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Abstract: Continuing our studies on the mechanisms underlying the cytotoxicity of potential drugs,
we have described several aspects of the in vitro anticancer activity of ruthenium(II) and platinum(II)
complexes with bioactive, synthetic aminoflavone ligands. We examined the mechanism of proapop-
totic activity of cis-dichlorobis(3-imino-2-methoxyflavanone)ruthenium(II), cis-dichlorobis(3-imino-2-
ethoxyflavanone)ruthenium(II), and trans-dichlorobis(3-aminoflavone)platinum(II). Cisplatin was
used as a reference compound. The cytotoxicity was investigated by MTT assay. The mechanism of
proapoptotic activity of the tested compounds was investigated by evaluation of caspase-8 activity,
cytometric analysis of annexin-V positive cells, and mitochondrial potential loss measurement. The
results showed that ruthenium compounds break partially or completely the cisplatin resistance
by activating the caspase 8-dependent apoptosis pathway and loss of mitochondrial membrane
potential. Platinum compounds also have a cytostatic effect, but their action requires more exposure
time. Potential mechanisms underlying drug resistance in the two pairs of cancer cell lines were
investigated: total glutathione content, P-glycoprotein activity, and differences in the activity of DNA
repair induced by nucleotide excision. Results showed that cisplatin-resistant cells have elevated
glutathione levels relative to sensitive cells. Moreover, they indicated the mechanisms enabling
cells to avoid apoptosis caused by DNA damage. Pg-P activity has no effect on the development of
cisplatin resistance in the cell lines described.

Keywords: medicinal chemistry; platinum compounds; ruthenium compounds; biologically active
compounds; cytotoxicity evaluation; apoptosis

1. Introduction

Drug resistance remains one of the biggest challenges in cancer therapy. Intense
research has been carried out during the past decades and several mechanisms that are
responsible for the cisplatin-resistant phenotype of tumor cells have been described. Cis-
platin resistance may occur at four different stages: during the drug circulation through
the bloodstream, during the drug influx and efflux through the cell membrane, during
its presence in cytoplasm, and finally after DNA binding. As cisplatin has been found
to be the major therapeutic options in some clinical situations, the development of inno-
vative strategies that overcome drug resistance constitutes a goal with important clinical
implications [1].

Over the last 40 years, large numbers of platinum-metal compounds with anticancer
activity have been synthesized, such as mono- and multi-nuclear platinum complexes,
trans-platinum complexes, Pt(IV) complexes, and other synthesis strategies. Interestingly,
the outcomes of clinical trials of these complexes resembled the classical platinum com-
plexes and none of the non-classical platinum complexes has been approved for clinical
application. This phenomenon has encouraged many scientists to be engaged in design-
ing novel platinum complexes [2]. Therefore, it is necessary to introduce new antitumor
platinum complexes, with a modern structure, that may have anticancer potentials. The
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main approaches in the development of novel platinum-based complexes are the follow-
ing: changing ammonia/leaving groups, conjugation with bioactive/active molecules,
conjugation with stereochemistry, coordination saturation, introduction of axial ligands,
and merging two or more platinum coordination spheres. In brief, the platinum drug
development field occupies a significant position and is still being broadened [3,4].

Among the transition metal complexes, ruthenium complexes have received attention
in many aspects. A number of Ru-based anticancer agents have been developed to date, yet
none of them are in clinical use as anticancer drugs. Successful entries to clinical trials of
NAMI-A [5], KP1019 [6], NKP1339 [7], and TLD1443 [8,9], together with many reports on
the promising in vitro and in vivo activities of other types of Ru complexes, have caused
Ru-based chemotherapeutics to be seen as a major area in anticancer drug research [10–12].

An interesting methodology used for designing new bioactive metal compounds
with anticancer properties is based on preparing coordination compounds bearing ligands
that present some biological activity. In this way, flavonoids, which are largely used as
pharmaceutical agents due to their beneficial properties, often have been used as ligands
to synthesize active complexes. Compounds based on the flavone skeleton also exhibit
multiple biological activities. To be precise, many flavonoids have been shown to have
antioxidant, antimicrobial, and even anticancer effects [13]. Nevertheless, the biological
activity of the flavonoids is not limited to antioxidant properties. Some flavonoids may be
inhibitors of important enzymes (e.g., topoisomerases and aromatase) [14,15] or mutagens
and/or DNA intercalators; the interaction of some flavonoids with enzymes and DNA may
underlie their cytostatic properties [16].

Our study has three main experimental parts: (1) we evaluated the properties of
the biological material (the cisplatin-resistant cell lines compared to cisplatin-sensitive
cell line); (2) assessed the cytotoxicity of the ruthenium(II) and platinum(II) compounds
with flavonoid bioligands previously obtained by our group (cis-dichlorobis(3-imino-2-
methoxyflavanone)ruthenium(II) (134) 2 [17], cis-dichlorobis(3-imino-2-ethoxyflavanone)
ruthenium(II) (138) 3 [17], and trans-dichlorobis(3-aminoflavone)platinum(II) (TCAP)4 [18],
with cis-diaminadichloroplatinum(II) (CDDP or cisplatin) 1—an anticancer drug—used as
a reference compound) (see Figure 1), also studying the mechanism of action of the tested
compounds on the cisplatin-resistant and cisplatin-sensitive lines; and (3) compared these
results to the compound activity against normal cells (human lymphocytes).
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Figure 1. Structures of the compounds: (a)—cis-diamminedichloroplatinum (II) (cisplatin, CDDP)
1; (b)—cis-dichlorobis (3-imino-2-methoxyflavanone)ruthenium (II) (134) 2; (c)—cis-dichlorobis(3-
imino-2-ethoxyflavanone)ruthenium(II) (138) 3; (d)—trans-dichlorobis(3-aminoflavone)platinum(II)
(TCAP) 4.

The potential mechanisms underlying drug resistance in the tested cell lines, i.e.,
total glutathione content, P-glycoprotein (Pg-P multidrug resistance factor) activity, and
differences in DNA repair activity by nucleotide excision (NER), were examined.

The ability of the tested compounds to overcome cisplatin resistance in tumor cells
in vitro with 72 h exposure, as well as the mechanisms activated by them to induce cell
death (apoptosis) in cells of a cisplatin-sensitive ovarian cancer line (A2780) and its cisplatin-
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resistant derivative (A2780cis) were investigated. Furthermore, cancer cell lines with differ-
ent sensitivity to cisplatin were used in this study, including two pairs of cancer cell lines:
human ovarian cancer A2780 (cisplatin-sensitive cells) and A2780cis (cisplatin-resistant),
and human Toledo lymphoma (cisplatin-sensitive) and Toledo-cis (cisplatin-resistant).

2. Results
2.1. Mechanism of Resistance to Cisplatin in Cancer Cell Lines

Cells develop resistance to platinum agents by establishing a complicated self-protection
system to escape toxic metal compounds. Primarily, under-expression of membrane
transporters [19] or overexpression of drug efflux pumps [20] contribute to the reduced
levels of platinum accumulation in the cell. Differences in the expression of proteins
involved in protection against or predisposition towards DNA damage, such as heat
shock [21] and ribosomal proteins [22], are also implicated. Furthermore, epigenetic
changes, such as in DNA methylation [23], structural changes in chromatin [24], and
histone modifications [25], as well as involvement of diverse transcription factors [26] and
post-transcriptional gene-regulating microRNA [27], may contribute to the development of
resistance [28]. In this paper, the following selected aspects underlying drug resistance in
the A2780 and A2780cis lines were investigated: total glutathione content, P-glycoprotein
(Pg-P multidrug resistance factor) activity, and differences in DNA repair activity by
nucleotide excision.

2.1.1. Concentration of Total Glutathione

Glutathione (γ-L-glutamyl-L-cysteinylglycine) is a thiol tripeptide that plays a crucial
role in cellular redox equilibrium and disposal of toxic substances. Due to the presence of a
sulfhydride group, it has a high potential to bind and inactive toxic metal ions, including
metal base drugs, e.g., cisplatin. Therefore, elevated level of glutathione is commonly found
in cisplatin-resistant cancer cells [1], as a crucial pre-target resistance mechanism. It also
can be a cause of cellular cross resistance to other cytostatic agents, especially metal-based
ones, and those acting by oxidative stress in cancer cells.

To determine whether a higher glutathione concentration was present in the drug-
resistant cell lines, compared to their sensitive parent lines, we measured total glutathione
in the sensitive-resistant line pairs, namely, A2780 vs. A2780cis and Toledo vs. Toledo-cis.

The results showed an approximately two-fold increase in glutathione concentration
in resistant cells, when compared to sensitive cells (see Figure 2). Therefore, glutathione
plays a significant role in the resistance to cisplatin in A2780cis and Toledo-cis cells.
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2.1.2. Activity of Glycoprotein P

Glycoprotein P (P-gP) is one of the ATPase transmembrane transporters that remove
metabolites and toxic chemicals out of the cellular environment [29,30]. It is encoded
by the MDR1 gene and plays a crucial role in multidrug resistance in cancer cells [31].
Overexpression of P-gp causes enhanced efflux of therapeutic agents from target cells,
which allows us to classify it as a pre-target mechanism of resistance. The effect can usually
be reversed by inhibitors of P-gp., e.g., verapamil, which is clinically applied to sensitize
cancer cells to chemotherapy [32]. Rhodamine 123 (R-123) is a fluorescent dye that is also
a substrate of P-gp. Therefore, it is a useful tool for the determination of P-gp activity in
viable cells, by monitoring changes in the R-123 concentration in the cells in time, with or
without the presence of P-gp inhibitors [33].

Two pairs of cisplatin-sensitive and -resistant cell lines (A2780 vs. A2780cis and Toledo
vs. Toledo-cis) were tested towards the differences in R-123 accumulation and efflux rates
with or without verapamil. A higher rate of R-123 efflux in drug-resistant cells over the
sensitive ones could be attributed to the higher activity of P-gp, and the effect should
be reversed by verapamil. Our results showed no significant difference in P-gp activity
between sensitive and resistant cells. The rate of accumulation and efflux of R-123 was
similar in both cell line pairs (see Figure 3), and the process was similarly affected by
verapamil. Therefore, it can be concluded that the resistance to cisplatin in A2780cis and
Toledo-cis cells does not depend on a higher activity of P-gp.
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Figure 3. Kinetics of rhodamine 123 removal from cisplatin-resistant and -sensitive ovarian and Toledo
cells. Cells were incubated in culture medium with 2 mol/L rhodamine for 2 h at 37 ◦C, and then
washed and further incubated in a culture medium without rhodamine in the absence (#) or presence (•)
of 10 mol/L of verapamil. Results shown are representative data of 4–6 individual studies.

2.1.3. Efficacy of DNA Nucleotide Excision Repair

The cytotoxic action of platinum compounds is mainly due to causing DNA damage.
Cisplatin forms adducts with DNA, by binding N7 atoms in purine rings. Those adducts
are removed by the cellular nucleotide excision repair (NER) system. The more effective
NER is in a cell, the more efficient the cell can be in removing DNA–platinum adducts.
This on-target mechanism of resistance can contribute to failures of platinum-based anti-
cancer therapy [1,34]. Nucleotide excision repair is also the main mechanism coping with
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UV-induced DNA damage, namely, pyridine dimers. Therefore, genetic impairments in
the NER system cause extreme sensitivity to sunlight in affected individuals, which is
known as xeroderma pigmentosum [35]. The common way of DNA repair after damage
caused by cisplatin and UV radiation can be used in the laboratory in assessing NER
efficacy in cisplatin-resistant cancer cells in vitro. Damage to DNA after the exposure of
the cells to cisplatin is hard to compare in different cell lines and requires a long time
(several hours) to occur and can be affected by many factors, such as the drug transport
mechanisms, glutathione-based inactivation, etc. Irradiation with UV is a quick, direct, and
reproducible [36] method of inducing DNA damage in cultured cells, and the extent of the
damage does not depend on intracellular pre-target resistance factors.

The nucleotide excision repair of DNA is executed in several steps: (i) recognition
of the lesion; (ii) removal of the lesion and the immediate proximity in the affected DNA
strand; and (iii) synthesis of the correct nucleotide sequence based on the intact DNA
strand. The second step of NER generates DNA strand breaks, which can be observed by
single-cell gel electrophoresis or comet assay. The measurement of the extent and kinetics
of formation and subsequent repair of DNA strand breaks can be used as a tool to evaluate
the cellular NER response to DNA-damaging stimuli [37–39].

We applied the comet assay to assess DNA repair after the exposure to UV-C irra-
diation in two pairs of cisplatin-sensitive and -resistant cell lines (A2780 vs. A2780cis
and Toledo vs. Toledo-cis) to find out whether a higher NER capacity could be one of
the underlying mechanisms of the resistance to cisplatin in A2780cis and Toledo-cis cells,
compared to their parental lines.

We found no significant difference between A2780 and A2780cis cells regarding the
kinetics of DNA repair after UV exposure (see Figure 4C,D). However, under the conditions
applied, the cell populations were not uniform in their DNA processing pattern. After
3 h, one could observe a subpopulation of the cells with a decreasing level of DNA strand
break, and the second one with an increasing level of the damage, which indicated that
they entered an apoptosis/necrosis pathway.

Toledo cells appeared to be much more sensitive to UV radiation than A2780 (see
Figure 4A,B). The vast majority of the cell population exposed to UV apparently underwent
apoptosis. However, Toledo-cis cells appeared to be much less influenced by the irradiation
than ovarian carcinoma cells. The majority of the cells were very weakly influenced; there
were no apparent patterns of creating and removing DNA breaks or the comet pattern
characteristic of apoptotic nuclei. It is probable that Toledo-cis cells have evolved some
kind of molecular by-pass, allowing them to overcome the repair-inducing or lethal effects
of the UV irradiation; or, the onset of apoptosis is more delayed in them, beyond the tested
6 h post-exposure. Anyway, the low response of the cells to UV rays is probably connected
with higher resistance of Toledo-cis to cisplatin, when compared to the Toledo cell line.

2.2. Cellular Viability Assay—MTT Test

The present study used a panel of four human cancer cell lines with human lympho-
cytes. The results have been partially published (IC50 for 134 (2), 138 (3), and cisplatin)
in our previous paper [40]. For the sake of comparison, they are reposted along with the
results for the TCAP(4) compound (Table 1).

A2780 (human ovarian cancer) and Toledo (B-lymphocyte human lymphoma) cells
were very sensitive to cisplatin, with an IC50 value well below 1 µM. Cisplatin-resistant
sublines were also used, with an IC50 value about an order of magnitude higher than those
of the sensitive parent cell lines. Cisplatin-resistant subline A2780cis had an IC50 value of
16.8 µM and Toledo-cis, obtained in our laboratory, had an IC50 value of 8.3 µM.
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Table 1. Summary of the IC50 values of the tested compounds across a panel of cancer cells and
human lymphocytes.

IC50 (µM/L)

Cisplatin (1) 134 (2) 138 (3) TCAP(4) Ligand

A2780 0.2 ± 0.1 2.5 ± 0.2 1.8 ± 0.1 6.5 ± 0.3 >100
A2780cis 16.8 ± 1.5 4.6 ± 0.2 1.5 ± 0.4 15.1 ± 0.6 >100
Toledo 0.5 ± 0.07 0.5 ± 0.1 0.6 ± 0.04 8.8 ± 0.8 >100
Toledo-cis 8.3 ± 0.6 2.9 ± 0.2 2.8 ± 0.1 12.6 ± 1.2 >100
Lymphocytes 0.2 ± 0.1 3.4 ± 0.3 1.6 ± 0.1 11.9 ± 0.7 >100

Resistance Factor Defined as IC50(Resistant)/IC50(Sensitive)

RF (IC50 A2780cis/IC50 A2780) 84 1.8 0.8 2.3
RF (IC50 Toledo-cis/IC50 Toledo) 17 5.8 4.6 1.4

TCAP(4) revealed significant cytotoxicity towards all tested cell lines, with IC50 values
in the 6.5–15.1 µM range (Table 1). However, it has much lower toxicity towards all the
cell models when compared to ruthenium compounds 2 and 3. This may seem surprising,
as the platinum compounds are considered more cytotoxic than ruthenium compounds
in general [41]. For TCAP(4), basically, no significant differences were observed between
the sensitive (A2780 and Toledo cells) and their cisplatin-resistant sublines (A2780cis and
Toledo-cis). We supposed that TCAP(4) has the ability to retain cytotoxic activity against
cisplatin-resistant cell lines, which could be explained as different mechanisms of activity.
Interestingly, TCAP(4) almost completely overcame cisplatin resistance in Toledo-cis cells.
We previously found that ruthenium compounds 2 and 3 partially overcome cisplatin
resistance in A2780cis and Toledo-cis cells (its toxicity in cisplatin-resistant cells is the same
as in the sensitive cells—the resistance factor RF, expressed as IC50 resistant cells/IC50
sensitive cells—equals 1). The resistance factor for cisplatin in A2780cis/A2780 is 84. For
the compound TCAP (4), it is 2.3. In case of Toledo-cis/Toledo cells, the resistance factor is
about 17 for cisplatin and 1.4 for compound 4. Therefore, while cisplatin is more toxic to
almost all the cell lines than TCAP(4), the toxicity ratio of the resistant/sensitive cells is
smaller in case of TCAP (4). Interestingly, compounds 134 (2), 138 (4) and TCAP(4) simi-
larly overcome cisplatin resistance in ovarian cancer lines (RF = 1.8; 0.8; 2.3 respectively).
This very desirable feature of the new compounds could be connected with a different
mechanism of action from that of cisplatin (RF = 84).

Cisplatin was very toxic to normal lymphocytes, which were found to respond simi-
larly to the sensitive cell lines. Compounds 134 (2) and 138 (3) are also less toxic to normal
lymphocytes than cisplatin, which is a favorable property in the context of testing potential
anticancer agents. Particularly noteworthy is the fact that TCAP was 60-times less toxic for
normal lymphocytes in comparison to cisplatin, while compounds 134 (2) and 138 (3) were
found to be 3 and 7 times less active, respectively. The low toxicity of compound 4 towards
human lymphocytes is undoubtedly a desirable feature for the prevention of potential drug
side-effects. It should also be noted that the free ligand 3-aminoflavone was not cytotoxic
at <100 µM.

2.3. Proapoptotic Activity of Tested Compounds

Apoptosis (programmed cell death) is a desired way in which cancer cells should
respond to treatment. The efficacy and extent of the process can be evaluated by means of
many indicators and at various points of apoptosis. A cell that undergoes programmed
death initiates a cascade of biochemical changes, such as cell membrane modifications,
activation of enzymes (e.g., caspases), loss of mitochondrial membrane polarization, frag-
mentation of nuclear DNA, cell shrinkage, and decomposition into apoptotic bodies. Any
drugs that help induce cancer cells to enter the apoptosis pathway are therefore highly
desirable for anticancer therapy. Our studies showed how apoptosis was induced by the
tested compounds in human ovarian cancer cells sensitive to cisplatin (A2780) and resistant
to cisplatin (A2780cis).
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2.3.1. Caspase 8 Activity Assay

We assessed the activation of caspase-8 in A2780 and A2780cis cells after their exposure
to Ru(II) and Pt(II) compounds. Low activity of caspase-8 can indicate low induction of the
“extrinsic” receptor apoptotic pathway, which can contribute to higher resistance of the cells
to many cytostatic drugs [42]. The aim of this experiment was to find out whether the tested
compounds activated the caspase-8 dependent apoptotic pathway, as well as whether there
were any differences in its level between the drug-sensitive and -resistant cells.

The results showed that after 2 h, caspase-8 is activated by the Ru(II) compounds
earlier and more efficiently in the sensitive A2780 cells than in the resistant A2780 cells (see
Figure 5). Pt(II) compounds were less able to induce apoptosis under the same conditions,
up to 4 h of exposure. This suggested a different mechanism of activity of the Pt(II)
compounds vs. Ru(II) compounds. Apart from this difference, the delayed activation of
caspase-8 in A2780cis cells may indicate that the impairment in the execution of the extrinsic
apoptotic pathway can contribute to the resistance of the A2780cis cell line to cisplatin.
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at least three individual studies (* p < 0.05).

2.3.2. Annexin V Apoptosis Assay

Annexin-V (Ann-V) is a protein that has a high affinity to the phosphatidylserine
present on an apoptotic cell’s membrane. When annexin-V is conjugated with a fluorescent
dye (e.g., fluorescein), it can be used to detect apoptotic cells by means of spectrofluoro-
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metric flow cytometry. An additional stain, propidium iodide (PI), which marks only the
already dead cells, can be used to distinguish between early apoptotic (Ann-V+, PI-), late
apoptotic (Ann-V+, PI+), necrotic (Ann-V-, PI+), and living (Ann-V-, PI-) cells. In this study
we assessed the apoptotic-inducing potential of Ru(II) and Pt(II) compounds in ovarian
cancer cell lines A2780 (cisplatin sensitive) and A2780cis (cisplatin resistant). The Ru(II)
compounds caused a significant dose- and time-dependent increase in the percentage of
Ann-V positive cells of both lines, when compared to the control (untreated cells). The Pt(II)
compounds, cisplatin and TCAP, did not cause similar changes under the same conditions
(see Figure 6). This shows that the Pt(II) compounds induce cell death after a longer time
or/and at higher concentrations than Ru(II)compounds.
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2.3.3. Mitochondrial Potential Loss Measurement

We assessed the influence of Pt(II) and Ru(II) compounds on mitochondria function in
cells A2780 and A2780cis. Loss of mitochondrial membrane potential is a crucial hallmark
of apoptosis [43]. The experiment showed that Ru(II) compounds induce the loss of
mitochondrial membrane potential in a dose-dependent manner (see Figure 7). After 4 h of
exposure, the percentage of A2780 and A2780cis cells with mitochondrial impairment was
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nine times greater than in control samples. TCAP and cisplatin under the same conditions
had much lower influence on mitochondrial membrane potential. The results suggest
that Ru(II) compounds induce apoptosis in a shorter time and a different manner than the
tested Pt(II) compounds.
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brane potential (MTR positive) after 2 h and 4 h incubation with the tested compounds. Results
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The main mechanism of Pt(II) compound activity depends on the interaction with
DNA, causing crosslinks that hamper DNA replication and transcription. Apoptosis is
executed soon after the DNA repair systems find the damage and send the signal to initiate
the programmed death pathway. The process takes on average several hours to begin.
The Ru(II) compounds induced apoptosis in a shorter time than Pt(II) compounds, which
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indicated a more direct way of activity, e.g., the caspase-8-dependent receptor pathway
and mitochondrial (intrinsic) pathway, triggered probably by oxidative stress [44].

2.4. Interaction of Ru(II) and Pt(II) Compounds with Topoisomerases

Topoisomerases I and II are the enzymes that relieve torsional strain in supercoiled
DNA (scDNA) during transcription and replication. Inhibition of the enzymes impairs cell
division and expression of genetic information, thus leading to cell death. For this reason,
the enzymes are targets for many cytostatic drugs. Topoisomerase I (Topo1) relaxes DNA by
introducing one DNA strand incision (the so called “nick”), and after the strand unwinding,
re-ligating the incision. There are Topo1 inhibitors among the antineoplastic agents, e.g.,
the camptothecin derivatives irinotecan and topotecan. Topoisomerase II (Topo2) causes a
double-strand break in DNA and re-ligates it after unwinding. Cytostatic drugs that inhibit
Topo2 are, e.g., etoposide and anthracyclines. Topoisomerase inhibitors are usually divided
into two subclasses, depending on their mechanism of action: catalytic inhibitors and
poisons. Catalytic inhibitors block the catalytic activity of the enzyme, while the poisons
stabilize the topoisomerase–DNA complex. The Topo-inhibiting cytostatic drugs are in fact
topoisomerase poisons. There are studies that have found topoisomerase inhibitors among
natural flavonoids, e.g., genistein [45], luteolin [14], myricetin, and fisetin [46], as well as
among ruthenium compounds [47,48].

The aim of our experiments was to evaluate the interaction, in vitro, of the tested
Ru(II) and Pt(II) compounds with human topoisomerases I and II, to assess their potential
mechanism of cytostatic activity. The electrophoretogram of the scDNA treated with the
enzyme and the Ru(II) and Pt(II) compounds shows the same band pattern as the negative
control (scDNA digested with the enzyme only) (see Figures 8 and 9). Therefore, we
must conclude that the tested compounds do not inhibit topoisomerase I or II, nor lead
to the formation of a stabilized DNA–Topo complex with open circular (topo1) or linear
(topo2) DNA. For comparison, in the positive control, i.e., the sample of DNA treated with
Topo1 and camptothecin (CPT), we observe the presence of open circular DNA, whereas the
sample treated with Topo2 with etoposide shows the presence of linear DNA. Therefore, the
cytotoxic activity of the tested metal compounds is most probably not based on inhibition
of topoisomerases I and II.
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Figure 8. Electrophoregrams in 1% agarose gel of supercoiled (sc) plasmid DNA digested with topoisomerase I (topo1),
without or in the presence of the indicated substances: 1—DNA + topo1 (enzyme control); 2—1% DMSO (solvent control),
3—100 µM camptothecin (positive control); 4—134 10 µM; 5—138 10 µM, 6—TCAP 10 µM; 7—TCAP 20 µM; 8—100 µM
camptothecin (positive control); 9—scDNA; 10—relaxed DNA (topoisomers); 11—linear DNA. Image A shows the elec-
trophoregram of an ethidium bromide-stained gel after electrophoresis, and image B shows the result of DNA separation in
a gel with ethidium bromide.



Int. J. Mol. Sci. 2021, 22, 7568 12 of 18

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 12 of 19 
 

 

reason, the enzymes are targets for many cytostatic drugs. Topoisomerase I (Topo1) re-

laxes DNA by introducing one DNA strand incision (the so called “nick”), and after the 

strand unwinding, re-ligating the incision. There are Topo1 inhibitors among the antineo-

plastic agents, e.g., the camptothecin derivatives irinotecan and topotecan. Topoisomerase 

II (Topo2) causes a double-strand break in DNA and re-ligates it after unwinding. Cyto-

static drugs that inhibit Topo2 are, e.g., etoposide and anthracyclines. Topoisomerase in-

hibitors are usually divided into two subclasses, depending on their mechanism of action: 

catalytic inhibitors and poisons. Catalytic inhibitors block the catalytic activity of the en-

zyme, while the poisons stabilize the topoisomerase–DNA complex. The Topo-inhibiting 

cytostatic drugs are in fact topoisomerase poisons. There are studies that have found 

topoisomerase inhibitors among natural flavonoids, e.g., genistein [45], luteolin [14], my-

ricetin, and fisetin [46], as well as among ruthenium compounds [47,48].  

The aim of our experiments was to evaluate the interaction, in vitro, of the tested 

Ru(II) and Pt(II) compounds with human topoisomerases I and II, to assess their potential 

mechanism of cytostatic activity. The electrophoretogram of the scDNA treated with the 

enzyme and the Ru(II) and Pt(II) compounds shows the same band pattern as the negative 

control (scDNA digested with the enzyme only) (see Figures 8 and 9). Therefore, we must 

conclude that the tested compounds do not inhibit topoisomerase I or II, nor lead to the 

formation of a stabilized DNA–Topo complex with open circular (topo1) or linear (topo2) 

DNA. For comparison, in the positive control, i.e., the sample of DNA treated with Topo1 

and camptothecin (CPT), we observe the presence of open circular DNA, whereas the 

sample treated with Topo2 with etoposide shows the presence of linear DNA. Therefore, 

the cytotoxic activity of the tested metal compounds is most probably not based on inhi-

bition of topoisomerases I and II. 

 

Figure 8. Electrophoregrams in 1% agarose gel of supercoiled (sc) plasmid DNA digested with 

topoisomerase I (topo1), without or in the presence of the indicated substances: 1—DNA + topo1 

(enzyme control); 2—1% DMSO (solvent control), 3—100 µM camptothecin (positive control); 4—

134 10 µM; 5—138 10 µM, 6—TCAP 10 µM; 7—TCAP 20 µM; 8—100 µM camptothecin (positive 

control); 9—scDNA; 10—relaxed DNA (topoisomers); 11—linear DNA. Image A shows the electro-

phoregram of an ethidium bromide-stained gel after electrophoresis, and image B shows the result 

of DNA separation in a gel with ethidium bromide. 

 

Figure 9. Electrophoregrams in 1% agarose gel of supercoiled (sc) plasmid DNA digested with topoisomerase II (topo2), 

without or in the presence of the indicated substances: 1—scDNA; 2–4—topo2 5, 10, and 15 units (enzyme activity control); 
Figure 9. Electrophoregrams in 1% agarose gel of supercoiled (sc) plasmid DNA digested with topoisomerase II (topo2),
without or in the presence of the indicated substances: 1—scDNA; 2–4—topo2 5, 10, and 15 units (enzyme activity control);
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3. Materials and Methods
3.1. Cell Culture
3.1.1. Continuous Cell Culture

Cell lines A2780 (human ovarian carcinoma, ECACC cat. No. 93112519), A2780cis
(subline resistant to cisplatin, ECACC cat. No. 93112517), Toledo (human diffuse large
cell lymphoma, ATCC CRL-2631TM), and Toledo-cis (cisplatin-resistant subline obtained
from Toledo in our laboratory) were cultured in RPMI-1640 medium (Biological Industries,
Kibbutz Beit-Haemek, Israel) supplemented with 10% heat-inactivated fetal bovine serum,
5 mM Hepes, and 50 µg/mL gentamycin. All cell lines were maintained in a humidified
incubator, at 37 ◦C and 5% CO2. The cell lines A2780 and A2780cis were grown as mono-
layers, and cultures were detached with trypsin and renewed every 3–4 days. Toledo and
Toledo-cis were grown in suspension; the cultures were renewed every 3–4 days. The
Toledo cell line was kindly provided by Prof. Piotr Smolewski from the Department of
Experimental Hematology, Medical University of Lodz, ul Ciołkowskiego 2, 93–510 Łódź,
Poland, on the conditions of collaboration. The Toledo-cis cell line was obtained in our
laboratory by exposing the original Toledo cells to cisplatin at increasing concentrations
(0.25–3 µM in culture medium) for several months.

3.1.2. Human Blood Lymphocyte Culture

The buffy coat fraction of peripheral blood from healthy donors was purchased from
the Regional Blood Bank in Lodz, Poland. Mononuclear blood cells were isolated using
Lympho-Sep tubes (Biological Industries, Israel). Lymphocytes were cultured in RPMI-1640
medium (Biological Industries, Israel) supplemented with 10% heat-inactivated fetal bovine
serum, phytohemaglutinin M solution (PHA-M, Biological Industries), 5 mM Hepes, and
50 µg/mL gentamycin.

3.2. Concentration of Total Glutathione

The levels of glutathione (GSH) in the cells were determined by using a Glutathione
Colorimetric Assay Kit (BioVision K261, Milpitas, CA, USA). Briefly, 1 × 106 cells of each
line were collected by centrifugation at 700× g for 5 min at 4 ◦C. The supernatant was
removed. Cells were resuspended in 0.5 mL ice-cold PBS, transferred into 1.5 mL microcen-
trifuge tubes, and centrifuged at 700× g for 5 min at 4 ◦C. The supernatant was removed.
Cells were lysed in 80 µL ice-cold Glutathione Buffer and incubated on ice for 10 min.
Then, 20 µL of 5% SSA (sulfosalicylic acid) was added, mixed, and centrifuged at 8000× g
for 10 min. The supernatant was transferred to a fresh tube and used for the glutathione
assay. The GSH content of the sample was then assayed according to the instruction
provided by the kit manufacturer, where the catalytic amounts of glutathione caused a
continuous reduction in 5,5′-dithiobis-(2-nitrobenzoic) acid to 2-nitro-5-thiobenzoic acid
(TNB). The oxidized GSH formed was recycled by the GSH reductase and NADPH. TNB
was assayed calorimetrically. The results are shown as the mean of three independent
experiments ± SD.
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3.3. Activity of Glycoprotein P

A2780, A2780cis, Toledo, and Toledo-cis cells were seeded in 6-well test plates (2× 105 cells
per 1 mL of medium, 3 mL of suspension per well). The procedure was conducted after
24 h. The cells were immersed in fresh, pre-warmed medium with addition of 10 or 20 µM
rhodamine 123 dissolved in DMSO. Then verapamil was added to final concentrations of 0,
10, and 50 µM. The plates were incubated at 37 ◦C for 30 and 60 min. Then the cells were
washed with ice-cold PBS and lysed in 2.5 mL of 0.5% TritonX-100 in distilled water. The
fluorescence of the lysate was measured (SPECTROstarNano spectrophotometer, BMG
Labtech, Ortenberg, Germany). The results are shown as the mean of three independent
experiments ± SD.

The cells were immersed in fresh, pre-warmed medium with addition of 30 µM rho-
damine 123 dissolved in DMSO and incubated at 37 ◦C for 45 min. Then the medium
was replaced with the fresh one with addition of verapamil at concentrations of 0, 10, and
50 µM and incubated for 0, 30, and 60 min. Next, the cell monolayers were washed with
ice-cold PBS and lysed in 2.5 mL of 0.5% TritonX-100 in distilled water. The fluorescence
of the lysate was measured (SPECTROstarNano spectrophotometer, BMG Labtech, Orten-
berg, Germany). The fluorescence of the control samples of each time (cells not treated
with verapamil, time 0 min) was assumed as 1.00, as the reference for other samples. The
results are shown as the mean of three independent experiments ± SD.

3.4. Efficacy of DNA Nucleotide Excision Repair

The test procedure was the same for all tested cell lines. A2780 and A2780cis cells
were detached by trypsinization and carried into suspension (approximately 4–8 ×104 cells
per 1 mL of medium). The suspension was then transferred to a 12-well plate (1 mL of
suspension to 1 well, the thickness of the suspension layer was approx. 2.6 mm). The plate
was then exposed to UV light, from a 6W power source with a wavelength of λ = 254 nm,
for 30 s at a distance of 14 cm. UV lamp power was 6 W = 6 Js−1; distance from UV
lamp: d = 14 cm = 0.14 m; UV irradiance (Js−1m−2) = UV lamp power (Js−1)/4π d2;
6 Js−1/4 · 3.14 (0.14m)2 = 24.4 J/s ·m2. UV dose (Jm−2) = UV intensity exposure time [36].
After UV exposure, the cell suspension was incubated for 30 min at 37 ◦C to allow the DNA
repair process. The suspension was then centrifuged at 4–10 ◦C at 1500 rpm for 10 min and
the culture medium was removed. Cells were resuspended in low melting point agarose
(concentration of 1.2% agarose in PBS, a saline solution in phosphate buffer) and then
applied to an agarose-coated primary slide. The base slide was covered with a coverslip
and the whole thing was cooled. After this time, the coverslip was removed and the slides
were placed in lysis buffer (2.5 M/L NaCl, 0.1 M/L EDTA, 0. 01 mol/L Tris, pH = 10) with
1% Triton X-100 and left until the next day at 4 ◦C. The preparations were then placed, for
DNA denaturation, in an alkaline solution of pH > 13: 0.3 mol/L NaOH, 0.01 mol/L EDTA.
Slides were incubated for 20 min and electrophoresed in the same buffer for 30 min, at
0.8 V/cm. After electrophoresis, the slides were neutralized in Tris-HCl buffer, pH = 7.5,
washed with distilled water, and air-dried. Dry slides were stained with fluorescent dye
(GelRed) and photographed with a camera connected to a fluorescence microscope. Comets
were counted using CaspLab (version 1. 2. 3beta2) [49]. The percentage of DNA in the
comet tail (a parameter that can be determined using CaspLab) was used to determine the
DNA damage index, i.e., the sum of the single- and double-stranded DNA breaks [39]. The
results are shown as the mean of at least three independent experiments ± SD.

3.5. Cellular Viability Assay—MTT Test

The cancer cells were seeded in 24-well plates, with 1 mL of cell suspension per well,
in the following densities: A2780—104 cells/mL; A2780cis—1.5× 104 cells/mL; and Toledo
and Toledo-cis—5 × 104 cells/mL. Lymphocytes were seeded in 48-well plates, 0.5 mL
of cell suspension per well, at −2 × 105 cells/mL. The cultures were left overnight to
adapt. The next day, the tested compounds were added, pre-dissolved in DMF, and then
in a complete culture medium, at concentrations two-fold higher than the final ones. The
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resulting solutions were added to cell cultures to obtain the demanded concentration.
Stock solutions of the compounds were freshly made before every experiment. The final
concentration of the solvents in culture medium was 0.2% v/v. After 72 h, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution was added to PBS (final
concentration 0.25 mg/mL in culture) and incubated at 37 ◦C for 2–3 h. Then the culture
medium was removed, and the purple formazan crystals were dissolved in DMSO. The
absorbance was measured at 540 nm on a Spectrostar Nano spectrophotometer with a
microplate reader (BMG Labtech, Ortenberg, Germany). The experiments were performed
at least in triplicate. The results were transformed to relative values, as the percentage of
the solvent control (assumed as 100%) to subtract any toxic effect of DMF.

3.6. Caspase 8 Activity Assay

The procedure was conducted according to the instructions provided by the kit
manufacturer (Caspase-8 Colorimetric Assay Kit, BioVision K113; Milpitas, CA, USA).
A2780 and A2780cis cells were seeded in 6-well test plates (3 × 105 cells per 1 mL of
medium and 3 mL of suspension per well). The procedure was conducted after 24 h. The
tested compounds were added to the cell cultures (one sample in each experiment was not
treated with the compounds, for control) and incubated for 2 and 4 h. Then the cells were
collected by means of trypsinization and centrifuged (10 min, 1500 rpm, 4 ◦C), rinsed with
PBS + 0.01 M EDTA, and centrifuged again. The cell pellets were suspended in 0.055 mL of
cell lysis buffer, stirred vigorously, incubated on ice for 10–20 min, and centrifuged (10 min,
12,000 rpm, 4 ◦C). In case of each assay, 0.050 mL of the supernatant (cell lysate) was
collected and mixed with 0.050 mL of reaction buffer supplemented with dithiothreitol and
IEDT-pNA (a substrate for caspase-8). The samples were then incubated at 37 ◦C, protected
from light. Then the samples were diluted to the volume of 0.9 mL with a dilution buffer
and absorbance was measured (λ = 405 nm). The results are showed as the mean of at least
three independent experiments ± SD.

3.7. Annexin-V Apoptosis Assay

The apoptotic cells were identified by flow cytometry using the Annexin-V/FITC (BD-
Biosciences, San Diego, CA, USA) assay according to the manufacturer’s instructions. For
detection of apoptosis and necrosis, FITC-labeled annexin-V combined with PI (propidium
iodide) was used to mark the presence of phosphatidylserine (PS), which is displayed dur-
ing apoptosis at the cell surface. PI only stains the nuclei of damaged cells with permeable
plasma membranes. Briefly, the cells were incubated with tested compounds for 2 and
4 h. After incubation, the cells were washed twice with cold PBS and then resuspended in
100 µL of binding buffer, containing 2 µL of FITC conjugated annexin-V and 10 µg mL−1 of
PI (Becton-Dickinson, San Jose, CA, USA). Then, the preparations were incubated at room
temperature, protected from light, for 15 min. Fluorescence was measured immediately
after staining by flow cytometry using FL1 (green, annexin-V) and FL3 (red, PI) standard
fluorescent filters.

3.8. Mitochondrial Potential Loss Measurement

The loss of mitochondrial transmembrane potential (∆Ψm) occurs early during apop-
tosis and is often considered as a marker of apoptosis activated by the mitochondrial
pathway. MitoTracker Red (Invitrogen, Waltham, MA, USA) dye was used as a probe
for ∆Ψm, which accumulates in the active mitochondria of living cells: 50 nM, 20 min
incubation, at RT. The reduction of ∆ Ψm was detected by flow cytometry as a decrease in
red fluorescence of the dye in treated cells as compared to untreated cells.

3.9. Interaction of Compounds with Topoisomerases

The test procedure was carried out according to the manufacturer′s instructions
(Topoisomerase I Drug Screening Kit(plasmid based) TopoGen/Topoisomerase II Drug
Screening Kit (plasmid based) (TopoGen, Buena Vista, CO, USA). A reaction mixture
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with appropriate concentrations of water and buffer and 1–0.5 mL of DNA (plasmid)
was prepared. Then, the tested compounds dissolved in DMSO were added. A solvent
control test was also performed. Finally, an enzyme in the indicated amount was added
to the mixture. The whole was incubated at 37 ◦C for 30 min. Then, the reaction was
stopped by adding 2 µL of detergent-SDS (sodium dodecyl sulfate). Proteinase K solution
(50 µg/mL) was then added and incubated at 37 ◦C for 15 min. After that time, a loading
buffer (bromophenol blue and glycerol) was added to the samples and then applied to a
1% agarose gel. Electrophoresis was carried out in TAE (Tris Acetate-EDTA) buffer, which
was obtained by mixing 40 mM Tris Acetate, 1 mM EDTA, and diluting with water. It was
carried out for 4–5 h at 2 V/cm. For the Topo I assay, two types of gel were prepared: non-
EB (Figure 8A) and EB gel (Figure 8B). Non-EB gels were stained with EB (0.5 ug/mL) for
15–30 min and then destained in water or buffer for 15 min prior to photodocumentation.
EB gel was run in the presence of 0.5 ug/mL (in gel and running buffer), then destained
with water for 15 min prior to photodocumentation. The difference is due to the fact that
the ethidium bromide present in the gel binds DNA and gives the alternative possibility to
distinguish different forms of DNA (linear, supercoiled, and nicked). Binding EtBr to DNA
changes the charge, weight, conformation, and flexibility of the DNA molecule. Those two
results (Figure 8A,B) are complementary and should be interpreted jointly.

3.10. Data Analysis

The results are expressed as the mean ± SD. Statistical significance was assessed with
a non-parametric Wilcoxon–Cox test; a p value less than 0.05 was considered as statistically
significant. All statistical analyses were performed using StatSoft Statistica 10PL software.

4. Conclusions

The potential mechanisms underlying drug resistance in two pairs of cancer cell lines
were investigated: total glutathione content, P-glycoprotein (Pg-P multidrug-resistance
factor) activity, and differences in the activity of DNA repair induced by nucleotide excision.

Higher level of glutathione is usually found in cisplatin-resistant cancer cells, as an
essential pre-target resistance mechanism. It also can be a cause of cellular cross resistance
to other cytostatic agents, principally metal-based compounds. Our results confirmed
that cisplatin-resistant cells have elevated glutathione levels relative to sensitive cells.
Moreover, they indicated the mechanisms enabling cells to avoid apoptosis caused by DNA
damage. The results show that Toledo-cis cells have evolved some kind of molecular by-
pass, allowing them to overcome the repair-inducing or lethal effects of the UV irradiation;
or, the beginning of the apoptosis process is more delayed in them. Nevertheless, the low
response of the cells to UV rays is probably connected to the higher resistance of Toledo-cis
to cisplatin, when compared to the sensitive cell line. Pg-P activity has no effect on the
development of cisplatin resistance in the cell lines described.

Our studies also presented how apoptosis was induced by the tested compounds in
human ovarian cancer cells sensitive to cisplatin and resistant to cisplatin. The cytostatic
activity of the 134(2), 138(3), and TCAP(4) compounds was investigated by an MTT re-
duction assay with exposure of cell cultures for 72 h. TCAP compounds is 60-times less
toxic to normal lymphocytes than cisplatin, which is a favorable property in the context
of testing potential anticancer agents. The results showed that ruthenium compounds
134(2) and 138(3) break partially or completely the cisplatin resistance by activating the
caspase 8-dependent apoptosis pathway and loss of mitochondrial membrane potential.
The cytotoxic effect of these compounds against the tested cells is marked already after
several tens of minutes of exposure. Platinum compounds, cisplatin and TCAP(4), also
have a cytostatic effect, but their action requires more time of exposure, i.e., several to
several dozen hours. None of the compounds discussed shows any effect on topoisomerase
activity in vitro.

Continuing the studies on the mechanisms underlying the cytotoxicity of potential
drugs, we have described several aspects of anticancer activity of ruthenium(II) and plat-
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inum(II) complexes with aminoflavone bioligands. Further research in this area should
focus on the limitations of current metal complexes and the development of novel com-
pounds with increased specificity and efficacy along with reduced side-effects. Furthermore,
developing approaches for overcoming resistance to platinum drugs is challenging due
to the complexity of the resistance reaction. Therefore, it is important to recognize which
factors contribute most to resistance in order to find ways to overcome the problem.
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18. Fabijańska, M.; Studzian, K.; Szmigiero, L.; Rybarczyk-Pirek, A.J.; Pfitzner, A.; Cebula-Obrzut, B.; Smolewski, P.; Zyner, E.;
Ochocki, J. trans-Platinum(ii) complex of 3-aminoflavone—synthesis, X-ray crystal structure and biological activities in vitro.
Dalton Trans. 2015, 44, 938–947. [CrossRef] [PubMed]

19. Holzer, A.K.; Manorek, G.H.; Howell, S.B. Contribution of the Major Copper Influx Transporter CTR1 to the Cellular Accumulation
of Cisplatin, Carboplatin, and Oxaliplatin. Mol. Pharmacol. 2006, 70, 1390–1394. [CrossRef]

20. Shen, D.-W.; Ma, J.; Okabe, M.; Zhang, G.; Xia, D.; Gottesman, M.M. Elevated expression of TMEM205, a hypothetical membrane
protein, is associated with cisplatin resistance. J. Cell. Physiol. 2010, 225, 822–828. [CrossRef]

21. Landriscina, M.; Laudiero, G.; Maddalena, F.; Amoroso, M.R.; Piscazzi, A.; Cozzolino, F.; Monti, M.; Garbi, C.; Fersini, A.; Pucci, P.;
et al. Mitochondrial Chaperone Trap1 and the Calcium Binding Protein Sorcin Interact and Protect Cells against Apoptosis
Induced by Antiblastic Agents. Cancer Res. 2010, 70, 6577–6586. [CrossRef] [PubMed]

22. Shen, D.-W.; Liang, X.-J.; Suzuki, T.; Gottesman, M.M. Identification by functional cloning from a retroviral cDNA library of
cDNAs for ribosomal protein L36 and the 10-kDa heat shock protein that confer cisplatin resistance. Mol. Pharmacol. 2006, 69,
1383–1388. [CrossRef]

23. Chang, X.; Monitto, C.L.; Demokan, S.; Kim, M.S.; Chang, S.S.; Zhong, X.; Califano, J.A.; Sidransky, D. Identification of
Hypermethylated Genes Associated with Cisplatin Resistance in Human Cancers. Cancer Res. 2010, 70, 2870–2879. [CrossRef]

24. Wang, Q.-E.; Han, C.; Milum, K.; Wani, A.A. Stem cell protein Piwil2 modulates chromatin modifications upon cisplatin treatment.
Mutat. Res. Mol. Mech. Mutagen. 2011, 708, 59–68. [CrossRef] [PubMed]

25. Miyamoto, N.; Izumi, H.; Noguchi, T.; Nakajima, Y.; Ohmiya, Y.; Shiota, M.; Kidani, A.; Tawara, A.; Kohno, K. Tip60 Is Regulated
by Circadian Transcription Factor Clock and Is Involved in Cisplatin Resistance. J. Biol. Chem. 2008, 283, 18218–18226. [CrossRef]
[PubMed]

26. Hirano, G.; Izumi, H.; Kidani, A.; Yasuniwa, Y.; Han, B.; Kusaba, H.; Akashi, K.; Kuwano, M.; Kohno, K. Enhanced Expression of
PCAF Endows Apoptosis Resistance in Cisplatin-Resistant Cells. Mol. Cancer Res. 2010, 8, 864–872. [CrossRef]

27. Hamano, R.; Miyata, H.; Yamasaki, M.; Kurokawa, Y.; Hara, J.; Moon, J.H.; Nakajima, K.; Takiguchi, S.; Fujiwara, Y.; Mori, M.;
et al. Overexpression of miR-200c Induces Chemoresistance in Esophageal Cancers Mediated Through Activation of the Akt
Signaling Pathway. Clin. Cancer Res. 2011, 17, 3029–3038. [CrossRef] [PubMed]

28. Shen, D.-W.; Pouliot, L.M.; Hall, M.D.; Gottesman, M.M. Cisplatin Resistance: A Cellular Self-Defense Mechanism Resulting from
Multiple Epigenetic and Genetic Changes. Pharmacol. Rev. 2012, 64, 706–721. [CrossRef]

29. Kim, R.B. Drugs as P-glycoprotein substrates, inhibitors, and inducers. Drug Metab. Rev. 2002, 34, 47–54. [CrossRef]
30. Prachayasittikul, V.; Mandi, P.; Prachayasittikul, S.; Prachayasittikul, V.; Nantasenamat, C.; Prachayasittikul, P.M.V. Exploring the

Chemical Space of P-Glycoprotein Interacting Compounds. Mini Rev. Med. Chem. 2017, 17, 1332–1345. [CrossRef]
31. Ren, F.; Shen, J.; Shi, H.; Hornicek, F.J.; Kan, Q.; Duan, Z. Novel mechanisms and approaches to overcome multidrug resistance in

the treatment of ovarian cancer. Biochim. Et Biophys. Acta BBA Rev. Cancer 2016, 1866, 266–275. [CrossRef]
32. Palmeira, A.; Sousa, M.E.; Vasconcelos, M.H.; Pinto, M. Three Decades of P-gp Inhibitors: Skimming Through Several Generations

and Scaffolds. Curr. Med. Chem. 2012, 19, 1946–2025. [CrossRef]
33. Wu, Y.; Guo, L.; Liu, J.; Liu, R.; Liu, M.; Chen, J. The reversing and molecular mechanisms of miR-503 on the drug-resistance to

cisplatin in A549/DDP cells. Chin. J. Lung Cancer 2014, 17, 1–7. [CrossRef]
34. Bowden, N.A. Nucleotide excision repair: Why is it not used to predict response to platinum-based chemotherapy? Cancer Lett.

2014, 346, 163–171. [CrossRef]
35. Cleaver, J.E.; Thompson, L.H.; Richardson, A.S.; States, J.C. States, A summary of mutations in the UV-sensitive disorders:

Xeroderma pigmentosum, Cockayne syndrome, and trichothiodystrophy. Hum. Mutat. 1999, 14, 9–22. [CrossRef]
36. deLEEUW, R.; Hatakka, A.; Lim, K.; Tam, E.; Wallace, J. UV intensity and duration of exposure Affects the Reversion Frequency

of hisG46 in Salmonella typhimirium TA100. J. Exp. Microbiol. Immunol. 2003, 3, 60–66.
37. Cipollini, M.; He, J.; Rossi, P.; Baronti, F.; Micheli, A.; Rossi, A.M.; Barale, R. Can individual repair kinetics of UVC-induced DNA

damage in human lymphocytes be assessed through comet assay? Mutat. Res. Mol. Mech. Mutagen. 2006, 601, 150–161. [CrossRef]
[PubMed]

38. Gaivão, I.; Piasek, A.; Brevik, A.; Shaposhnikov, S.; Collins, A.R. Collins Comet assay-based methods for measuring DNA repair
in vitro; estimates of inter- and intra-individual variation. Cell Biol. Toxicol. 2009, 25, 45–52. [CrossRef]

39. Azqueta, A.; Langie, S.; Slyskova, J.; Collins, A. Measurement of DNA base and nucleotide excision repair activities in mammalian
cells and tissues using the comet assay—A methodological overview. DNA Repair 2013, 12, 1007–1010. [CrossRef]
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