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Abstract: So far, the polyphenolic components of turmeric have shown a significant pharmacological
preventative activity for a wide spectrum of diseases, including oncological disorders. This type of
natural product could be of great interest for the inhibition of cancer cell proliferation, displaying
less side effects in comparison to classical chemotherapeutics. The poor bioavailability and quick
metabolism of such natural compounds require new investigative methods to improve their stability
in the organisms. A synthetic approach to increase the efficiency of curcuminoids is to coordinate them
to metals through the beta-dicarbonyl moiety. We report the synthesis and the biological attempts on
human ovarian carcinoma A2780 of ruthenium(II) complexes 1–4, containing curcuminoid ligands.
The cytotoxicity of complexes 1–4 proves their antiproliferative capability, and a correlation between
the IC50 values and NF-κB transcription factor, FGF-2, and MMP-9 levels was figured out through
the principal component analysis (PCA).

Keywords: bisdemethoxycurcumin (BDMC); syringaldehyde curcumin; ruthenium(II) complexes;
cytotoxicity; NF-κB; FGF-2; MMP-9

1. Introduction

Curcumin, used for hundreds of years in Indian and Ayurvedic medicine, is ob-
tained from the plant Curcuma longa L., Zingiberaceae [1,2]. This natural polypheno-
lic molecule exhibits numerous biological activities, including antithrombotic [3], anti-
inflammatory [4], immunomodulatory [5], antioxidant [6], antiarthritic [7], plumoprotec-
tive, lipid-modifying [8], antidiabetic [9], hepatoprotective [10], nephroprotective [11] and
anticancer [12] properties. The antitumor effect of curcumin acts in various stages of car-
cinogenesis, including the prevention of cancer inflammation, inhibition of the activation of
oncogenes, induction of apoptosis, inhibition of proliferation of cancer cells, prevention of
metastasis, and sensibilization of cancer cells on chemotherapy [13]. Despite the mentioned
beneficial effects, there are some disadvantages to these phytochemicals (weak absorption,
low bioavailability, rapid metabolism, and fast systemic elimination [14]), which prevent
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their clinical use. These drawbacks can be overcome by designing new drugs with modu-
lated pharmacological and biological properties with superior antitumor activity and lower
toxicity compared to recent treatments.

Towards the three main constituents of turmeric, curcumin (CUR), demethoxycur-
cumin (DMC), and bisdemethoxycurcumin (BDMC), the latest curcuminoid possesses
multiple mechanisms of action. BDMC inhibits cell proliferation, invasion and migration,
metastasis, and tumor growth and induces apoptosis in tumor cells, and generates ROS
levels in breast cancer, lung cancer, gastric cancer, and ovarian cancer [15,16]. It may act
also as a potential novel antimetastatic agent for the treatment of human cervical cancer by
suppressing migration and invasion of HeLa cells via inhibition of NF-κB, MMP-2, and -9
pathways [17,18]. BDMC can significantly alleviate in vivo nephrotoxicity caused by cis-
platin through anti-oxidant and anti-inflammatory effects and has a synergistic anti-cancer
effect with cisplatin [19].

To increase the pharmacological effects of natural compounds such as curcumin,
alongside the use of nanoparticles, liposomes, phospholipid complexes, and micelles, the
complexation of curcumin with transition metal ions enhances the bioavailability and
solubility in water and improves the pharmacodynamic effects of curcumin. The capabil-
ity of curcumin-like ligands to coordinate to metal centers and to form complexes with
improved properties might be one of the pathways to lower the beforementioned disad-
vantages of these compounds. Metal complexes of curcuminoids exhibit higher stability
under physiological conditions and easy detection in vivo, showing a broad potential in
molecular imaging and anticancer strategies [20,21]. The highly conjugated β-diketone
moiety found in the chemical structure of curcumin can readily form metal chelates of type
1:1 and 1:2 with several metal ions with divalent and trivalent inorganic molecules like
Mn2+, Fe2+, Cu2+, Zn2+ and Ru2+ [22]. Over the past decade, the complexation of curcumin
with metal ions was reported to be one of the most practical approaches for the evalua-
tion of pharmacological effects of curcumin, like anticancer, antioxidant, antimicrobial,
and anti-inflammatory properties [23]. Additionally, the chelates of curcuminoids with
various kinds of metals could increase photostability, phototherapeutic capability, and
pro-apoptotic effect [24]. Metal-based complexes of curcuminoids not only improved the
biological activity but also reduced the original toxicity of curcuminoids [4]. Previously
synthesized ruthenium complexes with BDMC showed increased cytotoxicity in breast
cancer cell line [25] and bifunctional ruthenium(II) polypyridyl complexes of curcumin has
shown potential anticancer activities by interacting with DNA and MEK/ERK signaling
pathway as well as DNA intercalation [26] and therefore further research of such molecules
should be the subject of the new study.

In the development of new metal-centered complexes designed for precision therapy,
an important role is played by ruthenium compounds [27], which can act as good alter-
natives to standard platinum-based drugs [28]. Several reports about the effectiveness
of ruthenium complexes against gastrointestinal tumors [29], and breast cancer cell lines
in vitro, have been published. Certain ruthenium complexes are more selective than cis-
platin [30], having the capacity to target several genes in ovarian cancer cells [31], including
those responsible for the resistance of the A2780 tumor to platinum-based standard drugs.
These complexes may be effective even against platinum drug-resistant cancer cells [28].
The central metal modulates the mechanism of action of the metallodrug [32], but the multi-
faceted metal-ligand interaction is the basis of drug function, therefore improving the ligand
could be an efficient structure-based design for novel Ru(II) complexes. It is noteworthy
that curcumin derivates themselves are good inhibitors against tumor cell growth [33,34]
and might serve as ligands in antitumor metal complexes [35]. Bipyridyl-like derivatives
are used in syntheses to improve the cytotoxicity of metal-based complexes forming weak
and reversible interactions towards DNA during the DNA self-repair processes [36].

Several studies of Ru(II) complexes with bipyridyl [37] revealed the antitumor prop-
erties of such compounds. One of the studies on biological systems has been done on the
A2780 cell population [38]. However, the cytotoxicity of the compound was modest. The
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Ru(II) complex with dimethyl-bipyridyl exhibited certain toxicity [39], and therefore it was
utilized as a chelating ligand or embedded in nanostructures [40]. Further investigations
used both mentioned complexes mainly as a precursor for more potent compounds.

The present paper reports the synthesis, characterization, and determination of cyto-
toxicity for four ruthenium complexes (1–4) containing bisdemethoxycurcumin (BDMC)
ligand L1 and syringaldehyde curcumin ligand L2. Biological tests conducted for com-
plexes 1–4 against the A2780 human ovarian adenocarcinoma cell lines, involved the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, the FGF-2 (Soluble
basic Fibroblast Growth Factor production), the MMP-9 (Matrix metalloproteinase-9), and
the intracellular nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB).

2. Results and Discussion
2.1. Synthesis and Structural Characterization of Ruthenium Complexes

Four ruthenium complexes 1–4, have been synthesized (Figure 1), structurally charac-
terized, and biologically tested on the human carcinoma A2780 cell line.

Molecules 2022, 27, x FOR PEER REVIEW 4 of 16 
 

 

 

Figure 1. Scheme of preparation of ruthenium complexes with bisdemethoxycurcumin and syrin-
galdehyde curcumin; a−DMF, 5 h reflux, b−B2O3, (nBuO)3B, nBuNH2, HCl, c−DMF/H2O, Na2CO3, 
3h reflux. 

. 

Figure 2. Structures of prepared ruthenium complexes 1−4. 

2.2. Biological Attempts-Cytotoxicity 

Figure 1. Scheme of preparation of ruthenium complexes with bisdemethoxycurcumin and sy-
ringaldehyde curcumin; a—DMF, 5 h reflux, b—B2O3, (nBuO)3B, nBuNH2, HCl, c—DMF/H2O,
Na2CO3, 3 h reflux.

Complexes 1 and 2 contain the bisdemethoxycurcumin (1,7-bis(4-hydroxyphenyl)-
hepta-1,6-diene-3,5-dione) ligand L1, and complexes 3 and 4 contain the syringaldehyde
curcumin (1,7-bis(3,5-dimethoxy-4-hydroxyphenyl)-hepta-1,6-diene-3,5-dione) ligand L2.
The preparation of complexes 1–4 was done following a general procedure by reacting the
intermediate ruthenium complexes Ru(dmbpy)2Cl2 and Ru(bpy)2Cl2, respectively, with
the corresponding curcuminoids L1 and L2 in a ratio of 1:1. Reactions were carried out
for 3 h at reflux. The final products 1–4 (Figure 2) obtained as dark brown powders were
purified by silica gel chromatography and structurally characterized by 1H NMR, 13C
NMR, IR spectroscopies, elemental analysis and by MS spectrometry. Attempts for X-ray
diffraction measurements have been done for complexes 1–4, prepared in powder form.
The X-ray diffraction measurements indicated an amorphous form of the samples as there
was not seen any diffraction of the samples. The stability of complexes 1–4 was monitored
by UV-Vis spectroscopy in an interval of 72 h. UV-Vis spectra were measured each 24 h. No
significant changes are observed in the absorption maxima (λmax) of the four complexes
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1–4, therefore there are no doubts concerning their stability in methanol and in a stock
solution (ethanol/water).
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2.2. Biological Attempts-Cytotoxicity

The ligands L1, L2, and complexes 1–4 display a dose-dependent inhibitory capacity
against A2780 ovarian cancer cell populations subjected to in vitro treatment. Different IC50
values exhibited by the studied compounds are presented in Table 1. In all cases, the toxicity
was time-dependent. The cytotoxicity is associated with low IC50 concentrations; ligands L1
and L2 exhibited superior IC50 values after 24-, 48-, or 72-h of exposure (one-way analysis
of variances, Bonferroni’s multiple comparison test in the 95% confidence interval) Thus,
ligands L1 and L2 are less cytotoxic than the Ru(II) complexes or carboplatin, the standard
metal-based drug employed in ovarian cancer treatment. The activity of complexes 1–4
folded higher than the activity of ligands in each analyzed time point, with special emphasis
on complex 2, the most cytotoxic.

Table 1. Half maximal inhibitory concentrations (best-fit IC50 values, µM) of ruthenium complexes
1–4, a mathematical parameter reflecting their cytotoxicity against A2780 ovarian cancer cells in vitro
(SEM—standard error of the mean, resulted from three independent experiments).

IC50Concentration
(µM) L1 L2 Complex 1 Complex 2 Complex 3 Complex 4 Carboplatin

Duration of
Treatment IC50 SEM IC50 SEM IC50 SEM IC50 SEM IC50 SEM IC50 SEM IC50 SEM

24 h 210.29 8.12 226.91 7.61 196.72 8.49 143.55 6.948 82.81 13.10 113.36 4.69 103.78 6.51
48 h 130.63 3.45 184.12 6.50 48.33 4.06 3.12 0.050 5.29 0.41 78.87 2.99 37.04 2.24
72 h 107.85 3.34 126.96 14.76 1.32 0.11 0.50 0.064 3.35 0.05 22.92 1.26 9.52 0.13
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After 24-h, the IC50 values were relatively high for all complexes, above 100 µM,
with only one exception: complex 3, where the values are comparable with that of NAMI-
A [41], RAPTA-C [42], KP1019, and AZIRu [43], intensely studied ruthenium compounds
against the A2780 cell line. When the exposure was prolonged, the IC50 values dropped
significantly, especially for 2 and 3, which denote a fold higher inhibitory capacity. For all
compounds, their best inhibitory capacity was recorded after 72 h; three of them: 1, 2, and
3 have IC50 values under 5 µM, while 4 has an IC50 value of 22.9 µM. After 24 h carboplatin
cytotoxicity was comparable with 2, 3, and 4 (no significant differences, p > 0.05), and
slightly better than 1. After 48- and 72-h exposure, superior cytotoxicity of 2 and 3 (one-way
analysis of variances, p < 0.05) was observed. While the populations treated with complexes
2 and 3 evolved rapidly towards cell death, 1 needed 72 h for its best antitumor outcome,
and complex 4 increased its toxicity substantially over time (Table 1).

2.3. The Influence of Ruthenium Complexes on Nuclear Factor Kappa-Light-Chain-Enhancer of
Activated B Cells (NF-κB Transcription Factor) p65 Subunit

The NF-κB p65 transcription factor level in A2780 cells was reflected by the intensity
of fluorescence emission (Figure 3) and for all measurements made on treated or untreated
cells, the values were validated as being in the interval between the negative and positive
control provided by the manufacturer of the assay kit (Section 3). The IC50 concentrations of
1–4 were used in the functional tests. The basal NF-κB p65 activation in the untreated A2780
cells had a slightly increasing tendency in time, however without statistical significance.
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Figure 3. The semiquantitative evaluation of the ruthenium complexes influence on total intracellular
NF-κB p65 transcription factor activated in ovarian cancer cells after 24-, 48- or 72-h treatment; the
starred columns indicate a significant increase or decrease versus the untreated cells’ NF-κB level. In
each interval, the symbol U represents the untreated cells, while 1–4 represents the treated cells. The
negative control (−C) was the fluorescence intensity developed by the cell lysis solution, while the
positive control (+C) was a reference protein derived from stimulated cells (as described in Section 3).
Starred columns represent the significant changes versus the untreated control.

Relative to untreated cells, the A2780 tumor cells treated with complexes 1 and 2
showed an increase in NF-κB protein levels, after 24- and 48-h exposures, while after
72-h treatment only 2 amplified NF-κB activation. Instead, 3 and 4 act differently. These
complexes diminished NF-κB activation after 48- and 72-h exposures (one-way analysis
of variance, Dunnett post-test, p < 0.01). The ovarian tumors are characterized by ele-
vated constitutive NF-κB expressions, and the dysregulation of NF-κB causes resistance
to chemotherapy [44]. The suppression of activated NF-κB is a suitable target in many
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studies, however, the evidence showed that an intense inhibition of NF-κB only can result
in a minimum effect on the tumor [45].

Complexes 3 and 4 displayed a significant inhibition against NF-κB transcription
factor, following 48- or 72-h treatment, and revealed their ability to trigger the A2780 cells
death through the transcription factor NF-κB pathway. Contrary, the exposure of tumor
cells to 1 and 2, although highly cytotoxic compounds, lead to NF-κB augmentation, which
indicates that their cytotoxicity resides in other mechanisms.

2.4. The Modulation of Basic Fibroblast Growth Factor (FGF-2)

The secretion of FGF-2 was modulated by complexes 1 and 2 when the A2780 cells were
treated for more than 24 h; the FGF-2 levels increased after the 48 and 72h exposure to 1 and
2 (one-way analysis of variance, p < 0.001). No considerable activity was observed in FGF-2
production when treated with compounds 3 or 4 (Figure 4). The FGF-2 level is usually
elevated in ovarian tumors and through angiogenesis enhancement, it can promote tumor
growth [46]. Conversely, other studies demonstrated that the FGF-2 signaling sensitizes
cancer cells to drugs and targeted therapy [47], and in this context, FGF-2 was significantly
augmented by 1 and 2, alongside other mechanisms modulated by Ru(II) complexes that
could provide eventually a beneficial antitumor effect as well.
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Figure 4. The influence of ruthenium complexes 1–4 on FGF-2 secreted by the ovarian cancer cells
treated in vitro for 24-, 48-, or 72-h; U represents the untreated control, and the starred columns
indicate a significant increase in FGF-2 production in measured up to untreated control cells. Starred
columns represent the significant changes versus the untreated control.

2.5. The Influence on Matrix Metalloproteinase-9 (MMP-9) Secretion

The A2780 cell population MMP-9 production was only weakly influenced by the
treatment with ruthenium complexes 1–4. In comparison with the untreated control, no
significant changes were recorded at 24 and at 48 h. At 72 h complexes 1 and 3 reduced
the quantity of MMP-9 released into extracellular media (Figure 5). MMP-9 is involved
in ovarian cancer progression, metastasis, and platinum-drug resistance [48], and MMP-9
inhibition can improve the standard anticancer treatment efficacy. Acting on the MMP-9
pathway, NF-κB mediated signaling can be initiated for tumor suppression [49].



Molecules 2022, 27, 4565 7 of 17

Molecules 2022, 27, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 4. The influence of ruthenium complexes 1−4 on FGF-2 secreted by the ovarian cancer cells 
treated in vitro for 24-, 48-, or 72-h; U represents the untreated control, and the starred columns in-
dicate a significant increase in FGF-2 production in measured up to untreated control cells. Starred 
columns represent the significant changes versus the untreated control. 

2.5. The Influence on Matrix Metalloproteinase-9 (MMP-9) Secretion 
The A2780 cell population MMP-9 production was only weakly influenced by the 

treatment with ruthenium complexes 1−4. In comparison with the untreated control, no 
significant changes were recorded at 24 and at 48 h. At 72 h complexes 1 and 3 reduced 
the quantity of MMP-9 released into extracellular media (Figure 5). MMP-9 is involved in 
ovarian cancer progression, metastasis, and platinum-drug resistance [48], and MMP-9 
inhibition can improve the standard anticancer treatment efficacy. Acting on the MMP-9 
pathway, NF-κB mediated signaling can be initiated for tumor suppression [49]. 

 
Figure 5. The concentration (pg/mL) of secreted matrix metalloproteinase-9 (MMP-9) in the extra-
cellular medium of A2780 cells treated with ruthenium complexes 1−4 in vitro. U represents the 
untreated cells, 1,2,3 and 4 the ruthenium complexes; 24-, 48- and 72 h are the exposure times. 
Starred columns represent the significant changes versus the untreated cells. Starred columns rep-
resent the significant changes versus the untreated control. 

2.6. Interdependence and Connections between the Biologic Parameters 
The tumor cell growth inhibitory effect exerted by Ru(II) complexes 1−4 was related 

to NF-κB or FGF-2 pathways and to a certain extent, to MMP-9 modulation. The four 

Figure 5. The concentration (pg/mL) of secreted matrix metalloproteinase-9 (MMP-9) in the extra-
cellular medium of A2780 cells treated with ruthenium complexes 1–4 in vitro. U represents the
untreated cells, 1,2,3 and 4 the ruthenium complexes; 24-, 48- and 72 h are the exposure times. Starred
columns represent the significant changes versus the untreated cells. Starred columns represent the
significant changes versus the untreated control.

2.6. Interdependence and Connections between the Biologic Parameters

The tumor cell growth inhibitory effect exerted by Ru(II) complexes 1–4 was related
to NF-κB or FGF-2 pathways and to a certain extent, to MMP-9 modulation. The four
parameters are interrelated, and each compound displayed an individual biologic pattern.

The intracellular-activated NF-κB in treated A2780 populations correlates well with
the FGF-2 secreted by the cells (nonparametric Spearman correlation, p-value 0.047), and
there is a significant association between the compounds’ cytotoxicity and FGF-2 (p-value
0.029) (Supplementary Figure S1). However, no correlation was observed between the
compounds IC50 and the total NF-κB level (nonparametric correlation, p > 0.05). A 3D
representation of the interdependence between the four parameters: IC50 concentration,
NF-κB, FGF-2, and MMP-9 is illustrated in Figure 6.

The highest NF-κB activation is frequently associated with high MMP-9 and high
FGF-2 levels (Figure 6a), complex 2 being characterized by this pattern.

The NF-κB inhibition could be related to the decrease of MMP-9 or FGF-2 (Figure 6b),
the best example of a simultaneous drop of NF-κB and MMP-9 being complex 4.

The high cytotoxicity may be associated with moderated FGF-2 or high NF-κB levels
(the case of complex 1, Figure 6c), while lower cytotoxicity can be associated with a good
NF-κB inhibition, such as in the case of complex 3 (Figure 6d).
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Figure 6. Tridimensional surface plots depicting the covariance between NF-κB, FGF-2, MMP-9 levels,
and IC50 values in treated A2780 cells. (a)—3D Surface Plot of NF-κB against FGF-2 and MMP-9;
(b)—3D Surface Plot of MMP-9 against NF-κB and FGF-2; (c)—3D Surface Plot of IC50 against NF-κB
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The PCA analysis evidenced that among the four variables, IC50 (Figure 7a,
Tables S1 and S2 in Supplementary material) is the principal component when three
variables were considered active (MMP-9 shows as well a good factor). NF-κB (Figure 7b,c)
is also a principal component when IC50 was not designated as an active component. In
the situation when all four parameters were considered active (Figure 7d), IC50 exerted the
highest influence on the biological outcome of compounds 1, 2, 3, and 4.
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Figure 7. (a–d). Principal component analysis of the relationship between IC50 values, NF-κB
transcription factor activation, FGF-2, and MMP-9 levels in A2780 cells treated with 1, 2, 3, and 4.

3. Materials and Methods

Chemicals used in syntheses (2,2′-dipyridyl, 3,5-dimethoxy-4-hydroxybenzaldehyde,
4,4′-dimethyl-2,2′-dipyridyl, 4-hydroxybenzaldehyde, Acetic acid, Acetone, Acetylace-
tone, B2O3, chloroform p.a., DMF, Ethyl acetate p.a., HCl p.a., Hexane, methanol p.a.,
n-butylamine, Ruthenium(III) chloride hydrate (RuCl3·xH2O), Tri-n-butyl borate (98%)
were used as purchased and were of reagent grade. Intermediates Ru(bpy)2Cl2 and
Ru(dmbpy)2Cl2 and the ligands L1 and L2, were prepared according to previously used
procedures [50,51].

The 1H and 13C NMR was measured with a Varian Mercury Plus spectrometer, at a
frequency of 400 MHz (for 1H-NMR) and 100 MHz (for 13C-NMR) from Varian (Agilent
Technologies, Santa Clara, California). The used NMR solvent methanol-d4 (CD3OD), was
purchased from VWR Eurisotop. Chemical shifts are reported in delta (δ) units, given
in part per million (ppm) relative to the trimethylsilane (TMS). Coupling constants are
reported in Hertz (Hz).

The HR-MS measurements were done in positive mode with a spectrometer LTQ
Orbitrap XL.
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The infrared spectra (600–4000 cm−1) were measured with a Nicolet 6700 FT-IR spec-
trophotometer.

The UV-Vis spectra (200–800 nm) were recorded with a Genesis 10S UV-Vis spectropho-
tometer.

The elemental analysis was measured by Flash 2000 CHNS-O Analyzer (Thermo
Scientific, Waltham, MA USA).

3.1. Synthesis of Ruthenium Complexes

Complex 1: To a solution of L1 (0.15 g, 0.47 mmol) in 11 mL mixture of DMF and water
(2/1 v/v: 7.33 mL DMF + 3.66 mL H2O), were added Ru(dmbpy)2Cl2 (0.05 g, 0.09 mmol)
and Na2CO3 (0.05 g, 0.47 mmol). After 3 h of reflux, the solvent was removed in vacuo
and the residue was mixed with 15 mL of water. A dark precipitate was formed and then
filtered off. The water filtrate was treated with HCl (3 mL, 0.5 M) until the pH was approx.
3. The dark brown precipitate (0.13 g, 35%) was subjected to the silica gel chromatography
(CHCl3:MeOH, 9:1) to separate the residual co-products. The final product remained on the
upper layer of silica gel in the column and therefore was isolated by extraction in MeOH.
After removing the solvent, a dark brown powder was obtained as compound 1. Complex
1: 0.02 g yield (4%); 1H NMR (400 MHz, CD3OD), δ (ppm) 2.50 (s, 6H), 2.62 (s, 6H), 5.74 (s,
1H), 6.47 (d, J = 15.7, 2H), 6.70 (d, J = 8.6, 4H), 6.97 (d, J = 15.7, 1H), 7.01 (dd, J = 5.9, 1.3,
2H), 7.27 (d, J = 8.7, 4H), 7.44 (dd, J = 5.8, 1.3, 2H), 7.62 (d, J = 5.9, 2H), 8.33 (s, 2H), 8.42 (s,
2H), 8.54 (s, 1H), 8.57 (d, J = 5.8, 2H).13C NMR (CD3OD, 100 MHz) δ (ppm) 19.50 (2C), 19.81
(2C), 54.61 (1C), 115.31 (4C), 123.31 (2C), 125.27 (2C), 125.90 (2C), 126.58 (2C), 127.42 (2C),
128.61 (4C), 136.02 (2C), 146.59 (2C), 148.29 (2C), 149.07 (2C), 151.84 (2C), 157.74 (2C), 158.52
(2C), 159.05 (2C), 168.85 (2C), 178.08 (2C). HR-MS (TOF-ESI+): calcd for C43H39N4O4Ru [M
+ H]+: 777.2009, found: 777.2219. IR ν (cm−1) 3188, 2924, 1603, 1512, 1417, 1378, 1241, 1167,
1103, 830, 785, 689, 653.Anal. Calc. (%) (C43H39N4O4RuCl) C, 63.55; H, 4.83; N, 6.89. Found
(%): C, 63.82; H, 4.99; N, 6.75.

Complex 2 [25]: The preparation of complex 2 follows the procedure given for complex
1. To a solution of L1 (0.1454 g, 0.47 mmol) in 11 mL of mixture of DMF and water (2/1
v/v: 7.33 mL DMF + 3.66 mL H2O) were added RuCl2(bpy)2 (0.0455 g, 0.094 mmol), and
Na2CO3 (105.98 g/mol, 0.0498 g, 0.47 mmol). After 3 h of reflux, the solvent was removed
in vacuo and the residue was mixed with 18 mL of water. A dark precipitate was formed
and then filtered off. The water filtrate was treated with HCl (3 mL, 0.5 M) until the pH was
approx. 3. The dark brown precipitate of the crude product (0.2 g, 54.54%) was subjected
to the silica gel chromatography (CHCl3:MeOH, 9:1) to separate the residual co-products.
The final product remained on the upper layer of silica gel in the column and therefore
was isolated by extraction in MeOH. After removing the solvent, a dark brown powder
was obtained as compound 1. Complex 2: 0.04 g yield (12%); 1H NMR (400 MHz, CD3OD),
δ (ppm) 5.76 (s, 1H), 6.49 (d, J = 15.7, 2H), 6.70 (d, J = 8.6, 4H), 6.97 (d, J = 15.7, 2H), 7.21
(ddd, J = 7.6, 5.8, 1.3, 2H), 7.26 (d, J = 8.6, 4H), 7.63 (ddd, J = 7.6, 5.6, 1.3, 2H), 7.82–7.86 (m,
4 H), 8.07 (ddd, J = 8.2,7.6, 1.5, 2H), 8.51 (dd, J = 8.7, 1.2, 2H), 8.59 (dm, J = 8.2, w1/2 = 2.7,
2H), 8.77 (ddd, J = 5.6, 1.5, 0.7, 2H). 13C NMR (CD3OD, 100 MHz) δ (ppm) 102.45 (1C),
115.38 (4C), 122.70 (2C), 122.82 (2C), 125.00 (2C), 125.02 (2C), 125.72 (2C), 127.19 (2C), 128.72
(4C), 134.50 (2C), 136.13 (2C), 136.58 (2C), 149.77 (2C), 152.75 (2C), 158.05 (2C), 158.84 (1 C),
158.87 (1 C), 159.44 (2C), 178.44 (2 C). HR-MS (TOF-ESI+): calcd for C39H31N4O4Ru [M +
H]+: 721.1467, found: 721.1583. IR ν (cm−1) 3076, 2926, 1602, 2505, 1462, 1444, 1424, 1262,
1166, 1103, 1021, 977, 833, 762, 729, 659. Anal. Calc. (%) (C39H31N4O4RuCl) C, 61.91; H,
4.13; N, 7.40. Found (%): C, 62.28; H, 4.37; N, 7.66.

Complex 3: To a solution of L2 (0.2356 g, 0.55 mmol, 5 eq.) RuCl2(bpy)2 (0.0594 g,
0.110 mmol, 1 eq.), and Na2CO3 (0.0583 g, 0.55 mmol, 5 eq.) were dissolved in a mixture
of DMF and water (13.14 mL, 2/1 v/v: 8.75 mL DMF + 4.38 mL H2O). After 3 h of reflux,
the solvent was removed under vacuum and the residue was mixed with 21.5 mL of water.
A dark precipitate was formed and then filtered off. The water filtrate was treated with
HCl (3.5 mL, 0.5 M) until the pH was approx. 3. The dark brown precipitate (0.5613 g)
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was subjected to the silica gel chromatography (CHCl3:MeOH, 6:1) to filtrate residual
coproducts and the final product was extracted to MeOH from the upper layer of silica gel
to get dark brown powder. Complex 3: (0.03 g yield, 27%); 1H NMR (400 MHz, CD3OD),
δ (ppm): 2.49 (s, 6H), 2.64 (s, 6H), 3.79 (s, 12H), 5.83 (s, 1H), 6.51 (d, J = 15.7, 2H), 6.72 (s,
4H), 7.00 (d, J = 15.7, 2H), 7.01 (ddd, J = 5.8, 1.9, 0.7), 7.45 (ddd, J = 5.8, 1.8, 0.7, 1H), 7.60 (d,
J = 5.8, 4H), 7.71 (dd, J = 5.5, 3.4, 1H), 8.33 (br s, 2H), 8.45 (br s, 2H), 8.59 (d, J = 5.8,2H). 13C
NMR (100 MHz, CD3OD) δ (ppm): 19.52 (2C), 19.84 (2C), 55.35 (4C), 102.33 (1C), 104.55
(4C), 123.38 (2C), 123.51 (2C), 125.00 (2C), 126.20 (2C), 126.60 (2C), 127.03 (2C), 136.34 (2C),
136.87 (2C), 146.65 (2C), 148.07 (2C), 148.37 (2C), 149.02 (2C), 151.80 (2C), 157.75 (2C), 159.00
(2C), 177.93 (2C).HRMS (TOF-ESI+): calcd for C47H47N4O8Ru [M+H]+: 897.2437, found:
897.2683. IR ν (cm−1) 2935, 1616, 1506, 1455, 1423, 1332, 1092, 824, 731, 673, 661. Anal. Calc.
(%) (C47H47N4O8RuCl) C, 60.52; H, 5.08; N, 6.01. Found (%): C, 60.93; H, 5.35; N, 6.21.

Complex 4: The synthesis of complex 4 respects the procedure described for complex
3. To a solution of L2 (0.24 g, 0.55 mmol) in DMF and water (13.14 mL, 2/1 v/v: 8.75 mL
DMF + 4.38 mL H2O) are added RuCl2(bpy)2 (0.053 g, 0.11 mmol) and Na2CO3 (0.06 g,
0.55 mmol). After 3 h of reflux, the solvent was removed under vacuum and the residue
was mixed with 21.5 mL of water. A dark precipitate was formed and then filtered off and
the filtrate was treated with HCl (3.5 mL, 0.5 M) until the pH was approx. 3. The final
product 4 was isolated by silica gel chromatography (CHCl3:MeOH, 7:1→ 4:1) as a dark
brown powder (0.04 g yield, 44%). Complex 4: 1H NMR (400 MHz, CD3OD), δ (ppm):
3.81 (s, 12H), 5.870 (s, 1H), 6.56 (d, J = 15.7, 2H), 6.74(s, 4H), 7.01 (d, J = 15.7, 2H) 7.22 (m,
2H), 7.65 (ddd, J = 7.2, 5.6, 1.1, 2H), 7.83–7.87 (m, 4H), 8.09 (m, 2H), 8.52 (d, J = 8.8, 2H),
8.61 (d, J = 8.2, 2H), 8.78 (d, J = 5.1, 2H). 13C NMR (CD3OD, 100 MHz) δ (ppm): 54.55 (4C),
101.63 (1C), 103.84 (4C), 121.96 (2C), 122.08 (2C), 124.30 (2C), 124.94 (2C), 125.15 (2C), 126.09
(2C), 133.77 (2C), 135.37 (2C), 136.07 (2C), 136.18 (2C), 147.24 (4C), 148.90 (2C), 151.90 (2C),
157.24 (2C), 158.58 (2C), 177.50 (2C). HRMS (TOF-ESI+): calcd for C43H39N4O8Ru [M+H]+:
841.1889, found: 841.2006. IR ν (cm−1) 3364, 2935, 1720, 1720, 1601, 1509, 1461, 1423, 1331,
1248, 1267, 1216, 1155, 1112, 1021, 914, 828, 766, 730, 659.Anal. Calc. (%) (C43H39N4O8RuCl)
C, 58.91; H, 4.48; N, 6.39. Found (%): C, 58.62; H, 4.73; N, 6.81.

3.2. Biological Testing—Cell Growth Inhibition

The A2780 human ovarian adenocarcinoma cells were acquired from the European
Collection of Authenticated Cell Cultures (ECACC, through Sigma Aldrich, St. Louis, MO,
USA). The cells were grown in RPMI-1640 cell culture media supplemented with 10% fetal
bovine serum, from Sigma Aldrich Company, St. Louis, MO, USA. The in vitro testing was
performed in a cell culture laboratory fully equipped with Revco RGT-5000T-9-VBC CO2
Incubator (from Thermo Electron Corporation, Asheville, NC, USA), 32R centrifuge from
Hettich Lab Technology, Tuttlingen, Germany; Streamline Class II Biological Safety Cabinet
from Esco, Changi, Singapore; Observer D.1 inverted phase fluorescence microscope from
Carl Zeiss, Jena, Germany; Synergy 2.0 microplate reader from BioTek Company, Winooski,
VT, USA; Tecan Sunrise ELISA plate reader from Tecan Group, Männedorf, Switzerland);
Arctiko Uluf-750 vertical −80 ◦C ultrafreezer from Esbjerg, Denmark; Automatic cell
counter Eve from NanoEnTek, Seoul, Korea and PSU-10i orbital shaker from BioSan, Riga,
Latvia.

The curcuminoid ligands L1 (MW 308.328) and L2 (MW 428.432) and the four ruthe-
nium complexes: 1 (MW 812.329), 2 (MW 756.221), 3 (MW 932.433), and 4 (MW 876.325)
were weighted (Extend ED124S analytical balance from Sartorius, Göttingen, Germany)
and dissolved in absolute ethanol (from Honeywell Riedel-de-Haen A.G., Seelze, Germany)
to obtain a 5 mM stock solution from each complex. Serial dilutions were prepared using
RPMI-1640 cell culture media, to obtain nine successive concentrations. As a reference, the
standard antitumor drug carboplatin was used (from Teva Pharmaceuticals SRL, Bucharest,
Romania).

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, from Sigma
Aldrich) cytotoxicity test was completed for each compound after the A2780 tumor cells ex-
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posure to ruthenium complexes for 24, 48 and 72 h, respectively. To perform the cytotoxicity
testing, 96-well microplates (Nunclon Delta, from Nalgene Nunc through Thermo Scientific
Company, Waltham, MA, USA) were seeded with 104 cells in 190 µL cell culture media and
incubated for 24 h preceding the testing. The cells were treated in triplicates (three wells for
each concentration) with 10 µL of L1, L2, 1, 2, 3, 4, and carboplatin; the final concentrations
in the cell culture media were 250, 125, 62.50, 31.25 µM, 15.63, 7.81, 3.91, 1.95, and 0.98 µM.
As a reference, untreated cells were used, and as a negative control, wells loaded with
culture media only, without cells. On each plate, 9 color controls were dispensed, consisting
of cell culture media with 10 µL of the compound from each concentration. Separate 96-well
plates were prepared for the 24-, 48- and 72-h experiments. All experiments were repeated
three times.

After 24-, 48- or 72 h of the treatment, the cell culture media was removed from the
wells. A total of 100 µL 1 mg/mL MTT solution was dispensed in each well and incubated
for one hour. Then, the plates were emptied, and 150 µL DMSO was pipetted in each
well, and after a short shake, the plates were read in absorbance at 570 nm using the
microplate reader. The half-maximal inhibitory concentrations (IC50) for each compound
were computed, based on the sigmoidal dose-response curves generated by the biostatistics
software.

ELISA testing was performed to measure the level of relevant soluble proteins and
transcription factors. The cells were loaded on 12-well assay plates (Nunclon Delta, from
Nalgene Nunc), in 1425 µL media, at a concentration of 105 cells/mL. Three plates were
prepared for each treatment period (24, 48, and 72 h) for all compounds, with 10 wells
filled. The next day, after the cells adhered to the surface of the wells, the plates were
treated with complexes 1–4; two different wells were treated for each sample with a 75 µL
solution of 1, 2, 3, or 4. In all cases, the final concentration of the ruthenium complex in the
cell suspension was identical with their IC50 concentration, mentioned in Table 1 for each
treatment interval.

Three plates were processed after 24 h; to determine the soluble FGF-2 and MMP-9
levels. The supernates were collected, centrifuged at 4000 RPM aliquoted, and stored at
−80 ◦C.

Subsequently, to obtain the cell lysates for the intracellular NF-κB p65 subunit, the
plates were washed gently with warm PBS; the cells were harvested from each well and
counted using the automatic cell counter. The cell pellets were treated with a lysis solution
provided by the ELISA kit (details below in the ELISA method description), collected, and
kept in the ultrafreezer at −80 ◦C.

The procedures were repeated after 48 and 72 h of treatment, and when all samples
were ready, the samples’ protein concentration was normalized according to the number of
cells comprised in each well and subjected to ELISA testing.

3.3. Soluble Basic Fibroblast Growth Factor (FGF-2) Production

The level of FGF-2 secreted by the cells was measured using the Human FGF basic
immunoassay Quantikine ELISA from R&D Systems (Minneapolis, MN, USA) following
the manufacturer’s protocol. The assay plate coated with a monoclonal antibody specific for
human FGF basic was loaded with 100 µL of Assay Diluent RD1-43, then 100 µL of FGF-2
standard solutions (9 serial concentrations between 1.25 and 320 pg/mL), calibrator diluent
as negative control and supernate samples were added, all in duplicates. The plate was
covered and incubated for 2 h at room temperature. All strips were exposed to automatic
washing; four wash cycles with the wash solution provided by the manufacturer. Afterward,
200 µL of anti-FGF basic human monoclonal antibody conjugated to horseradish peroxidase
(HRP) was added to each well and incubated for another 2 h at room temperature. The
wash cycles were repeated, and after that, the wells were filled with 200 µL of substrate
solution (1:1 mix of stabilized tetramethylbenzidine and hydrogen peroxide solutions) and
incubated for 30 min in the dark. The stop solution was added, and the plate was measured
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in colorimetry at 540/450 nm, using the ELISA reader. Based on the optical density of the
samples, individual concentrations were computed.

3.4. Matrix Metalloproteinase-9 (MMP-9)

The test was performed with the Human MMP-9 ELISA kit from Invitrogen, Bender-
MedSystems GmbH, Vienna, Austria, as described earlier [52]. Briefly, the 96-well assay
plate coated with anti-MMP-9 antibody was washed and then loaded with 100 µL stan-
dards (9 serial concentrations in the range of 0.017–7500.00 ng/mL, in duplicates), 100 µL of
assay buffer as blank, 100 µL of samples, in duplicates. A total of 50 µL biotin-conjugated
anti-MMP-9 antibody solution was dispensed in each well, and the plate was incubated
with shaking for 2 h. The plate was washed four times, 100 µL of Streptavidin-HRP solution
was added to each well, and the plate was incubated for 1 h. After another wash cycle,
the wells were loaded with 100 µL TMB substrate and after 15 min, a stop solution was
added to the plate, and the samples were read with the ELISA reader, at 540/450 nm. The
standard curve was created, and individual concentrations were plotted by the Magellan
software of the ELISA Equipment.

3.5. The Intracellular Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NF-κB)

The semi-quantitative measurement of the NF-κB transcription factor p65 subunit
was determined with the PhosphoTracer NF-κB p65 ELISA Kit from Abcam, Cambridge,
UK. The samples (treated cell pellets) processed as described above, have been subjected
to lysis, using the lysis buffer: enhancer solution 1:5 mix provided by the ELISA kit, on
an orbital shaker platform (100 RPM) at room temp for 10 min. The 8-well strips of the
ELISA microplate were loaded with 50 µL cell lysates, in duplicate, with lysis mix as a
negative control, and positive controls provided by the kit, consisting of lysed activated
cells, reconstituted in 250 µL purified H2O. A total of 50 µL/well of 1:1 Capture Antibody:
Detection Antibody Mix was added to each well, and the plate was covered with foil and
incubated at room temperature for 1 h while shaking (100 RPM). The wells were washed
three times with the wash solution included in the kit, and in the drained wells 100 µL
substrate mix was added. The plates were incubated at dark for 10 min, 10 µL of stop
solution was dispensed in each well, and the plates were read in fluorescence at 540/25 nm
excitation and 620/40 nm emission wavelengths, with high sensitivity signal capture. The
fluorescence intensity of the positive control was 155.179 ± 8.426 [a.u], and that of the
negative control was 12.003 ± 2.026. The measurements corresponding to all samples
were in between these two assessments. For all exposure intervals (24-, 48-, and 72-h,
respectively), the untreated cells’ fluorescence intensity was used as a reference value.

The data were analyzed using the GraphPad Prism5 (from GraphPad Software, La
Jolla, CA, USA) and Statistica 12.5 (StatSoft Inc., Tulsa, OK, USA) software.

4. Conclusions

Curcumin and its derivates are capable of influencing carboplatin resistance, and Ru(II)
as central metal is able to inhibit tumor growth by acting through a variety of cell death
mechanisms [53]. The synthesized compounds 1–4, where curcuminoid ligands L1 and L2
coordinate the metal center ruthenium, achieved a good antitumor response. The highest
cytotoxicity belongs to 2, while 3 is the best to target the cell death mechanisms through
NF-κB or MMP-9 signaling. The activity of the synthesized Ru(II) complexes 1–4 depends
on the length of treatment and the late modulation of MMP-9 and FGF-2 confirms also this
tendency. However, a constant decrease of NF-κB after the treatment with complexes 3 and
4, proves the compounds’ modulator capacity in all phases of the exposure.

The antitumor potential of curcumin can be improved by incorporation into nanos-
tructures [54]; moreover, the efficacy of the Ru(II) complexes against A2780 cells increased
significantly when embedded in antitumor-targeted nanoparticles [55], therefore this could
be the next step in the development of such compounds to obtain potential prodrugs.



Molecules 2022, 27, 4565 15 of 17

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27144565/s1. Table S1: Eigenvalues provided by the
principal component analysis, based on active variables NF-κB, FGF-2, and MMP-9, in correlation
with IC50 values reflecting cytotoxicity; Table S2: Correlation matrix of factor coordinates generated by
PCA, corresponding to the variations of IC50, NF-κB, FGF-2 and MMP-9 in A2780 cells following the
time-dependent treatment with the series of novel synthesized ruthenium complexes 1–4; Figure S1:
The intracellular activated NF-κB p65 in treated A2780 cells (a) correlates well with FGF-2 secreted by
the cells (nonparametric Spearman correlation coefficient r = 0.4665, p-value 0.0398), and (b) increases
inversely proportional to MMP-9 (r = −0.4592, p-value 0.0425). As well, it is a significant negative
correlation between (c) the compounds cytotoxicity and FGF-2 (r = −0.5604, p-value 0.0290).
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P.; Mojžiš, J. Evaluation of Antiproliferative Palladium(II) Complexes of Synthetic Bisdemethoxycurcumin towards in Vitro
Cytotoxicity and Molecular Docking on DNA Sequence. Molecules 2021, 26, 4369. [CrossRef]

19. Jin, F.; Chen, X.; Yan, H.; Xu, Z.; Yang, B.; Luo, P.; He, Q. Bisdemethoxycurcumin Attenuates Cisplatin-Induced Renal Injury
through Anti-Apoptosis, Anti-Oxidant and Anti-Inflammatory. Eur. J. Pharmacol. 2020, 874, 173026. [CrossRef]

20. Borsari, M.; Ferrari, E.; Grandi, R.; Saladini, M. Curcuminoids as Potential New Iron-Chelating Agents: Spectroscopic, Polaro-
graphic and Potentiometric Study on Their Fe(III) Complexing Ability. Inorganica Chim. Acta 2002, 328, 61–68. [CrossRef]

21. Pröhl, M.; Schubert, U.S.; Weigand, W.; Gottschaldt, M. Metal Complexes of Curcumin and Curcumin Derivatives for Molecular
Imaging and Anticancer Therapy. Coord. Chem. Rev. 2016, 307, 32–41. [CrossRef]

22. Pallikkavil, R.; Ummathur, M.B.; Sreedharan, S.; Krishnankutty, K. Synthesis, Characterization and Antimicrobial Studies of
Cd(II), Hg(II), Pb(II), Sn(II) and Ca(II) Complexes of Curcumin. Main Gr. Met. Chem. 2013, 36, 123–127. [CrossRef]

23. Subhan, M.A.; Alam, K.; Rahaman, M.S.; Rahman, M.A.; Awal, R. Synthesis and Characterization of Metal Complexes Containing
Curcumin (C21H20O6) and Study of Their Anti-Microbial Activities and DNA-Binding Properties. J. Sci. Res. 2013, 6, 97–109.
[CrossRef]

24. Caruso, F.; Pettinari, R.; Rossi, M.; Monti, E.; Gariboldi, M.B.; Marchetti, F.; Pettinari, C.; Caruso, A.; Ramani, M.V.; Subbaraju, G.V.
The in Vitro Antitumor Activity of Arene-Ruthenium(II) Curcuminoid Complexes Improves When Decreasing Curcumin Polarity.
J. Inorg. Biochem. 2016, 162, 44–51. [CrossRef]

25. Pröhl, M.; Bus, T.; Czaplewska, J.A.; Traeger, A.; Deicke, M.; Weiss, H.; Weigand, W.; Schubert, U.S.; Gottschaldt, M. Synthesis and
in Vitro Toxicity of D-Glucose and D-Fructose Conjugated Curcumin–Ruthenium Complexes. Eur. J. Inorg. Chem. 2016, 2016,
5197–5204. [CrossRef]

26. Li, S.; Xu, G.; Zhu, Y.; Zhao, J.; Gou, S. Bifunctional Ruthenium(Ii) Polypyridyl Complexes of Curcumin as Potential Anticancer
Agents. Dalt. Trans. 2020, 49, 9454–9463. [CrossRef] [PubMed]

27. Liu, J.; Lai, H.; Xiong, Z.; Chen, B.; Chen, T. Functionalization and Cancer-Targeting Design of Ruthenium Complexes for Precise
Cancer Therapy. Chem. Commun. 2019, 55, 9904–9914. [CrossRef] [PubMed]

28. Mahmud, K.M.; Niloy, M.S.; Shakil, M.S.; Islam, M.A. Ruthenium Complexes: An Alternative to Platinum Drugs in Colorectal
Cancer Treatment. Pharmaceutics 2021, 13, 1295. [CrossRef]

29. Allison, M.; Caramés-Méndez, P.; Pask, C.M.; Phillips, R.M.; Lord, R.M.; McGowan, P.C. Bis(Bipyridine)Ruthenium(II) Ferrocenyl
β-Diketonate Complexes: Exhibiting Nanomolar Potency against Human Cancer Cell Lines. Chem. A Eur. J. 2021, 27, 3737–3744.
[CrossRef]

30. Welsh, A.; Rylands, L.I.; Arion, V.B.; Prince, S.; Smith, G.S. Synthesis and Antiproliferative Activity of Benzimidazole-Based,
Trinuclear Neutral Cyclometallated and Cationic, NˆN-Chelated Ruthenium(II) Complexes. Dalt. Trans. 2020, 49, 1143–1156.
[CrossRef]

31. Grozav, A.; Balacescu, O.; Balacescu, L.; Cheminel, T.; Berindan-Neagoe, I.; Therrien, B. Synthesis, Anticancer Activity, and
Genome Profiling of Thiazolo Arene Ruthenium Complexes. J. Med. Chem. 2015, 58, 8475–8490. [CrossRef]

32. Riccardi, L.; Genna, V.; De Vivo, M. Metal–Ligand Interactions in Drug Design. Nat. Rev. Chem. 2018, 2, 100–112. [CrossRef]
33. Zhao, S.; Pi, C.; Ye, Y.; Zhao, L.; Wei, Y. Recent Advances of Analogues of Curcumin for Treatment of Cancer. Eur. J. Med. Chem.

2019, 180, 524–535. [CrossRef] [PubMed]
34. Kazantzis, K.T.; Koutsonikoli, K.; Mavroidi, B.; Zachariadis, M.; Alexiou, P.; Pelecanou, M.; Politopoulos, K.; Alexandratou, E.;

Sagnou, M. Curcumin Derivatives as Photosensitizers in Photodynamic Therapy: Photophysical Properties and: In Vitro Studies
with Prostate Cancer Cells. Photochem. Photobiol. Sci. 2020, 19, 193–206. [CrossRef] [PubMed]

35. Tomeh, M.A.; Hadianamrei, R.; Zhao, X. A Review of Curcumin and Its Derivatives as Anticancer Agents. Int. J. Mol. Sci. 2019,
20, 1033. [CrossRef] [PubMed]

36. Yeo, C.I.; Ooi, K.K.; Tiekink, E.R.T. Gold-Based Medicine: A Paradigm Shift in Anti-Cancer Therapy? Molecules 2018, 23, 1410.
[CrossRef]

37. Nováková, O.; Kašpárková, J.; Vrána, O.; van Vliet, P.M.; Reedijk, J.; Brabec, V. Correlation between Cytotoxicity and DNA
Binding of Polypyridyl Ruthenium Complexes. Biochemistry 1995, 34, 12369–12378. [CrossRef]

38. Habtemariam, A.; Melchart, M.; Fernández, R.; Parsons, S.; Oswald, I.D.H.; Parkin, A.; Fabbiani, F.P.A.; Davidson, J.E.; Dawson,
A.; Aird, R.E.; et al. Structure-Activity Relationships for Cytotoxic Ruthenium(II) Arene Complexes Containing N,N-, N,O-, and
O,O-Chelating Ligands. J. Med. Chem. 2006, 49, 6858–6868. [CrossRef]

http://doi.org/10.1021/mp700113r
http://doi.org/10.1002/jcp.25795
http://www.ncbi.nlm.nih.gov/pubmed/28075008
http://doi.org/10.21873/anticanres.12686
http://www.ncbi.nlm.nih.gov/pubmed/29970522
http://doi.org/10.3390/molecules26144369
http://doi.org/10.1016/j.ejphar.2020.173026
http://doi.org/10.1016/S0020-1693(01)00687-9
http://doi.org/10.1016/j.ccr.2015.09.001
http://doi.org/10.1515/mgmc-2013-0023
http://doi.org/10.3329/jsr.v6i1.15381
http://doi.org/10.1016/j.jinorgbio.2016.06.002
http://doi.org/10.1002/ejic.201600801
http://doi.org/10.1039/D0DT01040E
http://www.ncbi.nlm.nih.gov/pubmed/32598409
http://doi.org/10.1039/C9CC04098F
http://www.ncbi.nlm.nih.gov/pubmed/31360938
http://doi.org/10.3390/pharmaceutics13081295
http://doi.org/10.1002/chem.202004024
http://doi.org/10.1039/C9DT03902C
http://doi.org/10.1021/acs.jmedchem.5b00855
http://doi.org/10.1038/s41570-018-0018-6
http://doi.org/10.1016/j.ejmech.2019.07.034
http://www.ncbi.nlm.nih.gov/pubmed/31336310
http://doi.org/10.1039/C9PP00375D
http://www.ncbi.nlm.nih.gov/pubmed/31956888
http://doi.org/10.3390/ijms20051033
http://www.ncbi.nlm.nih.gov/pubmed/30818786
http://doi.org/10.3390/molecules23061410
http://doi.org/10.1021/bi00038a034
http://doi.org/10.1021/jm060596m


Molecules 2022, 27, 4565 17 of 17

39. Sun, Y.; Heidary, D.K.; Zhang, Z.; Richards, C.I.; Glazer, E.C. Bacterial Cytological Profiling Reveals the Mechanism of Action of
Anticancer Metal Complexes. Mol. Pharm. 2018, 15, 3404–3416. [CrossRef]

40. Shi, H.; Fang, T.; Tian, Y.; Huang, H.; Liu, Y. A Dual-Fluorescent Nano-Carrier for Delivering Photoactive Ruthenium Polypyridyl
Complexes. J. Mater. Chem. B 2016, 4, 4746–4753. [CrossRef]

41. Groessl, M.; Zava, O.; Dyson, P.J. Cellular Uptake and Subcellular Distribution of Ruthenium-Based Metallodrugs under Clinical
Investigation versus Cisplatin. Metallomics 2011, 3, 591–599. [CrossRef]

42. Casini, A.; Edafe, F.; Erlandsson, M.; Gonsalvi, L.; Ciancetta, A.; Re, N.; Ienco, A.; Messori, L.; Peruzzini, M.; Dyson, P.J.
Rationalization of the Inhibition Activity of Structurally Related Organometallic Compounds against the Drug Target Cathepsin
B by DFT. Dalt. Trans. 2010, 39, 5556–5563. [CrossRef] [PubMed]

43. Riccardi, C.; Musumeci, D.; Trifuoggi, M.; Irace, C.; Paduano, L.; Montesarchio, D. Anticancer Ruthenium(III) Complexes and
Ru(III)-Containing Nanoformulations: An Update on the Mechanism of Action and Biological Activity. Pharmaceuticals 2019, 12,
146. [CrossRef] [PubMed]

44. Harrington, B.S.; Annunziata, C.M. Nf-Kb Signaling in Ovarian Cancer. Cancers 2019, 11, 1182. [CrossRef] [PubMed]
45. Aggarwal, B.B.; Sung, B. NF-KB in Cancer: A Matter of Life and Death. Cancer Discov. 2011, 1, 469–471. [CrossRef] [PubMed]
46. Le Page, C.; Ouellet, V.; Madore, J.; Hudson, T.J.; Tonin, P.N.; Provencher, D.M.; Mes-Masson, A.M. From Gene Profiling to

Diagnostic Markers: IL-18 and FGF-2 Complement CA125 as Serum-Based Markers in Epithelial Ovarian Cancer. Int. J. Cancer
2006, 118, 1750–1758. [CrossRef]

47. Dias, M.H.; Fonseca, C.S.; Zeidler, J.D.; Albuquerque, L.L.; da Silva, M.S.; Cararo-Lopes, E.; Reis, M.S.; Noël, V.; dos Santos, E.O.;
Prior, I.A.; et al. Fibroblast Growth Factor 2 Lethally Sensitizes Cancer Cells to Stress-Targeted Therapeutic Inhibitors. Mol. Oncol.
2019, 13, 290–306. [CrossRef]

48. Laios, A.; Mohamed, B.M.; Kelly, L.; Flavin, R.; Finn, S.; McEvoy, L.; Gallagher, M.; Martin, C.; Sheils, O.; Ring, M.; et al. Pre-
Treatment of Platinum Resistant Ovarian Cancer Cells with an MMP-9/MMP-2 Inhibitor Prior to Cisplatin Enhances Cytotoxicity
as Determined by High Content Screening. Int. J. Mol. Sci. 2013, 14, 2085–2103. [CrossRef]

49. Khaleel, E.F.; Badi, R.M.; Satti, H.H.; Mostafa, D.G. Exendin-4 Exhibits a Tumour Suppressor Effect in SKOVR-3 and OVACR-3
Ovarian Cancer Cells Lines by the Activation of SIRT1 and Inhibition of NF-KB. Clin. Exp. Pharmacol. Physiol. 2020, 47, 1092–1102.
[CrossRef]

50. Changtam, C.; de Koning, H.P.; Ibrahim, H.; Sajid, M.S.; Gould, M.K.; Suksamrarn, A. Curcuminoid Analogs with Potent Activity
against Trypanosoma and Leishmania Species. Eur. J. Med. Chem. 2010, 45, 941–956. [CrossRef]

51. Al-Rawashdeh, N.A.F.; Chatterjee, S.; Krause, J.A.; Connick, W.B. Ruthenium Bis-Diimine Complexes with a Chelating Thioether
Ligand: Delineating 1,10-Phenanthrolinyl and 2,2′-Bipyridyl Ligand Substituent Effects. Inorg. Chem. 2014, 53, 294–307. [CrossRef]
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