cells at the G1 phase. It
should be mentioned compound 2 probably acts differently from
cisplatin since studies have reported that this drug promotes the arrest of
the S phase in ovarian A2780 cancer cell [37].

In the second part of our investigation, we decided to study the
mitochondrial membrane potential (MMP, Aym) of these cells. As
mentioned, some Ru-based compounds are able to affect the mito-
chondrial membrane and this behavior is typical of apoptotic cell death
[41]. For this, we monitored the JC-1 fluorescence upon its accumula-
tion in the healthy/damaged mitochondria. JC-1 is cyanine dye that can
be used as a sensitive MMP indicator.
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Fig. 5. Changes in the growth kinetics of MCTSs treated with 2 at different concentrations (0.1, 0.4, 1.0, 6.25, and 10 uM). (a) Images were collected on day O (before
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When accumulated in a healthy mitochondria (higher membrane
potential), JC-1 forms red-fluorescent aggregates, emits fluorescence at
590 nm (red). In the other hand, if a mitochondrial damage is detected
(higher membrane potential), JC-lchanges to a monomeric form,
emitting fluorescence at 530 nm (green) (Fig. 6b). Fig. 6¢ shows the ratio
red-to-green JC-1 fluorescence before and after treatment with 2. As
expected, a red fluorescence is observed in the absence of the ruthenium
compound, revealing JC-1 in an aggregate form. However, after the
treatment, a decrease on the signal is detected, indicating a mitochon-
drial damage, which is an event of apoptosis [38,41].

As Aym decreasing is a process related to apoptotic damage, this cell
death process was further studied by flow cytometry using 7-AAD (7-
Aminoactinomycin D) and annexin V staining. While 7-AAD can pene-
trate into cell membranes of dead or damaged cells, anexin V binds to
the membrane phospholipid phosphatidylserine (PS) that is exposed in
apoptotic cells. For the experiments, A2780 cells were treated with
compound 2 at different concentrations and the cells were categorized
as viable, early apoptosis, late apoptosis, and necrosis. As presented in
Fig. 7a, in the control (CTRL) most of ovarian cells were viable (96.3 %),
indicating the absence of apoptotic cells. On the other hand, a remark-
able change was verified after addition of 2 at concentrations lower than
ICso. As shown, the total of cells undergoing to the apoptotic process
(early apoptosis + late apoptosis) is 29.8 %. Curiously, at the highest
concentration tested (4 x ICsg), the total of apoptotic cells was 40.4 %,
indicating that this slight increase in the apoptosis process had no direct
correlation with the concentration of Ru(Il) compound.

To reinforce these findings, cell images using fluorescence micro-
scopy were taken in a presence of 2 at 0.40 pM (4 x ICsg concentration).
Then, DAPI and PI fluorescent dyes were added and the images were
captured after additional 1 h incubation. The fluorescence intensity was

monitored by imaging using an excitation wavelength for DAPI and PI
coupled in a CELENA® S Digital Imaging System. As observed in Fig. 7b,
the co-localization of DAPI and PI was determined. Different from DAPI
internalization, PI is selective for cells undergoing to apoptosis, which is
represented by condensed and fragmented chromatin. Our results
qualitatively confirm the cell death caused by 2, which is in agreement
with flow cytometry results.

3.6. P53, PCNA, yH2AX and cleaved caspase 3 expression

Fig. 8 presents the results obtained from the analysis of the levels of
proteins p53, PCNA, yH2AX, and cleaved caspase-3 in A2780 cancer cell
after treatment with 2 at ICsg and 2 x ICso concentrations. The results
demonstrate an increase in the expression levels of p53, an important
marker for cell cycle control, DNA repair, and apoptosis induction, in
both concentrations tested. The expression levels of PCNA, a cell pro-
liferation marker, decreased significantly with both concentrations of 2.
In the other hand the expression levels of yH2AX and cleaved caspase-3,
markers of double-strand DNA damage and apoptosis, respectively,
increased in the presence of 2, in a concentration-dependent manner.
These findings suggest that treatment with Ru at both concentrations
induces A2780 cell death by apoptosis, likely due to double-strand DNA
damage and failure in cellular repair mechanisms, in accordance with
our flow cytometry results.

These findings suggest that 2, under these experimental conditions,
interacts with DNA, causing damage to the genetic material of tumor
cells, leading to increased expression of p53 and, therefore, acts on the
cell cycle, leading to the induction of apoptosis, which is observed by
increased levels of cleaved caspase 3 [39,40]. Thus, the modulation of
this pathway significantly reduced the proliferation of cancer cells,
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resulting in a decrease in PCNA expression.
4. Conclusion

We studied the anticancer potential of three ruthenium(Il)-
diphosphine complexes (1-3) against ovarian cancer cells. Complex

[Ru(mmi)(dppe)2]PF¢ (2) showed a better performance against A2780
cells, with ICso values equal to 0.11 pM and higher selectivity than
cisplatin control. This complex affects the morphology and colony for-
mation in these cells, exhibiting both cytotoxic and cytostatic effects.
Flow cytometry and fluorescence microscopy revealed that 2 acts via an
apoptotic pathway changing the mitochondrial membrane potential.
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