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ARTICLE INFO ABSTRACT

Keywords: Anticancer activity of Pd complexes 1-5 with bidentate N-heteroaromatic hydrazone ligands was investigated on
PdA(IT) complexes human acute monocytic leukemia (THP-1; cells in a suspension) and human mammary adenocarcinoma (MCF-7;
Hydrazof‘es two-dimensional layer and three-dimensional spheroid tumor model) cell lines. For the Pd(I) complexes with
Apoptosis condensation products of ethyl hydrazainoacetate and quinoline-8-carboxaldehyde (complex 1) and 2-for-

Topoisomerase I inhibition
DNA interactions
HSA interactions

mylpyridine (complex 3), for which apoptosis was determined as a mechanism of anticancer activity, further
investigation revealed that they arrest the cell cycle in GO/G1 phase, induce generation of reactive oxygen
species and inhibit Topoisomerase I in vitro. In silico studies corroborate experimental findings that these com-
plexes show topoisomerase inhibition activity in the micromolar range and indicate binding to a DNA's minor
groove as another potential target. Based on the results obtained by circular dichroism and fluorescence spec-
troscopy measurements, the most active complexes are suitable to be delivered to a blood stream via human

serum albumin.

1. Introduction

Cancer is the second leading cause of mortality from noninfectious
diseases, accounting for 72% of deaths worldwide [1]. Since cancer
cells proliferate more rapidly than non-neoplastic ones, the majority of
anticancer drugs target the cell cycle by causing a DNA damage [2].
DNA damaging agents can be exogenous or endogenous, physical or
chemical, and can damage DNA directly and/or indirectly [3]. The term
‘DNA damage’ (caused by chemicals) represents any irreversible cova-
lent modification of the DNA molecule, but in a more general sense it
includes non-covalent modifications of the DNA structure which also
affect DNA replication and transcription [4]. Chemicals such as alky-
lators and antimetabolites directly target DNA [2], while indirect en-
zyme mediated DNA damage is a result of inhibition of enzymes in-
volved in the DNA replication process, such as topoisomerases,
ribonucleotide reductases and polymerases [5-8].
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There is a controversy regarding DNA as an anticancer target.
Namely, DNA-targeting chemotherapeutics are not likely to show se-
lectivity between non-neoplastic and cancer cells. On the other hand, a
downstream processing of damaged DNA can differ between healthy
and cancer cells resulting in a differential cytotoxicity [9]. Nowadays,
DNA damaging drugs remain to be center-piece chemotherapeutics
regarding new trends in the pharmaceutical industry [10]. The mostly
used drugs which target DNA are so called ‘platins’ - platinum(II)-based
complexes that include cisplatin and its six structural analogues which
have been approved worldwide for the cancer treatment. Cisplatin is a
blockbuster anticancer drug which entered the market exactly half
century ago as the first metal-based chemotherapeutic (MBC) [11].
Cisplatin revealed activity against various types of solid tumors [12]
and proved especially active against testicular cancer, with a 90% cure
rate [13]. For all platinum-based chemotherapeutics which entered the
market, DNA was identified as a primary target. Their mechanism of
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action includes covalent binding of platinum to DNA bases, with for-
mation of mainly intra-strand cross links, which eventually leads to
apoptosis [14]. The importance of these MBCs can be illustrated by the
fact that they have been used for the treatment of > 50% cancer pa-
tients [15].

The great success of cisplatin in the anticancer treatment, together
with a need to overcome its side effects, such as nephrotoxicity and
development of tumor resistance, triggered further studies in the
medicinal inorganic chemistry to explore for novel MBCs based on
platinum and other metals [11,14,16]. Pd(II) complexes have been
studied as an alternative to platinum-based complexes due to structural
and significant similarity of coordination chemistry of the two metals
[15,17]. The important advantage of Pd(II) complexes is at first a better
solubility [18], while in the terms of anticancer activity Pd(II) com-
plexes have shown comparable or even improved activities than ap-
proved platinum-based and other approved chemotherapeutics, with
reduced cross-resistance and decreased toxicity [15,17,19]. On the
other hand, Pd-complexes are more reactive and can undergo a spon-
taneous cis-trans isomerization. Because of high reactivity, Pd-based
MBCs are often unable to reach their biological targets, while iso-
merization of active cis into trans isomers results most frequently in
decreased activity. An effective strategy for prevention of isomerization
is use of NN' chelating ligands for preparation of Pd(II) based MBCs
[18].

In our previous study, we investigated a cytotoxic action of several
Pd(II) complexes with bidentate N-heteroaromatic chelators (complexes
1-4, Scheme 1), which are the condensation products of ethyl hy-
drazinoacetate hydrochloride (haOEtxHCI) and quinoline-8-carbox-
aldehyde (q8a), quinoline-2-carboxaldehyde (q2a), 2-formylpyridine
(py2a) and 2-acetylpyridine (py2ac). The activity of the complexes was
evaluated on human promyelocytic leukemia (HL-60), human glioma
(U251), rat glioma (C6), and mouse fibrosarcoma (L.929) cell lines [19].
Our results revealed that Pd complexes with q8ahaOEt and q2ahaOEt
(Scheme 1) reduced the cell numbers in a dose-dependent manner for
the investigated cell lines. The observed antiproliferative effect of the
complexes was predominantly mediated through the induction of
apoptotic cell death. Among investigated complexes, the complex with
q8ahaOEt ligand appeared to be the most effective with the activity
comparable to cisplatin in all the investigated cell lines.

The goal of our present work is to get a deeper insight into the
mechanism of action of these Pd(II) complexes, complemented with a
novel pyridine-based Pd(II) complex with N-heteroaromatic hydrazone
ligand py2bzhaOFt (complex 5, Scheme 1).

2-Benzoylpyridine (py2bz) based hydrazones are known for their
potent anticancer activity [20-26]. Their cancer relevant targets in-
clude Bcl-2 (B-cell lymphoma 2) [24], Fe-dependent histone demethy-
lase KDM4A [25], ribonucleotide reductase [26,27] and thiol-reductase
[27]. On the other hand, Pd(II) complexes with py2bz-based hy-
drazones may manifest more favorable type of cell death than corre-
sponding ligands [28]. Some Pd(II) complexes showed better activity
than corresponding ligands, like Pd(II) complex derived from 2-ben-
zoylpyridine N*-phenylthiosemicarbazone [29]. Also, Pd(II) complexes
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of py2bz-based hydrazones act as inhibitors of relevant cancer targets;
for example, Pd(II) complex with 2-benzoylpyridine N4-ethylthiose-
micarbazone inhibits Rcelp protease [30]. In order to get a deeper
insight into molecular target(s) of the most active Pd(II) complexes
from the library, we applied a combination of experimental and in-silico
studies.

2. Experimental
2.1. General remarks

The chemicals K5[PdCl,] (min 32.0% Pd), py2bz (99 + %), py2ac
(99 + %), py2a (99%) and q2a (97%) were obtained from Acros
Organics, while haOEt x HCl (97%) was obtained from Fluka. Q8a
(97%) was obtained from Maybridge. All solvents (reagent grade) were
used without further purification. Elemental analyses (C, H, N, S) were
performed by the standard micro-methods using an ELEMENTAR Vario
ELIII CHNS = O analyzer. Molar conductivities were measured at room
temperature (25 °C) on a multimeter MM41 (Crison). IR spectrum of
novel Pd-complex (Fig. S1, Supplementary material) was recorded on a
Thermo Scientific Nicolet 6700 FT-IR spectrophotometer by the
Attenuated Total Reflection (ATR) technique in the region
4000-400 cm ~ ', Abbreviations used for IR spectrum: vs, very strong; m,
medium; w, weak. UV-Vis spectrum (Fig. S2, Supplementary material)
was recorded at room temperature on a NanoDrop 2000c spectro-
photometer (Thermo Scientific, USA) equipped with 1.0 cm quartz cell.
All NMR spectral measurements were performed on a Bruker Avance III
500 spectrometer equipped with a broad-band direct probe. The spectra
were recorded at room temperature in DMSO-dg. Chemical shifts are
given on § scale relative to tetramethylsilane as internal standard for 'H
and '3C. Coupling constants (J) were expressed in Hz. Abbreviations
used for NMR spectrum: d, doublet; t, triplet; q, quartet; m, multiplet;
dd, doublet of doublets; td, triplet of doublets; ddd, double double
doublet. 1D (*H and '3C) and 2D (COSY, NOESY, "H—'3C HSQC and
'H-'3C HMBC) spectra are shown in Figs. $3-S8 (Supplementary ma-
terial). The atom numbering for the ligand py2bzhaOEt was given in
Scheme S1 (Supplementary material).

2.2. Synthesis of [PdCl,(q8ahaOEt)] (1), [PdCl,(q2ahaOEt)] (2),
[PdCl,(py2ahaOEt)]-DMSO (3) and [PdCl,(py2achaOFEt)] (4)

The complexes 1-4 were prepared by template reactions of
K>[PdCl,], 8qa/q2a/py2a/py2ac and haOEtxHCI, as described pre-
viously [19]. IR and NMR spectroscopy data, as well as molar con-
ductivity measurements and results of elemental analysis for the com-
plexes 1-4 are in good agreement with the data previously published.

2.3. Synthesis of [PdCl(py2bzaphaOEt)] (5)
A solution of haOEt x HCI (0.054 g, 0.46 mmol) and py2bz (0.084 g,

0.46 mmol) in 15 mL of ethanol was stirred at 40 °C for 1 h and then
2 mL of water solution of K,[PdCl,] (0.15 g; 0.46 mmol) was added. The

@%} i " ) 8
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[PdCl,(q8ahaOEt)] (1) [PACl,(q2ahaOEt)] (2)

[PdCI,(py2ahaOEt)] (3)

[PdCI,(py2achaOEt)] (4) [PdCI,(py2bzhaOEt)] (5)

Scheme 1. Structures of the complexes 1-5.
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mixture was stirred at 40 °C for 1 h. During reaction a yellow precipitate
was formed. The precipitate was separated by filtration, washed by
small portions of the following cold solvents: water, ethanol and diethyl
ether. Yellow single crystals were obtained after recrystallization from
acetonitrile. Yield: 0.16 g (73%). Anal. Calcd. for C;¢H;7,N30,Cl,Pd
(%): C, 41.72; H, 3.72; N, 9.12. Found: C, 41.59; H, 3.59, N, 9.12. Ay
(2.17 x 1073M, DMSO) = 5.81 Q"' cm?mol 1. IR (ATR, vpax/cm ™~ 1):
3244 (m), 1743 (s), 1586 (s), 1205 (vs), 1024 (w). UV/Vis (DMSO,
c=1.4x10"*moldm~ %), A: 332nm. 'H NMR (500.26 MHz,
DMSO-dg) 8: 1.13 (t, 3H, C11—H, 3J;1,70 = 7.1 Hz), 3.52 (d, 1H, C8—H,
3Jgnsu = 5.8 Hz), 4.04 (q, 1H, C10—H, 3J;1,10 = 7.1 Hz), 7.05 (dd, 1H,
C3—H, 3J3,4 = 7.9Hz, *J53 s = 1.1 Hz), 7.56-7.52 (m, 2H, C13—H and
C13’-H), 7.67-7.61 (m, 3H, C14—H, C14’-H and C15—H), 7.70 (ddd,
1H, C5—H, 3J5,, = 7.9Hz, %J5,¢ = 5.7Hz, “J3,5s = 1.1 Hz), 8.02 (t, 1H,
N3—H, ®Jysus = 5.8 Hz), 8.11 (td, 1H, C4—H, *J,5 = 3J,5 = 7.9 Hz,
“J46 = 1.3Hz), 8.99 (dd, 1H, C6—H, *Js,5 = 5.7 Hz, “Js , = 1.3 Hz). 13C
NMR (126.0 MHz, DMSO-dg) 6: 13.11 (C11), 51.36 (C8), 61.14 (C10),
126.02 (C3), 126.16 (C5), 129.07 (C13 = C13’), 129.52 (C15), 129.9
(C12), 131.11 (C14 = C14), 141.3 (C4), 149.64 (C6), 155.48 (C7),
157.6 (C2), 167.69 (C9).

2.4. X-ray crystallography

Crystal data, data collection and refinement parameters are sum-
marized in Table S1 (Supplementary material). Data collection was
performed at room temperature on an Oxford Diffraction Xcalibur Nova
R diffractometer with a micro-focusing Cu tube (A = 1.54180 A). Data
reduction and cell refinement were carried out using the CRYSALIS PRO
software [31]. Structures were solved by direct methods with SIR2014
[32] and refined by a full matrix least-squares refinement based on F2,
with SHELXL [33]. Molecular illustrations were prepared with ORTEP-3
[34] and MERCURY [35] included into the WinGX package [36]. Cal-
culations of molecular geometries and crystal packing parameters were
performed with PLATON [37]. All H-atoms with the exception of H15
(attached to N15) were included in their geometrically calculated po-
sitions and refined according to the riding model, while H15 was lo-
cated in the Fourier map and refined freely. CCDC 1847413 contains
the supplementary crystallographic data. These data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html,
or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.

2.5. Evaluation of biological activity and molecular docking studies

Detailed protocols for anticancer related experiments (annexin V
and propidium iodide staining, calculation of ApoCso/ApoCs,s con-
centrations, cell cycle analysis, inhibition of caspase activity, evaluation
of caspase-8 and -9 activities, determination of mitochondrial super-
oxide generation, assessment of changes in mitochondrial potential and
growth inhibition of 3D tumor models), human serum albumin (HSA)
interaction experiments, molecular docking to HSA, DNA and Topoi-
somerase I (Top I) and II (Top II), Top I activity inhibition assays, in-
teractions with plasmid DNA, and acute lethality assay, can be found in
Supplementary material.

3. Results and discussion
3.1. Anticancer experiments

3.1.1. Complexes 1 and 3 revealed as more potent apoptosis inducers than
cisplatin

In our previous work we tested antiproliferative activity of com-
plexes 1-4 on a palette of four cancer cell lines by means of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) [19].
The MTT, as other colorimetric assays, gives the information whether
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the applied treatment reduces the number of viable cells in respect to
non-treated control over the time of incubation, but does not provide
the insight on the mode of investigated complexes' activity. According
to those results [19], 1 and 2 reached the ICsq values on all four cell
lines, where 1 revealed as more potent. The least efficient was 4 that
did not achieve significant reduction of cell viability in any of treated
cell lines. In the current investigation, we took a different approach,
testing the incidence and types of cell death after the same incubation
time as previously [19]. Two human cell lines, mammary adenocarci-
noma (MCF-7) and acute monocytic leukemia cells (THP-1), used in the
present study were exposed to complexes 1-5 applied in a range of six
concentrations, and after 24 h were assessed by means of Annexin V/
propidium iodide (PI) dual staining method. Therefore, we were here
able to evaluate the exact ability of investigated complexes to initiate
either apoptotic or necrotic death in THP-1 and MCF-7 cell lines. Per-
centages of Annexin V single-stained and double-stained cells are
summarized for each concentration of investigated complexes and
plotted against corresponding concentration. The ApoCsg or ApoCss
concentrations are computed as those that correspond to 50% and 25%
of apoptotic events on concentration-response curve, respectively.

Among hereby tested complexes, 1 and 3 are the two that triggered
exclusively apoptotic response in THP-1 cells (Fig. 1A). On this cell line,
2 and 4 induce necrotic death in significant percentage, while 5 does
not have noteworthy activity (data not shown). Both, 1 and 3, do not
stimulate significant incidence of cell death at concentrations of 1 and
10 uM. At 30 uM, 1 challenges apoptosis but almost all those events are
Annexin V single-stained, whereas treatment with 3 at the same con-
centration leads THP-1 cells already toward late phases of apoptotic
death. Percentage of cells in advanced phase of apoptosis increases with
increasing concentration of 1 and 3. However, while the vast majority
of cells subjected to 3 at 75 and 100 uM are double-stained, more than
one third of cells treated with 1 at the same concentrations are non-
stained with either Annexin V or PI. Such difference in pro-apoptotic
activity of those two complexes on THP-1 cells is clearly visible when
comparing their concentration-response curves (Fig. S11, Supplemen-
tary material). While both complexes achieved almost equal ApoCsg
value, the upper plateau in the curve for 1 starts at concentration of
50 uM, whereas exponential phase in the curve for 3 is extending up to
concentration of 100 uM. This result is particularly interesting from the
point of our previously published data where 3 did not reveal note-
worthy antiproliferative activity against another leukemia cell line
[19].

Contrary to the THP-1 cell line consisting of cells with identical
phenotype, MCF-7 cell culture is a conglomeration of distinctive phe-
notypes differing in gene expression profile [38]. This phenomenon is
in correlation with a recently reported feature of breast cancer cells that
re-establish phenotypic equilibrium of parental tumor bulk, under la-
boratory conditions, instead of breeding a cloned cell population [39].
Thereby, although it is regularly seen that the same compound has
various effect on different cell lines, in case of breast cancer cells the
response to treatment can vary within the same tissue culture flask. For
those reasons, the presence of necrotic events in treated THP-1 cells can
indicate on certain degree of toxicity, whereas dual mode of death in
MCF-7 cells can be interpreted as a result of diverse modules of inter-
action between investigated compound and treated phenotypes.

Regarding activity of investigated complexes in MCF-7 cells, com-
plexes 1 and 3 are the only that achieve apoptosis, while the amplitude
of apoptotic response between those two complexes is inverse com-
pared to that in THP-1 cells (Fig. 1B). In the MCF-7 samples treated
with 1 from 50 to 100 uM, almost all acquired events are double-
stained. On the other hand, in the MCF-7 samples subjected to 3, con-
centration-dependent increase in incidence of double-stained cells is
found in the samples incubated with concentrations from 50 uM and
higher, whereas live cells are still present in the specimen subjected to
100 uM. Nevertheless, the difference in sensitivity of THP-1 and MCF-7
cells to treatments with 1 and 3 is easier to observe comparing
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Fig. 1. Different types of cell death in THP-1 (A) and MCF-7 (B) cells treated with investigated complexes. The types were determined by means of Annexin V/PI
assay after 24 h incubation. In Annexin V/PI dot plots cells are discriminated as viable (non-stained cells, lower left quadrant), cells in early phase of apoptotic death
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concentration-response curves and achieved ApoCsq values (Fig. S11A
and S11B, Supplementary material). Activity of 1 in MCF-7 cells is
described by the curve with gradually inclining exponential phase,
while reached ApoCsg concentration is notably lower compared to that
determined in THP-1 cells. On the contrary, concentration-response
curve for 3 at MCF-7 cells has steeply positioned exponential phase with
the maximal average percentage of dead cells reached at 75 puM (Fig.
S11B, Supplementary material). Additionally, the ApoCso concentration
of 3 in MCF-7 cells is 1.8-fold higher than for THP-1 cells. Contrary to 1
and 3, their corresponding ligands, q8ahaOEt and py2ahaOEt, de-
monstrate trivial activity on THP-1 and MCF-7 cells, respectively (Fig.
S12, Supplementary material).

Study of the activity of cisplatin in THP-1 cells [40] revealed that
over 24 h of incubation an extensive apoptotic response is induced, but
majority of cells remain in initial phase of programmed death. Such
delayed initiation of apoptosis could be explained by known me-
chanism of cisplatin's activity which propels activation of a complex
network of DNA repair pathways in order to preserve genomic integrity
[2,41]. According to those earlier published data [40], computed
ApoCso concentration that cisplatin achieved on THP-1 cells is
17 = 1uM, making cisplatin to seem as a more powerful agent than
here investigated 1 and 3. However, 1 and particularly 3 drive THP-1
cells through the whole process of apoptotic death within the same
period of incubation (Fig. 1A), which is opposite to the effect achieved
with cisplatin [40]. Here, MCF-7 cells, that we previously described as
relatively resistant to cisplatin compared to other breast cancer cell
lines [42], do not respond with a significant incidence of cell death till a
cisplatin concentration of 75uM (Fig. 1B). Since cisplatin does not
reach 50% of apoptotic events at tested range of concentrations, the
ApoC,s concentration has been computed and implemented in further
evaluation (Fig. S11C, Supplementary material). In summary, our re-
sults clearly show that 1 and 3 reveal as more potent inducers of
apoptosis in THP-1 and MCF-7 cells than cisplatin.

In preliminary toxicity screening, in vivo acute lethality of 1-5 and
cisplatin were tested on brine shrimp Artemia salina after 24 h incuba-
tion. LCso values for 1-5 (> 0.416 + 0.085mM) were significantly
higher than for cisplatin (0.006 = 0.002mM), which indicates that
cisplatin induces higher incidence of lethality in comparison to in-
vestigated Pd(II) complexes. Therefore, it can be anticipated that 1-5
would possess the lower acute toxicity potential in comparison to cis-
platin.

3.1.2. Cell cycle changes indicate that 1 and 3 interfere with DNA
replication

An altered distribution of cells throughout phases of mitotic divi-
sion, vs. non-treated samples, represents the initial indication of the
interference of the investigated drug in the cellular process. Although
mechanisms responsible for accumulation of cells within any particular
phase of cell cycle may be numerous, such results provide rationale for
decision which way further investigations should be directed to. Here,
we applied technical solution to assess cell cycle distribution in the
same specimens that were previously analyzed for apoptosis, thus all
possible inconsistencies due to separate courses of incubations were
reduced to a minimum, which enables direct observation of correlations
between cell death incidence and alterations in arrangement of cells
within phases of mitotic division.

For THP-1 and MCF-7, cell cycle distributions assayed for cells
treated by 1 share common characteristics (Fig. 2A). In both cell lines,
accumulation at the GO/G1 phase is the dominant feature. While for
THP-1, the greatest cell percentage is reached in samples subjected to 1
at 50 uM with no further significant variations up to 100 uM, in MCF-7
cells frequency of cells at the GO/G1 phase is gradually intensifying in
concentration-dependent manner. On the contrary, treatment with 3
has diverse impact on these two cell lines. In THP-1 cells, 3 stimulates
cells gathering at the S phase starting from the concentration of 30 uM,
which at higher concentrations turns into accumulation at the G1-to-S
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check point (Fig. 2A). However, in none of THP-1 samples subjected to
3, percentages of cells at the G2/M phase are found as significantly
reduced compared to non-treated control. This finding indicates that
treated THP-1 cells are just delayed in passing though Gl-to-S or S
phase, without development of the cell cycle arrest. Accumulation at
the S phase is also seen in MCF-7 cells but already at 1 uM of 3. From
concentration of 50 uM, mostly all MCF-7 cells are shifted toward G1-
to-S checkpoint. While for THP-1 cells accumulation at the S phase
coincided with significant rise in percentages of events in early and
advanced phases of apoptotic death (Figs. 1A and 2A), apoptosis in
MCF-7 cells is not triggered till cells aggregated at the G1-to-S check
point (Figs. 1B and 2A). Those results do not necessarily indicate that 3
exerted different mode of activity on THP-1 and MCF-7 cells, but rather
on dissimilar degree of sensitivity and response of these two cell lines to
treatment with the same compound.

Changes in the cell cycle distribution of THP-1 cells treated with
cisplatin were reported previously [40]. Briefly, after cell agglomera-
tion at the G2/M and S phase seen in samples treated with cisplatin at 1
and 3 pM, respectively, cell cycle distribution was shifted toward ac-
cumulation at the G1-to-S check point starting from samples subjected
to cisplatin at 10 uM. Apoptosis occurred simultaneously with appear-
ance of G1-to-S cell cycle arrest, and both events were intensifying
coincidentally with increase of cisplatin's concentration. Analogous
changes are found here in MCF-7 cells. In the samples subjected to
cisplatin at 1-30 uM, cells accumulated at the G2/M phase (Fig. 2A)
that is accompanied with the absence of cell death events (Fig. 1B).
Starting from cisplatin at 50 pM, percentage of cells within G2/M phase
becomes significantly reduced, whereas cisplatin at 75 and 100 uM
stimulates assembling of treated cells at the S phase. Therefore, while
THP-1 cells agglomerate at the G1-to-S checkpoint, which is an in-
dication of prevention of the beginning of chromosomal replication,
MCF-7 cells pass this control spot and enter into the S phase. This
finding might be confusing knowing that MCF-7 cells have wild-type
p53, which is not the case with THP-1 cells [43,44]. However, other
authors recognized similar dichotomy in response of p53+/+ and
p53—/— cells to treatment with cisplatin [45,46]. Also, it should be
noted that the G1-to-S checkpoint can be activated p53-independently
[47], which can be of importance for interpretation of results acquired
in THP-1 and MCF-7 cells after treatment with 1 and 3, in the context of
their putative pro-apoptotic mechanisms.

3.1.3. Complex 3 challenges independent activation of intrinsic and
extrinsic apoptosis pathways in both treated cell lines

It was previously determined that 1 induced significant activation of
caspase-3 in HL60 cells [19]. In the current study, we assessed the
degree of apoptosis dependence on caspase activation (results presented
in Supplementary material), and pattern of caspase-8 and caspase-9
activation, which provide us with more detailed insight regarding
transduction of apoptotic signaling in cells treated with 1 and 3.

A fundamental difference is found between THP-1 and MCF-7 cells
regarding constitutive activation of two major apoptotic pathways
(Fig. 2B). In THP-1 non-treated samples, percentage of cells with single-
activated caspase-9 is the dominant event. On the contrary, MCF-7 cells
display basic activation of caspase-8 followed by a subsequent caspase-
9 cleavage (double-stained cells). The existing cross-talk pattern be-
tween extrinsic (caspase-8) and intrinsic (caspase-9) apoptotic path-
ways allows their mutual activation [48,49]. While intrinsic pathway
can drive cells throughout the whole process of apoptotic death, all on
its own, two cell types were determined regarding events following the
activation of caspase-8, irrespective of how caspase-8 had been acti-
vated (due to triggering of death receptor signaling cascade [50], or by
means of endoplasmic reticulum (ER) stress [50-52]). In so-called type
1 cells that have the ability to produce large amounts of active caspase-
8, activated extrinsic pathway can lead the cell throughout the course of
apoptosis independently of caspase-9. In the type 2 cells, such as MCF-7
cells are, extrinsic apoptotic signal has to be augmented by activation of



S.K. Bijelogrli¢, et al.

A

Journal of Inorganic Biochemistry 199 (2019) 110758

3 cisplatin
100 100 100
80 80 80
MCF-7 cells &0 €0 80
40 40 40
20 20 20
0 0 0
= [] 1 10 30 50 75 100 0 1 10 30 50 75 100 0 , 10 30 50 75 100
g
o)
(&) 1 3
100 100
% w0 m Cells at the GO/G1 phase
THP-1 cells 80 &0 o Cells at the S phase
40 40
2 20 = Cells at the G2/M phase
0 0
0 1 10 30 50 75 100 0 1 10 30 50 75 100
Concentrations [uM]
B 1 3 cisplatin
10 12 P<0.05 10
P<0.05
8 L 8
° 8
N 6
MCF-7 cells £]
5 6
O | 4 4
4
2 | \ ) 2 \
Caspase-8 + - + + — + + _ +
Caspase-9 — + — —_ + — — + _
1 3
18 I P<0.05
ke 55 P<0.05
14
2 | 1 P<0.05 % = -
THP-dcells & | 4, By peoos o= Non-treated cells
o " 8
6 6 m Treated cells
4 4
2 i 2
— —/ P —/
Caspase-8 + — + + — +
Caspase-9 — + . — + —
THP-1 cells THP-1 cells
Control 1 3 cisplatin o
- = Control
611 3311 1141 1312 2
= 300
= & o cisplatin
- —_— 8 200
3 @
g =1
S 100
\ H
MitoSox Red
MCF-7 cells MCE-7 cells
Control 1 3 cisplatin 100
- #oor um Control
23+4 6311 88+12 45+1 2 w0 pe0.05
f I I— I— 2 o cisplatin
| — I ] 3
8 Eg 400 1
3 =
"W £
MitoSox Red

(caption on next page)



S.K. Bijelogrli¢, et al. Journal of Inorganic Biochemistry 199 (2019) 110758

Fig. 2. (A) Cell cycle distribution of cells induced by treatment with investigated complexes. Results are expressed as the mean *= SD percentages of two replicates
from independent experiments. (B) Percentages of cells with activated caspase-8, caspase-9 or both activated caspases determined after 6 h incubation with in-
vestigated complexes. Results are represented as the mean + SD of three replicates from independent experiments. Statistical evaluation has been performed using
unpaired t-test with Welch's correction comparing treated to non-treated populations. (C) Mitochondrial superoxide (O, ~) generation in cells determined by means
of MitoSox Red staining after 6 h treatment with investigated complexes. Results are represented as the mean *+ SD of three replicates from independent experi-
ments. (D) Median fluorescent intensity (MFI) expressed in arbitrary units (AU), computed for O, ~-positive subpopulation. Results are presented as the mean *+ SD
of three replicates from independent experiments. Statistical evaluation has been performed using Kruskal-Wallis test with unpaired t-test with Welch's correction as

posttest.

intrinsic pathway and caspase-9.

As we previously described, cisplatin treatment did not induce sig-
nificant activation of either caspase-8 or -9 in THP-1 cells [40]. Con-
sidering known mechanism of cisplatin activity, we assumed that cas-
pase-2 was accountable for triggering of apoptotic death. Capsase-2,
which beside caspase-8 and -9 is another activator caspase, has been
reported to be involved in apoptotic response induced by multiple in-
trinsic and extrinsic stimuli such as DNA damage, reactive oxygen
species (ROS) and cytoskeletal disruption [53]. Active caspase-2 can
further cleave BH3 interacting-domain death agonist (Bid) protein and
propels intrinsic apoptotic pathway activation [54]. In terms of Bid
cleavage, caspase-2 is far less efficient compared to caspase-8, thus low
levels of active caspase-2 may not cleave enough of Bid to provoke
intrinsic apoptotic pathway in the absence of complementary pro-
apoptotic signals [55]. It was demonstrated that caspase-2 is a substrate
for caspase-8 and -3, but vice versa interactions has not been affirmed
yet [56]. Additionally, MCF-7 cells constitutively express high level of
antiapoptotic B-cell lymphoma 2 (Bcl-2) protein, which may suppress
cytochrome c release consequently to processing of Bid [57,58]. This
distinctive characteristic of MCF-7 cells may be used to explain the
omission of double-stained cells in the samples assayed for caspase-8
and -9 activities after treatment with cisplatin, although active caspase-
8 is found as significantly up regulated (Fig. 2B).

Complex 1 in THP-1 samples stimulates quite analogous patterns of
caspase-8 and -9 activation, and cell cycle changes (Fig. 2A and B) to
that we previously published for cisplatin [40]. According to these re-
sults, it can be postulated that 1 and cisplatin may share some common
features in mechanism of their anticancer activities in THP-1 cells that
are related to DNA replication process. Similarity between patterns of
caspase-8 and -9 activations in samples subjected to 1 and cisplatin is
remaining in MCF-7 cells too (Fig. 2B). However, accumulation of MCF-
7 cells at the S phase seen in samples treated with 1 at low con-
centrations is also found after treatment with cisplatin, but at 75 and
100 pM. It is particularly interesting that treatment of MCF-7 cells with
1 notably down-regulates cross-talk activation of intrinsic pathway that
is not affected in cells incubated with cisplatin (Fig. 2B). Therefore, 1
and cisplatin do not display striking resemblance in response of MCF-7
cells, contrary to here found for THP-1 samples.

Quite the opposite, a significant augmentation in percentages of
events with both activated caspase pathways are found in the THP-1
and MCF-7 samples treated with 3, together with subpopulations that
express single-activated either caspase-8 or -9 (Fig. 2B). This particular
result indicates that 3 triggers at least two pro-apoptotic mechanisms in
both cell lines, where each of them initiates downstream cascades that
are conducted irrespective of each other. This result additionally sup-
ports assumption that 3 exerts dual mode of activity.

3.1.4. Generation of reactive oxygen species (ROS) may be presumed as the
main mechanism of 1 activity in MCF-7 cells

While mechanism of Pd complexes' activity has been far less studied
compared to complexes with other transition metals, their anticancer
properties are address the induction of double strand brakes, ER stress,
and ROS [59]. In recently published study, mitochondria are confirmed
as important sub-cellular target in Pd toxic profile [60]. Results showed
that inorganic Pd, applied as Pd(Il) chloride, in concentrations lower
than 100 uM had no significant effect on isolated mitochondria. At

higher concentrations (100-400 uM) there was a concentration- and
time-dependent increase in mitochondrial ROS production. It was re-
vealed that Pd interacts directly with the F;-Fo ATP synthase, which is
sometimes referred to as “Complex V”, via dissipation of proton-motive
force and consequential failure in ATP production [60]. Furthermore,
increased mitochondrial ROS formation and oxidation of membrane
protein thiol groups caused opening of mitochondrial permeability
transition pores (PTPs), followed by unlimited proton leakage across
the inner mitochondrial membrane, mitochondrial swelling, and un-
coupling of oxidative phosphorylation [61]. Those results, however,
cannot be taken as relevant in context of here investigated organic Pd
complexes due to few reasons. First, organic ligands with coordinated
Pd can, and do drastically increase lipophilicity and effective perme-
ability compared to Pd salt [62]. Second, the ability of coordinated
complex to undergo ligand exchange reactions offers numberless op-
portunities for metals to interact and coordinate with other biological
molecules [59]. However, recognition of mitochondrion as the key
cellular organelle in Pd toxicity connotes that mitochondria also may
have the important role in mechanism of Pd complex's anticancer ac-
tivity. For those reasons we tested ability of 1 and 3, together with
cisplatin as a reference drug, to generate production of mitochondrial
superoxide radicals (O,- ) and induce changes in mitochondrial
transmembrane potential (MTP) in THP-1 and MCF-7 cells.

It was previously confirmed that cisplatin accumulates in mi-
tochondrion and forms adducts with mitochondrial DNA (mtDNA) and
proteins [63,64]. Since mitochondria are lacking nucleotide excision
repair (NER) pathway, adducts on mtDNA cannot be removed contrary
to those in nuclear DNA [63]. Work of Marullo et al. [65] showed that
mitochondrial generation of ROS, within several hours after cisplatin
was added on cells, is not correlated to mtDNA damage. However, after
24h of treatment, cisplatin-induced mitochondrial ROS production
arises as a consequence of mtDNA transcription block caused by formed
mtDNA adducts. Transcription block leads to reduction of protein
synthesis and impair the functioning of electron transport chain. Other
groups reported on increased expression of ROS scavenging enzymes in
cisplatin-resistant cells compared to sensitive ones [66-68].

Measurement of mitochondrial O,-~ following a short-term in-
cubation, as it was performed in our investigation, indicates on Oy- "~
production, caused by interaction of investigated complexes with mi-
tochondrial proteins [69]. Possible role of mtDNA adducts might con-
tribute to apoptotic response that was estimated after 24 h treatment,
but that supposition could not be assessed by experimental method used
in the current study. Therefore, here revealed results should be dis-
cussed in terms of two crucial parameters: O+~ generation flow, and
efficacy of Oy~ neutralization. The rate of O, ~ production is defined
by concentration of the enzyme that serves as electron carrier, con-
centration of electron donor (investigated complex) established within
mitochondrion, and second-order reaction between them [69]. The
main route for O, ~ elimination is its dismutation to hydrogen per-
oxide (H,0,) by means of superoxide dismutase (SOD) enzyme. Out of
three SOD isoforms present in mammalian cells that are localized
within different subcellular compartments, two of them are strategi-
cally stored in mitochondria. Thus, manganese SOD (MnSOD, or SOD2)
is restricted to mitochondrial matrix, while copper/zinc SOD (Cu/Zn
SOD, or SOD1) is localized within mitochondrial intermembrane space
and cellular cytoplasm [70]. There are no available literature data that
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Fig. 3. Dissipation of MTP in MCF-7 cells, non-treated and treated with investigated complexes for 6h, determined by Mitosense Red/Annexin V/7-
Aminoactinomycin D (7-AAD) staining. In the upper panels cells are discriminated according to the type of cell death (non-stained viable cells and stained with
Annexin V and/or 7-AAD). In the middle panels cells are discriminated according to staining with Mitosense Red dye (negative cells in lower left and right quadrants
have scattered MTP) and concomitant staining with Annexin V (apoptotic cells in upper right and lower right quadrants). In the lower panels cells are discriminated
according to staining with Mitosense Red dye and concomitant staining with 7-AAD (cells in necrosis or advanced phase of apoptosis in the upper right or lower right
quadrants). All results are presented as the mean + SD percentages of two replicates from independent experiments.

demonstrate malfunctions in SOD1 or SOD2 expression levels and/or
activities in THP-1 cells. On the contrary, MCF-7 cells are reported for
reduced expression level and activity of SOD2, together with lower
expression level of mitochondrial fraction of SOD1 compared to another
human breast cancer cell line MDA-MB-231 [71]. Furthermore, MCF-7
cells were shown to have significantly higher uncoupled respiration
than human mammary epithelial cells MCF-10A [72]. The respiratory
chain uncoupling implies the proton leak without ATP production,
which consequently leads to lowering of electrochemical potential
across the inner mitochondrial membrane with increased mitochondrial
respiration rate and O, ~ production [73]. In the current work, there is
notable difference considering percentages of O+~ -positive events in
non-treated controls of MCF-7 and THP-1 samples (Fig. 2C). The MFI
expressed in arbitrary units (AU) indicates on median density of

fluorescently marked target of interest per cell, in this case median flow
of newly generated O,-~ per cell (Fig. 2D). Therefore, notably higher
incidence of O, ~-producing cells in MCF-7 compared to THP-1 non-
treated samples is accompanied with slightly increased median O,- ™
flow at the MCF-7 cellular level (231 = 3 AU and 240 + 38AU in
THP1 and MCEF-7 cells, respectively).

In THP-1-treated samples, cisplatin and 3 cause modest increase in
percentage of O,- ~ -generating cells (Fig. 2C) followed with no obvious
aberration regarding MFI values compared to non-treated control
(Fig. 2D). Complex 1 shows the highest pro-oxidant activity in THP-1
cells, scoring 5.5-fold increase in O,-~ -positive subpopulation, but
elevation of mitochondrial O5-~ flow per cell is statistically insignif-
icant. In MCF-7 cells, 1 causes < 3-fold increase of O, ~-positive sub-
population compared to control. Cisplatin doubles the percentage of
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O, ~-producing MCF-7 cells, whereas 3 provokes the greatest rise in
percentage of O, ~ -generating cells. Similarly to what has been seen in
THP-1 cells, cisplatin in MCF-7 samples does not enhance O,-~ flow
per cell, while both 1 and 3 reach significantly higher MFI values in
MCEF-7 cells. As is noted above, Pd was reported for ability to preferably
target complex V of the mitochondrial respiratory chain, thus impairing
electron transfer and ATP production [60]. However, necrosis that re-
sults as the consequence of significantly depleted ATP level [74] is just
a minor event in MCF-7 cells as evidenced by means of Annexin V/PI
assay after 24 h treatment with either 1 or 3. This may indicate that
Complex V probably was not targeted by investigated complexes. In
order to provide better insight into course of events at the level of
mitochondria in MCF-7 cells, we further performed evaluation of MTP
using the same experimental conditions as for estimation of mi-
tochondrial O,-~ generation.

Significant increase in mitochondrial O,-~ production drives a
series of events that can lead the cell toward apoptotic or necrotic
death. Under physiological conditions, mitochondrial O, ~ are gener-
ated at respiratory complexes I and III [75]. Majority of them are dis-
mutated by SOD2, while the rest are released into mitochondrial in-
termembrane space and after in cytoplasm through mitochondrial
permeability transition pores (PTPs) [76]. PTPs have been recognized
as the main target of mitochondrial ROS [77]. It is known that O,- "~
can oxidize thiol groups located in the PTP's matrix site and thereby
modulate their opening [78]. The PTP opening can be either transit or
permanent, whereas the latter event involves a rapid increase of mi-
tochondrial permeability with consequent matrix swelling and dis-
sipated MTP (dMTP) [78,79]. Several research groups revealed that
dMTP appears shortly after PTPs opening, while others showed that
dMTP is rather caspase-dependent process than directly related to the
state of PTPs [79]. Those data indicate on the possibility of two path-
ways, in a first dAMTP occurring in an early phase of apoptosis and being
caspase-independent, while in the other MTP is not affected until
apoptotic death was not initiated. Finally, dMTP causes a rapid inter-
ruption in ATP synthesis. If cellular ATP level drops beneath 50% the
cell undergoes necrosis, while apoptosis is likely to occur when ATP
level remains relatively high [74].

There is noteworthy difference between samples subjected to our
investigated complexes considering percentages of cells positive for
dMTP (Fig. 3). After incubation with cisplatin, the incidence of MCF-7
cells that display dMTP is slightly below the level in non-treated con-
trols (20 = 2% and 24 *= 1% for cisplatin-treated and non-treated
samples, respectively). Interestingly, in the samples subjected to 1 and
3, inverse correlation is found between results on flow of O+~ pro-
duction incidence of dMTP-positive cells (Fig. 3). While 3 triggers
stronger O, ~ -producing response than 1 considering both percentages
and MFI values, proportion of cells that are displaying dMTP following
treatment with 3 is lower (40 + 5%) than in the samples incubated
with 1 (64 * 2%). Furthermore, in 1-treated samples 13 = 1% cells
are stained with 7-Aminoactinomycin D (7-AAD) but have no dMTP,
while 17 += 5% of cells that show dMTP are not labeled with either 7-
AAD or Annexin V. Incidence of dead events that are concomitantly
negative for AMTP afterward incubation with 3 is very low (4 = 1%
and 4.4 + 1.5% for 3-treated and non-treated samples, respectively).

Overall, our current results indicate that O+~ generation is im-
portant mechanism in activity of 1. As reviewed above, complex 1
triggers death in more than a half of treated MCF-7 cells already after
6 h of incubation (Fig. 3), while almost the same percentage of cells is
positive for mitochondrial O,- ~ (Fig. 2C). Concentration of 1 applied in
experiments on MCF-7 cells for evaluation of O+~ and dMTP is 2.5-
fold higher than ApoCs, after 24 h treatment (Fig. S11B, Supplementary
material). At ApoCs, there is no significant activation of neither cas-
pase-8 or — 9 in MCF-7 samples subjected to 1 (Fig. 2B), while initia-
tion of apoptotic death is revealed as highly caspase-dependent process
(Fig. S13, Supplementary material). Similar responses regarding acti-
vation of extrinsic and intrinsic caspase pathways are seen in THP-1
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cells (Fig. 2B), while 1 at 1.4-fold higher concentration than ApoCsg
induces greater O+~ production compared to 3 and cisplatin (Fig. 2C).
In both, THP-1 and MCF-7 cells, a treatment with 1 launched accu-
mulation of cells at the GO/G1 phase of mitotic division (Fig. 2A).
Therefore, according to current data, together with notable similarity in
patterns of caspase activation and cell cycle changes between 1 and
cisplatin reviewed above, it is quite possible that 1 exerts two me-
chanisms of activity. One of those mechanisms overrules in THP-1 cells,
which have well-functioning antioxidant defense. That mechanism
implies caspase-dependent apoptosis possibly by initially activated
caspase-2 due to interfered process of DNA replication. Another me-
chanism is disclosed in MCF-7 cells and comprises powerful pro-oxidant
activity of 1 that leads to development of dMTP in majority of treated
cells already after short-time incubation (Fig. 3). However, accumula-
tion of MCF-7 cells at the S phase after treatment with 1 at 10 uM im-
plies that the mechanism proposed as likely responsible in THP-1 cells
is launching in MCF-7 cells too, although at low concentration level. At
higher concentrations of 1, O+~ production with consequent dMTP
become dominant events in MCF-7 cells and causes cell cycle block at
the GO/G1 phase, quite contrary to cisplatin (Figs. 2A, C and 3).

On the other hand, 3 in MCF-7 cells challenges greater O, ~ pro-
duction than 1 (Fig. 2C and D), although pro-oxidant capacity of 3 on
MCF-7 cells was tested at concentration lower than its ApoCs, (Fig.
S11B, Supplementary material). At the same time, only half of O,- ™
positive subpopulation also displays dMTP (Fig. 3), which strongly in-
dicates that 1 and 3 interact with different electron carriers within
mitochondrion where the former probably attacks some of the enzymes
within respiratory chain. Furthermore, 3 induces quite different pattern
of caspase activation than 1 and cisplatin on both cell lines (Fig. 2B).
Complex 3 in THP-1 cells stimulates activation of intrinsic and extrinsic
apoptotic pathways independently of each other, which suggests that 3
arouses two different mechanisms of activity at the very same moment
(Fig. 2B). Similar result is evident in MCF-7 samples as well (Fig. 2B).
According to cell cycle changes, treatment with 3 probably compro-
mises DNA replication process in both treated cell lines (Fig. 2A).
However, activation of intrinsic apoptotic pathway, which is related to
significant metabolic distress, cannot be addressed to generation of
mitochondrial O,-~ in THP-1 cells since those are revealed as less
susceptible to pro-oxidant activity than MCF-7 cells (Fig. 2B and C). The
reason why about a half of O, ~-positive MCF-7 subpopulation does
not display dMTP and statistically significant activation of intrinsic
caspase pathway should be investigated in further studies.

3.1.5. Complex 1 achieves superior inhibition of MCF-7 spheroids' growth
than other tested complexes

One of the major challenges modern scientists face with in drug
research and development considers the use of inappropriate experi-
mental models that are raising false conclusions. Caused consequences
do not include only significant scientific errors, but also the major in-
crease in cost of studies since majority of drugs that passed basic la-
boratory evaluation fail during early phases of clinical investigations
[80]. The main reason for such overwhelming statistics is the gap be-
tween morphology and physiology of standardly employed two-di-
mensional (2D) monolayer cell models compared to tumor tissue in
body, which significantly lowers the predictive reliability the expected
clinical benefit according to laboratory results. Those are the reasons
three-dimensional (3D) models have been developed, becoming a useful
surrogate model for estimation of drug effect on growth of tumor bulks
[81]. Number of studies demonstrated that 3D models, contrary to 2D
cells, highly resemble tumor tissue regarding intercellular interactions,
cell proliferation, differentiation, gene and protein expression, and
cellular response to drug treatment and other external stimuli [82-85].

Here, treatment of MCF-7 3D cultures with 1 or 3 result with dif-
ferent effects in terms of spheroids' growth rate and morphological
features. In non-treated controls, spheroidal growth is accompanied
with expansion of necrotic core and consequential narrowing of
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Fig. 4. Changes in size and morphology of MCF-7 3D spheroids over the 8 days of treatment with investigated complexes (A). Images have been taken every other day
on Celigo imaging cytometer using Celigo software. Scale bar: 200 um. Growth rate graphs for MCF-7 3D spheroids non-treated and treated with 3 (B) or 1 (C).
Results are represented as the mean fold change + SD of two replicates from independent experiments.

quiescent zone, where both are clearly distinctive till the day 6 Morphological modifications in 3D MCF-7 models induced by
(Fig. 4A). At the day 8, quiescent zone becomes opaque and appears as treatments with 1 are more diversifying between three tested con-
merged with necrotic core, while the border between those two sections centrations than those reviewed in spheroids subjected to 3. Complex 1

gets blurred and hardly recognizable. 3D samples subjected to 3 at at 1 uM did not achieve significant changes either in growth (2.2 = 0.2
concentrations of 1 and 10 uM are displaying morphological features fold at the day 8, Fig. 4C) or morphology of treated 3D samples

very similar to non- treated controls. The only difference is that at the (Fig. 4A). However, compared to non-treated samples, proliferative
day 8 proliferative zones in treated spheroids can be visually dis- zone in those spheroids is significantly wider and pellucid even on the
tinguished from necrotic core, similarly to non-treated 3D tumors on last day of the experiment. Quite the opposite, in 3D tumors treated
the day 6. According to growth rate values, 3 at 1 and 10 uM does not with 1 at 10 uM, quiescent zone seems as completely merged with ne-
achieve noteworthy delay in size increase compared to controls crotic core at the day 6. The rugged rim of those spheroids at the day 8
(Fig. 4B). At the day 8, size of control spheroids increased for 2.5 * 0.1 indicates that cells within proliferation zone are promptly dying. At the
fold compared to the day 0, while the growth of treated samples is very beginning of treatment, proliferation zone is razed in spheroids
barely decelerated (2.44 + 0.04 fold and 2.3 = 0.1 fold of increase subjected to 1 at 100 uM (Fig. 4A). In the same samples, quiescent zone
for tumors treated with 3 at 1 and 10 pM, respectively). Complex 3 at is dark and dimmed while necrotic core remains almost the same size as
100 uM has more impact regarding both observed parameters. During on the day O of treatment. Described morphological changes, which
the first four days of incubation, spheroids subjected to 100 uM record a indicate on accelerated cell death, are progressing till the day 4, but 3D
moderate gain in size (Fig. 4B). During that time, their morphology is tumors still have a spheroidal shape. Extensive destruction of 3D tumor
not crucially different compared to spheroids treated with 3 at other mass by 1 at 100 uM leads to shredding of spheroidal structure, with
two lower concentrations, with exception of noticeably smaller necrotic debris scattering around the remaining tumor mass. It is interesting that
core and wider quiescent zone (Fig. 4A). On the half course of in- 1 at concentrations of 10 and 100 uM has almost the same effect on
cubation time, 3 at 100 uM achieves considerable growth delay of 3D growth of 3D spheroids up to the day 4 when 1 at 10 uM completely
tumors, with 1.6 + 0.2 fold in size increase on the day 8. Moreover, in arrests their growth while at 100 uM it additionally reduces the size of
those spheroids at the day 6, necrotic core is separated from pro- treated samples (Fig. 4C). Precisely, the size of spheres subjected to 1 at
liferation zone with clearly distinctive rime that remained preserved 100 uM at the day 8 records only 1.1 = 0.2 fold of overall increase
until the end of the experiment. compared to the day 0. Furthermore, 1 at 10 pM gains better result than

10
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3 at 100puM (1.44 = 0.03 and 1.6 *= 0.2 fold increase, respectively).
To draw a comparison with previously published results on the same
experimental model, carried under the same experimental conditions
[86], treatment with cisplatin achieves almost the same growth control
at 10 and 100 uM on the day 8 (1.0 + 0.1 and 0.9 * 0.3 fold increase,
respectively), and 1.8 = 0.5 fold increase at 1 uM. A parallelism be-
tween modes of cisplatin and 1 activities reviewed above can also be
outlined here by comparing alterations in morphological attributes of
spheroids subjected to cisplatin [86] and 1 (Fig. 4A).

Although 2, 4, and 5 do not display significant pro-apoptotic ac-
tivity on MCF-7 2D model, we decided to test their ability to restrain
growth of 3D spheroids using the same experimental protocol as that
applied for evaluation of 1 and 3. In a separately organized experiment,
one replicate per concentration of those complexes was treated, to-
gether with three replicates of non-treated controls. Control samples
showed higher growth rate in respect to experiment carried out for 1
and 3 (Fig. 4), with 3.1 + 0.3 fold increase in size at the day 8 (Fig.
S14, Supplementary material). Surprisingly, each of three here assessed
complexes reveal antitumor activity on 3D model, but in a different
extent. Thus, spheroids subjected to 2, 4 and 5 at concentration of
100 uM show 1.2, 1.5 and 1.8 fold increase in size, respectively. Those
results firmly confer superiority of 3D models compared to standard
monolayer cultures in investigation of new drug's activity. Relying on
the current 3D data, complexes that were discarded due to lack of
apoptotic response assessed on 2D model deserve additional experi-
mental evaluation for anticancer activity in further studies.

3.2. Spectroscopic studies revealed binding of 1 and 3 to human serum
albumin (HSA)

HSA (66.5kDa) is an essential extracellular protein with a high
concentration in blood (about 60% of the total amount of plasma pro-
teins) and with an extraordinary binding capacity for various en-
dogenous and exogenous ligands, including drugs. Crystal structure
analyses have revealed that this heart-shaped a-helical protein has
binding sites for most aromatic and heterocyclic ligands mainly located
within two hydrophobic pockets in subdomains ITA (Sudlow's site I) and
IITA (Sudlow's site II) [87].

UV absorption spectroscopy is used to investigate protein-ligand
complex formation. As a typical protein, HSA has a characteristic ab-
sorption band located in the range of 260-300 nm, originating from the
absorbance of the aromatic amino acids (Trp, Tyr, and Phe). As can be
seen in Fig. 5A, the strong absorbance of HSA with a pick at 278 nm
decreased with the addition of 1 or 3, indicating an interaction between
HSA and Pd-complexes.

Fluorescence spectroscopy is a simple but effective method to detect
and characterize the interactions between metal complexes and serum
albumins. The intrinsic Trp and Tyr residues of HSA can emit fluores-
cence, and ligand binding usually induces quenching of protein fluor-
escence. Fig. 5B shows the typical fluorescence emission spectra of HSA
in the presence of various concentrations of 1 or 3. It was observed that
the fluorescence intensity of protein decreases regularly with the in-
creasing concentration of both ligands, and the quenching provoked by
the Pd-complexes is significant (up to 52% of the initial fluorescence
intensity at 340 nm for 1 and 70% for 3).These data indicate that Pd-
complexes are likely to interact with HSA via a hydrophobic region
located inside the protein and quench its intrinsic fluorescence [88].

The type of fluorescence quenching (static or dynamic) can be dis-
tinguished by their different dependence on temperature or preferably
by life time measurements [89]. Fig. S15A (Supplementary material)
represents the Stern-Volner (SV) plots for the HSA fluorescence
quenching by 1 and 3 at three different temperatures. Almost perfect
linear correlation coefficients (R > 0.999) indicate that the quenching
of HSA by Pd-complexes could be interpreted by the SV equation. As the
quenching constant decreases with increasing temperature for both li-
gands, and the values of kq are much greater than the limiting diffusion
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rate constant of the biomolecule (2 x 10'°M~!s~1; Table 1), it can be
concluded that a static (contact) type of quenching occurs. The calcu-
lated binding constant of 1.1 x 10°M ™! for 1 and 1.6 x 10°M ™! for 3
at 25 °C indicates specific binding for Pd-ligands on HSA. In comparison
with drugs and other exogenous compounds, observed binding con-
stants of the order of magnitude 10° M ~! are among the moderate ones
[90]. The number of binding sites in HSA approximates to 1 (Table 1),
indicating that only one site is reactive to Pd-complexes in the experi-
mental setup similar to physiological condition.

Synchronous fluorescence spectra can provide information on the
molecular microenvironment, particularly in the vicinity of the fluor-
ophore functional groups. Fig. S15B and S15C (Supplementary mate-
rial) illustrate representative synchronous fluorescence spectra of HSA
with various amounts of 1 and 3 recorded at AA = 60 nm (Trp) and
AMX = 15 nm (Tyr), respectively. The maximum emission wavelengths of
Trp and Tyr residues remain practically unchanged during the inter-
action, implying that the polarity around these two amino acid residues
is retained. In comparison with Tyr, a much stronger fluorescence
quenching of Trp is observed on the addition of Pd-ligands, especially
3. Trp-214 is the only tryptophan residue in HSA, buried deep in sub-
domain IIA where a large hydrophobic cavity exists and small hydro-
phobic molecules can penetrate and bind. Therefore, the primary
binding site of examined Pd-complexes on HSA is likely to be sub-
domain IIA.

To examine the exact location of binding site on HSA for these two
Pd-ligands, the competitive displacement experiments were carried out
using warfarin as a characteristic marker for site I at subdomain IIA
[91] and ibuprofen for site II at subdomain IIIA. Compared with the
association constant of the HSA-Pd-complexes system in the absence of
the site marker (Table 1), it was obvious that the value of the K, de-
creased significantly with the addition of warfarin (1.2 x 10*M~* for 1
and 2.9 x 10*M ™! for 3), whereas it remained almost the same with
the addition of ibuprofen. The results suggested that Pd-ligands and
warfarin share the same binding place on HSA, located in region of
subdomain IIA.

Circular dichroism (CD) is a sensitive method to monitor the con-
formational changes in the protein. The effect of Pd-complexes on HSA
conformation was investigated by far-UV CD spectra (Fig. 5C). As ex-
pected, the CD spectra of HSA showed two negative bands in the UV
region at around 208 and 222 nm, which are characteristic of the a-
helix structure of protein. Upon Pd-ligands (1 or 3) interaction, there
was a minor increase in a-helices content (from 48.1% for free HSA up
to 50.3%). Therefore, the conformation of HSA was little affected by the
addition of ligands.

Taken together, these results indicate that HSA could be a suitable
carrier for transport of examined complexes with strong anticancer
activity through systemic circulation.

3.3. Docking of 1 and 3 to HSA

Docking of complexes 1 and 3 to HSA structure 2BXD gave con-
formations with lowest binding energies —5.34 and —4.79 kcal mol ~?,
respectively. Complex 1 forms hydrophilic interactions with amino acid
residue Arg 222 and hydrophobic interactions with Ile 264, Leu 234,
Leu 260, Arg 257, Leu 238, His 242, Val 241 and Tyr 150 (Fig. 6A).
Complex 3 forms hydrophilic interactions with amino acid residue Arg
222 and hydrophobic interactions with residues Arg 222, Ala 291, Ile
290, Ile 264, Leu 260, Arg 257, Tyr 150, Leu 238, His 242, Lys 199, Trp
214 (Fig. 6B). Both, 1 and 3 fail to form hydrogen bonds with His 242
and Tyr 150 due to flat structure and incapability to satisfy hydrogen
bond angle criteria in line Pd-Cl-H atoms. Docked conformations of
both complexes are near to Trp 214, thus explaining fluorescence ex-
periment results. Regarding binding energies, they are consistent with
experimental association constants K,, because lower binding energy of
1 would consider somewhat higher value of association constant, as
reported in the experimental part (Supplementary material). Regarding
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Fig. 5. Monitoring of 1 (left panels) and 3 (right) binding to HSA (at pH 7.4) by spectroscopic methods. (A) UV absorption spectra of 10 uM HSA incubated in the
presence of 0, 5, 10, 20, 30 and 40 uM of ligands (curves a to f, respectively); (B) Emission spectra of 1 uM HSA (excitation at 280 nm) in the presence of 0, 2, 4, 6, 8,
10, 12 and 14 uM of ligands (curves a to h, respectively); (C) Effect of 1 or 3 addition on the far UV CD spectra of HSA.

comparison between experimental and calculated binding affinity of
warfarin to HSA using this method, we report calculated binding energy
of —5.12kcalmol !, and root-mean square deviation (RMSD) of
1.3861 A with respect to crystal coordinates in PDB structure 2BXD,
while experimental binding affinity of warfarin to HSA was found to be
4.6 UM [92] or —7.26 kcal mol ™. The difference is significant and the
relative error 29.47% by means of binding energy, but analogously we
can estimate that binding of both complexes is significant but lower

12

than warfarin's. This is in accordance with both theoretical and ex-
perimental binding constants of 1 and 3, because their association
constants of 3.2 x 10*M ™! and 2 x 10°M ™! correspond to dissocia-
tion constants of 31.25uM (AG = —6.13 kcal mol™1) and 5uM
(AG = —7.22kcal mol ~1). Therefore, calculated binding energies of 1
and 3 are, although in inverted order with respect to experimental
values, and considering reported error, in accordance with their order
of magnitude (Table 2).
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Table 1
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The SV quenching constants (Kgsy), bimolecular quenching constants (k), binding constant (K,) and the number of binding sites (n) on the HSA-Pd complexes system

at different temperatures (n = 3).

Complex t (°C) Ksy M™1) x 10 kg M™'s™) x 10 K, M~ x 10%° n®

3 25 1.16 + 0.103 1.16 1.59 + 0.111 0.83 + 0.02
30 1.07 * 0.125 1.07 1.32 * 0.129 0.85 * 0.01
37 1.01 * 0.085 1.01 1.12 * 0.092 0.91 + 0.02

1 25 1.10 + 0.121 1.10 1.11 * 0.214 0.89 * 0.02
30 1.08 * 0.099 1.08 1.01 * 0.105 0.93 = 0.01
37 1.06 * 0.105 1.06 0.89 = 0.087 0.90 * 0.02

# Calculated according equation S2 (Supplementary material).
" Calculated according equation S3 (Supplementary material).

3.4. Docking of 1 and 3 to DNA

Docking of both, 1 and 3, to both structures of DNA, 4UA8 and
3U2N showed binding to minor groove (Fig. 7), with following lowest
binding energies values (Table 2). The orientation of both complexes
toward DNA is the same, considering hydrophobic interactions of aro-
matic systems with nucleotide bases, while Cl atoms are oriented to-
ward exterior space. No stacking interactions were identified. Binding
energies suggest low binding affinities to DNA for both complexes, but
somewhat stronger than for HSA.

3.5. Docking of 1 and 3 to Topoisomerases

Topoisomerases I and II (Top I and Top II) are both nuclear enzymes
which control DNA topology by relaxing its torsional stress. Top I and
Top II are involved in many DNA activities, such as RNA synthesis and
they manifest their role by relaxing positive and negative torsion by
making single (Top I) and double (Top II) transient DNA breaks. Their
function also includes relegation of DNA breaks [93]. Inhibition of Top I
and Top II, which are overexpressed in solid tumors, results in per-
manent DNA strand breaks and apoptosis. Because of that, targeting of
Top I and Top II is recognized as an effective anticancer strategy and
there is a search for novel Topoisomerases inhibitors [8,94]. In-
vestigations on inhibition of Top I and Top II by metal complexes are
relatively rare and there are no lead compounds [94,95]. In the case of
Pd(II) complexes there are only four experimental [96-100] and one in
silico [101] study dealing with their Top I [96-98,101] and Top II
[99,100] inhibition properties. In order to evaluate inhibition potential
of 1 and 3 against Top I and Top II, a docking study has been per-
formed. Due to specific topology of binding sites in both enzymes, it
was necessary to optimize partial charges on ligand atoms using the
COSMO solvation model in MOPAC 2016. Therefore, we carried re-
docking of etoplatin from crystal structure 5GWI, iteratively optimizing

o ’ O \

"0 ILE 264

X \
. LEU 260
LEU 234g. "

ligand partial charges until its docking pose converged to the most si-
milar one in crystal structure (Fig. S16, Supplementary material). It was
found that pyridine is the best solvent that simulates binding site en-
vironment. As binding site of both Topoisomerases is similar, we
decided to treat all ligands with this approach.

3.5.1. Docking of 1 and 3 to Top I

Among four downloaded Top I structures, 1T8I, 1SEU, 1SC7 and
1KA4T, re-docking of their co-crystallized compounds was shown to be
the most reliable (by means of RMSD and binding energy) in the case of
1T8I. The docking of camptothecin into 1T8I gave the lowest energy
conformation with RMSD of 0.83 A in reference to crystal coordinates
(Fig. S17, Supplementary material). The obtained AG value (Table 2)
corresponds to Ky value of the same order of magnitude to experi-
mentally measured ICso value [102]. Therefore, 1T8I was chosen for
the docking of both, 1 and 3. Complexes 1 and 3 are prone to inter-
calation and form stacking interactions with DNA bases, and similar
orientations of acetylcarboxy groups. The calculated binding energies
for 1 and 3 are 57.41 and 139.05uM, respectively. Fig. 8 presents
docked conformations of two complexes into Top I. In purpose of ad-
ditional verification of docking results, seven randomly selected Top I
compounds were docked into 1T8I structure and their predicted K;
values were compared with experimental ICs, values (Table 3). The
linear fit equation is InICso = 0.5592 X InK; + 1.7911  with
R?=0.3332 (R = 0.5772). The lower correlation coefficient is ex-
pected because K; is not directly correlated with ICsy values, but its
magnitude is enough to justify docking results. Therefore, our results on
1 and 3 predict their micromolar range activity on Top L.

3.5.2. Docking of 1 and 3 to Top II

The RMSD of etoplatin in comparison to crystal coordinates was
2.1013 A, with reference to heavy atoms. The overlay of corresponding
structures is presented in Fig. S16, (Supplementary material). The
docked pose of etoplatin shows deviation of Pt atom with reference to

RS

PARS
\ W\ N

2
ARG 222 LE 2%

Fig. 6. Complexes 1 (A) and 3 (B) docked into warfarine's binding site of HSA.
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Table 2
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Experimental (AG,) and calculated (AG,) binding energies (kcal mol™") to HSA, DNA and Top I and II for investigated and reference compounds.

Compound AG, HSA AG. HSA AG. 3U2N DNA AG. 4USA DNA AG, 1T8I Top I AG. DNA pocket Top 1I AG. Met782 pocket Top II
Warfarine -7.26 -5.12 - - - - -

Camptothecin - - - - —8.76 - -

Etoplatin - - - - - - -6.34

1 -6.13 —5.34 -6.92 —6.87 -5.79 —2.60 -2.94

3 -7.22 -4.79 -5.09 4.79 -5.26 -3.50 —2.57

crystal coordinates, but corresponding interactions with Met 782 are
reserved. Both, 1 and 3, show docked poses in two pockets: one
showing intercalation in DNA, other when interacting with Met782.
This is understood as etoplatin occupies both, with Pt head oriented
toward Met782. The docking poses are presented in Figs. S18-S21,
(Supplementary material) while corresponding binding energies for
etoplatin and investigated complexes are given in Table 2. The complex
3 is bound to DNA more strongly than 1. On the other hand, 1 shows
greater preference to Met782 pocket both from 3 and its own inter-
calated pose. Compared to the binding of etoplatin, both 1 and 3 bind
much weaker in a millimolar range (Table 2).

3.6. DNA Top I inhibitory activity of 1 and 3

The effect of 1 and 3 on changes in the structure of a supercoiled
(SC) DNA caused by the activity of Top I was evaluated by their ability
to interact with Top I and consequently modify the mobility of the
circular pBlueScript SK (—) plasmid in a gel electrophoresis assay. It
was observed that 1 and 3 were able to change electrophoretic mobility
of circular DNA in a dose dependent manner.

The inhibitory ability of 1 on the activity of Top I has been eval-
uated in the broad range of concentrations (from 0.1 uM to 1000 pM)
(Fig. 9A). The results clearly showed that in tested conditions SC
pBlueScript SK (—) plasmid DNA was fully relaxed by the enzyme,
while the activity of Top I was completely inhibited at 10 uM con-
centration of 1. At higher concentrations of 1 (100, 500 and 1000 pM) it
was observed the degradation of DNA. Considering the sudden transi-
tion of the relaxed to the SC form of pBlueScript SK (—) plasmid DNA

Table 3

Fig. 7. Complexes

1 (A) and 3 (B) docked into DNA,

structure PDB 4U8A/PDB 3U2N.

Referent CHEMBL compounds with docking energies and experimental data.

CHEMBL ID Calculated binding energy Measured ICsq value
(kcal mol ™ )/K; (nM) (nM)

CHEMBL84 —8.83/336.78 50

CHEMBL13523 —9.06/227.03 505

CHEMBL93122 —5.65/71,690 1000

CHEMBL163007 —9.40/129.82 200

CHEMBL338843 —8.94/279.20 11

CHEMBL422886 -9.11/211.56 100

CHEMBL3627832 —7.39/3840 10,000

by 1, the same assay with wider ranges of lower concentrations (from
0.1 uM to 10 uM) was performed. The results showed that by increasing
of the concentration of 1 (from 1uM to 10 uM) the levels of relaxed
form of DNA were decreased, and the activity of Top I was completely
inhibited at concentration of 1 between 2 and 4 uM (Fig. 9B).

An analysis of the Top I inhibition by 3 was also performed in the
same assay. We got very similar results as obtained for 1 in case of
testing in the wide range of concentrations (from 0.1 uM to 1000 pM)
(Fig. S22A, Supplementary material). A more precise analysis in a wider
range of lower concentrations of 3 (0.1, 1, 2, 4, 6, 8 and 10 uM) has
shown that the ability of 1 to inhibit the relaxation of DNA was slightly
stronger than 3; the activity of Top I was completely inhibited at 10 uM
concentration of 3 (Fig. S22B, Supplementary material) in comparison
to the inhibitory concentration of 1 (2-4 uM).

Both of the tested complexes inhibited significantly DNA relaxation
in a concentration dependent manner, while the 3 showed slightly

[

A

Fig. 8. Complexes 1 (A) and 3 (B) docked into active site of structure 1T8I. Green: hydrophilic interactions. Purple/grey: aromatic and other hydrophobic inter-
actions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Agarose gel electrophoresis picture showing Top I inhibition by increasing concentrations of 1. Lanes: (A and B - MW) Gene Ruler DNA Ladder Mix 0.1-10 kb
(ThermoFisherScientific); (A and B - 1) pBlueScript SK (—) without Top I; (A and B - 2) pBlueScript SK (—) with Top I; (A 3-8 and B 3-9) pBlueScript SK (—) with
Top I and increasing concentrations of 1: (A3) 0.1 pM; (A4) 1 uM; (A5) 10 uM; (A6) 100 pM; (A7) 500 uM; (A8) 1000 pM; (B3) 1 uM; (B4) 2 uM; (B5) 4 uM; (B6) 6 uM;
(B7) 8 uM; (B8) 10 puM; (B9) 25 uM.

Fig. 10. Results of agarose gel electrophoresis of interaction of pBlueScript SK (—) plasmid with 1 (A) and 3 (B) after 90 min of incubation. Lane 1 - control plasmid
pBlueScript SK (—); lane 2, 3, 4, 5, 6, 7 and 8 — plasmid pBlueScript SK (—) with 50 pM, 100 pM, 200 pM, 300 pM, 500 pM, 750 pM and 1000 pM of corresponding the
complex; lane 9 - control plasmid pBlueScript SK (=) + 3 uM of DMSO; Lane 10 — control plasmid pBlueScript SK (—); MW - Gene Ruler DNA Ladder Mix 0.1-10 kb
(ThermoFisherScientific).
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lower effect (1 completely inhibited Top I activity at concentration of
3 uM, while the concentration of 10 pM of 3 was necessary for complete
inhibition of Top I activity). Similar results were obtained by the other
authors [96,98].

3.7. Gel electrophoresis study of interactions of 1 and 3 with plasmid DNA

The interaction of 1 and 3 with plasmid DNA was monitored by
agarose gel electrophoresis in order to evaluate their nuclease activity
and propensity to covalent binding. In the case of nuclease activity,
transformation of untreated plasmid SC form in nicked (N) and linear
(L) forms is an indicator of nuclease activity, while retardation of SC
form indicates covalent binding of investigated complexes to plasmid
DNA [103].

We investigated the effect of 1 and 3 on pBlueScript SK (—) plasmid
in 5mM Tris buffer (pH = 7.2) within two incubation times (90 and
120 min) in the range of applied concentrations (50-1000 pM). As it is
shown in Fig. 10 (lane 2, top), pBlueScript SK (—) plasmid consists
mainly of SC form, while presence of other two forms have been also
noticed. Our results indicate that there is no nuclease activity or
covalent binding of investigated complexes on plasmid DNA after
90 min of incubation (Fig. 10). Nuclease activity of both, 1 and 3, was
detected after 120 min of incubation, based on the changes in in-
tensities of different DNA forms (Fig. S23, Supplementary material).
Nuclease activity of 1 at 1000 uM was detected since N and L forms
disappeared (lane 8, top), while in the case of 3 diminishing of N and
disappearance of L form in at 750 uM was observed (lane 7, bottom).
Obtained nuclease activities of 1 and 3 at high micromolar concentra-
tions, indicate that nuclease activity cannot be considered as me-
chanism of action of investigated complexes under physiological con-
ditions, since their ADs, values were in the low micromolar range.

4. Conclusions

Anticancer activity of five Pd(II) complexes with N-heteroaromatic
hydrazones against THP-1 and MCF-7 cell lines was studied. Since 1 and
3 induced apoptosis in investigated cell lines they were selected for
further biological studies. Our data revealed that ROS production is
partly responsible for mechanism of anticancer activity of 1 and 3,
while changes in cell cycle distribution indicate that both complexes
interfered with DNA replication process. The combination of experi-
mental and in silico studies indicated that 1 and 3 cause a DNA damage
directly by binding to the minor groove and indirectly by Top I in-
hibition. Our results indicated that Pd(II) complexes with bidentate N-
heteroaromatic hydrazone ligands represent a promising scaffold for
design of novel DNA damaging agents which target DNA directly and
indirectly. Our further investigation will be focused on experimental
work in order to confirm multi-targeting hypothesis and to obtain more
potent derivatives.

Abbreviations

MBC metal-based chemotherapeutic
haOEt x HCl ethyl hydrazinoacetate hydrochloride

q8a quinoline-8-carboxaldehyde
q2a quinoline-2-carboxaldehyde
py2a 2-formylpyridine

py2ac 2-acetylpyridine

py2bz 2-benzoylpyridine

HL60 human promyelocytic leukemia
U251 human glioma

C6 rat glioma

L929 mouse fibrosarcoma

Bcl-2 B-cell lymphoma 2

MTT 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium

bromide
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MCE-7 human mammary adenocarcinoma cell line

THP-1 acute monocytic leukemia cell line

Annexin V. Ca®™- dependent phospholipid-binding protein with
high affinity for phosphatidylserine

PI propidium iodide

HSA human serum albumin

Top I topoisomerase I

Top II topoisomerase II

Bid BH3 interacting-domain death agonist

ROS reactive oxygen species

PTPs mitochondrial permeability transition pores

Oy~ superoxide anion radical

MTP mitochondrial transmembrane potential

mtDNA mitochondrial DNA

NER nucleotide excision repair (pathway)

SOD superoxide dismutase

MDA-MB-231 human breast cancer cell line

MCF-10A human mammary epithelial cell line

MFI median fluorescent intensity

AU arbitrary units

mPTP mitochondrial permeability transition pore

2D two-dimensional

3D three-dimensional

SV Stern-Volmer (equation)

CD circular dichroism

ATR Attenuated Total Reflection

ER endoplasmatic reticulum

7-AAD 7-aminoactinomycin D

SOD1 copper/zinc superoxide dismutase

SOD2 manganese superoxide dismutase

dMTP dissipated mitochondrial transmembrane potential

1A Sudlon's site I

IIIA Sudlon's site II

N nicked (DNA)

L linear (DNA)

SC supercoiled (DNA)

RMSD root-mean square deviation
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